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About the book series

Augmentation of freshwater supply and better sanitation are two of the world’s most pressing
challenges. However, such improvements must be done economically in an environmental and
societally sustainable way.

Increasingly, groundwater – the source that is much larger than surface water and which provides
a stable supply through all the seasons – is used for freshwater supply, which is exploited from ever-
deeper groundwater resources. However, the availability of groundwater in sufficient quantity
and good quality is severely impacted by the increased water demand for industrial production,
cooling in energy production, public water supply and in particular agricultural use, which at
present consumes on a global scale about 70% of the exploited freshwater resources. In addition,
climate change may have a positive or negative impact on freshwater availability, but which
one is presently unknown. These developments result in a continuously increasing water stress,
as has already been observed in several world regions and which has adverse implications for
the security of food, water and energy supplies, the severity of which will further increase in
future. This demands case-specific mitigation and adaptation pathways, which require a better
assessment and understanding of surface water and groundwater systems and how they interact
with a view to improve their protection and their effective and sustainable management.

With the current and anticipated increased future freshwater demand, it is increasingly difficult
to sustain freshwater supply security without producing freshwater from contaminated, brack-
ish or saline water and reusing agricultural, industrial, and municipal wastewater after adequate
treatment, which extends the life cycle of water and is beneficial not only to the environment but
also leads to cost reduction. Water treatment, particularly desalination, requires large amounts of
energy, making energy-efficient options and use of renewable energies important. The technolo-
gies, which can either be sophisticated or simple, use physical, chemical and biological processes
for water and wastewater treatment, to produce freshwater of a desired quality. Both industrial-
scale approaches and smaller-scale applications are important but need a different technological
approach. In particular, low-tech, cost-effective, but at the same time sustainable water and
wastewater treatment systems, such as artificial wetlands or wastewater gardens, are options suit-
able for many small-scale applications. Technological improvements and finding new approaches
to conventional technologies (e.g. those of seawater desalination), and development of innovative
processes, approaches, and methods to improve water and wastewater treatment and sanitation
are needed. Improving economic, environmental and societal sustainability needs research and
development to improve process design, operation, performance, automation and management
of water and wastewater systems considering aims, and local conditions.

In all freshwater consuming sectors, the increasing water scarcity and correspondingly increas-
ing costs of freshwater, calls for a shift towards more water efficiency and water savings. In the
industrial and agricultural sector, it also includes the development of technologies that reduce
contamination of freshwater resources, e.g. through development of a chemical-free agriculture.
In the domestic sector, there are plenty of options for freshwater saving and improving efficiency
such as water-efficient toilets, water-free toilets, or on-site recycling for uses such as toilet flush-
ing, which alone could provide an estimated 30% reduction in water use for the average household.
As already mentioned, in all water-consuming sectors, the recycling and reuse of the respective
wastewater can provide an important freshwater source. However, the rate at which these water
efficient technologies and water-saving applications are developed and adopted depends on the
behavior of individual consumers and requires favorable political, policy and financial conditions.
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Due to the interdependency of water and energy (water-energy nexus); i.e. water production
needs energy (e.g. for groundwater pumping) and energy generation needs water (e.g. for cooling),
the management of both commodities should be more coordinated. This requires integrated energy
and water planning, i.e. management of both commodities in a well-coordinated form rather than
managing water and energy separately as is routine at present. Only such integrated management
allows reducing trade-offs between water and energy use.

However, water is not just linked to energy, but must be considered within the whole of the
water-energy-food-ecosystem-climate nexus. This requires consideration of what a planned water
development requires from the other sectors or how it affects – positively or negatively – the
other sectors. Such integrated management of water and the other interlinked resources can
implement synergies, reduce trade-offs, optimize resources use and management efficiency, all
in all improving security of water, energy, and food security and contributing to protection of
ecosystems and climate. Corresponding actions, policies and regulations that support such integral
approaches, as well as corresponding research, training and teaching are necessary for their
implementation.

The fact that in many developing and transition countries women are disproportionately dis-
advantaged by water and sanitation limitation requires special attention to this aspect in these
countries. Women (including schoolgirls) often spend several hours a day fetching water. This
time could be much better used for attending school or working to improve knowledge and skills
as well as to generate income and so to reduce gender inequality and poverty. Absence of in-door
sanitary facilities exposes women to potential harassment. Moreover, missing single-sex sanita-
tion facilities in schools and absence of clean water contributes to diseases. This is why women
and girls are a critical factor in solving water and sanitation problems in these countries and neces-
sitates that men and women work alongside to address the water and wastewater related operations
for improvement of economic, social and sustainable freshwater provision and sanitation.

Individual volumes published in the series are spanning the wide spectrum between research,
development and practice in the topic of freshwater and related areas such as gender and social
aspects as well as policy, regulatory, legal and economic aspects of water. It covers all fields and
facets in optimal approaches to the:

• Assessment, protection, development and sustainable management of groundwater and surface
water resources thereby optimizing their use.

• Improvement of human access to water resources in adequate quantity and good quality.
• Meeting of the increasing demand for drinking water, and irrigation water needed for food and

energy security, protect ecosystems and climate and to contribute to a social and economically
sound human development.

• Treatment of water and wastewater also including its reuse.
• Implementation of water efficient technologies and water saving measures.

A key goal of the series is to include all countries of the globe in jointly addressing the challenges
of water security and sanitation. Therefore, we aim to a balanced choice of authors and editors
originating from developing and developed countries as well as gender equality. This will help
society to provide access to freshwater resources in adequate quantity and good quality, meeting
the increasing demand for drinking water, domestic water and irrigation water needed for food
security while contributing to social and economically sound development.

This book series aims to become a state-of-the-art resource for a broad group of readers includ-
ing professionals, academics and students dealing with ground- and surface water resources, their
assessment, exploitation and management as well as the water and wastewater industry. This com-
prises especially hydrogeologists, hydrologists, water resources engineers, wastewater engineers,
chemical engineers and environmental engineers and scientists.

The book series provides a source of valuable information on surface water but especially
on aquifers and groundwater resources in all their facets. Thereby, it covers not only the scien-
tific and technical aspects but also environmental, legal, policy, economic, social, and gender
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aspects of groundwater resources management. Without departing from the larger framework
of integrated groundwater resources management, the topics are centered on water, solute and
heat transport in aquifers, hydrogeochemical processes in aquifers, contamination, protection,
resources assessment and use.

The book series constitutes an information source and facilitator for the transfer of knowl-
edge, both for small communities with decentralized water supply and sanitation as well as large
industries that employ hundreds or thousands of professionals in countries worldwide, working
in the different fields of freshwater production, wastewater treatment and water reuse as well
as those concerned with water efficient technologies and water saving measures. In contrast to
many other industries, suffering from the global economic downturn, water and wastewater indus-
tries are rapidly growing sectors providing significant opportunities for investments. This applies
especially to those using sustainable water and wastewater technologies, which are increasingly
favored. The series is also aimed at communities, manufacturers and consultants as well as a diver-
sity of stakeholders and professionals from governmental and non-governmental organizations,
international funding agencies, public health, policy, regulators and other relevant institutions,
and the broader public. It is designed to increase awareness of water resources protection and
understanding of sustainable water and wastewater solutions including the promotion of water
and wastewater reuse and water savings.

By consolidating international research and technical results, the objective of this book series
is to focus on practical solutions in better understanding ground- and surface water systems, the
implementation of sustainable water and wastewater treatment and water reuse and the implemen-
tation of water efficient technologies and water saving measures. Failing to improve and move
forward would have serious social, environmental and economic impacts on a global scale.

The book series includes books authored and edited by world-renowned scientists and engineers
and by leading authorities in economics and politics. Women are particularly encouraged to
contribute, either as author or editor.

Jochen Bundschuh
(Series Editor)
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phytotechnologies), Head, Laboratory of Plant Biotechnologies, Institute of Experimental
Botany, Czech Academy of Sciences, Prague

DEMOCRATIC REPUBLIC OF THE CONGO

Dieudonné Musibono (limnology and water quality management ecotoxicology; ecosystems
health; natural resources management; aquatic biodiversity; environmental & social impact
assessment of projects; sustainable development; mining environment monitoring), Head,
Department of Environmental Science and Engineering, Faculty of Science, University of
Kinshasa; Former Programme Advisor and National Coordinator at UNEP, Kinshasa

DENMARK

Hans Brix (constructed wetlands for the treatment of polluted water; urban stormwater reuse;
sustainable water/wastewater management in developing countries), Department of
Bioscience, Aarhus University (AU), Aarhus

DOMINICAN REPUBLIC

Osiris de León (urban and industrial water pollution; water scarcity; groundwater exploration
and exploitation; geophysical methods; dam sites exploration; environmental assessment for
water pollution identification), Dominican focal point for water in the InterAmerican Network
of Academies of Sciences (IANAS); Commission of Natural Sciences and Environment of
the Science Academy, Academy of Sciences of the Dominican Republic, Santo Domingo

EGYPT

Fatma El-Gohary (water reuse), Water Pollution Research Department, National Research
Centre, Dokki

Mohamed Fahmy Hussein (isotope hydrology and geochemistry applied in the holistic
approach on surface and groundwater resources use; conservation and improvement of water
quality; water management by integrating unsaturated and saturated zones and the potential
promotion of water users implication in the control of water resources in the irrigated soils
via water treatment and reuse), Soil and Water Department, Faculty of Agriculture, Cairo
University (CU), Cairo

ESTONIA

Ülo Mander (landscape ecology (nutrient cycling at landscape and catchment levels) and
ecological engineering (constructed wetlands and riparian buffer zones: design and
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performance), Department of Geography, Institute of Ecology and Earth Sciences, University
of Tartu (UT), Tartu

ETHIOPIA

Tesfaye Tafesse (transboundary water issues, with emphasis on the Nile; natural resources
management and institutions; rural development and agricultural problems in the Third
World), College of Social Sciences, Addis Ababa University (AAU), Addis Ababa

Taffa Tulu (watershed hydrology; watershed management; water resources engineering;
irrigation engineering; water harvesting), Center of Environment and Development, College
of Development Studies, Addis Ababa University (AAU), Addis Ababa

FEDERATED STATES OF MICRONESIA

Leerenson Lee Airens (water supply for Small Islands Development States (SIDS)),
GEF-IWRM Focal Point; Manager, Water Works, Pohnpei Utilities Corporation (PUC),
Pohnpei State

FIJI

Johann Poinapen (water and wastewater engineering and management; design and operation
of water/wastewater treatment plants including membrane systems (MF & RO); brine
treatment (thermal technologies); mine water treatment; water recycling), Acting Director,
Institute of Applied Sciences, University of the South Pacific (USP), Suva

FINLAND

Riku Vahala (drinking water quality and treatment), Water and Environmental Engineering,
Department of Civil and Environmental Engineering, School of Engineering, Aalto
University, Aalto

FRANCE

Catherine Faur (water treatment involving fluid-solid interactions; engineering of polymer
membranes by twin product – processes approaches), Department Engineering of Membrane
Processes, University of Montpellier (UM), Montpellier

GEORGIA

Givi Gavardashvili (water management; erosion-debris flow processes; floods), Ts.
Mirstkhulava Water Management Institute, Georgian Technical University (GTU), Tbilisi

GERMANY

Regina Maria de Oliveira Barros Nogueira (water and wastewater biology), Institute for
Sanitary Engineering and Waste Management, Leibnitz University Hannover, Hannover

Jan Hoinkis (membrane technologies; membrane bioreactor technology; water and
wastewater treatment; water reuse; sensor and control systems in water treatment), Institute
of Applied Research, Karlsruhe University of Applied Sciences (HsKA), Karlsruhe

Heidrun Steinmetz (resource oriented sanitation (nutrient recovery, energy efficiency),
biological and advanced WWT; water quality management), Chair of Sanitary Engineering
and Water Recycling, University of Stuttgart, Stuttgart

GREECE

Maria Mimikou (hydrology; water resources management; hydro-energy engineering; climate
change), School of Civil Engineering, National Technical University of Athens (NTUA),
Athens
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Anastasios Zouboulis (water and wastewater treatment; biotechnological applications),
School of Chemistry, Aristotle University of Thessaloniki (AUTH), Thessaloniki

HAITI

Urbain Fifi (hydrogeology; environment engineering; groundwater quality and pollution;
water resources management; hydrogeological modeling), President of IHP Haitian National
Committee for UNESCO; Head of Research Master in “Ecotoxicology, Environment and
Water Management”, Faculty of Sciences, Engineering and Architecture, University
Quisqueya, Haut de Turgeau, Port-au-Prince

HONDURAS

Sadia Iraisis Lanza (water resources and climate change; physical hydrogeology; hydrology;
water quality), Physics Department, National Autonomous University of Honduras (UNAH),
San Pedro Sula, Cortés

HONG KONG

Jiu Jimmy Jiao (hydrogeology; influence of groundwater and rainfall on landslides; impact of
human activities on groundwater regimes; dewatering system design; contaminant fate and
transport modeling and groundwater remediation design; global optimization approaches for
parameter identification in flow and transport modeling; parameter sensitivity analysis and its
influence on parameter estimation), Editor Hydrogeology Journal; The University of Hong
Kong (HKU), Hong Kong

HUNGARY

László Somlyódy (wastewater treatment; environmental engineering), past President of the
International Water Association (IWA), Head, Department of Sanitary and Environmental
Engineering, Faculty of Engineering, Budapest University of Technology and Economics
(BME), Budapest

INDIA

Makarand M. Ghangrekar (wastewater treatment in microbial fuel cell and electricity
generation), Department of Civil Engineering, Indian Institute of Technology – Kharagpur
(IIT Kgp), Kharagpur, West Bengal

Ashok Kumar Ghosh (water quality, especially arsenic and fluoride contamination in
groundwater resources; fluoride removal technology, bioremediation of arsenic; bio-synthesis
of nano-particles through microbes), Chairman, State Expert Appraisal Committee
(SEAC-Bihar) and Member, Bihar State Pollution Control Board; Head, Research
Department, Mahavir Cancer Institute and Research Centre, Patna, Bihar

Arun Kumar (environmental management of water bodies), Alternate Hydro Energy Centre,
Indian Institute of Technology – Roorkee (IITR), Roorkee, Uttarakhand

Rakesh Kumar (urban hydrology; hydrological modeling; watershed management; drought
mitigation and management; flood estimation, routing, management and socio-economic
aspects; impact of climate change on water resources), Head, Surface Water Hydrology
Division, National Institute of Hydrology (NIH), Roorkee, Uttarakhand

Dinesh Mohan (environmental chemistry; water/wastewater monitoring, assessment,
modeling & remediation using physicochemical methods; development of low cost
adsorbents/magnetic adsorbents/magnetic nanosorbents for water remediation; biomass
fast pyrolysis for the development of bio-oils and biochars, biorefineries; climate change
mitigation: development & application of biochar for carbon sequestration; applications
of biochars for remediation of contaminated soils), School of Environmental Sciences,
Jawaharlal Nehru University (JNU), New Delhi
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Abhijit Mukherjee (physical, chemical and isotope hydrogeology; modeling of groundwater
flow and solute transport; hydrostratigraphy; contaminant fate and transport; surface
water-seawater-groundwater interactions; effect of climate change on water resources;
mine-site hydrology; environmental geochemistry), Department of Geology and Geophysics,
Indian Institute of Technology – Kharagpur (IIT Kgp), Kharagpur, West Bengal

Nanakkumar Santdasani (sustainable water supply and management; defluoridation as a
solution to fluorosis in rural areas; community managed water and sanitation programs),
Water, Sanitation, Hygiene (WASH), UNICEF, Patna, Bihar

INDONESIA

Budi Santoso Wignyosukarto (water resources; low land hydraulics, mathematic modeling),
Department of Civil & Environmental Engineering, Faculty of Engineering, Gagjah Mada
University (UGM), Yogyakarta

IRAN

Ahmad Abrishamchi (water resources and environmental systems: analysis and management),
Chairholder, UNESCO Chair in Water and Environment Management for Sustainable Cities;
Department of Civil Engineering, Sharif University of Technology (SUT), Tehran

ISRAEL

Ofer Dahan (vadose zone and groundwater hydrology; quantitative assessment of water
infiltration and groundwater recharge; water flow and contaminant transport through the
vadose zone; arid land hydrology; monitoring technologies for deep vadose zone),
Department of Hydrology & Microbiology, Zuckerberg Institute for Water Research,
Blaustein Institute for Desert Research, Ben Gurion University of the Negev (BGU), Sde
Boker Campus, Ben Gurion

Michael Zilberbrand (groundwater resources; hydrogeochemical processes and
hydrogeological and hydrogeochemical modeling in aquifers and in the unsaturated zone),
Israeli Water Authority, Hydrological Service, Jerusalem

ITALY

Alessandra Criscuoli (membrane science and technology; membrane distillation and
membrane contactors; integrated membrane processes; water and wastewater treatment;
desalination of brackish water and seawater), Institute on Membrane Technology, ITM-CNR,
Rende (CS)

Enrico Drioli (membrane science and engineering; membrane preparation and transport
phenomena in membranes; desalination of brackish and saline water; integrated membrane
processes; membrane distillation and membrane contactors; catalytic membrane and catalytic
membrane reactors; salinity gradient energy fuel cells), Institute on Membrane Technology,
ITM-CNR, Rende (CS)

Alberto Figoli (membrane science and technology; membrane preparation and
characterization; transport phenomena in membranes; pervaporation; water and wastewater
treatment; desalination of brackish and saline water), Institute on Membrane Technology,
ITM-CNR, Rende (CS)

Marco Petitta (groundwater pollution, management, and protection), President IAH Chapter
Italy, Department of Earth Sciences, Sapienza University of Rome, Rome

Ludovico Spinosa (sludge management), (retired) National Research Council (CNR);
Consultant at Governmental Commissariat Environmental Emergencies in Region Puglia;
Convenor at ISO/TC275/WG6 (Thickening and Dewatering) and CEN/TC308/WG1 (Process
control methods) on sludge standardization
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JAMAICA

Arpita Mandal (hydrology; hydrogeology; water resources and impacts of climate change;
water supply; climate variability; flood risk and control; hydrochemistry of groundwater;
saline water intrusion), Department of Geography and Geology, University of the West Indies
(UWI), Mona Campus, Mona, Kingston

JAPAN

Hiroaki Furumai (build-up and wash-off of micropollutants in urban areas; characterization
of DOM/NOM in lakes and reservoirs for drinking water sources; fate and behavior of DOM
in flocculation and advanced oxidation processes; biological nutrient removal from
wastewater; modeling activated sludge in aerobic/anaerobic SBR; characterization of
domestic sewage from the viewpoint of nutrient removal), Board of Directors, IWA;
Department of Urban Engineering, The University of Tokyo (Todai), Tokyo

Makoto Nishigaki (modeling groundwater and multiphase flow and solute transport in porous
media; modeling seepage in the saturated-unsaturated zone; development of methods of
measuring hydraulic properties in rock mass), Department of Environmental and Civil
Design, Faculty of Environmental Science and Technology, Okayama University,
Okayama

Taikan Oki (global water balance and world water resources; climatic variation and the Asian
monsoon; land-atmosphere interaction and its modeling; remote sensing in hydrology;
temporal and spatial distribution of rainfall), Institute of Industrial Science, The University of
Tokyo, Komaba, Tokyo

Yuichi Onda (hillslope hydrology; hydro-geomorphology; radionuclide transfer; forest
hydrology), Center for Research in Isotopes and Environmental Dynamics, University of
Tsukuba, Tsukuba, Ibaraki

Kaoru Takara (innovative technologies for predicting floods; global environmental changes;
risk and emergency management; interactions between social changes and hydrological
cycle/water-related disasters; disaster mitigation strategy; policy development; integrated
numerical modeling for lakes and surrounding catchments), Director, Disaster Prevention
Research Institute, Kyoto University (Kyodai), Kyoto

JORDAN

Fawzi A. Banat (desalination), Department of Chemical Engineering, Jordan University of
Science and Technology (JUST), Irbid

Samer Talozi (irrigation and water resources engineering, planning and policy), Civil
Engineering Department, Jordan University of Science and Technology (JUST), Irbid

KENYA

Daniel Olago (environmental geology; surface and sub-surface water chemistry and
dynamics; water-energy and related nexuses; human impact on the environment, global
change processes, vulnerability and adaptation to climate change: past and present;
environmental policies, laws and regulations and capacity development in global
environmental change), Chairman, Network of African Science Academies (NASAC) Water
Program; Member, International Lake Environment Committee; Member and focal point for
water, Kenya National Academy of Sciences (KNAS); Institute for Climate Change and
Adaptation (ICCA) & Department of Geology, University of Nairobi, Nairobi

Mwakio Tole (water and geothermal energy resources; waste disposal; environmental impact
assessment), School of Environmental and Earth Sciences, Department of Environmental
Sciences, Pwani University, Kilifi
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KOREA

Jaeweon Cho (water reuse; membrane filtration; ecological engineering (treatment wetland);
desalination), School of Urban and Environmental Engineering, Ulsan Institute of Science
and Technology (UNIST), Ulsan

Yong Sik Ok (bioavailability of emerging contaminants; bioenergy and value-added products
such as biochar; waste management; fundamental soil science and remediation of metals in
soils and sediments), Director, Korea Biochar Research Center, School of Natural Resources
and Environmental Science, Kangwon National University, Chuncheon

KYRGYZSTAN

Bolot Moldobekov (hydrogeology; engineering geology; geographic information systems –
GIS; geoinformatics; interdisciplinary geosciences; natural hazards), Co-Director,
Central-Asian Institute for Applied Geosciences (CAIAG), Bishkek

LATVIA

Māris Kļaviņš (aquatic chemistry; geochemical analysis; environmental pollution and its
chemical analysis; environmental education, including also political and social sciences),
Head, Department of Environmental Science, University of Latvia (LU), Riga

LITHUANIA

Robert Mokrik (groundwater resources, flow and transport modeling; hydrogeochemistry and
groundwater isotopes; palaeohydrogeology), Department of Hydrogeology and Engineering
Geology, Faculty of Natural Sciences, Vilnius University, Vilnius

LUXEMBOURG

Joachim Hansen (wastewater treatment; micropollutants; wastewater reuse; water-energy
nexus), Engineering Science – Hydraulic Engineering, Faculty of Science, Technology and
Communication, University of Luxembourg – Campus Kirchberg, Luxembourg

MADAGASCAR

Désiré Rakotondravaly (hydrology; hydrogeology; hydraulics; geology; rural water supply;
vulnerability mapping; water and sanitation; GIS; project management; capacity building;
community development; conservation; development cooperation), Ministry of Mines,
Antananarivo

MALAWI

Victor Chipofya (urban water utility operation and management; groundwater development,
monitoring and management; groundwater quality; rural water supply; water and sanitation in
peri-urban and rural areas; water reuse; hygiene promotion), Executive Director, Institute of
Water and Environmental Sanitation (IWES); National Coordinator of the Malawi Water
Partnership (MWP); Steering Committee Member: Water Supply and Sanitation
Collaborative Council (WSSCC) for Eastern and Southern Africa), Blantyre

MALAYSIA

Mohamed Kheireddine Aroua (separation processes; water and wastewater treatment),
Director, Centre for Separation Science & Technology (CSST), Department of Chemical
Engineering, Faculty of Engineering, University of Malaya (UM), Kuala Lumpur

Hamidi Abdul Aziz (water supply engineering; wastewater engineering; solid waste
management), School of Civil Engineering, University of Science Malaysia (USM),
Engineering Campus, Nibong Tebal, Penang
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Ali Hashim (separation processes – flotation; liquid-liquid extraction; water and wastewater
treatment; ionic liquids – synthesis and applications), Department of Chemical Engineering,
Faculty of Engineering, University of Malaya (UM), Kuala Lumpur

Ahmad Fauzi Ismail (development of membrane technology for reverse osmosis,
nanofiltration, ultrafiltration and membrane contactor), Deputy Vice Chancellor (Research &
Innovation) & Founder and Director, Advanced Membrane Technology Research Center
(AMTEC), University of Technology – Malaysia (UTM), Johor Bahru, Kuala Lumpur

Hilmi Mukhtar (membrane development; membrane modeling; membrane applications
including wastewater treatment engineering and natural gas separation), Department of
Chemical Engineering, Faculty of Engineering, Petronas University of Technology (UTP),
Bandar Seri Iskandar, Perak

Mohd Razman Bin Salim (water and wastewater treatment), Deputy Director, Institute of
Environmental and Water Resource Management (IPASA), Faculty of Civil Engineering,
University of Technology – Malaysia (UTM), Johor Bahru, Johor

Saim Suratman (hydrogeology; groundwater management), Deputy Director General,
National Hydraulics Research Institute of Malaysia (NAHRIM), Seri Kembangan Selangor
Darul Ehsan, Malaysia

Wan Azlina Wan Ab Karim Ghani (chemical and environmental engineering; biochar and
composites for water, wastewater and soil treatment; biomass conversion; biomass energy),
Research Coordinator, Department of Chemical & Environmental Engineering, Faculty of
Engineering, Putra University (UPM), Serdang

MALTA

Kevin Gatt (governance, policy and planning issues related to water resources; waste
management and sustainable development), Faculty for the Built Environment, University of
Malta (UoM), Tal-Qroqq, Msida

MAURITIUS

Arvinda Kumar Ragen (wastewater engineering; constructed wetlands for household
greywater; water pollution control in sugar factories; environmental impact assessment),
Department of Chemical & Environmental Engineering, Faculty of Engineering, University
of Mauritius (UoM), Le Reduit, Moka

MEXICO

Ma. Teresa Alarcón Herrera (water resources; water treatment using artificial wetlands),
Director, Durango Unit of the Advanced Materials Research Center (CIMAV), Durango,
Dgo.

Maria Aurora Armienta (hydrogeology; trace element contaminants; water treatment using
geological materials), Institute of Geophysics, National Autonomous University of Mexico
(UNAM), Ciudad Universitaria, Mexico City, D.F.

Sofia Garrido Hoyos (drinking water; collection and treatment of rainwater; biological
wastewater treatment; treatment and/or utilization of sludge and biosolids), Mexican Institute
of Water Technology (IMTA), Jiutepec, Mor.

Luz Olivia Leal Quezada (environmental engineering; environmental chemistry; automation
of chemical analysis techniques for environmental monitoring, particularly for the
determination and speciation of trace elements; techniques for determining water quality and
chemical aspects of their treatment), Advanced Materials Research Center (CIMAV),
Environment and Energy Department, Chihuahua, Chih.
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MOROCCO

Lhoussaine Bouchaou (hydrology; water quality; aquatic ecosystems; environmental impact
assessment; climatology; climate change), President IAH Chapter Morocco; Applied Geology
and Geo-Environment Laboratory, Faculty of Sciences, University Ibn Zohr (UIZ), Agadir

MOZAMBIQUE

Catine Chimene (municipal water and infrastructure; water supply engineering; agricultural
water; rural development), Higher School of Rural Development (ESUDER), Eduardo
Mondlane University (UEM), Inhambane, Vilankulo

MYANMAR

Khin-Ni-Ni Thein (hydroinformatics, integrated water resources management, river basin
management, coastal-zone management, sustainable hydropower assessment, disaster risk
reduction, climate change; sustainability; capacity building; community development; water
and environmental policy; public policy analysis; green economy and green growth),
Secretary, Advisory Group, Member, National Water Resources Committee; Advisory Group
Member, National Disaster Management Committee, Founder and President, Water, Research
and Training Centre (WRTC); Visiting Senior Professor, Yangon Technological University
(YTU), Yangon, Myanmar; Regional Water Expert for Green Growth, UNESCAP

NAMIBIA

Benjamin Mapani (groundwater recharge and vulnerability mapping; groundwater
development, management, monitoring and modeling; environmental hydrogeology; climate
change), Board of Trustees, WaterNet; Department of Geology, University of Namibia
(UNAM), Windhoek

NEPAL

Bandana K. Pradhan (environment and public health), Department of Community Medicine
and Public Health, Institute of Medicine, Tribhuvan University (TU), Maharajgunj

NEW ZEALAND

David Hamilton (modeling of water quality in lakes and reservoirs; sediment-water
interactions in lakes; boom-forming algae, particularly cyanobacteria; ice cover in lakes),
Environmental Research Institute (ERI), University of Waikato, Waikato

NICARAGUA

Andrew Longley (hydrogeology; groundwater engineering; catchment studies and
groundwater modeling; international development: projects in the water, geothermal,
agriculture, environment and health sectors; rural water supply; arsenic contamination:
mapping, hydrogeology, epidemiology; bridging the gap between academia, industry, public
and charity sectors), Director, Nuevas Esperanzas UK, León

Katherine Vammen (aquatic microbiology; climate change and water resources; water supply
and sanitation for the poor; urban waters), Co-Chair of the Water Programme of the
Interamerican Network of the Academies of Science; Nicaraguan focal point for water
programme in the InterAmerican Network of Academies of Sciences (IANAS); Central
American University, Managua

NIGERIA

Peter Cookey (sustainable water/wastewater management in developing countries), Rivers
State College of Health Science and Technology, Port Harcourt, Nigeria and Earthwatch
Research Institute (EWRI), Port Harcourt
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NORWAY

Torleiv Bilstad (water, oil and gas separation; environmental science and engineering),
Former President of EWA-Norway; Department of Mathematics and Natural Sciences,
University of Stavanger (UiS), Stavanger

Hallvard Ødegaard (water and wastewater treatment; innovative solutions for integrated
approaches to urban water management), Department of Hydraulic and Environmental
Engineering, Norwegian University of Science and Technology (NTNU), Trondheim

OMAN

Mohammed Zahir Al-Abri (thermal desalination; water and wastewater treatment;
nanotechnology), Petroleum and Chemical Engineering Department, Sultan Qaboos
University (SQU), Al Khoudh, Muscat

PAKISTAN

Ghani Akbar (agricultural engineering; integrated water management; soil & water
conservation and climate smart agricultural practices), Program Leader, Integrated Watershed
Management Program (IWMP), Climate Change, Alternate Energy and Water Resources
Institute (CAEWRI), National Agricultural Research Centre (NARC), Chak Shahzad,
Islamabad

PALESTINIAN AUTONOMOUS AREAS

Marwan Haddad (interdisciplinary approaches to water resources and quality management;
renewable energy; recycling), Director, Water and Environmental Studies Institute, An Najah
National University, Nabus

PANAMA

José R. Fábrega (sustainable water and wastewater management; environmental fate of
chemicals in water and soil systems), Panamanian focal point for water in the InterAmerican
Network of Academies of Sciences (IANAS); Hydraulic and Hydrotechnical Research Center
(CIHH), Technological University of Panama (UTP), Panama City

PARAGUAY

Alicia Eisenkölbl (environmental management; environmental impact assessment;
trans-boundary aquifers; rural development), Faculty of Agricultural Sciences Hohenau,
Catholic University Our Lady of the Assumption (UCA), Campus Itapúa, Encarnación

PERU

Nicole Bernex Weiss de Falen (integrated water resources management; human sustainable
development; climate change adaptation; integrated ecosystemic services, water management
and risks (droughts and floods) with land planning at a water basin, regional and national
level), Peruvian focal point for water in the InterAmerican Network of Academies of
Sciences (IANAS); member of the technical Committee of Global Water Partnership GWP;
LAC Chair in the CST of the UNCCD; Center of Research in Applied Geography (CIGA),
Pontifical Catholic University of Peru (PUCP), Lima

PHILIPPINES

Victor Ella (surface and groundwater hydrology; irrigation and drainage engineering; water
quality; simulation modeling; wastewater engineering; contaminant transport in soils;
geostatistics; hydraulic engineering), Land and Water Resources Division, Institute of
Agricultural Engineering, College of Engineering and Agro-Industrial Technology, University
of the Philippines Los Baños (UPLB), College, Laguna
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Nasreen Islam Khan (water quality assessment; modeling and mapping geogenic
contaminants; arsenic in food chain and mitigation; human health risk assessment and
mapping; willingness to pay; climate change impact on land use; GIS and remote sensing),
GIS Social Science Division, International Rice Research Institute (IRRI), Los Banos,
Laguna, Philippines & Fenner School of Environment and Society, Australian National
University (ANU), Canberra, ACT

POLAND

Marek Bryjak (adsorption based water treatment), Department Polymer & Carbon Materials,
Wrocław University of Technology, Wrocław

Wieslaw Bujakowski (geothermics), Mineral and Energy Economy Research Institute, Polish
Academy of Sciences (PAN), Kraków

Jacek Makinia (wastewater treatment; nutrient removal and recovery from wastewater),
Faculty of Hydro and Environmental Engineering, Vice-Rector for Cooperation and
Innovation, Gdańsk University of Technology (GUT), Gdańsk

Barbara Tomaszewska (monitoring of the aquatic environments; geothermics; scaling of
geothermal systems; membrane technologies for geothermal water treatment for water
resource purposes), AGH University of Science and Technology; Mineral and Energy
Economy Research Institute, Polish Academy of Sciences (PAN), Kraków

PORTUGAL

Maria do Céu Almeida (sewer processes and networks), National Laboratory of Civil
Engineering (LNEC), Lisbon

Helena Marecos (water reuse), Civil Engineering Department, Lisbon Engineering Superior
Institute (ISEL), Lisbon

Helena Ramos (water-energy nexus; energy efficiency and renewable energies; hydraulics;
hydrotransients; hydropower; pumping systems; leakage control; water supply; water
vulnerability), Department of Civil Engineering, University of Lisbon (ULisboa), Lisbon

QATAR

Farid Benyahia (immobilized nitrifiers in wastewater treatment; membrane distillation
desalination; water quality and energy efficiency analysis; airlift bioreactors; low-grade heat
in membrane distillation for freshwater production; bioremediation of oil spills; development,
design and evaluation of advanced refinery wastewater treatment processes), College of
Engineering, Department of Chemical Engineering, Qatar University (QU), Doha

Patrick Linke (design, engineering and optimization of efficient processes, integrated
systems and associated infrastructures; efficient utilization of natural resources (energy,
water and raw materials); water-energy-food nexus), Chair, Chemical Engineering Program,
Texas A&M University at Qatar (TAMUQ), Managing Director of the Qatar Sustainable
Water and Energy Utilization Initiative (QWE), at TAMUQ, Qatar Environment and Energy
Research Institute (QEERI), Doha

REPUBLIC OF GUINEA

Hafiziou Barry (integrated water resources management), Polytechnic Institute, University
Gamal Abdel Nasser, Conakry

ROMANIA

Anton Anton (pumping stations; municipal water networks), Hydraulics and Environmental
Protection Department, Technical University of Civil Engineering (UTCB), Bucharest
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RUSSIAN FEDERATION

Sergey Pozdniakov (water resources; water quality; hydrogeology; contaminant transport;
geostatistics; water balance; climate change), Faculty of Geology, Moscow State University
(MSU), Moscow

RWANDA

Omar Munyaneza (hydrology; climate change and water resources management), College of
Science and Technology, Department of Civil Engineering, University of Rwanda (UR),
Kigali

SAUDI ARABIA

Noreddine Ghaffour (renewable energy for desalination and water treatment), Water
Desalination and Reuse Research Center, King Abdullah University of Science and
Technology (KAUST), Thuwal

Mattheus Goosen (renewable energy for desalination and water treatment; membranes),
Office of Research and Graduate Studies, Alfaisal University, Riyadh

SENEGAL

Alioune Kane (water quality; hydraulics; water-poverty relationships; climate variability and
water availability), Director of the Master Programme GIDEL (Integrated Management and
Sustainable Development of Coastal West Africa); Coordinator of WANWATCE (Centres
Network of Excellence for Science and Water Techniques NEPAD), Department of
Geography, Cheikh Anta Diop University (UCAD), Dakar

SERBIA

Petar Milanović (karst hydrogeology; theory and engineering practice in karst), President
IAH Chapter Serbia and Montenegro, Belgrade

SINGAPORE

Vladan Babovic (hydroinformatics; data assimilation; data mining), Department of Civil and
Environmental Engineering, National University of Singapore (NUS), Singapore

Jiangyong Hu (water treatment technology; water quality; water reuse; health impacts),
Department of Civil and Environmental Engineering & Co-Director, Centre for Water
Research, National University of Singapore (NUS), Singapore

SLOVAKIA

Ján Derco (environmental engineering; nutrients removal; ozone-based oxidation processes;
water resources protection; water and wastewater technology), Department of Environmental
Engineering, Faculty of Chemical and Food Technology, Slovak University of Technology
(SUT), Bratislava

SLOVENIA

Boris Kompare (wastewater treatment; modeling), Past President EWA-Slovenia; Faculty of
Civil Engineering and Geodesy, University of Ljubljana (UL), Ljubljana

SOMALIA

Abdullahi Mohumed Abdinasir (water resources management; groundwater governance;
water supply), Ministry of Water, Petroleum, Energy and Mineral Resources,
Mogadishu
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SOUTH AFRICA

Tamiru A. Abiye (community water supply problems; water quality assessment and
monitoring; hydrochemical modeling; groundwater flow and solute transport; trace metals in
groundwater; surface and groundwater interactions; climate change impact study on
groundwater; spatial and temporal variability of groundwater recharge), School of
Geosciences, Faculty of Science (East Campus), University of the Witwatersrand
(Wits University), Johannesburg

Hamanth C. Kasan (sustainable water and wastewater management in developing countries),
General Manager, Scientific Services Division, Rand Water; President, African Water
Association (AfWA), Johannesburg

Sabelo Mhlanga (water-energy nexus; nano-structured materials for water purification and
recovery; energy-efficient and antifouling membrane filtration technologies for water
treatment; community involvement in water related problems in rural communities; green
chemistry), Deputy Director, Nanotechnology and Water Sustainability (NanoWS) Research
Unit, College of Science Engineering and Technology, University of South Africa (Unisa),
Johannesburg

Anthony Turton (water-energy-food nexus; hydropolitical risk model; mine water
management; mine closure planning and strategies; groundwater governance; wastewater
reuse), Director, Environmental Engineering Institute of Africa; Centre for Environmental
Management, University of Free State (UFS), Bloemfontein; professor at UNESCO Chair in
Groundwater, Department of Earth Sciences, University of Western Cape (UWC)

SPAIN

José Ignacio Calvo (membrane technologies; modifications of structure and surface
properties of membranes to increase selectivity), School of Agriculture, Food Technology and
Forestry, ETSIIAA, University of Valladolid (UVa), Palencia

Jesús Colprim (small water supply and wastewater systems), Laboratory of Chemical and
Environmental Engineering (LEQUIA), Institute of Environment, University of Girona
(UdG), Girona

Elena Giménez-Forcada (hydrogeology; hydrogeochemistry; water quality; groundwater
contamination; trace elements), Geological Survey of Spain (IGME), Salamanca

J. Jaime Gómez-Hernández (stochastic hydrogeology; geostatistics; inverse modeling;
nuclear waste disposal), Head of the Group of Hydrogeology, Research Institute of Water and
Environmental Engineering, UPV, Valencia

Aurora Seco Torrecillas (nutrient removal and recovery from wastewater; anaerobic
membrane bioreactor for wastewater treatment (WWT); microalgae cultivation for WWT),
Chemical Engineering Department, University of Valencia (UV), Valencia

Guillermo Zaragoza (solar energy for desalination; thermal and membrane technologies for
water treatment), Solar Platform of Almería (PSA-CIEMAT), Almería

SRI LANKA

Nadeeka S. Miguntanna (urban stormwater quality and monitoring; surrogate water quality
parameters; urban water pollution; rainwater harvesting), Environmental Engineering
Laboratory, Department of Civil and Environmental Engineering, Faculty of Engineering,
University of Ruhuna (UOR), Hapugala, Galle

Meththika Suharshini Vithanage (water quality; water chemistry; impact of tsunamis on
aquifers; groundwater modeling; soil and water monitoring for pollution; mechanistic



xxx Editorial board

modeling of biochar and nano materials for water and soil remediation (landfill leachates,
nutrients and toxic metals)), Group Leader – Chemical and Environmental Systems Modeling
Research Group, National Institute of Fundamental Studies (NIFS), Kandy

SUDAN (REPUBLIC OF)

Abdin Mohamed Ali Salih (environmental sciences with emphasis on water resources
management in arid and semi-arid zones), Board Member at UNESCO-IHE; Civil
Engineering Department, Faculty of Engineering, The University of Khartoum (UofK),
Khartoum

SURINAME

Sieuwnath Naipal (hydrology; climate change impact on climate variability; marine and
coastal engineering), Anton De Kom University of Suriname (AdeKUS), Tammenga

SWAZILAND

Absalom M. Manyatsi (land and water resources management; environmental impact
assessment; remote sensing; GIS and spatial climate change impacts; climate change
adaptation and mitigation; climate smart agriculture; climate change and climate variability
impacts on water resources and agriculture), Head of Department, Agricultural and
Biosystems Engineering Department, University of Swaziland (UNISWA), Luyengo

SWEDEN

Prosun Bhattacharya (groundwater resources; hydrogeochemistry; arsenic), Coordinator,
KTH-International Groundwater Arsenic Research Group, Department of Sustainable
Development, Environmental Science and Engineering, Royal Institute of Technology
(KTH), Stockholm

Joydeep Dutta (application of nanotechnology for water treatment; water-environment-energy
nexus; photocatalytic materials, electrocatalysis and capacitive desalination of water,
plasmon resonance sensors for heavy metal ion detection), Chair, Functional Materials
Division, Materials- and Nano Physics Department, ICT School, Kista, Stockholm

Gunnar Jacks (hydrology; hydrogeology; hydrochemistry; groundwater chemistry;
groundwater arsenic and fluoride; acidification of soil and groundwater; artificial
groundwater recharge; water supply and sanitation in suburban areas), (retired), Department
of Sustainable Development, Environmental Science and Engineering, Royal Institute of
Technology (KTH), Stockholm

Erik Kärrman (sustainable wastewater management; decision support and multi-criteria
analysis of municipal and local water and wastewater systems), Director of Research and
Development, Urban Water & Royal Institute of Technology (KTH), Stockholm

Andrew Martin (membrane distillation for desalination and water purification; biomass and
municipal solid waste; polygeneration), Department of Energy Technology, Royal Institute of
Technology (KTH), Stockholm

Aapo Sääsk (development of polygeneration and zero liquid discharge), CEO, Scarab
Development AB, Stockholm

Nury Simfors (geothermal exploration, geogenic trace contaminants, GIS and hazard
mitigation), MVI/MTA, Swedish National Defence University (FHS), Stockholm

SWITZERLAND

Annette Johnson (geochemistry of inorganic contaminants in surface- and groundwater;
chemistry of the mineral-water interface; geogenic contamination of groundwater and



Editorial board xxxi

drinking water; waste management), Leader, Department of Water Resources and Drinking
Water, Swiss Federal Institute of Aquatic Science and Technology (Eawag), Dübendorf

Rick B. Johnston (drinking water treatment (arsenic removal), public health impacts;
sanitation and wastewater treatment; nexus between sanitation, wastewater, and drinking
water supply), Joint Monitoring Programme for Water Supply and Sanitation (JMP),
Department of Public Health, Environmental and Social Determinants of Health (PHE),
World Health Organization, Geneva

Eberhard Morgenroth (biological wastewater treatment using activated sludge, granular
biomass, or biofilm based systems; biological drinking water treatment; mixed culture
environmental biotechnology for bioenergy production; mathematical modeling; sustainable
development of urban water management), Chair of Process Engineering in Urban Water
Management, ETH Zurich & Swiss Federal Institute of Aquatic Science and Technology
(Eawag), Dübendorf

Thomas Wintgens (water reuse), Institute for Ecopreneurship, School for Life Sciences,
University of Applied Sciences and Arts Northwestern Switzerland (FHNW), Muttenz

TAIWAN

How-Ran Guo (epidemiology; environmental health and medicine; health impacts of water
contaminants; cancers and chronic diseases in endemic areas of arsenic intoxication;
epidemiologic characteristics of diseases associated with arsenic), Department of
Environmental and Occupational Health, College of Medicine, National Cheng-Kung
University (NCKU), Tainan

Tsair-Fuh Lin (analysis and monitoring of algae, cyanobacteria and metabolites; water
treatment; site remediation; adsorption technology), Director, Global Water Quality Research
Center, Department of Environmental Engineering, National Cheng-Kung University
(NCKU), Tainan

Jyoti Prakash Maity (water and wastewater treatment with microbes and algae), Department
of Earth and Environmental Sciences, National Chung Cheng University (CCU),
Ming-Shung, Chiayi County

TANZANIA

Felix Mtalo (environmental impact assessment; ecohydrology; climate change; hydrological
data management; hydrology; water resources engineering and management; integrated river
basin management; flood and hydraulic modeling; (hydro)geochemistry including arsenic
and fluoride; rainwater harvesting), College of Engineering and Technology, Department of
Water Resources Engineering, University of Sar el Salaam, Sar el Salaam

Jamidu H.Y. Katima (sustainable wastewater management), College of Engineering and
Technology, University of Dar es Salaam (UDSM), Dar es Salaam

THAILAND

Nathaporn Areerachakul (rainwater utilization; photocatalytic hybrid systems), Graduate
School, Suan Sunandha Rajhabhat University (SSRU), Dusit, Bangkok

Mukand S. Babel (hydrologic and water resources modeling as applied to integrated water
resources management; watershed modeling and management; water resources allocation and
management; water resources and socio-economic development; water supply system and
management; climate change impact and adaptation in water sector), Coordinator, Water
Engineering and Management (WEM), Director, COE for Sustainable Development in the
Context of Climate Change (SDCC), Asian Institute of Technology (AIT), Pathumthani



xxxii Editorial board

Thammarat Koottatep (sustainable wastewater management in developing countries;
decentralized waste and wastewater treatment systems; eco-engineering technology for
wastewater treatment and management; environmental health and sanitation), Environmental
Engineering and Management, School of Environment, Resources and Development, Asian
Institute of Technology (AIT), Khlong Luang, Pathum Thani

Chongrak Polprasert (sustainable wastewater management technology; hazardous waste
minimization and control; global warming and climate change mitigation and adaptation),
Department of Civil Engineering, Faculty of Engineering, Thammasat University (TU),
Bangkok

Wipada Sanongraj (water and air pollution control and modeling), Chemical Engineering
Department, Ubon Ratchathani University (UBU), Ubon Ratchathani

Sangam Shrestha (hydrology and water quality model development; water and climate
change impacts and adaptation; water-energy-climate change nexus; impacts of climate
change on: agriculture and food security, urbanization, land use and forestry, water supply
and sanitation, infrastructure, and energy security), Water Engineering and Management,
School of Engineering and Technology, Asian Institute of Technology (AIT), Pathumthani

THE NETHERLANDS

Arslan Ahmad (removal of arsenic, chromium, fluoride, iron, manganese, pharmaceutical
residues, emerging compounds from drinking water, and industrial water treatment for
recovery of salts through eutectic freeze crystallization process), KWR Watercycle Research
Institute, Nieuwegein

Tony Franken (membrane technologies; nanofiltration; reverse osmosis; membrane
distillation), Director, Membrane Application Centre Twente (MACT bv), Enschede

Antoine J.B. Kemperman (membrane technology), Faculty of Science and Technology,
University of Twente (UT), Enschede

Doris van Halem (sustainable drinking water treatment), Sanitary Engineering Section,
Watermanagement Department, Faculty of Civil, Engineering and Geosciences, Delft
University of Technology, Delft

TONGA

Taaniela Kula (water supply for Small Islands Development States (SIDS)), GEF-IWRM
Focal Point; Deputy Secretary for Natural Resources Division, Ministry of Lands Survey and
Natural Resources, Nuku’alofa

TRINIDAD AND TOBAGO

John Agard (wetland restoration; tropical small island ecology; socio-economic climate
change mitigation and adaptation scenarios; ecosystem services; marine benthic ecology;
pollution control), Tropical Island Ecology, Faculty of Science and Technology, The
University of the West Indies (UWI), St. Augustine Campus

Everson Peters (water resources; water management; rainwater harvesting in Small Islands
Developing States (SIDS); wastewater reuse; willingness to pay), The Faculty of Engineering,
The University of The West Indies (UWI), St. Augustine Campus

TURKEY

Ibrahim Gurer (surface and groundwater engineering; snow hydrology; flood hydrology;
ecohydrology; transboundary waters; climatic trend analysis; water politics), Department of
Civil Engineering, Faculty of Engineering, Gazi University, Ankara



Editorial board xxxiii

Nalan Kabay (water and wastewater treatment by ion exchange and membrane processes (NF,
RO, ED, EDI, MBR); water reuse; desalination; boron separation), Chemical Engineering
Department, Engineering Faculty, Ege University, Bornova, Izmir

UGANDA

Albert Rugumayo (hydrology; water resources engineering and management; energy
management, policy and planning project design; renewable energy), Faculty of Engineering,
Ndejje University and School of Engineering, CEDAT, Makerere University – Kampala
(MUK), Kampala

UK

Rafid Alkhaddar (wastewater treatment; water reuse and conservation), Head, Department of
Civil Engineering, Liverpool John Moores University (LJMU), Liverpool

J.A. [Tony] Allan (water resources and the political economy of water policy and its reform;
water resources in food supply chains; hydro-politics), Department of Geography, King’s
College & SOAS Food Studies Centre, University of London, London

Vinay Chand (rural development; renewable energy cogeneration water purification; water
reuse and recycling in the semiconductor industry; remediation of arsenic-contaminated well
waters; developing polygeneration as a way of overcoming both technical and economic
impediments to the food-energy-water cycle; low grade waste heat for membrane
distillation), CEO of Xzero AB, Chairman of HVR Water Purification AB, Stockholm,
Consultant Economist, London

Ian Griffiths (mathematical modeling of strategies for water purification, including
membrane filtration and contaminant removal via magnetic separation), Mathematical
Institute, University of Oxford, Oxford

Nidal Hilal (water treatment; desalination; membrane separation; engineering applications of
atomic force microscopy; fluidization engineering), Director, Centre for Water Advanced
Technologies and Environmental Research (CWATER), College of Engineering, Swansea
University, Swansea

Chuxia Lin (acid mine drainage; water-soil-plant interaction), College of Science &
Technology, University of Salford, Manchester

Victor Starov (influence of surface forces on membrane separation: nano-filtration, ultra- and
microfiltration (fouling and/or gel layers formation)), Department of Chemical Engineering,
Loughborough University, Loughborough

James Wilsdon (social science of the ‘nexus’: joined-up approaches to food, energy, water
and environment; politics of scientific advice; interdisciplinarity, particularly between natural
and social sciences; governance of new and emerging technologies; science and innovation
policy; public engagement in science, technology and research), Science Policy Research
Unit, University of Sussex, Brighton

UKRAINE

Valeriy Orlov (technology for potable water; water supply and sewerage; intakes; drilling;
environmental aspects of water supply; system analysis), Academician of the International
Academy of Ecology and Life Safety, Academician of the Academy of Building of Ukraine;
Academician of the Academy of Higher Education of Ukraine; National University of Water
Management and Natural Resources (NUWMNRU), Rivne



xxxiv Editorial board

UNITED ARAB EMIRATES

Fares M. Howari (water and soil management; environmental quality; fate and transport of
contaminants; natural resources assessment and development; heavy metals; uranium
geology; salinity; geochemistry; hydrology; remote sensing), Department of Natural Science
and Public Health, Zayed University (ZU), Abu Dhabi

URUGUAY

Maria Paula Collazo (water resources management; water quality; hydrogeology;
hydrogeochemistry; environmental awareness; sustainable development; groundwater
remediation), Regional Centre for Groundwater Management for Latin America and the
Caribbean (CeReGAS), MVOTMA/UNESCO; Faculty of Sciences, University of the
Republic (UdelaR), Montevideo

USA

David Austin (emerging sustainable wastewater treatment technologies: design and operation;
low-energy and positive-energy yield wastewater treatment; tidal-flow wetlands; improving
raw water quality in reservoirs for drinking water plants), President (2015–2016), American
Ecological Engineering Association; David Austin, Global Technology Lead Natural
Treatment Systems; CH2M, Mendota Heights, MN

Leslie Behrends (decentralized wastewater technology; tidal-flow reciprocating wetlands),
President, Tidal-flow Reciprocating Wetlands LLC; Consultant/Partner for ReCip systems,
Florence, AL

Harry R. Beller (environmental engineering and microbiology; renewable fuels and
chemicals; design and engineering of novel biofuel pathways in bacteria; biological treatment
of contaminated groundwater; physiology and biochemistry of anaerobic bacteria;
biodegradation and biotransformation of organic and inorganic contaminants (environmental
biogeochemistry); development of mass spectrometric and biomolecular techniques to
document in-situ metabolism; hydraulic fracturing and water quality; water-energy nexus),
Director of Biofuels Pathways in DOE’s Joint BioEnergy Institute (JBEI); Senior Scientist in
Earth & Environmental Sciences Area (EESA), Lawrence Berkeley National Laboratory
(LBNL), Berkeley, CA

Mohamed F. Dahab (water reuse; pollution prevention; sustainable systems for water quality
improvement including biological treatment; nutrients removal; biosolids and energy
management; use of natural systems for wastewater treatment), College of Engineering,
Civil Engineering, University of Nebraska – Lincoln (UNL), Lincoln, NE

Benny D. Freeman (membrane science; oxidatively stable desalination and forward osmosis
membrane materials; bioinspired membranes to control fouling of water purification
membranes; physical aging of glassy polymeric materials and membranes), Richard B.
Curran Centennial Chair in Engineering, Department of Chemical Engineering, University of
Texas at Austin (UT Austin), Austin, TX

Pierre Glynn (groundwater geochemistry and integrated modeling; behavioral
biogeosciences & policy; green urban infrastructure; multi-resources analyses; ecosystem
services; citizen science), Branch Chief for National Research Program in Hydrology; Water
Mission Representative to USGS Science and Decisions Center, US Geological Survey
(USGS), Reston, VA

James Kilduff (application of sorption and membrane separations to water purification),
Department of Civil and Environmental Engineering, School of Engineering, Rensselaer
Polytechnic Institute (RPI), Troy, NY



Editorial board xxxv

Thomas R. Kulp (microbiological cycling of environmentally relevant trace metal(loids);
novel microbial metabolisms involving metalloids that permit bacterial life at extreme
conditions; microbiologically mediated reactions), Department of Geological Sciences and
Environmental Studies, Binghamton University (BU), Binghamton, NY

Dina L. López (hydrogeology; water quality; environmental geochemistry; geochemistry of
hydrothermal systems; fluid flow and heat transfer; acid mine drainage (AMD) and arsenic
contamination in water; environmental causes of chronic kidney disease of unknown
etiology), Department of Geological Sciences, Ohio University, Athens, OH

Lena Ma (phytoremediation and stabilization of contaminated soil and water), Soil & Water
Science Department, University of Florida (UF), Gainesville, FL

Rabi Mohtar (quantify the interlinkages of the water-energy-food nexus that is constrained by
climate change and social, political, and technological pressures; design and evaluation of
international sustainable water management programs to address water scarcity), Founding
Director of Qatar Environment and Energy Research Institute (QEERI); TEES endowed
professor, Department of Biological and Agricultural Engineering and Zachary Civil
Engineering, Texas A&M University (TAMU), College Station, TX

Lee Newman (phytoremediation; plant nanoparticle interactions; phytoremediation of
groundwater contaminated with industrial organic pollutants; hyperspectral imaging of plants
to determine contaminant exposure and plant microbe interactions to increase plant
productivity and decrease stress responses), Past President, International Phytotechnology
Society; College of Environmental Science and Forestry, State University of New York
(SUNY), Syracuse, NY

Bethany O’Shea (geogenic contaminants in groundwater; water-rock interactions),
Department of Environmental and Ocean Sciences, University of San Diego (USD),
Alcala Park, San Diego, CA

Faruque Parvez (human exposure and consequences to geogenic trace contaminants),
Department of Environmental Health Sciences, Mailman, School of Public Health,
Columbia University (CU), New York, NY

Madeline Schreiber (chemical and contaminant hydrogeology: environmental fate of trace
elements; biodegradation processes; epikarst hydrology and geochemistry), Department
of Geosciences, Virginia Polytechnic Institute and State University (Virginia Tech),
Blacksburg, VA

Arup K. Sengupta (water and wastewater treatment: preparation, characterization and
innovative use of novel adsorbents, ion exchangers, reactive polymers and specialty
membrane in separation and control; hybrid separation processes), Department of Civil and
Environmental Engineering & Department of Chemical Engineering, Lehigh University
(LU), Bethlehem, PA

Shikha Sharma (stable isotope geochemistry with focus on issues related to the
water-energy-environment nexus and isotope applications in unconventional and sustainable
energy resources), Director, WVU Stable Isotope Laboratory, Department of Geology &
Geography, West Virginia University (WVU), Morgantown, WV

Subhas K. Sikdar (water quality regulations; clean and sustainable technologies;
environmental policy; measurement of sustainability; chemical engineering; water-energy
and related nexuses; process development; separation processes), Associate Director for
Science, National Risk Management Research Laboratory, U.S. Environmental Protection
Agency, Cincinnati, OH



xxxvi Editorial board

Vijay P. Singh (surface water and groundwater hydrology; groundwater and watershed
modeling; hydraulics; irrigation engineering; environmental quality and water resources;
hydrologic impacts of climate change), Distinguished Professor and Caroline & William N.
Lehrer Distinguished Chair in Water Engineering, Department of Biological & Agricultural
Engineering (College of Agriculture and Life Sciences), Texas A&M University (TAMU),
College Station, TX

Shane Snyder (identification, fate, and health relevance of emerging water pollutants and
contaminants of emerging concern (ECEs)), Department of Chemical and Environmental
Engineering, College of Engineering, University of Arizona (UA); Co-Director of the
Arizona Laboratory for Emerging Contaminants, Tucson, AZ

Paul Sullivan (water-energy-food nexus; water and conflict; economics of water resources;
water-insurgency-revolution-war nexus; the political economy of water), National Defense
University (NDU), Georgetown University; National Council on US-Arab Relations, and
Federation of American Scientists, Washington, DC

Paul Sylvester (drinking water; wastewater and nuclear waste treatment; ion exchange;
materials chemistry; radiochemistry; product commercialization; research management),
Consultant, Waltham, MA

Maya A. Trotz (sustainability; water quality, ecotourism and small scale mining impacts on
sustainable livelihoods; climate change; environmental engineering education in formal and
informal settings in the US and in developing countries), Civil and Environmental
Engineering Department, University of South Florida (USF), Tampa, FL

Richard Tsang (sludge treatment), Senior Vice President, CDM Smith, Raleigh, NC

Nikolay Voutchkov (desalination and water reuse – applied research; advanced technology
development and expert review; project scoping, feasibility analysis, planning,
cost-estimating, design, contractor procurement and implementation oversight; operation,
optimization and troubleshooting for desalination plants), President of Water Globe
Consulting, Stamford, CT

Zimeng Wang (water quality; water chemistry; biogeochemistry; water treatment;
environmental engineering; soil and groundwater; contaminant transport; geochemical
modeling), Department of Civil and Environmental Engineering, Stanford University,
Stanford, CA

Y. Jun Xu (ecohydrology; watersheds hydrologic and biogeochemical processes; riverine
sediment and nutrient transport; water quality; impacts of land use and global climate change
on hydrologic and biogeochemical cycles), School of Renewable Natural Resources,
Louisiana State University (LSU), Baton Rouge, LA

Yan Zheng (water, sanitation, and hygiene; hydrochemistry; biogeochemistry of chemical
compounds and elements in the environment and their effects on human and ecosystem
health; arsenic in groundwater and mitigation), Queens College, City University of New York
(CUNY), Flushing, NY & Lamont-Doherty Earth Observatory, Columbia University (CU),
Palisades, NY

VENEZUELA

Ernesto Jose Gonzalez Rivas (reservoir limnology; plankton ecology; eutrophication of water
bodies), Venezuelan Focal Point for the water program of the InterAmerican Network of
Academies of Sciences (IANAS); Institute of Experimental Biology, Faculty of Sciences,
Central University of Venezuela (UCV), Caracas



Editorial board xxxvii

VIETNAM

Vo Thanh Danh (water resources and environmental economics), School of Economics and
Business Administration, Cantho University (CTU), Ninh Kieu District, Cantho City

YEMEN

Hussain Al-Towaie (solar power for seawater desalination; thermal desalination), Owner &
CEO at Engineering Office “CE&SD” (Clean Environment & Sustainable Development),
Aden

ZAMBIA

Imasiku A. Nyambe (geology, sedimentology, hydrogeology, environment and integrated
water resources management; remote sensing and GIS; geochemical/environmental mapping;
mining), Coordinator, Integrated Water Resources Management Centre, Director of the
Directorate of Research and Graduate Studies, University of Zambia (UNZA), Lusaka

ZIMBABWE

Innocent Nhapi (sanitary and environmental engineering; climate change adaptation),
Department of Environmental Engineering, Chinhoyi University of Technology (CUT),
Chinhoyi



http://taylorandfrancsis.com


Table of contents

About the book series vii

Editorial board xi

List of contributors xlv

Foreword by Ahmad Fauzi Ismail xlix

Editors’ foreword li

About the editors lv

Acknowledgements lix

1. Polymerizable microemulsion membranes: from basics to applications 1
Francesco Galiano, Bartolo Gabriele, Jan Hoinkis & Alberto Figoli
1.1 Introduction 1
1.2 A brief history of microemulsions to-date 2
1.3 Structures of polymerizable microemulsions 5

1.3.1 Oil-in-water (o/w) polymerizable microemulsions 5
1.3.2 Water-in-oil (w/o) polymerizable microemulsions 5
1.3.3 Polymerizable bicontinuous microemulsions (PBMs) 5

1.4 Microemulsion preparation and its ternary phase diagram 5
1.5 Microemulsion polymerization 6
1.6 Surfactants 8
1.7 Case studies 8

1.7.1 PBM in gas separation 9
1.7.2 PBM in wastewater treatment 10
1.7.3 PBM in DMFC 13

1.8 Conclusions 13

2. The use of layer-by-layer technique in the fabrication of thin film 17
composite membranes for water treatment
Sacide Alsoy Altinkaya
2.1 Introduction 17
2.2 The influences of preparation conditions on the structure and

morphology of the LbL modified membranes 19
2.3 The stability of LbL deposited layers 20
2.4 The LbL coated membranes and their applications 22

2.4.1 Nanofiltration 23
2.4.2 Reverse osmosis 28
2.4.3 Forward osmosis 31
2.4.4 Pervaporation 33

2.5 The use of LbL technique to mitigate bacterial fouling 39
2.6 Challenges and future perspectives 40

xxxix



xl Table of contents

3. Fabrication and application areas of mixed matrix flat-sheet membranes 49
Derya Y. Koseoglu-Imer & Ismail Koyuncu
3.1 Introduction 49
3.2 Fabrication of mixed matrix flat-sheet membranes 50

3.2.1 Self-assembled mixed matrix membranes (MMMs) 50
3.2.2 Surface modified mixed matrix membranes (MMMs) 51
3.2.3 Thin film nanocomposite (TFN) membranes 51
3.2.4 Blending method 53

3.3 Nanomaterial types for fabrication of mixed matrix membranes (MMMs) 55
3.3.1 Polymeric mixed matrix membranes (MMMs) with silver

nanoparticles (AgNPs) 55
3.3.2 Polymeric mixed matrix membranes (MMMs) with silica

nanoparticles (SiNPs) 56
3.3.3 Polymeric mixed matrix membranes (MMMs) with carbon

nanotubes (CNT) 56
3.3.4 Polymeric mixed matrix membranes (MMMs) with alumina

nanoparticles (Al2O3NP) 57
3.3.5 Polymeric mixed matrix membranes (MMMs) with TiO2 nanoparticles 57

3.4 Application of mixed matrix membranes (MMMs) 58
3.4.1 Antimicrobial activity 58
3.4.2 Desalination 59
3.4.3 Fuel cell 61

3.5 Conclusion and outlook 62

4. Stimulus-responsive nano-structured bio-hybrid membranes reactors 67
in water purification
Abaynesh Yihdego Gebreyohannes & Lidietta Giorno
4.1 Introduction 67

4.1.1 Bio-hybrid membrane processes in industrial biocatalysis 67
4.1.2 MBR configurations 68
4.1.3 Challenges of enzyme immobilization direct onto membrane 69
4.1.4 Alternative enzyme immobilization technique 69

4.2 Progress towards stimulus-responsive enzyme immobilization techniques 70
4.2.1 Temperature, pH or ionic strength signal-responsive enzyme

immobilization 70
4.2.2 Leading role of nanosized magnetic responsive carriers for the enzyme

immobilization 71
4.2.2.1 Micro-structured membrane reactors with nano-designed

biocatalysis 72
4.2.2.1.1 Magnetic carrier with immobilized enzyme for

effective biofouling control in membrane
bioreactor 72

4.2.2.1.2 Magnetic-stimulus-responsive layer for enhanced
membrane biocatalysis 74

4.2.2.1.3 Magnetic-stimulus-responsive layer for enhanced
membrane biocatalysis: case study direct
attachment of biocatalytic film on electrode
bearing a cylinder magnet without O-ring 74

4.2.2.1.4 Magnetic-stimulus-responsive layer for enhanced
membrane biocatalysis: case study of pectin and
lignoceluloisic (wheat arabinoxylan) hydrolysis 74

4.3 Concluding remarks and future perspectives 77



Table of contents xli

5. Study of carbon nanotubes’ embedment into porous polymeric membranes
for wastewater treatment 81
John A. Anastasopoulos, Amaia Soto Beobide, Theodoros Karachalios,
Katerina Kouravelou & George A. Voyiatzis
5.1 Introduction 81
5.2 Why carbon nanotubes? 82
5.3 Water transport through carbon nanotubes 83

5.3.1 Liquid slip 83
5.4 Type & fabrication of CNT-membranes 85

5.4.1 Vertically aligned-CNT-membranes (VA-CNT-membranes) 85
5.4.2 Mixed matrix-CNT-membranes (MM-CNT-membranes) 86
5.4.3 Membranes with infiltrated CNT (infiltrated-CNT-membranes) 87

5.5 Functionalization of carbon nanotubes for CNT-membranes 87
5.6 From lab-scale to large-scale potential of CNT-membranes 88
5.7 CNT-infiltrated commercial membranes 89

5.7.1 Materials and characterization 89
5.7.1.1 Commercial polymeric membranes 89
5.7.1.2 Characterization of the commercial PES membrane 91
5.7.1.3 Carbon nanotubes 92

5.7.1.3.1 Uncapping/cutting CNTs 93
5.7.1.3.2 Functionalization-CNT dispersion 93

5.7.2 Infiltration of CNTs through commercial PES membranes 95
5.7.2.1 Infiltration of CNTs dispersed in aqueous suspensions 96
5.7.2.2 Treatment of carboxyl acid-functionalized CNTs 98
5.7.2.3 Characterization of the CNT-infiltrated membranes 99
5.7.2.4 Performance of the CNT-infiltrated membranes 102

5.8 Conclusions and future prospectives 108

6. Effects of the solvent ratio on carbon nanotube blended polymeric membranes 111
Evrim Celik-Madenli, Ozgur Cakmakcı, Ilkay Isguder, Nevzat O. Yigit,
Mehmet Kitis, Ismail Koyuncu & Heechul Choi
6.1 Introduction 111
6.2 Experimental 115

6.2.1 Materials 115
6.2.2 CNT functionalization 115
6.2.3 Membrane fabrication and characterization 115
6.2.4 Water permeability experiments 117

6.3 Results and discussion 118
6.3.1 CNT functionalization 118
6.3.2 Membrane fabrication and characterization 118
6.3.3 Water permeation experiments 120

6.4 Conclusions 122

7. Photocatalytic activity and synthesis procedures of TiO2 nanoparticles
for potential applications in membranes 127
Tiziana Marino, Marcel Boerrigter, Mirko Faccini, Christiane Chaumette,
Lawrence Arockiasamy, Jochen Bundschuh & Alberto Figoli
7.1 Introduction 127
7.2 Photocatalysis and semiconductors 127

7.2.1 TiO2 properties 129
7.2.2 Mechanisms of TiO2 photocatalytic activity 131



xlii Table of contents

7.2.3 Application of TiO2 as antimicrobial agent 132
7.2.4 TiO2-based membranes for disinfection applications 133

7.3 TiO2 nanomaterials 134
7.3.1 Nanoparticles drawbacks 135
7.3.2 Nanoparticles and health risks 135
7.3.3 Nanoparticles and the environment 136
7.3.4 Synthesis of TiO2 nanomaterials 136

7.3.4.1 Sol-gel method 136
7.3.4.2 Hydrothermal method 137
7.3.4.3 Solvothermal method 137
7.3.4.4 Direct oxidation method 138
7.3.4.5 Chemical vapor deposition 138
7.3.4.6 Physical vapor deposition 138
7.3.4.7 Microwave method 139
7.3.4.8 Microemulsions or micelles 139

7.3.5 TiO2 dispersion in solution 139
7.4 Conclusions and future perspectives 140

8. Application of nanosized TiO2 in membrane technology 147
Alberto Figoli, Tiziana Marino, Silvia Simone, Marcel Boerrigter,
Mirko Faccini, Christiane Chaumette & Enrico Drioli
8.1 Introduction 147
8.2 TiO2 nanoparticles in membranes 148

8.2.1 Strategies for TiO2 immobilization 149
8.2.2 Examples of TiO2 membranes 154

8.3 Applications of TiO2 membranes in water treatment 161
8.4 Conclusions and future perspectives 164

9. Nanosized metal oxides (NMOs) and polyoxometalates (POMs) 169
for antibacterial water treatment
Giulia Fiorani, Gloria Modugno, Marcella Bonchio & Mauro Carraro
9.1 Introduction 169

9.1.1 Nanotechnology for antibacterial water treatment 169
9.2 Nanosized metal oxides (NMOs) 170

9.2.1 Metal oxide nanoparticles with antimicrobial activity 170
9.2.2 Metal oxide-based composite materials with potential application

to water disinfection 173
9.3 Polyoxometalates (POMs) as antimicrobial agents 175

9.3.1 Polyoxometalates 175
9.3.2 POMs with antibacterial activity 176
9.3.3 Polyoxometalate-based nanomaterials with potential application

in water disinfection 178
9.4 Conclusions 182

10. Atomic-force microscopy investigations of filtration membranes 189
Daniel Johnson & Nidal Hilal
10.1 Introduction 189
10.2 Atomic-force microscopy 189

10.2.1 Imaging modes 189
10.2.2 AFM as a force sensor 190
10.2.3 Colloidal probes 191



Table of contents xliii

10.3 Imaging nanofiltration membranes: effect of imaging
mode and environment 192
10.3.1 AFM imaging 193
10.3.2 Surface roughness measurements 197

10.4 Investigation of inorganic scaling on PVDF and PTFE
distillation membranes 197

10.5 Adhesion force measurement between humic acid and polymer membranes 201
10.6 Conclusions and future directions 208

11. Molecular simulations of water and ion transport through nanoporous membranes 213
Richard Renou, Minxia Ding, Haochen Zhu, Aziz Ghoufi & Anthony Szymczyk
11.1 Introduction 213
11.2 Molecular dynamics simulations 214

11.2.1 Fundamentals of molecular dynamics 215
11.2.2 Statistical ensembles 216
11.2.3 Periodic boundary conditions 216
11.2.4 Force field 216

11.2.4.1 Harmonic bond potential 217
11.2.4.2 Harmonic valence angle potential 217
11.2.4.3 Dihedral angle potential 217
11.2.4.4 Lennard-Jones (van der Waals) potential 218
11.2.4.5 Electrostatic potential 218

11.3 MD simulations of transport through model nanopores 219
11.3.1 MD simulations at equilibrium 219

11.3.1.1 Structure of aqueous solutions confined in nanoporous
membranes 219

11.3.1.2 Dielectric properties of electrolyte solutions confined
in nanopores 223

11.3.1.3 Dynamics of confined water 225
11.3.2 Non-equilibrium MD simulations 229

12. Use of carbon nanotubes in polymer membranes for wastewater purification: 237
An ab initio theoretical study
Giorgio De Luca & Federica Bisignano
12.1 Introduction 237
12.2 Theoretical background and algorithms 238

12.2.1 Theoretical background 238
12.2.1.1 Density-functional theory 238

12.2.2 Bespoke topological algorithms 241
12.2.2.1 Molecular topological analysis algorithm 241
12.2.2.2 Pore molecular sieving algorithm 244

12.3 Functionalized carbon nanotubes for waste water treatment 247
12.3.1 Rejection in carbon nanotubes 247
12.3.2 Selectivity of functionalized carbon nanotubes with

PIM-1 monomers 249
12.4 Conclusion 251

13. Recovery of bioactive compounds in citrus wastewater by membrane operations 255
Alfredo Cassano, Carmela Conidi & René Ruby-Figueroa
13.1 Introduction 255
13.2 Citrus production and composition 256

13.2.1 Citrus structure 256



xliv Table of contents

13.2.2 Citrus bioactive compounds 257
13.2.2.1 Phenolic compounds 257
13.2.2.2 Carotenoids 257
13.2.2.3 Fibers 259
13.2.2.4 Vitamins 259

13.3 Citrus industry 259
13.3.1 Traditional processing 259
13.3.2 Wastes from citrus production 261
13.3.3 Potential applications of citrus byproducts 262

13.4 Membrane operations in citrus processing 263
13.4.1 Microfiltration and ultrafiltration 264

13.4.1.1 Membrane fouling 266
13.4.2 Reverse osmosis (RO) 267
13.4.3 Nanofiltration 267
13.4.4 Selected applications 268

13.4.4.1 Orange press liquor 268
13.4.4.2 Bergamot juice 270
13.4.4.3 Immobilization of β-cyclodextrins

in polymeric membranes 271
13.4.4.3.1 Removal of pesticides from citrus

essential oils 272
13.4.4.3.2 Debittering of citrus juices 273

13.5 Concluding remarks and future trends 274

14. Integration of membrane bioreactors with nanofiltration and reverse
osmosis for wastewater reclamation and reuse 281
Nalan Kabay, Samuel Bunani, Taylan Ö. Pek, Gökhan Sert, Arash Arianfar,
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Foreword by Ahmad Fauzi Ismail

Population growth and industrialization have caused an increase in the global freshwater demand.
These activities lead to water pollution, which later treated its main sources. Therefore, an
advance technology is urgently needed to resolve this issue. In this context, a hybrid technology
of membrane and nanotechnology has been explored to create sustainability of human needed
and environmental conservation.

The book “Application of Nanotechnology in Membranes for Water Treatment” edited by
Alberto Figoli, Jan Hoinkis, Sadice Alsoy Altinkaya and Jochen Bundschuh not only provides
a series of innovative solutions for water reclamation via advanced membrane technology but
also serves as a medium to promote international networking for the development of advanced
membrane technology for Universal well-being.

In the current era of global collaboration, it is of primary importance to gather the efforts of
individual research that holds high potential to be translated into real working system for com-
munity benefits. In this way it can promote the networking among different research institutions
in order to achieve the common goal of finding the solutions to address the grand challenge in
supplying freshwater and better sanitation system that is economically, environmentally and soci-
etally sustainable. Therefore, it is very fortunate to have this book published timely. The editors
have successfully gathered some translational-able research studies from all over the world to
present the innovative solutions towards the mentioned challenges.

There are various books published in the similar topic that emphasized on the application of
membrane based technology for water and wastewater treatment. However, this book is unique for
the reason that the chapters were contributed by established researchers all around the globe based
on their recent research findings. In addition, this book provides a holistic coverage of membrane
based development for water treatment, from the membrane preparation and characterizations to
the performance for a specific process and application. Since that water scarcity has become a
global risk and one of the most serious concerns for the scientific community in this century, the
publication of this book is therefore significant as one of the medium for a good reference of an
alternative solution in water reclamation. Personally, I strongly encourage engineers, scientists,
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professors and graduates students to read and keep this book as a guideline for the research,
development and commercialization of membrane-based technology for water treatment.

Ahmad Fauzi Ismail, PhD., FASc., CEng., FIChemE.
Deputy Vice Chancellor (Research and Innovation)

Universiti Teknologi Malaysia
Johor Bahru, Johor, MALAYSIA

March 2017



Editors’ foreword

There is an alarming shortage of water with climate change in many places across the world and
this will probably get worse in the upcoming years more and more. Therefore, the decreasing total
amount of available global freshwater supply has to be well preserved by efficient, sustainable and
cost-effective technologies. In this context, water contaminated from industrial, agricultural and
municipal usage has to be efficiently treated since, according to the World Health Organization
(WHO), the most dangerous threat for health of mankind emerging within the next years is
polluted water.

How could this be achieved? Membrane Bioreactors (MBR) represent a new technology in
water treatment and in combination with subsequent Nanofiltration (NF) or Reserve Osmosis
(RO) membranes are well established preferably in industrial waste water treatment. However, a
major concern is the fouling of the membrane, the reversible and irreversible blocking of pores by
colloidal/organic foulants. European Commission proposes the development of novel membranes
or combination of membranes for water technologies in both FP7 and H2020 Research and
Innovation programmes. The project BioNexGen was co-financed by the European Commission
within the scope of the 7th Framework Programme. The main focus of BioNexGen was to develop
a new class of functional low fouling membranes for MBR technology with high water flux and
high rejection of low-molecular weight organics like pesticides, pharmaceuticals, polycyclic
aromatic hydrocarbons and inorganic salts.

In the BioNexGen project, different strategies, implementing nanotechnological tools, novel
engineering and process intensification concepts have been developed in order to improve
anti-fouling properties and the overall performance of the new NF MBR hybrid approach. In
particular, the research has been devoted mainly to the: a) Formation of nanostructured mem-
branes through aligned carbon nanotubes (CNTs) with tailored physical and chemical properties
for high-flux performances; b) Preparation of hydrophilic nanostructured membranes through
polymerisable bicontinuous microemulsions (PBM) with antimicrobial or catalytic activity, c)
Preparation of hydrophilic nanostructure layers by means of Layer-by-Layer technique; d) Func-
tionalising of nanostructured membranes with antimicrobial species like silver compounds and/or
photocatalysts.

The proposed strategies allowed controlling the functionalisation of the membrane materials
with respect to pore and surface characteristics which are drivers for the performance of the
membrane in the bioreactor. The membrane manufacturing methods have been optimised with
respect increasing membrane stability, production efficiency and reducing solvent and additive
usage and hence costs of the materials. An international conference (Nanomemwater Application
of Nanotechnology in Membranes for Water Treatment) was organized by Izmir Institute of
Technology on October 11–15, 2013, Turkey and held as the summit for the project BioNexGen.
This book is the followout of this Nanomemwater conference.

This book is divided in three parts: Part I contains the studies on “Membrane developing
and characterization” and it reports the formation of nanostructured polymeric membranes by
polymerized bicontinuous membranes (PBM), Chapter 1 and by Layer-by-Layer technique for
water treatment (Chapter 2), specifically developed in BioNexGen project. In particular, in chapter
1, the different PBM structures reported in literature have been described and their potentialities
and applications in different fields, such as gas separation, direct methanol fuel cell and wastewater
treatment, have been deeply investigated, too. In Chapter 2, first the use of LbL deposition for
preparing nanofiltration, reverse osmosis, forward osmosis and pervaporation membranes is
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discussed through extensive literature search. In the second part, part of the results obtained
throughout the BioNexGen project are shown to illustrate the potential of LbL technique in
mitigating bacterial fouling.

Then, mixed matrix polymeric membranes and their application complete the first part of
the book. Chapter 3 gives a general overview on the fabrication and application areas of mixed
matrix flat-sheet membranes. Chapter 4 focused on a different approach on how the different
signal responsive interactions within the membranes or its surrounding can be tuned and mon-
itored in controlled environments in order to modulate reversible enzyme immobilization. In
particular, nano-designed magnetic responsive MBRs have been demonstrated to hold a bigger
future prospect to design the next generation responsive membranes towards advanced functions,
within the logic of designing more complex membrane systems that are capable of mimicking
nature. Chapter 5 describes the detailed study developed with BioNexGen on the inclusion of
Carbon Nanotubes (CNTs) into porous polymeric membranes, having the objective to overcome
the immanent limitation of counterbalance between flux and selectivity. The exceptionally high
aspect ratios of CNTs at such quite small dimensions and the molecularly slick, chemically inert
hydrophobic graphitic walls constitute collaterals for transport applications. Combined to their
nano-scale internal diameters they compose a unique phenomenon of speedy transfer and high
selectivity. In fact, in the literature, liquid flow through membranes composed of an array of
aligned CNTs is reported to be four to five orders of magnitude faster than is predicted from
conventional fluid flow theory. This is attributed to the almost frictionless interface at the CNT
wall. In the present chapter, the effect of inclusion of CNTs on the morphology and permeation
properties of membranes is investigated with the help of scanning electron microscopy (SEM),
atomic force microscopy (AFM), water flux, permeation tests and contact angle measurements.
Chapter 6 also deals with mixed matrix CNTs blended polyethersulfone (PES) membranes by
using different ratios of N-methyl-2-pyrrolidone (NMP) to dimethylformamide (DMF).The CNTs
membranes have been used for water treatment and anti-fouling protein tests have been reported.
Chapter 7 reports first an overview on the photocatalytic process, TiO2 oxidative action, the
environmental/human health risks associated with the use of this semiconductor, as well as an
investigation of the TiO2 nanoparticles synthesis methods. Then, some examples evidencing the
possibility to efficiently apply TiO2-based polymeric membranes for disinfection applications
are described. Finally, the difficulties in the optimization of the TiO2-polymeric casting solu-
tion preparation, which still limits the use of TiO2-based membranes on an industrial scale, are
presented. To complete the discussion on TiO2-based membranes, Chapter 8, refers to the most
recent advances regarding the preparation and application of TiO2 mixed matrix membranes with
particular emphasis on water and wastewater treatment applications.

Chapter 9 reports the use of innovative nanosized metal oxides and polyoxometalates in mem-
branes and in water treatment processes thanks to their antimicrobial and catalyst properties.
The first part ends with Chapter 10, which describes the Atomic-Force Microscopy (AFM) tool
applied to the development of polymer and mixed matrix filtration membranes, surface analysis,
and to obtain useful information about the mechanisms of biofouling of membrane surfaces, and
aid in the development of novel biofouling-resistant surfaces.

Modeling and simulation approach in membranes, applied to water treatment, are reported
in the second part of the book. In chapter 11, a short illustration of the potentialities of molec-
ular dynamics (MD) simulations in the investigation of water and ion transport through model
nanoporous membranes is discussed. In chapter 12, ab initio modeling is illustrated in order to
investigate particular properties of some promising nanostructures, such as CNTs studied in the
context of the BioNexGen project with the aim of proposing novel mixed matrix polymer mem-
branes. Specifically, the rejection by multi-walled CNTs (MW-NTs) of low molecular weight
organic solutes coming from industrial wastewater, such as cosmetics and textiles, and olive oils
has been investigated in depth, together with their water permeability.

The last part of the book is about membrane processes and chapter 13 deals with the recovery
bioactive compounds in citrus wastewater by membrane operations. In the first section of the
chapter an overview of traditional processes in the citrus industry is provided. Then, selected
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applications related to the use of pressure-driven membrane operations and the immobilization of
β-cyclodextrins in polymeric membranes are analyzed and discussed as innovative approach for
specifically removing molecules of interest. Finally, Membrane Bio Reactor (MBR) process in
water and wastewater treatment and reuse is discussed and integrated membrane processes such
as MBR and NF/RO is reported too.

We believe that this book will provide the readers with a thorough understanding of the different
available approaches for manufacturing membranes both with innovative polymeric systems and
inorganic nano-materials which could give enhanced functionalities, catalytic and antimicrobial
activities in order to improve the performance of the existing membranes. In addition, the molec-
ular dynamic simulation approaches in the book will be helpful for the readers who are interested
in investigating the potentials of new nanomaterials and enhancing the optimization of membrane
material and structural features membranes.

We hope that this book will help all readers, professionals, academics and non-specialists, as
well as key institutions that are working on membrane technology and water treatment projects. It
will be useful for leading decision and policy makers, water sector representatives and administra-
tors, policy makers from the governments, business leaders, business houses in water treatment,
and engineers/scientists from both industrialized and developing countries as well. It is expected
that this book will become a standard, used by educational institutions, and Research and
Development establishments involved in the respective issues.

Alberto Figoli
Jan Hoinkis

Sadice Alsoy Altinkaya
Jochen Bundschuh

(editors)
February 2017
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CHAPTER 1

Polymerizable microemulsion membranes: from basics
to applications

Francesco Galiano, Bartolo Gabriele, Jan Hoinkis & Alberto Figoli

1.1 INTRODUCTION

Microemulsions are thermodynamically stable and optical isotropic dispersions made up of two
immiscible liquids (oil and water phases) stabilized by the presence of a surfactant. Microemul-
sions are completely transparent and macroscopically homogeneous. However, on a microscopic
level, due to the interface created from the surfactant located between the water and oil domains,
they are heterogeneous systems (Solans and Garcìa-Selma, 1997).

In contrast to emulsions, microemulsions form spontaneously when the components are mixed.
The transparency of the system is due to the considerably smaller microstructures in comparison
to the wavelength of visible light making them not observable through an optical microscope
(Haegel et al., 2001). In Table 1.1 the main differences between microemulsions and emulsions
are reported. Depending on the oil (o)/water (w) ratio, microemulsions can be differentiated into:
o/w microemulsions (where the oil droplets are dispersed in a water phase), w/o microemulsions
(where the water droplets are dispersed in an oil continuous phase), and bicontinuous microemul-
sions (where oil and water domains are randomly dispersed in order to form an interconnected
network).

Due to the presence of water and oil microdomains within the same system, microemulsions
are suitable to solubilize hydrophilic and lipophilic materials that exhibit relatively low solubility
both in water and organic solvents.

Nowadays microemulsions find application in different fields, such as liquid-liquid extrac-
tions, catalysis, coatings and textile finishing, cosmetics and pharmaceuticals (as drug delivery
systems) (Agrawal and Agrawal, 2012). In Figure 1.1, the current different fields of application
of microemulsions, taken from registered patents, are shown.

According to patent data (Fig. 1.1), the pharmaceutical field is the predominant area (almost
35%) in microemulsion applications. In particular, microemulsions are used as drug delivery sys-
tems (for transdermal, oral, transmucosal and extra-vascular administration), due to their ability
to efficiently solubilize lipophilic drugs as well as their potential effect on topic and systemic
drug bioavailability (Levy and Sintov, 2008). The cosmetic field represents 20% of applications.
Microemulsions are mainly used for preshampoos formulations (Araujo and Gesztesi, 2010) and
general cosmetic skin care products (Diec et al., 1998; Hwang, 2013). The biomedical field fol-
lows with 16% of applications. In this area, microemulsions formulations suitable for artificial
cornea, contact lens applications (Yong Choi and Ying, 2012), blood gas controls and calibrator
production (Feil, 1992) have been developed. Microemulsions are also used in other fields such
as: thinner paint production (Hawes et al., 2012), porous composites, catalytic materials (Texter
and Yan, 2010), fluoropolymers production (Hegenbarth et al., 1996) and in some diesel fuel
compositions in order to reduce harmful diesel emissions (Bock et al., 1995).

The aim of the present chapter is to illustrate the polymerization of polymerizable microemul-
sion systems for the production of materials, microlatexes, and membranes. A brief history of
microemulsions to-date will be described as well as the breakthroughs reached up to now in the

1
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Table 1.1. Comparison between emulsions and microemulsions.

Parameter Emulsions Microemulsions
Appearance Cloudy/milky Transparent
Formation Form only if mechanical Form spontaneously

energy is applied
Stability Not thermodynamically stable Thermodynamically stable
Droplet size 0.1–10 µm 10–100 nm
Structure Spherical droplets of o/w or w/o Depends on composition and

on the properties of the
interfacial surfactant film
(spherical droplets of o/w
or w/o, lamellar, bicontinuous)

Surfactant Low concentration of High concentration of
surfactant is required surfactant is required (up to 20/30 wt%)

Figure 1.1. Diagram of microemulsions main fields of application (Patents data). References: Pharma-
ceutical field: Acosta-Zara and Yuan (2009), Bidgood et al. (1992), Constantinides (1994), D’Cruz et al.
(2000), Dennis et al. (2003a, 2003b), Diec et al. (1998), Dietz et al. (1997, 1999), Kim (2009), Levy and
Sintov (2008), Pather et al. (2010), Von (1997); Biomedical field: Dietz et al. (1997, 1999), Drewes et al.
(2008), Feil (1992), Inlow and Maiorella (1998), Yong Choi and Ying (2012); Cosmetic field: Araujo and
Gesztesi (2010), Barrow and Slavtcheff (1995), Hamachi et al. (2004), Halloran (1992), Hwang (2013),
Kim (2009), Linn (1987), Rataj (2014); Other fields: Bock et al. (1995), Chittofrati et al. (1995), Figoli
et al. (2014), Hawes et al. (2012), Hegenbarth et al. (1996), Hazbun and Schon (1988), Liu and Stammer
(2011), Mondin et al. (1998), Nawrath et al. (2005), Seiders (1987), Texter andYan (2010), Van et al. (2002),
Von (1997).

field of microemulsion polymerization and the main fields of application. The following sec-
tions will report on the structure, polymerization and formulation of microemulsions, while the
concluding section will illustrate paradigmatic case studies.

1.2 A BRIEF HISTORY OF MICROEMULSIONS TO-DATE

The term microemulsion was used for the first time by Schulman et al. (1959) to describe
a multiphase system formed by a monomer, water, a surfactant and often a co-surfactant.
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Even before Schulman, several attempts were made in order to try to predict the different
microemulsion types (Mehta and Kaur, 2011). The first concept was developed by Bancroft
(1913), and it is known as Bancroft’s rule. It states that oil-soluble emulsifiers lead to the
formation of w/o emulsions, while water-soluble emulsifiers lead to the formation of o/w
emulsions.

The first important application of microemulsions started in the early 1980s in order to
improve oil recovery from natural oil reservoirs (Shah, 1981). As a consequence of the oil crisis,
microemulsions systems had started to be extensively studied and investigated. In particular, the
process of microemulsion polymerization started to attract the first interests for the production
of stable latexes (with a nanosized structure) which could be applied in microencapsulation (as
drug delivery systems), in biomedical applications and in the production of different polymers
(Candau, 1992).

Later on, extensive studies were thus conducted on microemulsion polymerization in order
to obtain latexes (or membranes) with different structures. In 1997 Li et al. (1997) investigated
the polymerization of polymerizable bicontinuous microemulsions (PBM) as coating materials
for hollow fiber membranes. In particular, the microemulsion was formulated by using methyl
methacrylate (MMA) as monomer, 2-hydroxyethyl methacrylate (HEMA) as co-surfactant, acry-
loyloxyundecyldimethylammonium acetate (AUDMAA) as surfactant, and water. The developed
coated hollow-fibers showed different PEG separations based on the bicontinuous microemulsion
composition together with higher permeation rates in comparison to membranes prepared with
pure bicontinuous microemulsions. The interest in microemulsion polymerization continued dur-
ing the 1990’s resulting in several in-depth studies by Gan et al. Microporous polymeric materials
were for instance produced by Gan et al. (1995) through a polymerization of PBMs. Transpar-
ent solid materials were obtained by using the zwitterionic surfactant AUDMAA, preserving the
bicontinuous original structure even during the polymerization. By increasing the concentration
of water (20–45 wt%), the porosity of the microemulsion was also increased. In a second paper,
Gan et al. (1997) studied the polymerization of MMA by using the non-ionic polymerizable
surfactant ω-methoxy poly(ethylene oxide)40 undecyl-α-methacrylate (PEO-R-MA-40) for the
production of microporous membranes. Even in this case, the different content of water within
the microemulsion was found to be related to different pore dimensions. The effects of anionic
and cationic surfactants were evaluated by Chieng et al. (1996) using sodium dodecyl sulfate
(SDS) and dodecyltrimethylammonium bromide (DTAB) for the preparation of polymeric mem-
branes. The cationic surfactant DTAB allowed transparent membranes with smaller pore sizes
(less than 100 nm) to be obtained, in comparison to membranes prepared with SDS (up to 3 µm).
A co-surfactant, usually represented by a short-chain alcohol, was usually applied in order to pre-
pare microemulsions. Burban (1995), however, by means of double-chained surfactants, showed
that it was possible to avoid the use of the co-surfactant for the polymerization of MMA. Liu et al.
(2000) prepared NF membranes through a polymerization of acrylonitrile as monomer and PEO
as the polymerizable surfactant. The effect of water concentration on pore radius was evaluated;
it ranged from 0.38 to 2.4 nm. Membranes prepared from w/o microemulsions were tested in
pervaporation (PV) for ethanol/water mixtures separation, presenting a higher affinity for water
with a separation factor of about 20.

The mechanism of microstructures formation during bicontinuous microemulsion polymer-
ization was studied by Peinado et al. (2006) by scanning calorimetry and fluorescence. In
particular, the photopolymerization of MMA and methylaminoethyl methacrylate, stabilized by
the surfactants cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS),
was investigated. Even if microemulsions were designed for preparing nanoporous materials,
mesoporous structures were actually obtained. This behavior was explained by the phase sep-
aration phenomenon which occurred during the polymerization. The type of surfactant also
influenced the final morphology, with the production of a material with a more open structure when
CTAB was used. In Table 1.2, a summary of literature data on polymerizable microemulsions is
reported.



Table 1.2. Summary of some polymerizable microemulsion data from literature.

Monomer [wt%] Water [wt%] Surfactant [wt%] Co-surfactant [wt%] Initiator Application Reference

MMA (6–57 wt%) 4–40 wt% SDS (1–14 wt%) HEMA (20–54 wt%) DBK (UV) – Chieng et al. (1995)
MMA (18 wt%) 30–36 wt% SDS (4–10 wt%) HEMA (42%) APS-TMEDA, (redox) – Chieng et al. (1996)
MMA (18 wt%) 28–33.2 wt% DTAB (6.8–12 wt%) HEMA (42%) APS-TMEDA, (redox) – Chieng et al. (1996)
MMA (30–48 wt%) 20–50 wt% AUDMAA (17.5–28 wt%) HEMA (30–48 wt%) APS-TMEDA, (redox) – Li et al. (1996)
MMA (30–48 wt%) 20–50 wt% AUTMAB (17.5–28 wt%) HEMA (30–48 wt%) APS-TMEDA, (redox) – Li et al. (1996)
MMA (20–60 wt%) 20–40 wt% AUDMAA (20–40 wt%) – DMPA (UV) – Gan et al. (1995)
AN (32.5–45 wt%) 10–35 wt% PEO-R-MA-40

(32.5–45 wt%)
– APS-TMEDA, (redox) Pervaporation EtOH/H2O Liu et al. (2000)

MMA (7.5–20 wt%)/
NiPAAm (0–25 wt%)

23–33 wt% C1-PEO-C11-MA-40
(35 wt%)

HEMA (5–20 wt%) DMPA (UV) Potential construction of
dressings and cell-delivery
systems for wound healing

Wang et al. (2006)

MMA (28–34 wt%) 15–30 wt% Na11-EAAU (21–25.5 wt%) HEMA (21–25.5 wt%) DBK (UV) – Gan et al. (1994)
MMA (8 wt%) 48–54 wt% C12TAB (6–12 wt%) HEMA (32 wt%) DBK (UV) – Gan and

Chew (1997)
MMA/HEMA
(30–48 wt%)

20–50 wt% AUDMAA (17.5–28 wt%) MMA/HEMA
(7:3) (30–48 wt%)

APS-TMEDA, (redox) – Gan and
Chew (1997)

MMA/HEMA
(7:3) (30–48 wt%)

20–50 wt% AUTMAB (17.5–28 wt%) MMA/HEMA
(7:3) (30–48 wt%)

APS-TMEDA, (redox) – Gan and
Chew (1997)

MMA (13–38.6 wt%) 55.9–81.8 wt% AOA/SDS (5.2–10.2 wt%) – γ -ray – Chen and
Zhang (2007)

Isopropyl myristate 10–50 wt% Caprylocaproyl
macrogolglycerides

Polyglycerol oleate Interfacial
polymerization

Possibility to serve as
templates for
nanoparticles formation
for oral delivery of insulin

Graf et al. (2008)

AN (22–34 wt%) 25 wt% AIPS (30 wt%) SPM (10–22 wt%) DMPA (UV) Direct methanol fuel cell
application

Lim et al. (2007)

MMA (21–32 wt%) 29–41 wt% AUTMAB (25–37 wt%) HEMA (0–10 wt%) APS-TMEDA, (redox);
DMPA (UV)

Gas separation Figoli (2001)

MMA (21 wt%) 41 wt% AUTEAB (25 wt%) HEMA (10 wt%) APS-TMEDA, (redox) Coating for water
treatment

Galiano et al. (2015)

AIPS: 3-((11-acryloyloxyundecyl)imidazoyl)propyl sulfonate; AN: acrylonitrile; AOA: 12-acryloxy-9-octadecenoic acid; APS: ammonium persulfate; AUTEAB: acryloyloxyun-
decyltriethylammonium bromide; AUTMAB: Acryloxylundecyltrimethylammonium bromide; DBK: dibenzyl ketone; DMPA: 2,2-dimethoxy-2-phenylacetophenone; Na11-EAAU:
11-(N-ethylacrylamido)undecanoate; NiPAAm: N-isopropylacrylamide; PEG: polyethylene glycol; SPM: 3-sulfopropylmethacrylate; TMEDA: N,N,N,N-tertramethylethylenediamine.
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1.3 STRUCTURES OF POLYMERIZABLE MICROEMULSIONS

As stated in the introduction, depending on their composition, polymerizable microemulsions can
be divided into oil-in-water (o/w), water-in-oil (w/o) and bicontinuous microemulsions. The type
of microemulsion structure depends on the combination of surfactant and/or co-surfactant, oil
and water.

1.3.1 Oil-in-water (o/w) polymerizable microemulsions

In o/w microemulsions, the polymerization of styrene and MMA was mainly studied. These
systems were prepared using non-ionic, cationic (e.g. CTAB) and anionic (e.g. SDS) surfactants.
One of the limitations of these systems was the very low solubility of the monomer, normally not
exceeding a concentration of 8–10 wt%. For this reason, high concentrations of surfactants were
required, making the process very expensive. Furthermore, the latexes often showed instability
and turbidity, as a result of the incompatibility between the polymer formed and the co-surfactant.
Often, in fact, the alcohols used as co-surfactants were solvent for the monomer but non-solvents
for the final polymer. The latexes obtained were usually in the range of 20 to 60 nm in diameter
(Chow and Gan, 2005).

1.3.2 Water-in-oil (w/o) polymerizable microemulsions

Acrylamide (AM), HEMA and acrylic acid (AA) were the most common water-soluble monomers
for w/o (or inverse) microemulsion preparation. The latexes obtained were formed by swollen
water polymer particles dispersed in the continuous organic phase (Candau, 1995). The water-
soluble monomers usually played also the role of co-surfactant by enhancing the monomer
solubilization through an increase in the flexibility and the fluidity of the interfaces (Chow and
Gan, 2005). For instance, hydrocarbon solutions of dialkyl sulfosuccinates surfactants, where the
oil phase was toluene, benzene, decane or heptane, did not require any addition of co-surfactants
(Candau, 1995).

1.3.3 Polymerizable bicontinuous microemulsions (PBMs)

In bicontinuous microemulsions, the amount of monomer that can be incorporated in the
microemulsion can reach 25 wt%, producing stable and clear microlatexes with a very small
particle size. The organic and aqueous phases coexist in an interconnected network with surfac-
tant molecules localized at the interface of water-oil domains. MMA and styrene are the most used
monomers for bicontinuous microemulsion preparation. A co-surfactant, such as AA and HEMA,
is commonly used and non-ionic, cationic, zwitterionic and anionic surfactants are employed.
A cross-linking agent, such as ethylene glycol dimethacrylate (EGDMA), can be included into
the bicontinuous microemulsion formulation to consolidate the final structure. Since all the com-
ponents of the microemulsion are polymerizable, they can be copolymerized forming a strong
and resistant network (O’Donnell and Kaler, 2007).

1.4 MICROEMULSION PREPARATION AND ITS TERNARY PHASE DIAGRAM

As described, in microemulsion formulation two immiscible liquids (water and oil) are brought
together by a surfactant in order to form a single-phase system (Agrawal and Agrawal, 2012).
Microemulsions are usually prepared by adding short-chain alcohols (butanol, pentanol or hex-
anol) acting as co-surfactants. The formation of microemulsions requires specific and proper
amounts of the corresponding components and they are generally prepared by a phase titration
method, which can be represented with the help of a ternary phase diagram. The construction of
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Figure 1.2. Ternary phase diagram representing some phase equilibria in multicomponent systems.

a phase diagram allows the determination of the water dilutability of the system and the range of
compositions constituting a monophasic region (Mehta and Kaur, 2011).

As shown in Figure 1.2, microemulsions can be in the form of oil-swollen micelles dispersed
in a continuous water phase (o/w), or water-swollen droplets dispersed in an oil phase (w/o).
In the intermediate region, the structure is not globular anymore, but it possesses a sponge-like
structure (bicontinuous microemulsion) where the oil and water domains coexist in interconnected
domains. At low surfactant concentrations, different Winsor phase equilibria can be identified:
Winsor I (o/w), Winsor II (w/o) and Winsor III (bicontinuous microemulsion).

As shown in Figure 1.2, at high oil concentration, reverse micelles capable of dissolving water
molecules are formed. w/o microemulsions are formed as a result of the further addition of
water to the system. Here, water exists in the oil phase as droplets surrounded by the surfactant
molecules. Upon further dilution with water, a crystalline liquid region may be observed with
the formation of double layers of surfactant (lamellar structure). Finally, as the amount of water
increases, water forms a continuous phase containing droplets of oil stabilized by surfactant
molecules (o/w microemulsions). The bicontinuous microemulsion forms in the middle phase,
which is in equilibrium with almost pure water and oil phases, respectively.

1.5 MICROEMULSION POLYMERIZATION

Free radical polymerization of polymerizable microemulsions has been widely investigated over
the past few decades for the production of membranes. Most of the studies focused on the o/w
microemulsion polymerization. The basic sequence of events describing the general mechanism
of o/w microemulsion polymerization is shown in Figure 1.3. Two stages (defined as Intervals)
can be identified in microemulsion polymerization: Interval I, in which particle nucleation occurs,
and Interval II, in which particle growth occurs.
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Figure 1.3. Schematic representation of o/w microemulsion polymerization (adapted from O’Donnell and
Kaler, 2007).

Interval I: Once initiators are added to the microemulsion, they produce, by their decomposition
in the aqueous phase, radical species able to promote a reaction (Fig. 1.3a). Thus, radical initiators
start reacting with water-soluble monomer molecules dispersed in the aqueous phase to form
oligomeric radicals. At this point, particle nucleation occurs (Fig. 1.3b).
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Interval II: In the second stage, the oligomeric radicals, being more hydrophobic than the
monomer from which they originated, enter more favorably into the monomer-swollen micelles
present in the aqueous phase. Polymerization propagates within the monomer-swollen micelles
starting the process of latex particles formation. The growth of latex particles is due to the
diffusion of monomer molecules from monomer-swollen micelles (Fig. 1.3c) and to the collision
and subsequent coalescence between two particles (Fig. 1.3d).

If the transfer of a radical from the propagating polymer to a monomer molecule occurs, the
monomeric-formed radical can continue to propagate within the latex particle or it can exit the
particle and enter a micelle starting a new propagation event and a new latex particle forma-
tion. Polymerization continues until the monomer is totally consumed. The final latex consists
of surfactant-stabilized polymer particles and empty micelles formed by the excess surfactant
(O’Donnell and Kaler, 2007) (Fig. 1.3e).

The porosity of polymeric materials obtained by microemulsion polymerization is strictly
related to the microemulsion composition. The water concentration, in fact, can have a great
effect on the resulting morphology of the final membrane. Water concentrations between 20 and
50 wt% usually lead to open cell structures, while water concentrations below 20 wt% lead to the
formation of closed-cell structures.

1.6 SURFACTANTS

Surfactants are amphiphilic molecules consisting of a hydrophilic water-soluble head and a
hydrophobic oil-soluble tail. They are able to lower the surface tension of a liquid, facilitat-
ing the wetting of surfaces or the miscibility among different liquids. The stabilizing behavior of
surfactants depends on their molecular structure (geometry), the interactions they undergo with
water and/or oil and the elastic properties of the interfacial film they form. Since they play a
crucial role in microemulsion formulation, the different types of surfactants are presented here.

Surfactants can be divided into ionic and non-ionic surfactants depending on the presence
of a charge. Generally, ionic surfactants consist of an anionic headgroup, such as SO−

3 , or a
cationic headgroup like –NMe+

3 . Surfactants that bear both a positively and a negatively charged
group are zwitterionic and thus neutral overall. Non-ionic surfactants consist generally of an
AB block copolymer type structure. Those most commonly used are built up of ethylene blocks
(hydrophobic moiety) and ethyleneoxide blocks (hydrophilic moiety) (Fig. 1.4).

In microemulsion preparation, both types of polymerizable and non-polymerizable surfac-
tants are used for the production of nanostructured materials. However, the structures of the
materials obtained with non-polymerizable surfactants can be easily destroyed by chemical or
physical forces. For this reason, the use of polymerizable surfactants is generally preferred. In
fact, polymerizable surfactants can be polymerized and cross-linked with other microemulsion
components, due to the presence of their polymerizable end. In this way, a strong and resistant
network can be obtained, which is able to retain its original structure (Miller et al., 1999).

1.7 CASE STUDIES

Microemulsions are very well-known systems and have been successfully applied in different
fields (cosmetic and pharmaceutical areas in particular). However, there are still not many
works reported in the literature on the practical applications of the membranes obtained by
microemulsion polymerization.

In this section, three of the works carried out on the application of membranes obtained by
microemulsions polymerization (in particular, in bicontinuous structure) are discussed. In the
following case studies, the membranes obtained by polymerization of PBMs have been tested in
gas separation as a supported liquid membrane (SLM), in membrane bioreactor (MBR) technology
for wastewater treatment and in direct methanol fuel cell (DMFC) applications.
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Figure 1.4. Different structures of surfactants.

1.7.1 PBM in gas separation

In the work of Figoli (2001), PBM membranes were prepared, characterized and applied as “nano
liquid membranes” in N2/O2 separation. For the first time, PBM membrane performances were
investigated, for the facilitated transport of oxygen, with and without oxygen carriers. Figure 1.5
shows a scheme of the liquid membrane loaded with a mobile carrier for the required separation.

Bicontinuous microemulsions were prepared by synthesizing two polymerizable surfactants:
the cationic surfactant AUTMAB and the zwitterionic surfactant AUDMAA. The use of a poly-
merizable surfactant enables the covalent binding of the surfactant into the polymeric matrix, thus
preventing its leaching and the restructuring of the interfacial film during the polymerization. In
this way, the original structure of the microemulsion can be retained even after the polymerization.
MMA and HEMA were used as monomer and co-surfactant, respectively. The microemulsions
were polymerized both by redox and UV initiators. The nanostructured microemulsions thus
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Figure 1.5. Scheme of transport of gas molecules through a liquid membrane loaded with a mobile carrier.

produced were then characterized by different techniques. From SEM analyses, the bicontinu-
ous microemulsion structure was observed. The average pore size was of about 60–70 nm for
membranes containing HEMA, while, a pore size of about 4 nm was found (by thermoporometry
analyses) for PBM membranes without co-surfactant. The addition of the co-surfactant is able to
tailor the size dimension of the bicontinuous structure; in fact, increasing the concentration of
HEMA, the channel width size decreases from 60–70 nm (without HEMA) to 4 nm (maximum
HEMA concentration). Electrical resistance measurements demonstrated the interconnectivity of
the pores within the PBM membranes.

The oxygen facilitated transport through PBM membranes was performed by impregnating
the membranes in an aqueous solution containing a new type of water-soluble carrier based on a
Co-porphyrin system with oxygen affinity. The selectivity (O2/N2) obtained was about 2.8, and
the resulting PBM membrane was stable for more than 3 weeks with a humidified gas feed stream.

The main advantages of the PBM membranes, used as SLM, lie in their nanometer pore size
which can guarantee a good stability against significant transmembrane pressure gradients and
loss of the liquid membrane phase (Figoli, 2010).

1.7.2 PBM in wastewater treatment

The possibility of using PBM membranes in the field of wastewater treatment was recently studied
by Galiano et al. (2015). PBM membranes, applied as coating material on commercial polyether-
sulfone (PES) membranes, presented some peculiar aspects, which made them ideal candidates for
water treatment processes. The preparation of the bicontinuous microemulsion was based on the
synthesis of the cationic surfactant acryloyloxyundecyltriethylammonium bromide (AUTEAB)
(Figoli, 2014). Due to its cheaper synthesis cost, AUTEAB was used instead of the most common
surfactant AUTMAB, usually reported in the literature for making PBM membranes (Gan and
Chew, 1997; Li et al., 1996). MMA, HEMA and EGDMA were used as oil phase, co-surfactant
and cross-linker respectively. Redox initiators were used for the polymerization reaction. The
prepared bicontinuous microemulsion was then cast on PES ultrafiltration membranes and left
to polymerize on their surface. The resulting composite PBM membrane was fully characterized,
and the results compared with the PES uncoated membrane.

The bicontinuous structure of the polymerized microemulsion was observed from the SEM
image (Fig. 1.6). The surface of the PBM membrane was characterized by the random distribution
of polymerized polymer channels and non-polymerized water channels forming the pores of the
membrane. The dimension of the water channels was, thus, directly related to the pore size of the
membrane falling in the range of 30–50 nm in width.
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Figure 1.6. SEM picture of PBM membrane surface (Galiano et al., 2015).

In particular, it was found that PBM membranes presented a higher hydrophilic character in
comparison to uncoated PES membranes. Accordingly, the contact angle decreased of about 30%
(from 68◦ of PES membrane to about 47◦ of PBM membrane). Furthermore, PBM membranes
presented, as evidenced by AFM analyses, a 17 times smoother surface. A higher hydrophilicity
and a smoother surface are two important aspects that contribute to the anti-fouling proper-
ties exhibited by PBM membranes. Organic compounds, in fact, are more inclined to establish
hydrophobic interactions with the membrane surface, causing their accumulation and the forma-
tion of a cake layer. For this reason, membranes with a more hydrophilic character can reduce the
deposition of organic materials, thus limiting fouling. Furthermore, smoother surfaces contribute
to the prevention of fouling, by reducing the accumulation of foulants into the “valleys” typical of
rough materials. The particular structure of the PBM membrane, characterized by interconnected
water and oil polymerized channels, also played a significant role in determining its anti-fouling
properties. The possibility of having “slotted” pores (represented by the water non-polymerized
channels) instead of circular pores, made the PBM membranes less inclined to fouling. As already
studied by Bromley et al. (2002) the pore geometry can have a significant impact on the formation
of fouling. In particular, it was found that slotted pores can limit the particle bridging over the
pores responsible for cake deposition and fouling formation. The anti-fouling properties of the
PBM membranes were finally successfully proved by filtration tests carried out with the model
foulant humic acid (HA) and compared with uncoated PES membranes.

Although PBM membranes showed a lower permeability (when only pure water was applied
for filtration tests) in comparison to PES membranes due to the extra mass transport resistance of
the PBM layer, they presented a lower reduction in permeability when the solution with HA was
applied. The lower tendency of being affected by fouling guaranteed a more constant permeability
in time and therefore higher performances in comparison to PES membranes, as can be seen from
Figure 1.7.

Another important facet of PBM membranes, was related to their antimicrobial activity, due
to the presence of the copolymerized surfactant AUTEAB. As other quaternary ammonium
salts, AUTEAB showed an important antimicrobial activity, which was maintained even after
the polymerization of the microemulsion on the PES membrane surface. Clearly, antimicrobial
membranes, such as PBM, are significantly less prone to the biofouling phenomenon.

All these properties made PBM membranes ideal candidates for applications in MBR tech-
nology or in other wastewater treatment processes where membranes with anti-fouling and
anti-biofouling properties are highly desired. The scale-up of PBM membranes was then carried
out and the prepared membranes were assembled in an MBR module (Fig. 1.8).
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Figure 1.7. Fouling effect on PES and PBM-coated membrane after treatment with HA (Galiano et al.,
2015).

Figure 1.8. From flat-sheet membrane to MBR module.

When PBM membranes were tested in MBR technology for the treatment of model textile
wastewater, they showed their great potential to be successfully applied in this particular mem-
brane process (Deowan, 2014; Galiano, 2013). A model textile dye solution containing two dyes
(Acid Red 4 and Remazol Brilliant Blue) was used as model wastewater. The MBR system with
commercial PES membranes was run for more than 140 days (Deowan et al., 2016). During
the period of the experiment, the membrane module was first cleaned and then replaced due to
a drastic decrease in membrane performances caused by the excessive fouling. The same pro-
cedure was carried out with coated PBM membranes. In this case, the MBR system was run
for more than 100 days, during which no cleaning or membrane replacement was needed. The
results obtained with MBR confirmed the benefits of using the novel PBM-coated membranes in
comparison to uncoated commercial PES membranes (Deowan et al., 2016). The intrinsic antimi-
crobial activity (due to the presence of the cationic surfactant) made the PBM membranes highly
resistant to biofouling and therefore perfectly usable in a membrane bioreactor (MBR) process,
where biological sludge is applicable to The constant water permeability was an indirect proof
of membrane resistance to biofouling. Furthermore, no evidence of formation of microorganism
colonies was observed on the PBM membrane surface after their removal from the MBR. MBR
tests demonstrated how the lifecycle of PBM membranes was significantly enhanced in com-
parison to uncoated membranes. Finally, based on these results, less cleaning efforts (due to the
anti-fouling and anti-biofouling properties) will be required, reducing, consequently, the related
costs. A constant water permeability over time and a good rejection of organic compounds were
important benefits achieved by PBM membranes. An increase in the efficiency and durability of
the membrane was also obtained. The good quality of the filtrate was proved by COD rejection of
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about 95%, which was comparable to the commercial PES membranes. Moreover, PBM-coated
membranes showed 10% higher blue dye removal efficiency compared to the commercial ones
(Deowan et al., 2016). Additionally, due to their anti-fouling properties, PBM membranes may
require a lower aeration rate, thus allowing a further reduction in operational costs.

1.7.3 PBM in DMFC

In the study of Lim et al. (2007) a nanostructured proton exchange membrane (PEM) was devel-
oped by the polymerization of a bicontinuous microemulsion. The low methanol permeability
exhibited by the prepared PEM membranes made them suitable to be applied in processes such
as DMFC. The zwitterionic surfactant AIPS was synthesized and applied for the dispersion of
acrylonitrile and water, and SPM was added as co-surfactant contributing to the stabilization
of the microemulsion. Microemulsion samples, prepared with the appropriate concentration of
components, were thus photopolymerized to obtain transparent and resistant polymeric films.
Polymerized membranes presented interconnected hydrophilic channels (1.5–2 nm) and a con-
tinuous amphiphilic matrix. The proton conductivity of prepared membranes was found to be
dependent on the quantity of hydrophilic channels present in the membrane. For this reason, an
increase in proton conductivity (0.127 S cm−1) was observed for the membranes prepared with
the higher content of SPM (22 wt%), which showed higher water uptake levels. Furthermore,
PEM presented a low methanol permeability (about 1.5 × 10−6) with a reduction of 60% in com-
parison to Nafion 112 membrane permeability. This behavior was explained by the very small
interconnected channels of the PEM. The DMFC single cell loaded with PEM showed a power
output of 15–20 mW cm−2 with single cell performances increasing with the increase of SPM
content in the microemulsion formulation. Furthermore, stability tests carried out demonstrated
the stability of PEM membranes in the DMFC operation environment.

1.8 CONCLUSIONS

The preparation of polymeric materials by microemulsion polymerization can be considered as an
important technique for the production of materials with controlled and constrained structures. The
possibility to retain, after polymerization, the original microemulsion structure allows the produc-
tion of latexes with fixed and desired geometry. Moreover, the possibility of using polymerizable
surfactants further increases the stability of the produced membranes making them highly resistant
and avoiding the restructuration of the polymer chains. These materials can thus find successful
application in ultrafiltration and nanofiltration processes, surface coatings, adhesives, paints,
food and pharmaceutical processing, as some of the most important examples of application. The
case studies presented here provide clear evidence that the polymerization of microemulsions can
still be recognized as an attractive technology and can offer new prospectives for the preparation
of novel and promising materials with innovative characteristics. However, these PBM-coated
membranes are still only available on a lab scale and therefore, future efforts should be directed to
the scaling-up of the coating. A possible strategy could be the use of existing coating technology,
such as the UV-based polymerization process, to make the system commercially viable.
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CHAPTER 2

The use of layer-by-layer technique in the fabrication of thin film
composite membranes for water treatment

Sacide Alsoy Altinkaya

2.1 INTRODUCTION

Membranes provide advantages over other water treatment technologies, such as disinfection,
distillation, or media filtration, due to their ease of operation, which does not require chemical
additives, thermal inputs, or the regeneration of spent media. Ideal separation membranes should
overcome the trade-off between selectivity and permeability while providing long-term stability.
To achieve this task, it is necessary to form an ultra-thin defect free active separation layer on
top of a highly permeable, mechanically strong support membrane. The layer-by-layer (LbL)
assembly technique has great potential for the fabrication of ultra-thin defect free membranes
with improved permeation and rejection properties, since the thickness and morphology of the
membrane can be easily controlled.

The layer-by-layer technique consists of the alternate deposition of oppositely charged poly-
electrolytes on a support followed by rinsing after each deposition step to remove excess and
weakly adsorbed polyelectrolytes (Fig. 2.1).

Although the LbL assembly is usually applied on charged supports through electrostatic interac-
tions, non-electrostatic interactions such as hydrogen bonding (Erel-Unal and Sukhishvili, 2008;
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Figure 2.1. Schematic representation of layer-by-layer self-assembly of polyelectrolytes. Adapted from
Ronge et al. (2014) with the permission of The Royal Society of Chemistry.
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Figure 2.2. Schematic representation of different processes used for LbL coating of polyelectrolytes: (a)
dip coating, (b) spin coating and (c) spray coating. Adapted from Li et al. (2012) with the permission of The
Royal Society of Chemistry.

Quinn et al., 2007; Stockton and Rubner, 1997; Sukhishvili and Granick, 2000), hydropho-
bic interactions (Kotov, 1999; Quinn et al., 2007; Schonhoff, 2003) and chemical cross-linking
(Tieke, 2011) can also be used to drive multilayer assembly. In the case of neutral or hydrophobic
substrates, either polyelectrolytes are modified with suitable groups or support is modified to
enhance a good anchoring of the LbL assembly.

The LbL coating of polyelectrolytes on various substrates can be applied with dip coating,
spray coating and spin coating (Fig. 2.2).

Among these techniques, dip coating is the most commonly used, however, the overall process
is long since the method is mainly diffusion-controlled and rinsing steps between the depositions
are required to prevent the formation of polyelectrolyte complexes, hence, flocculation on the
surface. To decrease tedious labor work, dynamic coating machines were developed in which
polyelectrolyte layers are deposited in-situ by alternatively circulating oppositely charged poly-
electrolyte solutions. In spray coating, the polyelectrolyte solutions are sprayed over the substrate
and the excess solution is drained by gravity. Compared to dip coating, the deposition time dur-
ing spray coating is reduced by almost two orders of magnitude; hence, its scale-up is possible
through automated spray coaters. During spin coating, polyelectrolyte adsorption is controlled by
centrifugal forces, viscous forces and electrostatic interactions. Highly ordered internal structures
in the polyelectrolyte layers are obtained with spin coating as a result of fast rearrangement of the
polymer chains on the substrate and desorption of weakly adsorbed chains (Chiarelli et al., 2001;
Cho et al., 2001; Fadhillah et al., 2012). Although the deposition time is short in spin coating,
relatively small surface areas are coated with this technique.
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The LbL approach allows a precise control over the layer thickness by varying the polyelec-
trolyte types, the number of layers deposited and the adsorption conditions. The amount of
polyelectrolyte deposited, and therefore the thickness of the layers, increases either linearly or
exponentially depending on the deposition conditions. For instance, a linear growth was observed
for the poly(styrene sulfonate) (PSS)/poly(diallyldimethylammonium) (PDADMAC) system at
25◦C while the increase was exponential at 55◦C (Salomäki et al., 2005). Strong attraction between
the polyelectrolytes and charge compensation results in the linear growth of the layers (Ladam
et al., 2000; Lavalle et al., 2002; Porcel et al., 2006, 2007). It was shown that in linearly growing
films the layer thickness is typically several nanometers per bilayer due to charge compensa-
tion, which causes electrostatic repulsion and limits polyelectrolyte adsorption (Caruso et al.,
1999; Ladam et al., 2000). In the case of exponential growth mode, in- and out-diffusion of the
polyelectrolytes causes the deposition of layers with micrometer thickness.

The separation characteristics and functional properties of the LbL modified membranes
depend on the structure and morphology of the assembly. Many works in the literature were
aimed at investigating the influences of various parameters on the structure of the deposited
layers and they will be discussed in the following section.

2.2 THE INFLUENCES OF PREPARATION CONDITIONS ON THE STRUCTURE
AND MORPHOLOGY OF THE LBL MODIFIED MEMBRANES

The preparation conditions, such as pH, ionic strength, temperature, polylectrolyte concentration,
adsorption time, polyelectrolyte pairs and support on which layers are deposited, influence the
structure of the layers (Table 2.1). Among these parameters, ionic strength plays a key role in
controlling the thickness, stability and structure of the layers. Increasing the ionic strength of the
polyelectrolyte solution leads to thicker layers (Arys et al., 1998; Belyaev et al., 1998; Bijlsma
et al., 1997; Clark et al., 1997; Dubas and Schlenoff, 1999; Hoogeveen et al., 1996a; Kolarik et al.,
1999; Krasemann and Tieke, 2000; Laurent and Schlenoff, 1997; Lehr et al., 1995; Lvov et al.,
1993, 1997, 1998; 1999; Schlenoff et al., 1998) and higher roughness of the membranes (Kolarik
et al., 1999). At high ionic strengths, polyelectrolyte charges are screened, which suppresses the
electrostatic attraction between the polyelectrolytes causing the formation of more coiled and
loopy structures. The pH of the polyelectrolyte solution determines both the charge density of
the weak adsorbing polyelectrolytes and the surface charge density, thus, pH is used to control
the morphology of the LbL assembly constructed from weak polyelectrolytes (Yoo et al., 1998).
Below a minimum charge density, the charge reversal is not sufficient for the formation of
multilayers (Glinel et al., 2002; Schoeler et al., 2002; Steitz et al., 2001; Voigt et al., 2003). The
adsorption of highly charged polyelectrolytes results in thin layers with flat chain conformations
and thicker, loopier type structures are observed when they have a lower charge (Yoo et al., 1998).
With increasing surface charge density and polyelectrolyte concentration in dipping solution,
more polyelectrolyte adsorption occurs to overcompensate for the charges on the surface. At
low polyelectrolyte concentration, the conformation of the adsorbed layer is flat and at high
concentrations a thicker coiled conformation is observed (Voigt et al., 2003). The temperature of
the polyelectrolyte solution is another important parameter that influences the LbL process. It was
shown that the layers deposited at high temperatures are significantly thicker than the assembly
fabricated at room temperature (Büscher et al., 2002; Tan et al., 2003). This can be attributed to the
higher chain mobility at elevated temperatures leading to an increase in the number of loops and
tails attached to the support. The choice of polyelectrolyte pairs affects the structural features of
the multilayer assembly, such as thickness, porosity, roughness, hydrophilicity, swelling degree
and mechanical properties. The chain stiffness and the balance between hydrophobicity and
hydrophilicity of the polyelectrolytes determine the thickness of the assembly (Klitzing, 2006). As
the hydrophobicity of the polyelectrolyte pairs increases, more stable and thinner polyelectrolyte
multilayers are obtained, which are less prone to swelling by salt solutions (Dubas and Schlenoff,
2001; Harris and Bruening, 2000; Miller and Bruening, 2005). The choice of support is also
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important for constructing LbL assembly, since the adsorption of polyelectrolytes is strongly
influenced by the support. The influence of chemical properties of substrate is limited to the
first few bilayer depositions. However, two physical properties, which are charge density and
the relative dielectric permittivity of the substrate, can influence the multilayer morphology up
to a thickness in the micrometer range (Guillaume-Gentil et al., 2011). Guillaume-Gentil et al.
(2011) found that the surface morphology of the multilayer assembly is not influenced by the
physical properties of the underlying substrate for a strongly interacting polyelectrolyte couple,
poly(allylamine hydrochloride)/poly(styrene sulfonate) (PAH/PSS). In contrast, they observed
continuous, flat layers of the weakly interacting pair poly(L-lysine)/hyaluronic acid (PLL/HA) on
substrates of low dielectric permittivity and inhomogeneous droplet-films on substrates of high
dielectric permittivity. A good support for LbL assembly should have a low surface roughness and
a high surface charge density (Guillaume-Gentil et al., 2011). In addition, the supports should
have high chemical, thermal and mechanical stability and should provide sufficient permeability
and hydrophilicity (Tieke et al., 2001).

2.3 THE STABILITY OF LBL DEPOSITED LAYERS

The enthalpy change during polyelectrolyte complexation is small and the multilayer formation
is entropically driven, hence thermodynamically highly favorable (Schlenoff et al., 2008). The
increase in entropy occurs due to the displacement of counterions as soon as polyelectrolytes
adsorb on an oppositely charged polyelectrolyte. The Gibbs free energy change for the LbL
deposition process is the sum of three terms. The first term represents the attraction energy
between the surface charge groups and the opposite charges on the polyelectrolyte and this is
known as intrinsic compensation. The second term is a conformational term, which is a penalty
for the adsorption due to loss of entropy, and finally the third term corresponds to segment-segment
repulsive energy and is another penalty for adsorption. It is obvious that when the sum of the
repulsive and conformation energies exceeds the attraction energy, then desorption of deposited
layers is favored. The stability is predominantly controlled by the strength of interactions between
the polyelectrolytes, which is determined by the charge density of the polyelectrolytes and the
ionic strength of the solution. When a salt is present in the solution contacting multilayers, salt
counterions participate in charge neutralization called extrinsic compensation, which is shown
with the following reversible ion exchange reaction (Dubas and Schlenoff, 2001):

Pol+Pol−m + Na+
aq + Cl−aq ⇔ Pol+Cl−m + Pol−Na+

m

K = y2

(1 − y)[NaCl]
=

(
y2

[NaCl]2
aq

)
y→0

(2.1)

where m refers to LbL deposited layers, K is the equilibrium constant for this reaction and y
refers to polyelectrolyte multilayers in extrinsically compensated form. It is clear that at high salt
concentrations in solution, the extrinsic charge compensation (between Pol+Cl−m and Pol−Na+

m)
becomes dominant over the intrinsic one (Pol+Pol−m) between polyelectrolytes due to increased
charge screening along the polyelectrolyte chain. This causes conformational change resulting
in the formation of more coiled and loopy structures. In conclusion, high ionic strength of the
solution in contact with the layers and the low charge density of polyelectrolytes leads to enhanced
chain mobility, hence the detachment of layers by weakening electrostatic attraction between
polyelectrolytes and inducing conformational change of the layers (Hoogeveen et al., 1996b;
Linford et al., 1998). pH is also an important factor on the stability of layers assembled from
weak polyelectrolytes since they have a pH-dependent charge. At certain pH values the charge
density of polyelectrolytes decreases substantially and layers detach from each other (Brynda and
Houska, 1996, 1998; Harris et al., 1999).
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Table 2.1. The influences of preparation conditions on the morphology of the LbL modified membranes.

Preparation
condition Influence on the morphology of modified membrane Reference

Ionic strength of Increasing ionic strength leads to thicker layers and higher Arys et al. (1998),
polyelectrolyte roughness of the membranes if the layers are stable; in the Belyaev et al. (1998),
solution case of instability of layers with high ionic strength, Bijlsma et al. (1997),

thinner layers are obtained due to decomposition Clark et al. (1997),
of loosely attached layers Dubas and Schlenoff (1999),

Hoogeveen et al. (1996a),
Kolarik et al. (1999),
Krasemann and Tieke (2000),
Laurent and Schlenoff (1997),
Lehr et al. (1995),
Lvov et al. (1993,
1997, 1998, 1999),
Schlenoff et al. (1998)

pH of pH influences the charge density of weak polyelectrolytes Glinel et al. (2002),
polyelectrolyte Thin layers with flat chain conformations are observed Schoeler et al. (2002),
solution when polyelectrolytes are highly charged Steitz et al. (2001),

At the deposition pH corresponding to the average of Voigt et al. (2003)
the pKa values of the polycation and polyanion,
maximum density of ionic cross-links in the assembly
is achieved

Temperature of Deposition at temperatures greater than room temperature Büscher et al. (2002),
polyelectrolyte results in thicker layers compared to assembly formed Tan et al. (2003)
solution at room temperature
Polyelectrolyte Increasing polyelectrolyte concentration leads to thicker Voigt et al. (2003)
concentration layers

At low concentrations, the conformation of adsorbed
layers is rather flat and high concentrations result
in short trains and long tails at the surface of
the assembly

Polyelectrolyte As the hydrophobicity of polyelectrolyte pairs increases, Dubas and Schlenoff (2001),
pair more stable and thinner layers are obtained Harris and Bruening (2000),

Polyelectrolytes with a high charge density form a high Klitzing et al. (2006),
degree of ionic cross-linking, hence showing low swelling Miller and Bruening 2005)

Type of support The chemical properties of support influences the Guillaume-Gentil
deposition of the first few layers et al. (2011),
For weakly interacting layers, continuous, flat layers Tieke et al. (2001)
are observed on substrates of low dielectric permittivity
and inhomogeneous droplet-films on substrates of high
dielectric permittivity
Higher charge density of support does not influence the
morphology but allows more adsorption and increases
stability of layers

LbL-assembled membranes used for water treatment are exposed to harsh conditions; hence,
the stability and long-term performance of these membranes should be determined. Recently,
de Grooth et al. (2015) modified two types of support membranes, non-ionic polyether sulfone
(PES) (MWCO = 100 kDa) and ionic sulfonated polyether sulfone (SPES) (MWCO = 10 kDa),
with the primary polycation poly (allylamine)hydrochloride (PAH) and the quaternary poly-
cation poly(diallyldimethylammonium) (PDADMAC) and polyanion polystyrene sulfonic acid
(PSS, Mw = 100 kDa). The physical stability of the membranes was determined by measuring the



22 S.A. Altinkaya

Figure 2.3. Change in (a) permeability, (b) MgSO4 rejection of (PDADMAC/PSS)n coated PES membranes
during backwash cycles. Both permeability and rejection values were normalized with respect to initial
values. UFCLE: Poly(ether sulfone) (PES) membrane (MWCO:100 kDa), HFS: PES membrane coated with
a separation layer of sulfonated poly(ether sulfone) (SPES) (MWCO:10 kDa). Reprinted from de Grooth
et al. (2015) with permission from Elsevier.

permeability and MgSO4 retention of the membranes after each backwash cycle. Figure 2.3 shows
that the permeability of the PES coated membranes (Code of the membrane: UFLCE) increased
almost threefold after six backwashes, while the rejection of MgSO4 decreased from 84%
to 38%.

The changes in the permeability and retention were attributed to the detachment of the poly-
electrolytes. The multilayer assembly formed on the negatively charged SPES support (Code
of the membrane: HFS) membrane did not show any change in either the permeability or the
retention of ions at the end of several backwash cycles. This result clearly showed the key role
of surface charge density of support membranes for an increased physical stability of the LbL
coated membranes. For testing chemical stability, SPES modified membranes were exposed to
sodium hypochlorite solution, which is commonly used for the chemical cleaning of membranes.
Figure 2.4 shows that the hypochlorite stability of the membranes is significantly influenced
by the polycation type. The membranes coated with PDADMAC/PSS showed 4–5 times higher
stability of the permeability and retention compared to PAH/PSS coated membranes.

Saeki et al. (2013) investigated the influences of two cross-linking methods, amine and silane
coupling reactions, on the stability of LbL-assembled nanofiltration (NF) membranes in high ionic
strength conditions and chlorine treatment. Both amine and silane coupling reactions improved
the stability of the membrane performance under high ionic strength conditions, however, only
the silane coupling reaction prevented the loss of deposited layers under harsh chlorine exposure.

2.4 THE LBL COATED MEMBRANES AND THEIR APPLICATIONS

LbL deposition of polyelectrolytes is used as an effective modification technique for improving
the anti-fouling properties of ultrafiltration (UF) and microfiltration (MF) membranes. Most com-
mercial UF and MF membranes are manufactured from hydrophobic polymers, which are prone
to organic fouling as a result of hydrophobic interactions. Polyelectrolytes are usually hydrophilic,
hence, coating/impregnating membranes with polyelectrolytes changes their surface properties
from hydrophobic to hydrophilic. LbL assembly on the membranes is also constructed to adjust
the permeability of molecules or ions that can permeate across the membranes. By changing the
pH and ionic strength of the polyelectrolyte solution used for building layers, it is possible to
balance intrinsic and extrinsic charge compensation, and therefore to control the pore size of the
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Figure 2.4. The change in (a) retention (b) permeability of (PAH/PSS)2 and (PDADMAC/PSS)2 coated
membranes stored in sodium hypochlorite solution at pH 8. Reprinted from de Grooth et al. (2015) with
permission from Elsevier.

resulting membrane. LbL assembly is considered as a promising alternative in manufacturing
membranes with sufficiently high flux and high selectivity for various applications. The use of
LbL deposition for preparing water treatment membranes is discussed in the following section.

2.4.1 Nanofiltration

The LbL deposition of polyelectrolytes on suitable supports can be used in the preparation of
nanofiltration membranes for water softening, partial desalination, selective removal and separa-
tion of metal ions and charged/non-charged species (Table 2.2). The LbL method offers several
advantages for NF membranes. Firstly, polyelectrolyte layers have high water adsorption capac-
ities allowing them to achieve a high selectivity in the passage of water relative to the passage
of salt. Secondly, the presence of ionic groups facilitates the permeation of water while rejecting
ions with the same charges due to Donnan exclusion effects. In addition, the thickness, charge
density and composition of the selective layer can be precisely adjusted by carefully selecting the
deposition conditions and polyelectrolyte pairs. As a result, the selectivity, flux and fouling rates
can be easily controlled. Nanofiltration membranes reject molecules with a molecular weight
larger than 1000 g/mole; hence, the selective layer should have pore sizes smaller than 2 nm to
allow the permeation of only small molecules. The thickness of the LbL formed selective layer
is on the order of nanometer range, which allows a reasonably high permeation rate in addition
to high selectivity. Polyelectrolytes with high charge densities, including PSS and SPEEK as
polyanions and PAH, PDADMAC and PEI as polycations, are commonly used to prepare dense
layers required for nanofiltration membranes. In the study by Krasemann and Tieke (2000) the
number of layers was increased up to 90 in order to obtain desirable rejection properties. The
separation factors for Na+/Mg2+ and Cl−/SO2−

4 were found to be 112.5 and 45, respectively,
when 60 layers of PAH/polystyrenesulfonate were deposited on PAN/PET supporting membranes
treated with oxygen plasma. The same group assembled 60 layers of the dicopper complex of
18-azacrown-N6 (hexacyclen, 1,4,7,10,13,16-hexaazaoctadecane, aza6) and polyvinylsulfate
(PVS) on the PAN/PET support membrane for the desalination of aqueous electrolyte solutions
under nanofiltration conditions (El-Hashani et al., 2008). The rejection of chloride and sulfate
ions were 45.7 and 91.9% at the operating pressure of 2.5 MPa; on the other hand, the flux of the
resulting membranes was very low due to significant mass resistance created by the layers. Lajimi
et al. (2004) coated cellulose acetate membranes with alginate and chitosan layers and determined



Table 2.2. Recent studies published on the application of the LbL coated membranes in nanofiltration.

Application PE pair/# of bilayers Support Permeability Selectivity Reference

Separation of PAH/PSS PAN/PET NaCl: 22.5 × 10−6 cm s−1 (with salt) Na+/Mg2+: 112.5 (with salt) Krasemann and
Cl− from SO2−

4 n = 60 NaCl: 44.4 × 10−6 cm s−1 (without salt) Na+/Mg2+: 15.1 (without salt) Tieke (2000)
and Na2SO4: 0.5 × 10−6 cm s−1 (with salt) Cl−/SO2−

4 : 45 (with salt)
Separation of Na2SO4: 4.5 × 10−6 cm s−1 (without salt) Cl−/SO2−

4 : 9.9 (without salt)
Na+ from Mg2+ MgCl2: 0.2 × 10−6 cm s−1 (with salt)

MgCl2: 2.9 × 10−6 cm s−1 (without salt)

Separation of dicopper PAN/PET 8.5 ± 1 L m−2 h−1 MPa−1 6.7 El-Hashani et al.
Cl− from SO2−

4 complex of (2008)
18-azacrown-
N6/PVS
n = 60

Separation of CHI/ALG CA: 20 wt % NaCl: 4 L m−2 h−1 (0.34 M) MgSO4/NaCl: 1.63 Lajimi et al. (2004)
MgSO4 n = 25 Acetone: MgSO4: 3.5 L m−2 h−1 (0.017 M)
from NaCl Formamide: 2:1

Annealing
temperature: 70◦C

Separation of PSS/PDADMAC Alumina Pure water flux: Glycerol/glucose: 2.0 ± 0.3 Miller and Bruening
sugars and salts n = 5.5 1.6 ± 0.2 m3 m−2 day−1 Glucose/sucrose: 9 ± 3 (2004)

Glucose/raffinose: 50 ± 20

PSS/CHI Pure water flux: Glycerol/glucose: 1.7 ± 0.3
n = 4.5 1.5 ± 0.3 m3 m−2 day−1 Glucose/sucrose: 6 ± 1

Glucose/raffinose: 19 ± 5
PSS/PDADMAC 1.6 ± 0.2 m3 m−2 day−1 NaCl/sucrose: 7 ± 2
(0.5 M NaCl in
polyelectrolyte
solution)
n = 5.5
PSS/PDADMAC 2.6 ± 0.5 m3 m−2 day−1 NaCl/sucrose: 15 ± 5
(0.1 M NaCl in
polyelectrolyte
solution)



Separation of [PSS/PDADMAC]n/ PES (MWCO: 1.7 ± 0.1 (n = 2) 2.7 ± 0.3 (n = 2) Malaisamy and
Cl− from SO2−

4 PSS 50 kDa) 1.6 ± 0.1 (n = 4) 32 ± 6 (n = 4) Bruening 2005)

Separation of (PSS/PDADMAC)n Au-coated Si 4.2 ± 0.2 (n = 3) m3 m−2 day−1 2.7 ± 0.5 (n = 3) m3 m−2 day−1 Hong et al. (2006a)
Cl− from SO2−

4 PSS (0.5 M NaCl in the last layer) (0.5 M NaCl in the last layer)
2.7 ± 0.2 (n = 3) m3 m−2 day−1 26.4 ± 0.9 (n = 3) m3 m−2 day−1

(1 M NaCl in the last layer) (1 M NaCl in the last layer)

Separation of (PSS/PDADMAC)4 Alumina 3.5 ± 0.2 m3 m−2 day−1 Cl−/F−: 3.4 ± 0.2 Hong et al. (2007)
Cl− from F− PSS 3.7 ± 0.3 m3 m−2 day−1 Cl−/Br−: 3.8 ± 0.1
and Br− 0.5 M NaCl in the

last layer
Separation of [PSS/PDADMAC]n Alumina 2.9 ± 0.1 m3 m−2 day−1 (n = 3.5) 4.3 ± 0.1 (n = 3.5) Hong et al. (2009)
chloride from PSS 2.4 ± 0.1 m3 m−2 day−1 (n = 4.5) 48.3 ± 5.8 (n = 4.5)
phosphate

Separation of [PDADMAC/ Hydrolyzed 0.09 m3 m−2 h−1 MPa−1 nm−1 (0 M NaCl) Cl−/HPO2−
4 : Ahmadiannamini

anions SPEEK]n polyacrylonitrile 0.12 m3 m−2 h−1 MPa−1 nm−1 (0.1 M NaCl) 10 (0 M NaCl) et al. (2010)
n = 10 (PAN-H) 0.06 m3 m−2 h−1 MPa−1 nm−1 (0.5 M NaCl) 12 (0.1 M NaCl)

20 (0.5 M NaCl)
Cl−/SO2−

4 :
10 (0 M NaCl)
18 (0.1 M NaCl)
13 (0.5 M NaCl)
SO2−

4 /HPO2−
4 :

1 (0 M NaCl)
1 (0.1 M NaCl)
1 (0.5 M NaCl)

Separation of [PSS/PDADMAC]4 Alumina 1.74 ± 0.03 m3 m−2 day−1 1.6 ± 0.1 Ouyang et al.
Na+ from Mg2+ PSS 1.04 ± 0.15 m3 m−2 day−1 16.2 ± 1.7 (2008)

Salt concentrations
in the deposition
solution of each
layer: 0.5 M NaCl
[PSS/PDADMAC]4

PSS/PAH

Separation of [PAA/CTAC]n P(AN-co-EDAMA) 1.07 ± 0.03 (n = 1) Fu and Kobayashi
Fe3+ from Fe2+ 2.10 ± 0.04 (n = 3) (2010)

n: number of bilayers.
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the optimal number of bilayers as around 15/20 based on permeation rate/salt retention and the
separation factor of monovalent/divalent salts. Major improvement in the LbL coated membranes
was achieved by the group of M.L. Bruening when the number of layers deposited on porous
supports were reduced from several tens to just a few ones (Hong and Bruening, 2006; Hong
et al., 2006a, 2006b, 2007, 2009; Malaisamy and Bruening, 2005; Miller and Bruening, 2004;
Ouyang et al., 2008; Shan et al., 2010). It was shown that 2.5 bilayers of poly(styrenesulfonate)
(PSS)/protonated poly(allylamine) (PAH) or 3.5 bilayers of PSS/poly(diallyldimethylammonium
chloride) (PDADMAC) were enough to reduce the molecular weight cut-off of polyethersulfone
ultrafiltration supports from 50 kDa to <500 Da (Malaisamy and Bruening, 2005). 50 kDa support
membranes modified with 3.5 bilayers of PSS/PDADMAC exhibited 95% rejection of SO2−

4 and a
chloride/sulfate selectivity of 27, while 4.5 bilayer PSS/PAH coatings showed a glucose/raffinose
selectivity of 100. The authors clearly demonstrated that the molecular weight cut-off value of a
support membrane should be smaller than 100 kDa to convert UF membranes to NF membranes
with a few layers of polyelectrolyte deposition. Hong et al. (2006a) reported a 96% rejection
of SO2−

4 and Cl−/SO2−
4 selectivity of 26 with the (PSS/PDADMAC)3PSS layers deposited on

porous alumina, which also allowed a 2.7-fold higher flux along with a greater passage of Cl−
compared to the commercial NF270 membranes. The (PSS/PDADMAC)4.5PSS membrane on
the same support exhibited Cl−/F− and Br−/F− selectivities >3 (Hong et al., 2007) and a chlo-
ride/phosphate selectivity of 48 (Hong et al., 2009) along with solution fluxes that are higher
than those of the commercial NF 270 and NF 90 membranes. Ahmadiannamini et al. (2010)
deposited poly(diallyldimethylammonium) chloride and sulfonated poly(ether ketone) (SPEEK)
on hydrolyzed polyacrylonitrile (PAN-H) supports and tested the performances of the result-
ing membranes for anion separation application. The highest selectivities for Cl−/HPO2−

4 and
Cl−/SO2−

4 separation were around 20 while for the SO2−
4 /HPO2−

4 separation the selectivity was
approximately 1 when the number of bilayers were 10. Ouyang et al. (2008) reported that LbL
modified NF membranes composed of PSS/PAH or hybrid PSS/PDADMAC+ PSS/PAH layers are
effective in selectively removing Mg2+ from solutions containing NaCl and MgCl2. On the other
hand, pure PSS/PDADMAC coating and commercial NF270 membranes show only relatively low
rejections of Mg2+. Na+/Mg2+ selectivity increased with the magnitude of surface charge when
the outermost layer of the assembly was PAH. Fu and Kobayashi (2010) showed the multilayer
membranes prepared from cetyl trimethyl ammonium chloride (CTAC) and poly(acrylic acid)
(PAA) alternately deposited onto negatively and positively charged polyacrylonitrile copolymer
membranes made of poly(acrylonitrile-co-acrylic acid) [P(AN-co-AA)] and poly(acrylonitrile-
co-N,N-dimethylethyl ammonium bromide) [P(AN-co-EDAMA)] can effectively remove Fe3+
from Fe2+. M.L. Bruening’s group also demonstrated the effectiveness of LbL modified NF
membranes in separating neutral species. For example, they reported that PSS/PAH layers on a
porous alumina substrate can effectively separate neutral amino acids according to their sizes and
the flux of these membranes are comparable to that of commercial NF membranes (Hong and
Bruening, 2006). In another work, they showed that multilayer membranes assembled from a 4.5-
bilayer poly(styrenesulfonate) (PSS)/poly(allylamine hydrochloride) (PAH) coating on porous
alumina exhibits NaCl/sucrose selectivities of 130 and NaCl/dye selectivities >2200 (Hong et al.,
2006b). Wang et al. (2009) deposited 3.5 bilayers of SPEEK and PEI on PAN support membranes.
It was shown that NaCl rejection of the membranes can be significantly increased by assembling
the layers under pressure (Fig. 2.5).

They investigated the influence of the molecular weight of PEI on the permeability and salt
rejection of the membranes. The flux of polyelectrolyte multilayer membranes from both low and
high molecular weight PEI decreased with the increased layers, however, no salt was rejected
when low molecular weight PEI was used (Fig. 2.6) due to the looser structure of the selective
layer. This result suggested that when low molecular weight PEI is used, a higher number of layers
are required to achieve salt rejection.

These membranes exhibited not only better rejection but also higher anti-fouling properties in
comparison to commercial membranes NTR 7450 (Fig. 2.7).
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Figure 2.5. The influence of pressure applied during deposition of SPPEK/PEI layers on the flux and salt
rejection of modified PAN membranes. Reprinted from Wang et al. (2009) with permission from Elsevier.

Figure 2.6. The influence of molecular weight of cationic polyelectrolyte, PEI, on the flux and salt rejection
of modified PAN membranes. (a) Branched PEI (Mw = 25000), (b) Low Mw PEI (Mw = 800). Reprinted
from Wang et al. (2009) with permission from Elsevier.

Figure 2.7. Flux decline during dead-end filtration of humic acid (1 g L−1 in 1 mM CaCl2,
pressure = 1.379 MPa). Reprinted from Wang et al. (2009) with permission from Elsevier.
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Shan et al. (2010) reported an improvement in the separation properties of LbL modified
membranes with the deposition of colloids on the surface of the membranes and demonstrated
the feasibility of regenerating the multilayer coating. Ba et al. (2010) designed a positively
charged nanofiltration membrane by chemical modification of P84 copolyimide using branched
polyethylenimine (PEI) and coated the surface with a neutral polymer, polyvinyl alcohol (PVA)
and negatively charged polymers, polyacrylic acid (PAA) and polyvinyl sulfate (PVS). In the case
of PVS-coated membranes, flux recovery after acid cleaning was almost 100% due to a decreased
charge interaction between foulants and the membrane surface. The flux restoration in the PAA-
coated membrane was not as good as that in the PVS-coated membrane since acid treatment
made the PAA-coated membrane more positively charged. LbL coated polymeric membranes
were also successfully applied for solvent-resistant nanofiltration. Li et al. (2008, 2010) coated
the PAN support membrane with LbL deposition of (poly(diallyldimethylammonium chloride) and
sulfonated poly(ether ether ketone) and the modified membranes were successfully applied in the
filtrations of organic solvents, including aprotic solvents like THF and DMF. Coated membranes
showed comparable selectivity but better solvent stability and higher fluxes in comparison to
commercial membranes.

2.4.2 Reverse osmosis

Reverse osmosis membranes are commonly used for removing dissolved salts and other minerals
from sea water and brackish water. The most commonly used membranes for desalination are thin
film composite membranes consisting of a polyamide based active layer providing ion selectivity
deposited on a porous polysulfone support layer. Polyamide is not resistant to chlorine treatment,
thus, most of the research focused on developing RO membranes for desalination that cannot
lose their rejection properties when exposed to chlorine. The LbL deposition of polyelectrolytes
on porous support membranes is one of the approaches used in the literature to obtain dense
reverse osmosis (RO) membranes (Table 2.3). Jin et al. (2003) modified PAN/PET porous support
membranes with alternating electrostatic layer-by-layer adsorption of polyvinylamine (PVA) and
polyvinyl sulfate (PVS). The rejections of the resulting 60 bilayer membranes for NaCl and
Na2SO4 were 93.5 and 98.5% at 4.0 MPa, respectively. The performances of the membranes were
also tested with sea water and the rejections for Mg2+, Ca2+ and Na+ were determined as 98,
96.4 and 74.5%, respectively (Toutianoush et al., 2005). Park et al. (2010) coated commercial
polysulfone support membranes with poly(allylamine hydrochloride) (PAH) and poly(acrylic
acid) (PAA) layers and tested the performance of the resulting membranes for desalination of
sea water. The layers were deposited at the pH conditions allowing a low charge density of each
polyelectrolyte. Thermal cross-linking and switching phenomena of the charge density were used
to improve ion rejection rates. An ion rejection rate >99% was achieved with 10 to 20 bilayers
of PAH pH 7.5/PAA pH 3.5 at the pH of sea water, 8.1 after the recycling process (Fig. 2.8).
Enhanced ion rejection rates with recycling of the permeate was due to converting the high ion
concentration of the feed solution into low concentrated solutions.

Excellent ion rejection rates were obtained with a high degree of internal charge pairing within
the multilayers, where the polyelectrolytes are at a highly charged state at pH 8.1. Although the
rejection rate was high and comparable to that of the commercial membrane, the fluxes through
these membranes were low. Fadhillah et al. (2013) fabricated thin film composite membranes
by depositing alternate layers of poly(allyl amine hydrochloride) (PAH) and poly(acrylic acid)
(PAA) on a polysulfone support membrane. Successful coating of the support membrane was
confirmed by AFM images (Fig. 2.8), which indicated that the polyelectrolyte deposition reduced
the roughness of the PSF membranes. They measured significantly higher surface roughnesses
for two commercial RO membranes, Hydronautics SWC and ESPA (136.56 ± 15.95 nm and
103.67 ± 9.98 nm, respectively), compared to PAH/PAA modified membranes (11.26 ± 1.80 nm
and 10.33 ± 1.58 nm for 60 and 120 [PAH/PAA] bilayers, respectively) (Fig. 2.9). The smoothness
created by LbL deposition of polyelectrolytes is an important advantage, since rough surfaces are
more susceptible to fouling.



Table 2.3. Recent studies published on the application of the LbL coated membranes in reverse osmosis.

Application PE pair/# of bilayers Support Permeability/flux Rejection [%] Reference

Desalination PVA/PSS PAN/PET 1137 mL m−2 h−1 MPa−1 NaCl: 93.5%; Na2SO4: 98.5% Jin et al. (2003)
n = 60 p = 4.0 MPa

Desalination PVA/PSS PAN/PET 40 ± 2 L m−2 h−1 MPa−1 Mg2+: 98.0 ± 1% Toutianoush et al.
n = 60 Ca2+: 96.4 ± 1% (2005)

Na+: 74.5 ± 0.8%
(using non-diluted sea water)
p = 4.0 MPa

Desalination [PAH pH 7.5/ PSf 40 L m−2 h−1 NaCl: 50% Park et al. (2010)
PAA pH 3.5]n before thermal annealing before thermal annealing
n = 10 8 L m−2 h−1 NaCl: 80%

after thermal annealing after thermal annealing
thermal annealing: NaCl: >99%
T = 180◦C (after recycling process)
t = 1 h

Desalination [PAH/PAA]n PSf 30 L m−2 h−1 (n = 60) NaCl: 58% (n = 60) Fadhillah et al. (2013)
15 L m−2h−1 (n = 120) NaCl: 65.5% n = 120

Desalination [PAH/MTM]n 25.5 L m−2 h−1 (n = 9) NaCl: 30% (n = 9) Choi et al. (2014)
8.3 L m−2 h−1 (n = 18) NaCl: 81% (n = 18)

Desalination [PSS/PAH]n 8 L m−2 h−1 NaCl: 90% Cho et al. (2015)
[sPSF/PAH]n 6 L m−2 h−1 NaCl: 97%
n = 10 p = 2400 kPa CNaCl = 2000 mg L−1

Desalination [PSS/PAH]n Commercial 4.54 × 10−5 L m−2 h−1 Pa−1 NaCl: 98.2% Ishigami et al. (2012)
RO membrane 2.17 × 10−5 L m−2 h−1 Pa−1 NaCl: 99.4%
(ES-20)
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Figure 2.8. Ion rejection and flux of PAH pH 7.5/PAA pH 3.5 modified polysulfone membranes before
and after recycle operation. Adapted from Park et al. (2010) with the permission of The Royal Society of
Chemistry.
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Figure 2.9. AFM images of (a) bare PSF, (b) [PAH/PAA]60, (c) [PAH/PAA]120 deposited PSF membranes.
Reprinted from Fadhillah et al. (2013) with permission from Elsevier.

The salt rejections of 120 bilayers and 60 bilayers PAH/PAA deposited membranes were deter-
mined as 65.5 and 58%, respectively, while the water fluxes were 15 and 30 L m−2 h−1. The
membranes remained stable within 40 h of exposure to 2000 mg L−1 sodium chloride solution,
which corresponds to typical RO operational conditions. Choi et al. (2014) used a hybrid combi-
nation of [poly(allylamine hydrochloride) (PAH)/montmorillonite (MTM)]n layers to prepare RO
desalination membranes. By inserting PAH/PAA layers between two adjacent PAH/MTM layers,
the flux was maintained at ∼7.5 ± 0.5 L m−1 h−1, comparable to commercial membranes, while
the salt rejection was around ∼75 ± 2.5%. In addition, the stability of the membrane against the
chlorine attack was enhanced, as confirmed by the similar ion rejection value (∼74 ± 5.0%) after
the NaOCl treatment. Cho et al. (2015) reported the deposition of PSS/PAH and sPSf/PAH on
polysulfone support membranes. To facilitate a reduction in membrane pore size and swelling, and
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Figure 2.10. (a) NaCl rejection (black columns) and flux (gray columns) of crosslinked membranes, (b)
NaCl rejection of crosslinked membranes as a function of chlorine exposure time. The rejection values for
commercial membranes, SW30HR, are also shown. (p = 2400 kPa; NaCl concentration = 2000 mg L−1).
Adapted from Cho et al. (2015) with permission of John Wiley and Sons.

hence to increase the rejection of monovalent salts, they crosslinked PAH layers with gluteralde-
hyde. The resultant membranes exhibited NaCl rejection of more than 95% and greater resistance
to extended chlorine exposure than commercial aromatic polyamide membranes (Fig. 2.10).

The LbL deposition of polyelectrolytes was also applied on commercial thin film composite
RO membranes to improve their anti-fouling and rejection properties. Polyamide, which forms
the active layer of most commercial RO membranes, is negatively charged under typical operating
conditions (pH > 4) due to carboxyl groups on the membrane surface, thus, polyamide based RO
membranes are especially prone to fouling by cationic contaminants. Zhou et al. (2009) mod-
ified commercial polyamide thin film composite membranes by the electrostatic self-assembly
of polyethyleneimine and the modified membrane showed significantly improved resistance to
cationic foulants due to enhanced electrostatic repulsion and the increased surface hydrophilicity.
Xu et al. (2011) used chitosan for modification and the resulting polyamide/chitosan membrane
showed higher flux and salt rejections than the original polyamide membrane. Ishigami et al.
(2012) deposited PSS and PAH on the commercial polyamide membrane and investigated the
effect of the layer number on the water permeability, sodium chloride (NaCl) rejection and the
anti-fouling capability of the membranes. Their results demonstrated increased salt rejection
and anti-fouling capability with the increased layer number due to enhanced hydrophilicity and
smoothed surface morphology.

2.4.3 Forward osmosis

Recently, forward osmosis has received significant attention for water treatment due to its low
energy requirement. LbL modified membranes have high water permeability and rejection against
divalent ions, high solvent resistance and thermal stability, which make these membranes suitable
for forward osmosis (Table 2.4). In addition, their long-term stability can be provided through
chemical cross-linking methods. Saren et al. (2011) deposited 1, 3, and 6 bilayers of PAH and PSS
polyelectrolyte pairs on PAN support and tested the resulting membranes for forward osmosis. For
an ideal FO membrane, the substrate should have a low mass transfer resistance. To achieve high
porosity and a finger-like structure in the support membrane with a high hydrophilicity, prepara-
tion conditions were adjusted. The salt rejection of the membranes increased while both solvent
and solute fluxes decreased by increasing the number of bilayers from 1 to 3. The performance of



Table 2.4. Recent studies published on the application of the LbL coated membranes in forward osmosis.

Application PE pair/# of bilayers Support Solvent flux Jw/Js Reference

Removal of MgCl2 [PAH/PSS]n PAN 27.7 L m−2 h−1 (n = 1) AL-FS 23.8 mM (n = 1) Saren et al. (2011)
28.7 (n = 3) AL-FS 6.3 (n = 3)
22 (n = 6) AL-FS 3.2 (n = 6)

Removal of MgCl2 [PAH/PSS]n PAN 30 L m−2 h−1 (n = 1) AL-DS 45 mM (n = 1) Qiu et al. (2011)
(not crosslinked) AL-DS 80 L m−2 h−1 (n = 3) AL-DS 2.7 mM (n = 3)

Feed: DI
DS: 0.5 M MgCl2

[PAH/PSS]n PAN 27 L m−2 h−1 (n = 1) AL-DS 60 mM (n = 1)
(crosslinked) AL-DS 60 L m−2 h−1 (n = 3) AL-DS 1 mM (n = 3)

Feed: DI
DS: 0.5 M MgCl2

Removal of MgCl2 [PAH/PSS]n PAN 23.33 ± 1.3 L m−2 h−1 (n = 1) AL-DS 0.355 ± 0.050 g L−1 Duong et al. (2013)
n = 3 AL-DS
(not crosslinked) Feed: DI

DS: 0.5 M MgCl2
[PAH/PSS]3 15.80 ± 0.072 L m−2 h−1 AL-DS 0.117 ± 0.021 g L−1

(crosslinked) Feed: DI
DS: 0.5 MgCl2

Removal of MgCl2 [PAA-PSS/PAH]n PAI-PEI 28 L m−2 h−1 (n = 3) 0.07 Cui et al. (2013)
18 L m−2 h−1 (n = 6) 0.068
13 L m−2 h−1 (n = 10) 0.073
AL-DS
Feed: DI
DS: 0.5 MgCl2

Removal of MgCl2 [PSS/PAH]2 PES 73 L m−2 h−1 (AL-DS) 0.06 g L−1 (AL-DS) Liu et al. (2015)
21.5 L m−2 h−1 (AL-DI) 0.03 g L−1 (AL-DI)
Feed: DI
DS: 0.5 MgCl2

Removal of from NaCl [MPD-TMC]10 PAN-PEI-PAA 24.6 L m−2 h−1 0.1 g L−1 Kwon et al. (2015)
AL-DS
Feed: DI
DS: 0.5 NaCl

AL-DS: active layer of the membrane is in contact with draw solution; AL-FS: active layer of the membrane is in contact with feed solution; DI: deionized water
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the 3 bilayer membrane was found to be higher than those of the other FO membranes reported
in the literature when the active layer of the membrane faced the feed solution. In the following
publications by the same group, the effect of the cross-linking of the polyelectrolyte layers on
the substrate morphology and structure, the separation layer, water permeability, salt rejection, the
FO water flux and solute flux performance was investigated (Qiu et al., 2011; Qi et al., 2012). Both
the uncrosslinked and crosslinked membranes showed high fluxes, but on the other hand, the cross-
linking improved the salt rejection of the membranes. It was shown that the negative impact of
internal concentration polarization can be minimized by controlling the number of polyelectrolyte
bilayers. Duong et al. (2013) investigated the influences of salt concentration and deposition time,
in addition to cross-linking conditions on the FO performances of similar PAH/PSS coated PAN
membranes. The membranes were crosslinked by a combination of chemical and photo cross-
linking techniques and their results suggested that with this technique it is possible to achieve
reasonable water flux and reverse salt fluxes even with one bilayer. Setiawan et al. (2013) fab-
ricated dual layer hollow fibers by a dry jet-wet spinning technique using poly(amide-imide)
(PAI) and polyethersulfone as the selective layer on the outer side and the porous support layer on
the inner side, respectively. The outer layer of the substrate was modified by polyethyleneimine
(PEI) cross-linking followed by multilayer polyelectrolyte depositions. Their results suggested
that a combination of polyelectrolyte cross-linking and LbL deposition can be effectively used
to prepare NF-like FO membranes. Cui et al. (2013) demonstrated that the pH value and salt
concentration in polyelectrolyte solutions and the heterogeneity of polyelectrolyte solutions play
an important role on LbL FO performance. LbL membranes prepared from the most heteroge-
neous polyelectrolyte solutions showed the highest reverse salt flux. When the charge densities of
both polycation and polyanion were high, then LbL layers had a tight structure resulting in both
low water flux and reverse salt flux. Liu et al. (2015) deposited the polyanion PSS and polyca-
tion PAH, PDADMAC and PEI alternately on either the inner surface (id-LbL) or outer surface
(od-LbL) of the polyethersulfone (PES) hollow fiber substrates to prepare NF and FO membranes.
Two layer id-LbL membranes demonstrated an increased water flux and reduced salt leakage com-
pared to od-LbL membranes, hence, they concluded that the inner surface of the hollow fiber
support membrane is more suitable for LbL deposition than the outer surface. Recently, Kwon
et al. (2015) developed a molecular layer-by-layer (mLbL) technique based on the alternative
cross-linking of monomers to fabricate thin film composite forward osmosis membranes. In their
approach, firstly a hydrolyzed negatively charged PAN support membrane was alternately coated
with cationic PEI and then anionic PAA. Next, the PEI/PAA interlayer-coated HPAN support was
dipped into MPD and then into TMC solutions to form a selective polyamide layer and these steps
were repeated until the desired number of layers was built. Figure 2.11 shows the surface and
cross section images of support and modified membranes.

The HPAN support membrane has uniform pores of 15 nm in diameter and consists of a very
thin dense skin layer on top of a finger-like pore structure (Figs. 2.11a and 2.11d). The roughness
of the IP-assembled PA membrane was much higher (33.8 ± 2.1 nm) than that of the mLbL-
assembled PA membrane (mLbL-10) (6.9 ± 1.6 nm). High water fluxes and low specific salt
fluxes are required to maximize the performance of FO membranes. In this respect, compared to
commercial membranes, HTI-CTA, and IP-assembled PA membranes, the mLbL-10 membrane
showed the best FO performance (Fig. 2.12).

AL-DS: active layer of the membrane is in contact with draw solution; AL-FS: active layer of
the membrane is in contact with feed solution; DI: deionized water

However, poor stability of the membranes at high ionic strengths was reported as the primary
drawback for the mLbL-assembled membranes.

2.4.4 Pervaporation

Pervaporation can be used as an alternative to distillation for separating organic compounds from
water. LbL modified membranes usually have high hydrophilicity and a strong affinity towards
water since they carry a high surface charge density. In addition, they are ionically crosslinked,
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Figure 2.11. Surface and cross sectional images of (a) and (d) the HPAN support, (b) and (e) the
IP-assembled TFC membrane and (c) and (d) the mLbL-assembled TFC membrane (mLbL-10). Scale
bar = 500 nm for all images except (d). Reprinted from Kwon et al. (2015) with permission from Elsevier.

limiting a high degree of swelling of the membrane and the selectivity of the thin active layer can
be adjusted with the deposition conditions. These properties make these membranes attractive
for pervaporation (Table 2.5). In the earliest studies carried out by Kraseman and his colleagues
(Krasemann and Tieke, 1998; Krasemann et al., 2001), more than 60 bilayers were deposited on
porous PAN/PET support membranes. In the case of PAH/PSS pairs, selectivity of the modified
membrane in the separation of ethanol from water significantly increased when the number of
layers increased and the membrane was annealed at temperatures above 60◦C (Krasemann and
Tieke, 1998). In addition to PAH/PSS pairs, PDADMAC/PSS, P4VP/PSS, CHI/PSS, PAH/DEX,
PEI/PSS, PAH/PVS, PEI/PVS and PVA/PVS pairs were also used in the modification. Optimum
water enrichment was obtained, with the PVA/PVS and PEI/PVS modified membranes carrying
the highest charge (Krasemann et al., 2001). As shown in Figure 2.13, at small charge densities
(i.e. small ρc values) leading to low cross-linking densities in the deposited layers, the flux is
high and water concentration in the permeate is small. With the increased charge density of
polyelectrolytes, the structure of the multilayer membrane becomes much tighter; as a result, flux
decreases, but transport of water is favored.

Zhu et al. (2006, 2007) reported good performance in the separation of water from isopropanol
using less than 10 layers of polyethylenimine and poly(acrylic acid) deposited on the microporous
polyacrylonitrile substrate membrane. The reduction in the number of layers without compromis-
ing the selectivity was achieved using a relatively dilute concentration of the polyelectrolytes in
the first few cycles of deposition, followed by depositions with more concentrated polyelectrolyte
solutions. To ensure the well extended conformation of polyelectrolytes, polyelectrolyte concen-
trations were selected far below the critical overlapping concentration (Zhu et al., 2006). It was
also found that polyelectrolytes should have a high charge density and should be larger in size than
the pore size of the support membrane in order to form a defect free membrane (Zhu et al., 2007).
Zhang et al. (2007) modified hydrolyzed PAN support membranes with a few polyethyleneimine
(PEI) and polyacrylic acid (PAA) layers deposited under pressure for the pervaporation separation
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Figure 2.12. (a) FO water flux (Jw), (b) reverse salt flux (Js) and (c) specific salt flux (Js/Jw) of the com-
mercial HTI-CTA, IP-assembled TFC (IP) and mLbL-assembled TFC (mLbL-10) membranes as a function
of draw solution NaCl concentrations. T = 25 ± 0.5◦C. Feed solution: DI water. Reprinted from Kwon et al.
(2015) with permission from Elsevier.



Table 2.5. Recent studies published on the application of the LbL coated membranes in pervaporation.

Water content in permeate/
Application PE pair/# of bilayers Support Flux separation factor (α) Reference

Separation of [PAH/PSS]60 PAN/PET 230 g m−2 h−1 α = 70 Krasemann and Tieke
ethanol from T = 58.5◦C (1998)
water water content in feed: 6.2% (w/w)
Separation of [PVA/PVS]60 PAN/PET 431 g m−2 h−1 (without NaCl) 70% (w/w) (without NaCl) Krasemann et al. (2001)
ethanol from 98.5 g m−2 h−1 (with NaCl) 94.0% (w/w) (with NaCl)
water 1270 g m−2 h−1 (without NaCl) 28.5% (w/w) (without NaCl)

[PAH/PSS]60 790 g m−2 h−1 (with NaCl) 35% (w/w) (with NaCl)
T = 58.5◦C
water content in feed: 6.2% (w/w)

Separation of [PEI/PAA]10 PAN 989 g m−2 h−1 96.2% (w/w) Zhu et al. (2006)
isopropanol from T = 70◦C
water water content in feed: 8.6% (w/w)
Separation of PAN 300 g m−2 h−1 98% (w/w) Zhu et al. (2007)
isopropanol from post-treatment temperature: 50◦C 90% (w/w)
water 600 g m−2 h−1

post-treatment temperature: 23◦C
post-treatment time∗: 12 hour
T = 50◦C
water content in feed: 9% (w/w)

Separation of [PEI/PAA]2PEI PAN Hydrolysis of 226 g m−2 h−1 95.51% (w/w) Zhang et al. (2007)
ethanol from PAN with 2N NaOH, T = 40◦C
water 60 min at T = 65◦C water content in feed: 5% (w/w)
Dehydration of PEI/PAA Commercial TFC 400 g m−2 h−1 98% (w/w) Xu et al. (2010)
ethylene glycol polyamide T = 40◦C

water content in feed: 9.2% (w/w)
Separation of [PEI/PAA]4.5TiO2 PAN 400 g m−2 h−1 98% (w/w) Gong et al. (2014)
ethanol from CTALH = 0.125% (w/w) Hydrolysis of PAN T = 60◦C
water TALH was hydrolyzed with 2M NaOH, water content in feed: 5% (w/w)

with PEI to generate TiO2 30 min at
nanoparticles in-situ on T = 60◦C
the multilayer surface



Separation of [BPDA-ODA-DABA/ Alumina Ethanol: 35 ± 2 kg m−2 h−1 Ethanol: 43.1 ± 2.1% (w/w)
alcohols from PDADMAC]10 Isopropanol: 8.2 ± 3 kg m−2 h−1 Isopropanol: 64.1 ± 7.6% (w/w)
water BPDA-ODA-DABA T = 50◦C

The film was not heated water content in feed: 10% (w/w)
[BPDA-ODA-DABA/ Alumina Ethanol: 4.3 ± 1 kg m−2 h−1 Ethanol: 68 ± 3.1% (w/w) Sullivan and Bruening
PDADMAC]10 Isopropanol: 2.1 ± 0.5 kg m−2 h−1 Isopropanol: 98 ± 1.1% (w/w) (2005)
BPDA-ODA-DABA T = 50◦C
The film was heated water content in feed: 10% (w/w)
at 250◦C for 2 hours.

Separation of Two negatively charged Polyamide reverse Flux: 2.75 kg m−2 h−1 85% (w/w) Zhao et al. (2010)
isopropanol polyelectrolyte complex osmosis membrane (PEC+/PDADMAC−CMCNa 97% (w/w)
from water colloidal nanoparticles PEC−)5

(PEC−) and one positively Flux: 1.4 kg m−2 h−1

charged nanoparticle (PEC+/PDADMAC− CMCNa
(PEC+) PEC−)20

(PDMC/CMCNa PEC−), Flux: 2.4 kg m−2 h−1

(PDADMAC/CMCNa PEC−) (PEC+/PDMC−CMCNa PEC−)4

and (PDADMAC/PSS PEC+) Flux: 1.24 kg m−2 h−1

(PEC+/PDMC−CMCNa PEC−)20

T = 50◦C
water content in feed: 10% (w/w)

*Post-treatment time was 12 hour for both measurements.
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Figure 2.13. Flux and water content in permeate as a function of the charge density (ρc) of the polyelectrolyte
pair. T = 58.5◦C; Feed: 6.2% (w/w) water; number of bilayers: 60. Reprinted from Krasemann et al. (2001)
with permission from Elsevier.

of water/alcohol mixtures. To avoid the swelling of the layers, PEI was dissolved in ethanol solution
instead of in pure water. It was shown that the hydrolysis conditions applied for modifying the
support membrane strongly affects the pervaporation performance; in particular, the integrity of
the first polyion layer was influenced by the charge density of the support. Xu et al. (2010) reduced
the number of bilayers needed to form a permselective pervaporation membrane by depositing
polyethyleneimine and poly(acrylic acid) on an interfacially polymerized polyamide membrane
supported on a microporous polysulfone substrate instead of directly depositing on polysulfone
support. It was shown that the separation factor of the membranes dramatically increased from
15–20 to 240–300 by increasing the number of bilayers from 1 to 2 at a feed water concentration
of 3.5 and 9.2 wt%.

The rate of increase in the selectivity became slower beyond two bilayers (Fig. 2.14).
Wang et al. (2010) evaluated the salt, pH- and oxidant-responsive pervaporation behaviors of

LbL modified membranes by post-treating with sodium chloride, hydrochloric acid, sodium
hydroxide and sodium hypochlorite aqueous solutions. It was shown that high salt concen-
trations, extreme pH values and strong oxidants caused irreversible change in the structure,
and therefore deteriorated the membrane performance. Gong et al. (2014) focused on obtain-
ing superhydrophilic pervoparation membranes by growing TiO2 nanoparticles on the surface
of a layer-by-layer-assembled poly(ethyleneimine)/poly(acrylic acid) multilayer. Controversially,
Sullivan and Bruening (2005) used mildly hydrophobic polyimides to limit swelling and, with
the combination of cross-linking and annealing, pervaporation performance was significantly
improved reaching a very high selectivity of 6100 for the separation of water from 90% iso-
propanol. Zhao et al. (2010) prepared negatively and positively charged colloidal nanoparticles
and used them as LbL building blocks on the porous support membranes. The membranes exhib-
ited a good pervaporation performance for the dehydration of isopropanol, and also durability
and high permeate fluxes, although the film thicknesses were in the range of 500–3000 nm. Alter-
natively, polyelectrolyte complexes preformed in solution were also used as building blocks in
constructing a multilayer assembly (Jin et al., 2010; Zhao et al., 2008). These membranes exhib-
ited high pervaporation performance and stability, which were attributed to the cross-linking
structure, highly hydrophilic character and homogeneity of the membranes. Yin et al. (2010)
deposited polyelectrolyte layers under vibrating conditions and Zhang et al. (2008) applied an
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Figure 2.14. The change of separation factor as a function of the number of polyelectrolyte bilayers in the
membrane. Temperature 40◦C. Reprinted from Xu et al. (2010) with permission from Elsevier.

electric field during the deposition. Both approaches improved the pervaporation performance
due to depositing the chains in a more ordered way and resulting in the formation of dense and
uniform structures.

2.5 THE USE OF LBL TECHNIQUE TO MITIGATE BACTERIAL FOULING

Among various types of fouling, biological fouling is the most difficult one to remove from
the surface. To prevent bacterial growth and biofilm formation, antibacterial nanomaterials are
either blended into membrane casting solution, covalently attached to the surface or mixed into
the selective layer of thin film composite membranes. Silver nanoparticles are commonly used in
mitigating bacterial fouling. The challenge in preparing silver-based membranes is to locate silver
nanoparticles on the surface of the membrane at required amounts and to control the release of
silver from the membrane. Recently, we have shown that these challenges could be overcome by
the use of the LbL technique through incorporating AgCl/TiO2 xerogels into the polyelectrolyte
layer (Kaner et al., 2015). In this study, the LbL method was employed to modify commercial
PES membranes through successive adsorption of chitosan and alginate as cationic and anionic
polyelectrolytes. To mitigate bacterial fouling, pure, PEG mixed and PEGylated AgCl/TiO2 xero-
gels were incorporated solely in the top layer of the LbL assembly. Table 2.6 lists the membranes
prepared for biofouling studies. Selected SEM images for the membranes are shown in Figure 2.15.

While the overall morphology of bare and modified PES membranes is similar, AFM images
indicate that the roughness of the modified membranes was found to be higher due to the presence
of large agglomerates only seen in low magnification SEM images.

Figure 2.16 shows that the initial permeability of all AgCl/TiO2 incorporated single layer mem-
branes (encoded 0.1-(CHI)1-0.5; 0.1-(CHI)1-1; 0.1-(CHI)1-5) was improved by 29% compared
to the base membrane, regardless of the amount of AgCl/TiO2, due to the increase in surface
roughness and pore diameter of these membranes.

The water permeabilities of 1.5 bilayer pure AgCl/TiO2 or PEG mixed AgCl/TiO2 incorporated
membranes were found to be the same as that of bare PES membranes. On the other hand, adding
PEGylated AgCl/TiO2 xerogels into the last layer of the assembly resulted in a 25% improvement
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Table 2.6. Single layer and 1.5 bilayer LbL modified membranes prepared by incorporating AgCl/TiO2
xerogels in the last layer of the assembly. Reprinted from Kaner et al. (2015) with permission from Elsevier.

Polyelectrolyte
LBL layers concentration Modification agent Abbreviation

CHI 0.1 g L−1 – 0.1-(CHI)1
CHI 0.1 g L−1 0.5 g L−1 AgCl/TiO2 0.1-(CHI)1-0.5Ag
CHI 0.1 g L−1 1 g L−1 AgCl/TiO2 0.1-(CHI)1-1Ag
CHI 0.1 g L−1 5 g L−1 AgCl/TiO2 0.1-(CHI)1-5Ag
CHI/ALG/CHI 0.1 g L−1 – 0.1-(CHI/ALG)1CHI
CHI/ALG/CHI 0.1 g L−1 0.5 g L−1 AgCl/TiO2 0.1-(CHI/ALG)1CHI-0.5Ag
CHI/ALG/CHI 0.1 g L−1 1 g L−1 AgCl/TiO2 0.1-(CHI/ALG)1CHI-1Ag
CHI/ALG/CHI 0.1 g L−1 2.5 g L−1 AgCl/TiO2 0.1-(CHI/ALG)1CHI-2.5Ag
CHI/ALG/CHI 0.1 g L−1 0.5 g L−1 AgCl/TiO2 + 0.1-(CHI/ALG)1CHI-0.5Ag-0.05PEG

0.05 g L−1 PEG
CHI/ALG/CHI 0.1 g L−1 0.5 g L−1 PEGylated 0.1-(CHI/ALG)1CHI-PEGylated 0.5Ag

AgCl/TiO2

in the initial water permeability and much better biological fouling resistance compared to the base
PES membrane. Higher flux through 1.5 bilayer membranes incorporated with PEG modified
AgCl/TiO2 xerogels was associated with the higher surface roughness of this membrane (12 nm),
where the PEG-mixed AgCl/TiO2-incorporated 1.5 bilayer membrane and the base PES both
have a surface roughness of 2.5 nm. Better biofouling resistance of the modified membranes
incorporated with PEGylated AgCl/TiO2 xerogels was attributed to uniform distribution of the
Ag, Cl, Ti and O elements and a higher percentage of Ag and Ti on the surface as shown by EDX
analysis (Kaner et al., 2015).

2.6 CHALLENGES AND FUTURE PERSPECTIVES

Thin film composite membranes are attractive for water treatment applications since each layer
can be prepared from different materials and optimized independently to achieve the desired sep-
aration tasks. The layer-by-layer deposition of polyelectrolytes on porous supports offers several
advantages to form thin film composite membranes. First of all, the method allows the prepa-
ration of an ultra-thin, defect free selective layer on the nm scale, thus, compromise between
selectivity and permeability can be overcome and membranes with both high flux and high selec-
tivity can be designed. A wide variety of polyelectrolytes and a broad processing window helped
to precisely tune the morphology of the membranes to achieve desirable structural properties.
Furthermore, the production of these membranes in an aqueous environment is an important
advantage compared to other methods, due to environmental concerns and sustainability. Many
studies have shown that LbL modified membranes can be potentially used for important water
treatment processes, such as nanofiltration, reverse osmosis, forward osmosis and pervaporation.

Research efforts were aimed at reducing the number of layers required to reach desired perfor-
mances and increasing the stability of layers. Significant progress has been recorded to resolve
these issues; however, further work is needed, especially to test the long-term stability of these
membranes under real operating conditions. The application of the LbL technique in the lab is
easy; however, detailed investigation should be carried out to determine the relationship among
the deposition conditions, morphology and transport properties of the membranes. The most
important challenge for the LbL modified membranes is their economical large scale production.
With recent advances in the deposition method and deposition time and successful results obtained
from pilot studies, most probably the process will be commercialized in the near future. Not only
the function of the selective layer but also the role of the support layer is important for the overall



The use of LbL technique in the fabrication of thin film composite membranes 41

(a)

(c) (d)

(e) (f)

(g) (h)

(b)

0.2
0.4

0.6
0.8 X  0.200 µm/div

Z  50.000 µm/div
µm

0.2
0.4

0.6
0.8 X  0.200 µm/div

Z  50.000 µm/div
µm

0.2
0.4

0.6
0.8 X  0.200 µm/div

Z  50.000 µm/divµm

0.2
0.4

0.6
0.8 X  0.200 µm/div

Z  50.000 µm/divµm

S4800 3.0kV 12.5mm×50.1k SE(M) 1.00 µm

S4800 3.0kV 10.7mm ×50.0k SE(M) 1.00 µm

S4800 3.0kV 10.7mm ×50.0k SE(M) 1.00 µm

S4800 3.0kV 10.7mm ×50.0k SE(M, LA40) 1.00 µm

Figure 2.15. SEM images at 50,000 × magnification and AFM images of the base and LbL modified
membranes. (a) and (b) Base PES; (c) and (d) 0.1-(CHI)1; (e) and (f) 0.1-(CHI)1-0.5Ag; (g) and (h) 0.1-
(CHI/ALG)1CHI-PEGylated 0.5 Ag. Reprinted from Kaner et al. (2015) with permission from Elsevier.
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Figure 2.16. Water permeability before and after E. coli bacteria filtration through the single layer and
1.5 bilayer LbL modified membranes prepared by incorporating AgCl/TiO2 xerogels in the top layer of the
assembly. Reprinted from Kaner et al. (2015) with permission from Elsevier.

performance of thin film composite membranes. The development of highly permeable support
membranes from cheap polymers with uniform pores is required to achieve desirable separation
with a minimum number of layers.
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NOMENCLATURE

PSS poly(styrene sulfonate)
PDADMAC poly(diallyldimethylammonium)
PES polyether sulfone
SPES sulfonated polyether sulfone
PAH poly (allylamine)hydrochloride
SPEEK sulfonated poly(etherketone)
PEI poly(ethyleneimine)
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PVS polyvinylsulfate
PAN polyacrylonitrile
PET polyethylene terephthalate
PVA polyvinyl alcohol
PAA polyacrylic acid
MTM montmorillonite
sPSf sulfonated polysulfone
PLL poly(L-lysine)
HA hyaluronic acid
CTAC cetyl trimethyl ammonium chloride
P(AN-co-AA) poly(acrylonitrile-co-acrylic acid)
P(AN-co-EDAMA) poly(acrylonitrile-co-N,N-dimethylethyl ammonium bromide)
PAI poly(amide-imide)
DEX dextran
CHI chitosan
P4VP poly(4-vinylpyridine)
ALG alginate
PSf polysulfone
MPD m-phenylenediamine
TMC trimesoyl chloride
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CHAPTER 3

Fabrication and application areas of mixed matrix
flat-sheet membranes

Derya Y. Koseoglu-Imer & Ismail Koyuncu

3.1 INTRODUCTION

Polymer-nanoparticle composite materials have unique characteristics, such as high mechanical
strength, good electrical conductivity, optical and thermal properties. Nanoparticles can gain
high functionality and therefore they increase the overall performance of conventional materials,
such as membranes, used in environmental applications. Membrane separation properties can be
controlled for each specific application by the proper choice of fabrication components (main
polymer, solvent, additives like nanoparticles, pore forming agents, etc.) and parameters (evapo-
ration time and temperature, coagulation bath temperature, etc.). Moreover, especially in recent
years, the membrane fouling problem can be avoided with different membrane fabrication com-
ponents. Membrane fouling can be defined as the uncontrolled deposition of particles, colloids,
macromolecules or salt ions from feed solution at the membrane surface or inside the membrane
pores. It is a severe problem for membrane materials used in pressure-driven processes such as
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF) and also
for other membrane processes. Different polymers (Polyethersulfone (PES), polysulfone (PS),
cellulose acetate (CA), polyvinylidene fluoride (PVDF), etc.) could be selected as membrane
materials for these membrane systems according to their physical and chemical characteristics,
such as good chemical, heat, mechanical and cleaning resistance and environmental endurance,
as well as easy processing and manufacturing. For instance, the intrinsic hydrophobicities of some
polymers are high and so this results in hydrophobic membrane materials and leads to a low mem-
brane flux, poor anti-fouling properties and low application and useful life. The fouling causes a
decrease in membrane performance, either temporarily or permanently. The fouling mechanism
includes the interaction between the membrane surface and the foulants (inorganic, organic, and
biological substances in many different forms). The foulant molecules not only physically inter-
act with the membrane surface but also chemically degrade the membrane material. Most of the
latest membrane fouling studies focused on the physical or chemical modification of membrane
material for low fouling properties. These studies can be summarized in three main areas; (i)
the modification of the membrane surface with in-situ physical and chemical treatments, (ii) the
coating of the membrane with special materials that have low fouling properties and (iii) the prepa-
ration of the membrane by adding nanomaterials (mixed matrix membranes, MMMs). MMMs
are formed by the addition of inorganic or metal oxide particles, having micrometer or nanometer
sizes, to the polymeric casting solution or by in-situ generation. Over the past few years, the rapid
growth in nanotechnology has aroused significant interest in the use of nanomaterials in mem-
brane applications. So far, the membrane modification studies using nanotechnological methods
in particular have achieved useful results. Nanoparticles (NPs) are defined as particles having
the size of 1–100 nm and they have unique magnetic, electrical, optical, mechanical and struc-
tural properties. More recently, several natural and engineered nanomaterials have also proved to
have exceptional properties, including chitosan, silver nanoparticles (nAg), photocatalytic TiO2,
fullerol, aqueous fullerene nanoparticles (nC60), and carbon nanotubes (CNT). Moreover, some
nanoparticles, such as silver (Ag), copper (Cu), zinc oxide (ZnO), titanium oxide (TiO2), etc.,
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have antibacterial properties and thus show high toxicity to a broad spectrum of microorganisms,
including bacteria, fungi, viruses and yeasts, and have been studied as antibacterial agents in
different areas. The combination of membrane chemistry and the antibacterial properties of NPs
may particularly solve the biofouling problem in membrane systems. To prevent fouling problems,
NPs can be applied by directly coating on to the membrane surface or by blending in the polymer
matrix of the membrane during the membrane fabrication process.

This chapter is focused on identifying the fabrication and application areas of mixed matrix
flat-sheet membranes.

3.2 FABRICATION OF MIXED MATRIX FLAT-SHEET MEMBRANES

3.2.1 Self-assembled mixed matrix membranes (MMMs)

Self-assembly provides a feasible and low-cost method for preparing the membranes including
nanoparticles (Yang et al., 2014). This method is a bottom-up approach but it is limited to
the fabrication of single-sided coatings on planar substrates. This technique does not require
complicated equipment and can be easily applied to a large variety of materials (Askar et al.,
2013). A solution-based bottom-up assembly process represents the layer-by-layer (LbL) self-
assembly, it provides the sequential adsorption of nanometer-thick monolayers of oppositely
charged polyelectrolytes and nanoparticles to form a molecular-level controlled membrane. It is a
very successful process with which to form cross-linked films with interfacial interactions between
the carbon nanotube and polymers through dense covalent bonding and the stiffening of polymer
chains (Zhang and Cui, 2012). Kim et al. (2003) designed self-assembled TiO2 membranes to
create membrane surfaces that have a low biofouling performance. They assembled the anatase
TiO2 nanoparticles on thin film composite membranes through bonding between hydroxyl groups
of TiO2 nanoparticles and carboxyl functional groups of aromatic polyamide thin film layer (Kim
et al., 2003). Since TiO2 nanoparticles have a high affinity to water molecules and generate
hydrogen bonding with groups in the polymer segment, it is also a good hydrophilic agent for
modification of the membrane surface by self-assembly (Li X. et al., 2014).

Bae et al. (2006) used the self-assembly procedure for membranes with TiO2 nanoparticles.
They modified the sulfonated PES membranes as fouling-resistant mixed matrix membranes and
used the electrostatic self-assembly method between TiO2 nanoparticles and sulfonic acid groups
on the membrane surface. In this study, the sulfonated polyethersulfone (SPES) ultrafiltration
membranes were fabricated with the phase inversion method and then the fabricated membranes
were dipped into the TiO2 nanoparticle solution including the controlled hydrolysis of titanium
tetraisopropoxide. The fouling mitigation property of the mixed matrix membrane was examined
using membrane bioreactor (MBR) sludge, which contains a great number of various foulants. The
fouling mitigation ratios were evaluated quantitatively; the filtration resistances were calculated
according to the resistance in a series model. The results showed that both the amount and rate of
membrane fouling decreased in the mixed matrix membrane compared to the pristine polymeric
membrane. The mixed matrix membrane had a higher stabilized relative flux (36% of the initial
flux) than the pristine membrane (20% of the initial flux). The cake layer resistance of the mixed
matrix membrane was decreased when compared to the pristine PES membrane (from 58.70×1011

to 33.27×1011 m−1) and also the pore resistance of the mixed matrix membrane decreased from
4.31×1011 to 2.23×1011 (Bae et al., 2006).

Mansourpanah et al. (2009) assembled TiO2 nanoparticles on the surface of polyethersul-
fone (PES)/polyimide (PI) and –OH functionalized PES/PI blend membranes. They exposed the
membranes to UV light after membrane fabrication using different concentrations of TiO2. UV
light gained a photocatalytic property to the membrane surface and this property increased the
membrane hydrophilicity. With UV irradiated TiO2 deposited blend membranes, –OH groups
provided excellent adhesion of TiO2 nanoparticles on the membrane surface and this increased
the reversible deposition onto the membrane surface and diminished irreversible fouling into the
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membrane pores. Li X. et al. (2014) prepared a polyethersulfone (PES) hybrid ultrafiltration
(UF) membrane with TiO2 nanoparticles using a novel method. This method was to combine the
self-assembly of TiO2 nanoparticles with the formation of PES membranes via the non-solvent
induced phase separation (NIPS) process. TiO2 nanoparticles were self-assembled around the
membrane pores during the NIPS process by controlling the hydrolysis and condensation of
precursor (tetrabutyltitanate-TBT) confirmed by TEM and SEM-EDX mapping. The water per-
meability of the hybrid PES membranes was four times higher than that of the pristine PES
membranes, 50.8 L m−2 h−1 for pristine PES and 235.9 L m−2 h−1 for hybrid membranes. An
anti-fouling experiment, using BSA and humic acid (HA) as model foulants, showed that the PES
hybrid membrane had good organic anti-fouling properties. Importantly, the leaching of self-
assembly TiO2 nanoparticles was moderate and this provided a stable and sustainable anti-fouling
activity for the hybrid membranes (Li X. et al., 2014).

3.2.2 Surface modified mixed matrix membranes (MMMs)

Surface treatment is one of the modification methods used for fabricated pristine membranes to
increase the surface hydrophilicity and to reduce the membrane fouling. The surface modification
of the membranes may be performed by coating, grafting, covalent bond, cold plasma treatment
and incorporating hydrophilic fillers, including inorganic nanoparticles (Moghimifar et al., 2014).

Coating is a physical modification method and includes the coating material(s) forming a
thin layer that non-covalently adheres to the membrane surface. Coating methods can be divided
into five techniques: coating by physical adsorption, heat curing, coating with a monolayer
using Langmuir-Blodgett or analogous techniques, deposition from a glow discharge plasma,
and casting or extrusion of two solutions by simultaneous spinning (Nady et al., 2011). With
these methods, nanoparticles can be coated as a layer on the membrane surface by physical or
chemical bonds. It might provide a simple way to place nanoparticles onto the membrane surface.
Although locating nanoparticles in a direct position with contact to the filtering solution improves
the efficiency of nanoparticles, this procedure could lead to early detachment of the nanoparticles
from the membrane surface with time. Nevertheless, with the physical coating method, a release of
nanoparticles from the membrane material could be observed due to the difficulty of immobilizing
them on the membranes without using binding mediums to form covalent bonds between the
nanoparticles and the membrane. Despite many attempts being made to find appropriate organic
binders for nanoparticles, the release of nanoparticles from the membrane still creates important
operational problems over a long filtration period (Mericq et al., 2015).

3.2.3 Thin film nanocomposite (TFN) membranes

Thin film nanocomposite membranes (TFN) were recently introduced as a new field in membrane
technology. It is believed that the concept of dispersing nanophase materials into a polymeric
matrix has brought a new perspective to advanced membrane materials. TFN membranes are
fabricated by embedding porous nanoparticle materials, such as pure metals, metal oxides, sili-
con nanoparticles and carbon nanomaterials, into a polyamide matrix layer (Shen et al., 2013).
Nanomaterials give benefits to membranes, such as unique optical, thermal and physiochemical
activities, so organic-inorganic membranes with nanoparticles have a high separation efficiency,
low cost and easy operation. However, these membranes acquire some specific properties, like
high permeability and selectivity, good chemical, thermal and mechanical stability, crystallinity,
catalytic activity and antibacterial characteristics (Mollahosseini and Rahimpour, 2014).

Thin film membranes used for nanofiltration or reverse osmosis are polyamide thin film
composites (TFC), which are prepared by an interfacial polymerization technique. Polyamide
membranes have several disadvantages, such as relatively low water flux, low chlorine resistance
and poor anti-fouling properties. Therefore, the fabrication of polyamide membranes that have
a high water permeability and simultaneously high salt rejection is still a challenge and a strong
research topic for the development of new and improved polyamide membranes. One effective
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Figure 3.1. Conceptual illustration of (a) TFC and (b) TFN membrane structures (Jeong et al., 2007).

strategy is to introduce inorganic nanoparticles into the polyamide skin layer to produce inorganic-
polyamide membranes. Incorporation of inorganic materials into the polymer matrix generally
increases hydrophilicity and typically contributes to fouling reduction (Xu et al., 2013).

Different nanoparticles have been used to modify polyamide (PA) TFC membranes, such as
zeolite, TiO2, silver, silicate or alumina. Zeolite nanoparticles are particularly used as inorganic
materials to be embedded into the active layer to modify the PA-TFC RO membranes. Incorpora-
tion of zeolite nanoparticles into the PA active layer of TFC membranes can significantly improve
the water flux without a large loss of salt rejection under high pressure in the RO process. Dong
et al. (2016) found that TFN membranes with zeolite nanoparticles had a much higher water per-
meability than the TFC membranes (15.7 vs. 6.4 × 10−6 m s−1 MPa−1). These authors explained
that this trend was due to the internal pores of zeolite nanoparticles increasing the membrane
surface roughness. Jeong et al. (2007) fabricated a TFN polyamide RO membrane including
0.004–0.4% (w/v) of NaA zeolite nanoparticles dispersed within 50–200 nm thick polyamide
films (Fig. 3.1). Pure polyamide membranes exhibited surface morphologies characteristic of
commercial polyamide RO membranes, whereas TFN membranes had measurably smoother and
more hydrophilic, negatively charged surfaces. At the highest nanoparticle ratio, TFN morphol-
ogy was visibly different and pure water permeability (3.8×10−12 m Pa−1s−1) was nearly double
that of the polyamide membrane (2.1×10−12 m Pa−1s−1) with equivalent solute rejections. It
was suggested that the zeolite nanoparticle pores played an active role in water permeation and
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Figure 3.2. Fluxes of polyamide TFC-RO membranes by using silica (SiO2) nanoparticles at RO tests with
aqueous NaCl salt solutions (11,000 mg L−1) (Peyki et al., 2015).

salt rejection. As a concept, TFN membrane technology may offer new options in tailoring RO
membrane separation performance and material properties (Jeong et al., 2007).

Kim et al. (2012) synthesized a new type of TFN membrane having antibacterial properties
by interfacial polymerization. They used two different nanomaterials, which were acid modified
multi-walled carbon nanotubes (MW-NTs) for a support layer and nanosilver (nAg) particles for a
thin film layer. MW-NTs at 5.0 wt% in the support layer and nAg particles at 10 wt% in the thin film
layer enhanced the pure water permeability of the TFN membrane by 23 and 20%, respectively,
compared to 0 wt% of these components in their respective layers. The water permeability and
hydrophilicity was enhanced in the TFN membrane that had a CNT support layer compared to
a non-CNT matrix through the diffusive tunnel effects of nanopores in MW-NTs. nAg particles
in the thin film particularly increased the anti-biofouling properties of the TFN membranes and
did not change the salt rejections of the membranes. Pseudomonas aeruginosa PAO1 batch tests
indicated greater anti-adhesive and antibacterial properties of the TFN membrane compared to
similar membranes without nAg particles (Kim et al., 2012).

Peyki et al. (2015) modified the surface of polyamide TFC-RO membranes by using silica
(SiO2) nanoparticles. The SiO2 nanoparticles were added to amine solution with different con-
centrations of 0.005 to 0.5 wt%. FT-IR spectroscopy and SEM images confirmed the incorporation
of SiO2 nanoparticles on the polyamide active layer. The surface hydrophilicity and roughness
of the membranes increased with the increasing SiO2 concentration in the amine solution. The
salt rejection and flux of the membranes were tested with NaCl aqueous solution. The flux values
of the membranes increased gradually at lower levels of nanoparticles (0.005–0.1 wt%) and then
decreased at 0.5 wt% (as seen in Fig. 3.2). Moreover, the rejection values increased at lower
concentrations of SiO2 (0.005 and 0.01 wt%) and then decreased with an increasing content of
SiO2. Long-term experiments showed that the modified RO membranes had lower flux decline
compared to neat thin film composite RO membranes. The flux decline for unmodified RO
membranes was 31%, while the flux declines for 0.005. 0.01, 0.05 and 0.1 wt% SiO2 modified
membranes were about 10%, 16%, 13% and 15%, respectively (Peyki et al., 2015).

3.2.4 Blending method

The most conventional and simple method for the synthesis of polymer/inorganic mixed matrix
membrane (MMM) is direct mixing of the nanoparticles into the polymer solution. The mixing
can generally be done by melt blending or solution blending. Solution blending is a simple way to
fabricate polymer-inorganic MMM (Fig. 3.3). In this method, a polymer is dissolved in a proper
solvent to form an homogenous polymer solution, and then inorganic nanoparticles are added
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Figure 3.3. Polymer and inorganic phases connected by Van der Waals force or hydrogen bonds at blending
method (Cong et al., 2007).

into the solution and dispersed by mixing. The polymer solution is cast by removing the solvent
and the membrane is obtained (Cong et al., 2007). The main difficulty in the mixing process is
to achieve an effective dispersion of the nanoparticles in the polymer matrix because they have
a strong tendency to form agglomerates (Kango et al., 2013). Firsty, the nanoparticles should
be added to solvent and stirred with sonication for preventing their agglomeration in polymer
solution when the solubility of nanoparticle is low in solvent. The aggregation of nanoparticles
in the membranes and the easy leaching of nanoparticles from the membranes are the main
concerns of the solution blending method. However, commercial polymeric membranes can be
modified by blending with hydrophilic materials during the industrial membrane production. It
is a common practical technique and no additional processing steps are needed during or after the
phase inversion process (Wu et al., 2013).

Wang et al. (2012) fabricated the mixed matrix (polyvinylidene fluoride (PVDF) and graphene
oxide (GO)) blended ultrafiltration membranes using the immersion phase inversion process.
GO-blended PVDF membranes appeared to have a more hydrophilic surface and have a higher
pure water fluxes recovery ratio than the unblended PVDF membranes due to the hydrophilic
nature of GO. The permeation properties and mechanical structure of the blended membranes can
obviously be improved. The permeability of the blended membrane increased by 96.4%; the tensile
strength increased by 123%. Moreover, the contact angle decreased from 79.2◦ to 60.7◦, which
implies that the anti-fouling ability of the membrane was improved. Similarly, Silva et al. (2015)
blended polyvinylidene fluoride (PVDF) with multi-walled carbon nanotubes (MW-CNTs) for the
fabrication of flat-sheet direct contact membrane distillation (DCMD) membranes by the phase
inversion method. The synthesis parameters, such as MW-CNT loading, polyvinylpyrrolidone
(PVP) addition and MW-CNT surface chemistry, affected markedly the membrane properties
and performances. MW-CNT/PVDF membranes prepared with functionalized MW-CNTs had
a smaller pore size and lower contact angles (more hydrophilic), thus the functionalization of
MW-CNTs is not recommended for this application. Sponge-like pores and smaller thickness
(i.e. membranes prepared without PVP) allowed complete salt rejection (i.e. 100%). In contrast
with larger thickness and elongated finger-like pores (resulting from PVP addition) salt exclusion
ranged from 88.8 to 98.6%. Overall, the MW-CNT/PVDF blended membrane prepared with
0.2 wt% MW-CNTs (without adding PVP) exhibited the best performance in DCMD, presenting
total salt rejection and a higher permeate flux (9.5 × 10−3 kg m−2 s−1) than that obtained with a
commercial PVDF membrane (7.8 × 10−3 kg m−2 s−1).

Arsuaga et al. (2013) used different metal oxides nanoparticles (TiO2, Al2O3 and ZrO2) for the
fabrication of pressure-driven membranes. The nanoparticles were blended in PES polymer solu-
tion. The membranes were characterized with hydrophilicity (contact angle), morphology (SEM),
porosity, and thermal analysis (TGA). Membrane fouling was studied with BSA and humic acids
as model organic foulants. Entrapped metal oxides caused a more open and porous structure in
membrane morphology and significantly enhanced the anti-fouling property and long-term flux
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stability of the membranes. PES-Al2O3 membranes exhibited the highest value of 208.9 L m−2 h−1

while the permeability of pristine PES membranes was 180 L m−2 h−1. Strong correlations were
observed between physico-chemical properties such as porosity, hydrophilicity and permeability
of modified membranes with the spatial particle distribution in the membrane structure. The foul-
ing resistance of modified membranes was significantly reduced. The relative fouling resistances
of the membranes were found to be 7.56 × 1012 m−1 for pristine PES and 5.52 × 1012, 4.79 × 1012

and 5.46 × 1012 m−1 for PES-TiO2, PES-Al2O3 and PES-ZrO2, respectively.

3.3 NANOMATERIAL TYPES FOR FABRICATION OF MIXED MATRIX
MEMBRANES (MMMs)

3.3.1 Polymeric mixed matrix membranes (MMMs) with silver nanoparticles (AgNPs)

In recent years, several studies have demonstrated the potential to use silver nanoparticles (AgNPs)
as antibacterial agents in membrane separation processes. AgNPs have three different antibacterial
mechanisms: (i) attachment to the cell membrane drastically disturbing the permeability and
respiration of the membrane, (ii) penetration inside the bacteria cytoplasm and interaction with
sulfur- and phosphorus-containing compounds, such as DNA, causing further damage and (iii)
release of silver ions, which also have a known bactericidal effect as reported by Feng et al.
(2000). The release of silver ions is also involved in mechanisms (i) and (ii) and it is the definitive
molecular toxicant under aerobic conditions (Cruz et al., 2015).

AgNPs have strong antibacterial activity against a different type of bacteria, but the use of
AgNPs as biocide is mainly limited by its relatively high cost. Localized loading of small amounts
of silver adjacent to the membrane surface, where biofilms develop, is viable for protecting the
membrane from biofouling. Therefore, the anti-biofouling potential of AgNPs is well established
in the literature, but the loading method of AgNPs on the membrane material is one of the
main obstacles (Ben-Sasson et al., 2014). During the fabrication of membranes with AgNP, the
different pathways can be used to incorporate silver nanoparticles in the membrane structure,
such as ex-situ synthesis (subsequent addition to the casting solution), or in-situ reduction of
ionic silver during the phase inversion process (Taurozzi et al., 2008). Furthermore, the silver
can be applied by coating AgNP directly on to the surface of the membranes or by embedment
in the polymer matrix of the membrane itself (Yang et al., 2009; Zodrow et al., 2009). Zodrow
et al. (2009) prepared AgNP incorporating membranes having antimicrobial properties by using
the phase inversion technique, in which the dope solution containing the polymer and AgNP was
casted on a support and then immersed in a water bath to provide polymer precipitation. They
found that the addition of AgNP prevented the bacterial attachment and biofilm formation on the
membrane surface. Moreover, the authors suggested that the release of ionic silver can be the
main mechanism.

The combination of polymer and AgNPs enhanced the separation properties due to the pre-
vention of particle deposition (Babu et al., 2010). AgNPs have a high antibacterial activity and
this property may provide the long-term stability and efficient operation for mixed matrix mem-
branes in filtration, especially for prolonged operational time periods. In the literature, there have
been a number of studies to improve the distribution of AgNPs and its stability. Cellulose acetate
(CA), chitosan, polyacrylonitrile (PAN) and polysulfone (PS) were the most popular polymeric
materials studied with AgNPs (Basri et al., 2011). However, CA, chitosan and PAN polymers
have disadvantages such as poor solubility in common organic solvent and high cost. Therefore,
PES appeared to be a more promising polymer because it is an easy handling material with good
solubility in most of the organic solvents and is resistant to chemical attack (Susanto and Ulbricht,
2009; Wang et al., 2005).

Liu et al. (2013) fabricated novel nanofiltration and forward osmosis membranes, including
AgNP, using the layer-by-layer (LbL) assembly method. The incorporation of AgNPs in the mem-
branes did not adversely affect the membrane separation performance in NF and forward osmosis
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(FO) processes at low AgNPs incorporation levels (0.22–1.19 wt% as silver). The membranes
with silver exhibited excellent antibacterial properties against both Gram-positive Bacillus sub-
tilis and Gram-negative Escherichia coli. They showed that the performances of the membranes,
including AgNPs, are highly dependent on silver incorporation in the membranes, which could
be controlled by using different membrane synthesis methods and the addition of AgNPs.

3.3.2 Polymeric mixed matrix membranes (MMMs) with silica nanoparticles (SiNPs)

Silica nanoparticles (SiNPs) have high surface areas, narrow pore size distributions, high porosity
and low density (Zargar et al., 2016). They have been studied extensively for various applications.
At polymeric membrane fabrication, SiNPs have been widely used to fabricate the gas separation
membranes to enhance both gas permeability and selectivity. They increased the permeability
of mixed matrix membranes without changing their selectivity due to their good compatibility
with the polymer matrix. Furthermore, the functional –OH group on the silica should improve
the hydrophilicity of the membrane and have a positive effect on the fouling resistance of the
membrane (Huang et al., 2012).

The use of SiNPs in membrane fabrication has not yet been studied to a large extent, despite
the wide availability of different types with a wide range of particle sizes. Jadav and Singh (2009)
incorporated two types of SiNPs in-situ into polyamide films. One type of SiNP was commercial
Ludox® HS 40 (particle size of 16 nm); the other type of SiNP was a lab-synthesized colloid
prepared from controlled hydrolysis of tetraethylortho silicate (TEOS) (0.4 wt% suspension in
water). SiNPs were trapped into the polymer film with high temperature curing. It was observed
that the effective pore radius of the mixed matrix membranes increased when the silica concen-
tration in the casting solution was increased. Depending on the SiNPs content, the average pore
radius of the membranes varied from a smaller radius of 0.34 nm to a larger radius of 0.73 nm.
Furthermore, the number of pores in the membrane also increased. Silica has the advantage of
improving the mechanical stability and, as a result of partial leaching, introduced additional pores
in the membranes. Silica nanoparticles with silanol groups on the surface could act as active sites
for polymer adsorption or reaction, thus providing a platform for anchoring anti-fouling ligands
(Wu et al., 2013).

3.3.3 Polymeric mixed matrix membranes (MMMs) with carbon nanotubes (CNT)

Carbon nanotube (CNT) was discovered in 1991 and classified as single-walled (SW-CNT)
and multi-walled (MW-CNT). CNTs have attracted significant research areas because of their
unique structure, physical, electronic, and thermal properties. MW-CNTs are more often pre-
ferred because of their relatively low cost and more advanced stage of commercial production.
In recent times, CNT/polymer composites are prepared with the addition of CNTs into the inter-
mediate and final polymer products, and these composites significantly increase the separation
performance of the hybrid membranes (Wang et al., 2014). MW-CNTs are naturally hydropho-
bic but they can be easily modified with different treatment methods and attached to different
functional groups, such as hydrogen, nitrenes, fluorine, carbenes, radicals and aryl radicals. Acid
treatment develops some hydrophilic part (–COOH, and –OH) on the MW-CNT substrate. Carbon
part on one side of the MW-CNT makes it hydrophobic and creates sites for the attachment of
hydrophobic polymer by hydrophobic-hydrophobic interaction and π–π stacking. On the other
side, acid and hydroxyl groups are created after acid treatment and this brings the hydrophilic
part by hydrogen bonding, dipole-dipole interaction and dispersion forces (Irfan et al., 2014).

CNTs are most widely used in membrane applications in water and wastewater treatment
and they are also effective adsorbents for contaminants in water and wastewater treatment pro-
cesses. Membrane roughness, surface functional groups, hydrophilicity, and fouling can influence
permeate fluxes of CNT composite membranes (Kim et al., 2013).

Recently, carbon nanotube (CNT) membranes have been investigated by many researchers as
a novel membrane technology for water treatment. When CNTs are used as pores of membranes,
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they appear to allow fast fluid flow due to their strong hydrophobicity (Park et al., 2014).
In polymeric membranes that have CNTs, the membrane fabrication processes may not be so
easy. The size and uniformity of CNTs are very important parameters because they may cause
stability problems in membranes.

3.3.4 Polymeric mixed matrix membranes (MMMs) with alumina nanoparticles (Al2O3NP)

Alumina nanoparticles (Al2O3NP) are one of the nanoparticles used in polymeric mixed matrix
membranes. Al2O3NP can increase the mechanical resistance and hydrophilicty and also mod-
ify the membrane morphology during the membrane formation in the phase inversion process
(Homayoonfal et al., 2015). Homayoonfal et al. (2015) synthesized a polysulfone (PSf)/alumina
(Al2O3NP) mixed matrix membrane with the principal aim of reducing biofouling in the mem-
brane bioreactors. The filtration experiments indicated that the addition of Al2O3NP increased
the membrane hydrophilicity and so the pure water flux was enhanced from 450 L m−2 h−1 to
1600 L m−2 h−1 for 0.02 Al2O3/PSf and 2075 L m−2 h−1 for 0.03 Al2O3/PSf. The separation effi-
ciency was maintained because of decreasing porosity. The presence of alumina nanoparticles up to
the polymer concentration of 0.03 wt% resulted in an 83% reduction in biofouling (Homayoonfal
et al., 2015). The comprehensive study concerning the fabrication of mixed matrix membranes
with Al2O3NP was carried out byYan et al. (2005). They fabricated PVDF membranes with incor-
porated Al2O3NP. Dimethylacetamide (DMAC) was used as the solvent and the dope solution
consisted of 19 wt% PVDF polymer, 0–4 wt% Al2O3NP and additional additives (hexad-sodium
phosphate, and polyvinylpyrrolidone (PVP)). They found a remarkable change in the contact
angle values. The contact angle of the bare PVDF membrane was 84◦ and decreased to 57–
59◦ for membranes with 2–4% of Al2O3NP. Only the membrane with the lowest concentration
of Al2O3NP still had a higher contact angle (68◦). The porosity and rejection values remained
unchanged in all experiments. Interestingly, SEM images showed that the addition of Al2O3NP
did not affect the structure of the surface and cross-section. Furthermore, the mechanical proper-
ties of the membranes had improved; the tensile strength had increased remarkably, whereas the
break elongate ratio reached a maximum at 2% Al2O3NP added. From these studies, it can be
said that Al2O3NP increased the membrane hydrophilicty.

3.3.5 Polymeric mixed matrix membranes (MMMs) with TiO2 nanoparticles

In the membrane fabrication studies, titanium dioxide (TiO2) was one of the most preferred
nanoparticles. Titanium dioxide nanoparticles (TiO2NP) loaded membranes have received much
attention because of their high hydrothermal nature, chemical stability and photocatalytic activity
(Li D. et al., 2014). Mixed matrix membranes with TiO2NP can be manufactured in two ways,
with assembling or blending. In the assembling method, TiO2NP is coated to the surface of porous
membranes with self-organization. The cross-linking degree of polymeric matrix and the types
of bonds between the polymer and inorganic molecules can control the assembled membrane
structure. TiO2NP is directly added to the polymeric casting solution during the blending method
and the homogeneity is the main problem. Some mechanical and chemical approaches (introduc-
tion of organic functional groups on the TiO2 surface) have been applied for the modification
of TiO2NP to increase homogenous dispersivity, reduce agglomeration, improve the stability of
TiO2NP in polymer and enhance the nanofiller-polymer interaction (Vatanpour et al., 2012).

Mericq et al. (2015) prepared low fouling PVDF membranes with TiO2NP by NIPS (Non-
solvent Induced Phase Separation) wet-process. They obtained a typical asymmetric membrane
structure. The membrane structure, hydrophilic properties and permeability were improved in
comparison with the PVDF neat membrane when theTiO2NP concentration was increased up to an
optimum concentration of 25 wt%. Under UV irradiation the phenomena of super-hydrophilicity
due to the presence of TiO2NP in the composite membrane permits the suppression of pure water
permeate flux decline and the achievement of higher fluxes. Fouled composite membranes after
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BSA filtration were successfully cleaned using water and UV irradiation. Permeate flux was
totally recovered after this cleaning (Mericq et al., 2015).

Under UV light TiO2NPs produces some radicals such as OH•, O−•
2 , and HO•

2 in water and
these radicals are assigned as bactericidal action. The adhesion of the bacterial cells to TiO2NP
is controlled by hydrophobic and charge interactions and the active oxygen reaches and damages
the bacterial cell wall. Due to the strong bactericidal properties as photocatalytic under UV
light, the mixed matrix membranes having TiO2NP inhibit the growth of microorganisms on the
membrane surface, and thus membrane biofouling is reduced (Kochkodan and Hilal, 2015). This
reduction in biofouling was demonstrated when TiO2 modified membranes were used for water
filtration, which showed that the fluxes of the modified membranes were 1.7–2.3 times higher
compared with those for the control samples. The flux values of TiO2 modified membranes
reached to approximately 0.3 L h−1 after 4 days, while it was 0.15 L h−1 for the control membrane
(Kochkodan et al., 2008).

3.4 APPLICATION OF MIXED MATRIX MEMBRANES (MMMs)

3.4.1 Antimicrobial activity

Microbial growth and uncontrolled biofilm formation cause the membrane biofouling and it is a
serious operational issue in filtration for water and wastewater treatment. It decreases membrane
permeability and permeates quality, and so increases the energy costs of the separation process.
Antimicrobial chemicals can be used for the prevention of biofouling problems in membranes,
especially at the membrane fabrication step. Membranes having antimicrobial chemicals inhibit
bacterial growth on the membrane surface and help to provide pathogen-free clean water. Devel-
opment of antimicrobial or biofouling resistant membranes has focused on membrane surface
modification to reduce the adhesion of bacteria or biopolymers, or the inhibition of bacterial
growth. Several studies have incorporated antimicrobial nanoparticles in membranes. A com-
monly used method is to disperse the nanoparticles in the polymer solution during the phase
inversion process (Wu et al., 2015). Among antimicrobial nanoparticles, AgNPs are the most
popular antimicrobial agent used in different areas. There are different methods to integrate
AgNPs into the matrix, such as electroless plating and vacuum deposition. Immobilization of
silver element or ions onto the modified polymeric surface through metal-ligand interaction was
found to be the most efficient way (Zhang et al., 2013).

Zhang et al. (2014) prepared polyethersulfone membranes with biogenic AgNP synthesized
from Lactobacillus fermentum. Biogenic AgNP was introduced into the membrane by blending
at different concentrations. The fabricated membranes were tested for physical properties such
as water permeability, MWCO (molecular weight cut-off), contact angle, SEM and AFM. Cross-
section micrographs demonstrated that the biogenic silver nanoparticles dispersed well into the
PES matrix without aggregation. Well dispersed biogenicAgNP contained the hydroxyl and amino
groups, which are known as hydrophilic groups, and the hydrophilicity of the PES membranes
slightly increased and so the protein adsorption on the membrane surface decreased significantly.
Moreover, biogenic AgNP improved the water permeability and did not sacrifice the selectivity
of protein. The evaluation of silver release from the mixed matrix membranes indicated the good
stability of biogenic silver nanoparticles in the membrane matrix. The results of the disk diffusion
test revealed the excellent antibacterial activity of the membranes, including biogenic AgNP. In
addition, the sludge immersion and the bacterial suspension filtration experiments showed that
the membranes with biogenic AgNP not only prevented the bacteria attachment on the membrane
surface but also inhibited the reproduction and development of biofilms. As seen in Figure 3.4, the
biogenic AgNP was an effective material for decreasing the biofouling in the membrane process.

Similarly, carbon based nanomaterials, like single-walled carbon nanotubes (SW-NTs), sig-
nificantly reduce the bacterial and viral suspension in water due to their antimicrobial properties
(Kang et al., 2007). Ahmed et al. (2013) coated nitrocellulose membranes with a nanomaterial
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Figure 3.4. The antibacterial mechanism of biogenic AgNP on the membrane surface (Zhang et al., 2014).

solution containing 97 wt% of polyvinyl-N-carbazole (PVK) and 3 wt% of single-walled carbon
nanotubes (SW-NTs) (97:3 wt% ratio PVK:SW-NT). Membranes coated with the nanomaterial
solution exhibited significant antimicrobial activity towards Gram-positive and Gram-negative
bacteria (80–90%); and presented a virus removal efficiency of ∼2.5 logs. The possible antibac-
terial mechanism was explained as cellular inactivation with cell membrane damage, because the
higher efflux of intracellular material (deoxyribonucleic acid, DNA) was analyzed in the permeate
of membranes with SW-CNTs rather than in the filtrate of control membranes.

Rahimpour et al. (2011) fabricated novel poly(vinylidene fluoride) (PVDF)/sulfonated
polyethersulfone (SPES) blend membranes with the immersion precipitation technique and then
modified these membranes with TiO2NP for antibacterial activity. The results of this antibacte-
rial study indicated that the membranes with TiO2NP efficiently eliminated E. coli growth after
UV treatment due to the photocatalytic bactericidal effect of the TiO2 catalyst. The bactericidal
effect of UV/TiO2 photocatalysis is due to the presence of reactive oxygen species like O−

2 , H2O2

and HO generated by TiO2 or the direct UV illumination of the cells. The bactericidal effect of
TiO2 photocatalytic on the death of E. coli cells was explained with HO radical attack and lipid
peroxidation reaction.

Huang et al. (2014) deposited the silver nanoparticles on the silica sphere surface to form
Ag-SiO2. They improved the anti-fouling performance and enhanced the dispersion of silver in
the membrane. Ag-SiO2 mixed matrix polyethersulfone (PES) membranes were fabricated by
the phase inversion method. The effect of Ag-SiO2 content on the membrane performance was
investigated. The antibacterial and anti-formation properties of the membranes were systemat-
ically studied with pure cultures of both Escherichia coli and Pseudomonas sp. and also with
a mixed bacteria culture in an activated sludge bioreactor. The results showed that the prepared
Ag-SiO2/PES membrane exhibited improved filtration performance and excellent antibacterial
and anti-biofouling properties.

3.4.2 Desalination

Desalination is a unique process that removes the salts and minerals from water medium and is a
key solution in solving the challenges of global water scarcity. Along with conventional desalina-
tion technologies like thermal distillation, the reverse osmosis (RO) process contributed greatly
to the success of sea/brackish water desalination, despite high energy consumption (Emadzadeh
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Figure 3.5. Classification of novel desalination membranes (Buonomenna, 2013).

et al., 2014). Besides this, membrane fouling is the other problem for the RO process. There-
fore, recent studies have focused on developing RO membranes with consistent high water flux by
improving the anti-fouling property of the membrane surface. To prevent membrane fouling, some
inorganic nanomaterials were introduced into RO membranes during the fabrication of thin film
composite (TFC) membranes. Inorganic nanomaterials can improve film formation by offering
the following benefits: (i) increasing the diffusion rate of monomers to the interface, (ii) expand-
ing the wet zone on the top of the support layer and (iii) capturing by-products and controlling
reaction pH (buffer agent) (Emadzadeh et al., 2015a). Moreover, inorganic nano-additives (e.g.
titanium dioxide (TiO2), silica, silver, and zeolite nanoparticles) improve the diffusion features
of the formed membrane and also enhance their fouling resistance. The nanotechnology concept
has led to new desalination membranes having high permeability, catalytic reactivity, and fouling
resistance. Among the numerous concepts proposed, the most promising to date include zeolitic
and catalytic nanoparticle coated membranes, mixed matrix and bio-inspired membranes, such
as hybrid protein-polymer biomimetic membranes, aligned nanotube membranes, and isoporous
block copolymer membranes. Figure 3.5 shows the classification of novel desalination membranes
(Buonomenna, 2013).

Among the various nanoparticles, zeolite nanoparticles are the most popular nano-fillers in RO
membranes. The physical and chemical properties of zeolite nanoparticles affect markedly the
TFN membrane performance and it leads to more permeable polyamide active layers for water
desalination. Generally, it can be said that zeolite nanoparticles provide preferential flow paths
for water transport when they have a tight pore distribution less than the diameter of a hydrated
salt ion. Besides this, it is also believed that the presence of zeolite nanoparticles in the polyamide
layer may change the structure of thin film layer at the RO membrane surface by the formation of
nano-gaps at the organic-inorganic interfaces, which can reduce the cross-linking density of the
polyamide layer (Dong et al., 2015).
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Over the past several years, the forward osmosis (FO) process using membrane-based technol-
ogy has attracted considerable attention among membrane scientists as a potential desalination
process to compete with RO in the future. Despite the distinct advantages offered by FO mem-
branes in the water desalination process, the research on how to further improve the properties of
thin film composite (TFC) FO membranes, particularly at the top active skin layer, still remains
as the main research focus of researchers (Emadzadeh et al., 2014). Tian et al. (2015) fabricated
a novel TFN-FO membrane on nanofibrous substrate with functionalized MW-CNT. MW-CNT
increased the tensile modulus by 53% and substrate porosity by 18%. TFN membranes achieved
a significantly higher water flux, i.e. 61 L m−2 h−1 in active layer-draw solution orientation.
Emadzadeh et al. (2015b) prepared a self-synthesized TFN-FO membrane incorporated with
hydrophilic functionalized titanate nanotubes (TNTs) and tested these membranes for FO desali-
nation. TNTs improved the surface morphology and separation performance. The water flux of the
FO membrane was significantly improved from 21.0 L m−2 h−1 ofTFC (control) to 31.5 L m−2 h−1

in PRO mode by adding only 0.05 wt% of TNTs. It was concluded that modifying PA layer prop-
erties by adding TNTs was an effective approach to enhancing FO performance of typical TFC
membranes because the large specific surface area and high pore volumes of TNTs might provide
abundant adsorption sites and diffusion channels for water.

3.4.3 Fuel cell

Fuel cells generate the electricity by a chemical reaction. They are becoming increasingly popular
due to the contribution of conventional fossil fuels to environmental pollution and the reduction of
the overall oil supply. Among the various types of fuel cells, direct methanol fuel cells (DMFCs)
have attracted extensive attention because of advantages like their low weight, simple system
design, high energy density at low operating temperature, low emission and the ease of handling
their liquid fuel. The key part of DMFCs is a proton exchange membrane (PEM), which is used to
segregate both sides of the electrodes in order to prevent an internal electric current between the
two electrodes and provide a charge carrier for the protons (Hasanabadi et al., 2013). Nafion®
(DuPont, USA), Flemion® (Asahi Glass, Japan) and Aciplex® (Asahi Kasei, Japan) are mostly
used for membrane material, but these materials are expensive and are major contributors to the
system cost. The development of the membranes with a lower cost and higher performance is
necessary (Peighambardoust et al., 2010). Therefore, full cell researchers focused on making
new PEMs with high proton conductivity, durability, thermal stability, maximum power density
and low fuel crossover, and low cost. The hybrid organic-inorganic composite or mixed matrix
membranes have risen as an attractiveoption. The combination of organic and inorganic properties
may overcome the limitations of the pure polymeric membranes. The utilization of novel polymers
and the incorporation of inorganic materials as fillers in the pure polymer are several approaches
for the development of new membrane material. Hydrophilic inorganic materials, such as silicon
dioxide (SiO2), titanium dioxide (TiO2), and zirconium dioxide (ZrO2), and heteropolyacids, such
as phosphotungstic acid and silicotungstic acid, have been widely studied. Inorganic materials
enhanced the mechanical properties, and also contributed to the blocking of the fuels, such as
methanol, by increasing the transport pathway tortuousness and improving the proton conductivity,
which resulted in better cell performance (Kim et al., 2014).

Aslan and Bozkurt (2014) prepared proton conducting nano-titania composite membranes.
They also discussed the production and characterization of proton conducting super acid mem-
branes. During membrane fabrication, sulfated nano-titania was firstly synthesized by hydrolysis
and precipitation of titanyl sulfate (TS) and was then blended with sulfonated polysulfone (SPSU).
The maximum proton conductivity of the prepared membrane was obtained as 0.002 S cm−1

at 150◦C.
Aviles-Barreto and Suleiman (2015) studied the synthesis and characterization of mixed matrix

membranes based on the sulfonated poly(styrene-isobutylene-styrene) (SIBS) and SW-CNT load-
ing and functional groups’ substitution with the aim of evaluating their transport properties for
direct methanol fuel cells (DMFC). The addition of SW-CNT limited the passage of methanol
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through the membranes due to the partial blockage of the free volume by the SW-CNT. The high
water content and transport results showed two different types of water inside the polymer mem-
branes (bound and bulk water). Large amounts of bulk water seemed to inhibit the transport of
protons, decreasing the proton conductivity of the membranes. For DMFC applications, selectiv-
ity values suggested that 0.1 wt% is the optimum SW-CNT loading. Using carboxylic groups as
terminal functionalization in the SW-CNT had a zero impact on the overall transport properties
(e.g. m selectivity) for DMFC applications.

3.5 CONCLUSION AND OUTLOOK

Mixed matrix membranes with nano-additives can be fabricated with different methods and have
numerous application areas. These membranes are named as high-performance membranes due to
relatively high flux, easy cleaning, good mechanical strength and dimensional stability and they
are also suitable for different areas such as water filtration or fuel cell application. Modification
of classical polymeric membranes with nanomaterials has become an expanding field of research,
as the introduction of specific groups can improve the structure and performance of membranes.
The key steps for this membrane fabrication are as follows: (i) choice of suitable inorganic
nano-additives for homogenous dispersity in the membrane matrix, (ii) understanding of the
relationship between polymer and additive for the ideal membrane structure, (iii) improving the
stability of nano-additives in the membrane structure after fabrication for a long service life
and (iv) regeneration or cleaning of mixed matrix membranes for reuse. Much research and
development is still needed in order to understand the performance criteria of these membranes
and to fabricate the ideal polymer-inorganic mixed matrix membrane.
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CHAPTER 4

Stimulus-responsive nano-structured bio-hybrid membranes reactors
in water purification

Abaynesh Yihdego Gebreyohannes & Lidietta Giorno

4.1 INTRODUCTION

4.1.1 Bio-hybrid membrane processes in industrial biocatalysis

Over the past two decades membrane technology has shown great potential towards replacing
conventional processes owing to the numerous advantages that this technology holds (Brunetti
et al., 2010; Cassano et al., 2003; Charpentier, 2005; Gugliuzza and Drioli, 2014; Judd and
Judd, 2006). It permits working under mild temperatures and pressure while avoiding the use of
additives or solvents (Drioli and Giorno, 2009). They practically have the potential to intensify
multi-stage unit operations into a single-step process that eventually comes with a significantly
reduced footprint (Drioli and Romano, 2001).

However, membrane processes have a range of inherent limitations, e.g. a membrane system
designed to treat wastewater may be limited by the water’s high concentration of suspended solids,
viscosity, osmotic pressure, and temperature when trying to attain a target quality (Gebreyohannes
et al., 2015b). Therefore, the optimal separation process in many cases may be a membrane-based
hybrid process.

Here, hybrid membrane processes refer to the integration of membranes with biocatalysis in
membrane bioreactors (MBR). The biocatalyst used in MBR can be of microorganisms, algal
biomass, or purified enzymes. Among these, purified enzymes have been playing a substantial
role in many industrial products, such as the preparation of functional foods from cheap and
renewable raw agricultural materials, wastewater treatment, animal feed, in research, bakeries,
pharmaceuticals, neutraceuticals, winery, breweries, fruit juice industries, diagnostics and bioen-
ergy generation. In 2012 and 2013, the global market for industrial enzymes was nearly U$4.5
and U$4.8 billion respectively, with an expected market rise to around U$7.1 billion by 2018
(Dewan, 2014). The immobilized enzyme sales in 2010, excluding industries that use their own
immobilized enzymes, were U$130 million with an expected rise to U$230 million by 2015.

From an engineering standpoint, process intensification through the integration of multifunc-
tional systems makes MBRs a major part of the future solution to chemical production that may
be limited by material resources and energy availability. MBRs with different biocatalysts, e.g.
pectinase, laccase, lipase, amylase, acylase, etc., have been applied in different sectors to fos-
ter overall productivity, e.g. in the fermentation of bio-renewables (Machsun et al., 2010), in
waste valorization (Gebreyohannes et al., 2013), in the pharmaceutical industry (Xiao-Ming and
Wainer, 1993), and degradation of emerging hospital contaminants (Abejón et al., 2015).

MBRs have also been used to make membrane filtration economically feasible by reduc-
ing membrane fouling caused by the presence of huge amounts of contaminants (e.g. pectins
∼6.5% ton−1 washed coffee beans) (Beyene et al., 2013). MBRs have also been used to
hydrolyze highly concentrated polysaccharides, thus rendering wastewaters suitable for bio-
ethanol production. MBRs can also be used to treat emerging contaminants, which are resistant
to microbial degradation or advanced oxidation. In general, they form an important strategy to
increase the sustainability of processes by offering new and better possibilities in bio-commodity
manufacturing, environmental protection or bioenergy generation.
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Figure 4.1. The different mechanisms employed to immobilize enzymes on membranes: physical
entrapment, physicochemical interactions, chemical bond, and molecular recognition.

For instance, in wastewater treatment the integration brings performance improvements
depending on feed characteristics or desired product quality (Singh, 2005). So it is a strategy
designed to benefit from the synergy between biodegradation of organic substrate and membrane-
based separation in a single unit (Drioli and Romano, 2001). The bio-hybridization (integrated
bioreactor with membrane separation) may also permit the rationalization of improvements in the
produced water quality. It also comes with reduced capital cost, equipment size, environmental
pollution, footprint and ease of fractionation and direct and indirect energy savings (Drioli and
Romano, 2001). So it can be claimed to be one of the key factors that have contributed to the
successful widespread use of membrane processes in water treatment (Singh, 2005).

4.1.2 MBR configurations

The biocatalysts in MBR can be used either free suspended in the reaction mixture or they can
be immobilized on the membrane physically or chemically (Mazzei et al., 2010). The choice
depends on the properties of the reaction system. For example, bioconversions for which the
homogeneous catalyst distribution is particularly important are optimally performed in a reactor
with the biocatalyst compartmentalized by the membrane in the reaction vessel. The membrane
is used to retain large components, such as the enzyme and the substrate, while allowing small
molecules (e.g. the reaction product) to pass through. Since enzymes are biological catalysts that
are not consumed in the reactions in which they participate, they may be used repeatedly for
as long as they remain active. However, in most applications enzymes are mixed in a solution
with substrates and cannot be economically recovered. This single use is obviously uneconomical
when the cost of the enzymes as well as the required downstream processing are considered.
Immobilization of the biocatalyst in a biochemical reactor configuration may help to separate them
from the reaction mixture for use over multiple cycles. Immobilized enzymes permit an increase
in stability and prevent reaction inhibition by products (Giorno and Drioli, 2000). Moreover, in
batch reactors, both substrate and enzyme have equal residence time. In contrast, in continuous
flow reactor configurations, the average substrate residence time within the reactor is far shorter
than that of the immobilized enzyme catalyst. Hence for a fixed amount of enzyme, the continuous
flow reactor has a better productivity; assuming that that all substrate that come in contact with
the immobilized enzyme are converted (Chaplin and Bucke, 1990).

Numerous methods exist for enzyme immobilization to create bio-hybrid matrices. The prin-
cipal strategies for enzyme immobilization on membranes are entrapment, adsorption, chemical
grafting or molecular recognition (Fig. 4.1). Chemical grafting has so far been the best when
compared to entrapment or adsorption in terms of better immobilization stability. It is mainly
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based on ionic binding, cross-linking or covalent linking. The sites involved in this chemistry are
generally carboxylic acid, hydroxyls, amino or quaternary ammonium groups, which are created
on the membrane by various methods such as direct chemical surface modification or plasma or
UV activation. The reactive sites thus created allow the immobilization of the enzyme by using
coupling reagents such as glutaraldehyde.

4.1.3 Challenges of enzyme immobilization direct onto membrane

Although the immobilization of enzymes onto the membrane generally enhances their stability,
it is also mostly accompanied by a significant loss in enzyme activity relative to the free enzyme
activity (Jochems et al., 2011). This may be due to the active site being blocked by substrate acces-
sibility, occurrence of multiple-point binding, or enzyme denaturation. This inverse relationship
has been widely observed in the literature. However, Giorno et al. (2007) and Mazzei et al. (2009)
demonstrated that this is not a general rule. Indeed, by properly governing the microenvironment
and transport properties, immobilized enzymes (lipase and β-glucosidase) can have improved
stability as well as native catalytic activity and selectivity. The amount of immobilized enzyme
is an important parameter and strongly affects the reactor performance. A highly cross-linked
enzyme may eventually reduce the intrinsic membrane permeability.

Another very critical limitation of direct immobilization onto the membrane is the limited
membrane life cycle due to the enzyme activity. For example, when a covalently linked enzyme
is denatured, removing the denatured enzyme to reuse the membrane is difficult in practice. In
addition to deactivation, the enzyme may get covered with excess substrate, particularly when
mass transfer rate is faster than reaction rate, which is the case for most biochemical membrane
reactors. Thus, even in the absence of a loss in apparent enzyme activity, there is a need to apply
membrane cleaning to remove the over-accumulated substrates without affecting the enzyme
activity. This oversaturated membrane first of all causes reduced membrane water productivity.
At the same time, the diffusion resistance encountered by the product molecules can sometimes
cause the product to accumulate near the immobilized enzyme to an undesirably high level,
leading to product inhibition. Moreover, cleaning may pose another difficulty, since enzymes
are highly sensitive to the change in the microenvironment that may be induced by the applied
cleaning strategy. In addition, because an immobilized enzyme preparation is intended for a
prolonged period of operation, there is also a gradual, but noticeable, loss in the apparent enzyme
activity. This will eventually raise the demand for fresh enzyme replacement or the need for the
replacement of the entire immobilized enzyme layer.

Overall, the direct integration of enzymes into the membrane matrix limits the possibility to
replace a denaturized enzyme by a fresh one or to clean a membrane that is oversaturated with
substrate, forcing premature disposal of the membrane module.

4.1.4 Alternative enzyme immobilization technique

Alternatively, large sized retainable carrier particles are available to perform important biocatal-
ysis in MBRs. These include alginate beads, silica particles, diatomaceous earth or surface
functionalized biopolymers. These particles, once activated with enzyme, can be deposited on
the membrane or suspended with the bulk stream to affect the membrane biocatalysis. They give
a better degree of freedom for reutilization compared to the direct integration of enzyme onto
membrane. But the problem with such carrier particles is, firstly, that the retention of the bio-
catalytic particles on the membrane is based on size exclusion. This will imply that one has to
always take the molecular weight cut-off of the membrane into consideration in order to select the
enzyme carrier or vice versa. However, the main drawback to the extensive use of these particles
as industrial biocatalysts is that they exhibit similar particle sizes to other retainable components
of the feed stream by the membrane. As a result, separation based on size exclusion from the
rest of the mixture for reutilizing the immobilized enzyme is a great challenge. Therefore, the
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successful application of biochemical membrane reactors on a larger scale should overcome all
the aforementioned limitations.

Below is a summary of immobilized enzyme MBR challenges:

• Loss of enzyme activity in continuous reaction.
• Over accumulation of substrates and difficulty in membrane cleaning without degrading the

enzyme activity.
• Hindered transport of reaction products due to fouling.
• Design of a reactor for exothermic reactions.
• The problem of separating immobilized enzymes from unreacted substrate and other retained

components (when using enzymes immobilized on particles of the same size as retained
components).

• Decrease in apparent activity of immobilized enzymes and ease of removing deactivated
immobilized enzymes.

4.2 PROGRESS TOWARDS STIMULUS-RESPONSIVE ENZYME
IMMOBILIZATION TECHNIQUES

To overcome these major hurdles, one could emphasize the reversible enzyme immobilization or
formation of dynamic biocatalytic layers. The next generation enzyme immobilization techniques
may thus focus on the formation of bio-nanocomposite layers on the membrane by inducing various
smart responses to direct alterations in the membranes environment, which provides ease of
reversible enzyme immobilization without sacrificing performances. The different environmental
changes include:

• pH/ionic strength response.
• Temperature response.
• Photo irradiation response.
• Magnetic/electric field response.

4.2.1 Temperature, pH or ionic strength signal-responsive enzyme immobilization

Temperature sensitive polymers are based on polymer-water interactions, particularly specific
hydrophobic-hydrophilic balancing effects, and the configuration of side groups (Wandera et al.,
2010). For example, Zhu et al. (2013) developed a temperature responsive smart enzyme-Pluronic
polymer nanoconjugate that can be readily dissolved in organic solvents for homogenous catalysis
at 40◦C with enhanced apparent catalytic activities. Temperature-induced precipitation at 4◦C was
later employed to recover the soluble enzyme-polymer nanoconjugates from the reaction mixture.

pH-sensitive enzyme immobilization can be achieved by the immersion precipitation of
graft copolymers with pH-sensitive side chains or layer-by-layer assembly of side groups and
enzymes (Wandera et al., 2010). Enzymes are multi-charged molecules, hence, multilayer
assemblies of polyelectrolytes and enzymes through electrostatic interaction of positive and neg-
ative charges represents the simplest way to perform reversible enzyme immobilization within
the membrane pore domain. The simplicity and versatility of this method after immobilizing
glucose oxidase and alkaline phosphatase was tested in terms of loading efficiency, biocat-
alytic effect, storage stability and ease of enzyme/membrane regeneration (Smuleac et al.,
2006). Avidin-biotin affinity interaction tests indicated that minor conformational changes
occurred due to protein-polyelectrolyte chain interactions, which otherwise is a major chal-
lenge during enzyme immobilization such as by covalent binding. Moreover, 72% of the
enzyme was recovered; hence the membrane was regenerated after it was washed with deion-
ized water containing 0.5 M NaCl. The overall effectiveness of this method depends on (i)
the overall charge on the protein and polyelectrolyte multilayers and the nature of the poly-
electrolytes (weak or strong), chain length, (ii) use of suitable membrane material, pore
size and (iii) operational parameters (transmembrane flux, pH, temperature, ionic strength).
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Figure 4.2. Ferric based magnetic nanoparticles with functional side groups.

For example, Smuleac et al. (2006) reported that the amount of immobilized enzyme on an oppo-
sitely charged membrane under convective flow was 25 times higher than the amount obtained
when both the membrane and protein exhibited similar charges.

Therefore, these classes of either temperature or pH responsive enzyme immobilization could
represent a pertinent solution in the future strategy of reversible enzyme immobilization.

4.2.2 Leading role of nanosized magnetic responsive carriers for the enzyme immobilization

Superparamagnetic nanoparticles (NPSP) are most often superparamagnetic iron oxide Fe3O4 or
γ-Fe2O3, or “soft” metallic iron and “hard” magnetic materials, e.g. Co, Ni, FeN, FePt, FePd, etc.
(Thevenot et al., 2013). Since they have zero memory of their magnetic property in the absence
of an external magnetic field, they can be well dispersed in a reaction mixture (Yeon et al., 2009).
Coating with polymers is an approach aimed at creating biocompatible environments for these
nanoparticles (Miguel-Sancho et al., 2011). In addition, introducing surface functional groups
as shown in Figure 4.2 to assist the chemical immobilization of enzymes on the surface of these
nanosized particles is a well demonstrated science (Brullot et al., 2012; Miguel-Sancho et al.,
2012; Xiao-Ming and Wainer, 1993).

The resulting materials represent an important tool for biotechnology because they can be used
in a large variety of processes, e.g. the food industry, waste treatment, production of chemicals,
drug delivery, cell transplantation or cell immobilization. In particular, the biocompatibility of
magnetic nanoparticles and the high surface to volume ratio that they can provide makes them
interesting hosts for enzymes. Enzymes can be easily incorporated into or grafted on to ferric
based magnetic nanoparticles to form biohybrids. These biohybrids are indeed bionanocomposites
that hold versatile interesting properties like mechanical, optical, electrical, ionic, bio-sensors,
and catalyst properties. These properties can also be modified via control of their microstructure.
Since the first introduction of enzyme immobilization on iron oxide particles support in the 1970s
(Robinson et al., 1973), NPSPs have gained numerous applications as magnetically separable high-
performance supporters for biocatalysis when they are dispersed in a reaction mixture (Lee et al.,
2008). Compared to micro-scale supports, nanobiocatalysts could achieve higher enzyme loading
capacity and better mass transfer efficiency.

According to Figure 4.3a–b, enzyme encapsulation on paramagnetic beads, though started as
early as the 1970s, has seen an exponential growth in the last ten years. Especially in the last three
years (2011–2014), there has been a threefold increase in the overall research activities, as shown
by both the number of publications and citations compared to those seen in 2007.
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Figure 4.3. Protein immobilization on magnetic particles: trend over the last twenty years: (a) published
articles in English and (b) number of citation for these articles. Source: http://apps.webofknowledge.com.

The highest number of publications so far occurred in 2013 (Fig. 4.3a). As shown in Figure 4.4,
80% of the enzymatically activated magnetic particles were employed in different biocatalysis,
e.g. lignoceluloisic biodegradation, while 13% were in immunoassay. By far the largest number
of the investigations utilized the enzyme lipase for various applications, followed by laccase. In
the following section, details about the potential applications of bionanocomposites in membrane
biocatalysis for water treatment will be illustrated taking different case studies.

4.2.2.1 Micro-structured membrane reactors with nano-designed biocatalysis
4.2.2.1.1 Magnetic carrier with immobilized enzyme for effective biofouling control

in membrane bioreactor
In MBR, membrane biofouling arising from biofilm growth and subsequent membrane permea-
bility loss is the main issue for the widespread application of MBRs in wastewater treatment.

http://apps.webofknowledge.com
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Figure 4.4. Application based categorization of enzyme immobilization on ferromagnetic particles based
on publications registered in the year 2013. Source: http://apps.webofknowledge.com.

Bacteria regulates their group behaviors, such as biofilm formation using signal molecules
called quorum sensing. Inactivation of N-acyl homoserine lactone, autoinducer of Gram-negative
bacteria through enzymatic quenching using enzyme acylase, have been demonstrated as an effec-
tive intrinsic biofouling reduction mechanism. However, the use of free acylase in continuously
operated MBR is not feasible due to: (i) enzyme activity loss as a result of microorganisms and
other contaminant materials in the bioreactor, (ii) leaching of free enzymes through the membrane
pores into the permeate and (iii) enzymatic loss along with excess sludge withdrawn from the
bioreactor.

To avert this problem, an interesting work byYeon et al. (2009) reported on the use of magnetic
particles to immobilize the quorum quenching acylase. Magnetic ion exchange resin with a net
positive charge made from γ-Fe2O3, divinyl benzene and glycidal methacrylate was used as
a magnetic core. Prior to enzyme immobilization, the magnetic core was coated with anionic
polyelectrolyte (polystyrene sulfonate) and cationic polyelectrolyte (chitosan) through layer-by-
layer assembly. Subsequently, acylase was immobilized on the aminated magnetic particle, either
by physical adsorption or cross-linking using glutaraldehyde.

In a batch MBR, the biocatalytic magnetic particles were added to a flask containing the
wastewater and the activated sludge made from ten bacterial consortiums, with a working volume
of 150 mL. By placing the reservoir flask on a magnetic stirrer, it was possible to retain the
biocatalytic particles within the reservoir. Hence it was possible to avoid membrane fouling
control that might arise from the shearing effect of the biocatalytic particles.

Alternatively, the magnetic responsiveness of the biocatalytic particles was used to recover and
recycle the enzyme back to the reactor from the sludge withdrawn every day in order to adjust
the sludge retention time to 50 days in a lab-scale MBR. In this configuration, a Polyvinylidene
fluoride PVDF hollow fiber membrane was immersed into a 1 L reservoir containing the feed
wastewater, activated sludge and the biocatalytic particles for a long-term continuous operation.
The acylase activated magnetic particles were retained within the bioreactor due to their larger
particle size as compared to the membrane pore size. Downstream of the MBR, a permanent
magnet installed along the sludge disposal line was able to recover the biocatalytic magnetic
particles withdrawn along with the excess sludge, and returned it back to the MBR by a reversed
pumping flow.

The biofouling controlling efficiency of the developed system was evaluated by following
the transmembrane pressure (TMP) change over time as well as analyzing the permeate quality.
Results were compared with an identical parallel control experiment, except with no addition of
the biocatalytic magnetic particles.

http://apps.webofknowledge.com
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In the control MBR, the TMP surpassed 30 kPa after 48 h of operation in both the first and
second cycle operations, resulting in a premature membrane replacement. On the contrary, in the
MBR integrated with magnetic biocatalytic particles, the initial 10 kPa TMP was maintained well
in both the first and second cycle operations. Biofilm mitigation by the acylase activated magnetic
particles in the MBR further helped in elongating the backwashing or relaxation interval. From
analysis of the permeate quality, the chemical oxygen demand COD of the control and biocatalytic
MBR were 19–22 mg mL−1 and 6–19 mg mL−1, respectively, meaning the presence of biocatalytic
magnetic particles in the MBR did not alter or deteriorate the organic degrading capacity of the
bacterial community in the MBR. It is worth noting that the application of the magnetic biocatalytic
particles in the MBR retarded production of extracellular polymeric substances (EPS) in the
biocake by about nine factors (polysaccharide from 84 to 10 mg g−1 biocake; protein from 114 to
15 mg g−1 biocake).

Overall, the developed MBR that integrated acylase activated magnetic particles benefited from
stable enzyme immobilization, easy recycling and multiple use due to easy magnetic isolation, no
enzyme loss during sludge withdrawal, well prevented membrane biofouling due to the reduction
of soluble microbial products (SMP) in the mixed liquor and extracellular polymeric substances
(EPS) in the membrane biocake by the immobilized acylase.

4.2.2.1.2 Magnetic-stimulus-responsive layer for enhanced membrane biocatalysis
Nano-designed membranes can be fabricated by blending engineered nanoparticles with poly-
meric or inorganic membranes or by assembling them into porous membranes (Kim and Van der
Bruggen, 2010). Hybridization of polymeric membranes with inorganic fillers in a mixed matrix
membrane exhibits a positive mutual influence on both phases. The inclusion of metal oxide
nanoparticles, for example, induced improved permselectivity, fouling resistance, improved per-
meates quality, inactivation of viruses, and bacteria. In particular, mitigation of membrane fouling
due to the catalytic properties of some metal oxide nanoparticles has provided nano-designed
membranes with a built-in organic foulants oxidative property.

Producing smart magnetic responsive materials by mixing polymeric materials with superpara-
magnetic nanoparticles (NPSP) has also become a more interesting and efficient strategy (Daraei
et al., 2013). Indeed, the magnetic moment of those membranes containing a small amount of
the NPSP is much larger than those of molecular magnets (Thevenot et al., 2013). This allows
the membrane to respond to the weak stimuli of the permanent or alternating magnetic field. The
incorporation of NPSP in the polymers offers not only new possibilities but also the chance for the
improvement of already established systems with respect to better control (Huang et al., 2012).

4.2.2.1.3 Magnetic-stimulus-responsive layer for enhanced membrane biocatalysis:
case study direct attachment of biocatalytic film on electrode bearing
a cylinder magnet without O-ring

The earliest paper ever treated in this chapter, by Calvot et al. (1975), deals with the use of a
magnetic enzyme membrane that contains enzyme decarboxylases and magnetic particles as the
active part of the specific protein sensors. 5 mg of lysine decarboxylase enzyme molecules are
cross-linked with 2.5 mL of a solution containing 6% plasma albumin (inert protein) using 0.7%
glutaraldehyde as a cross-linker. 3 g of commercial magnetic iron oxide particles are embedded in
the membrane structure. The mixture was casted on flat glass plate in order to obtain a membrane
of homogeneous thickness. Subsequent to 2 h of cross-linking, the plate with the magnetic protein
layer was immersed in a coagulation bath containing distilled water. Integration of the magnetic
beads allowed direct attachment of the film on a pC0 electrode bearing a cylinder magnet without
O-ring.

4.2.2.1.4 Magnetic-stimulus-responsive layer for enhanced membrane biocatalysis:
case study of pectin and lignoceluloisic (wheat arabinoxylan) hydrolysis

An alternative to the direct integration of the enzyme and magnetic particles within the polymer
matrix as shown in the previous section, stimulus-responsive programmable layers on membranes
can be formed via attraction through reversible physical forces. In this case, magnetic guidance
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Figure 4.5. Working principle of magnetic responsive biocatalytic system for in-situ foulant degradation.
Reprinted from Gebreyohannes et al. (2015a).

of the bionanocomposites and the hybrid membranes, provided by an external magnetic field,
may offer the key strategy. For example, in an attempt to fill the gap of permanent loss of
both enzyme and membrane in the cases of enzyme deactivation and membrane oversaturation
during direct enzyme immobilization on the membrane, one could envisage a spatial and temporal
control of physical immobilization of the enzyme triggered by reversible magnetic forces. More
particularly, the use of stimulus-responsive particles may hold a great potential to enable the
dispersal and recovery of biocatalysts used in facilitating reaction occurring at the membrane-
solution interface. Tuning the reversible immobilization of enzyme on membrane, using the
concept of superparamagnetism, can come with a number of benefits:

• It may help in the formation of a dynamic layer that may shield the membrane from direct
contact with pollutants in the feed.

• Temporary pore size reduction of microporous membranes.
• Activation of the monolayer with biocatalyst to achieve biocatalysis at the membrane-solution

interface.

In a recent work, nanoscale tuning of enzyme immobilization on the surface of a polymeric
membrane to enhance surface biocatalysis in a magnetic responsive biocatalytic membrane reactor
has been demonstrated (Gebreyohannes et al., 2015a). The novelty of the process lies in the
use of NPSP, both as enzyme carriers to form bionanocomposites and as nanofillers to form
organic/inorganic (O/I) magnetic responsive hybrid membranes. The embedded NPSP acted as a
magnetic field actuator when an external magnetic field was applied.

This combination triggered magnetically guided reversible enzyme immobilization on the sur-
face of the membrane. Hence it has potentially mimicked the micro-nano architecture of the
covalent immobilization of the enzyme on the membrane (Fig. 4.5).

This multidisciplinary approach gave an efficient performance in in-situ degradation of sim-
ulated wastewater rich in pectin, one of the most important foulants in food based wastewater
membrane filtration. By depositing 1 to 2 g m−2 of pectinase activated magnetic nanoparticles
with an average diameter of 8 nm, between a 40 to 100% reduction in filtration resistance dur-
ing microfiltration of 0.3 g L−1 pectin solution at 17 L m−2 h−1 constant flux has been observed
(Fig. 4.6a). An excellent performance (∼75% filtration resistance reduction) is also demonstrated
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Figure 4.6. (a) Effect of the presence of a dynamic layer of xylanase activated magnetic nanoparticles
(XylSP) on TMP during the filtration of 0.3 g L−1 wheat arabinoxylan at a constant flux of 17 L m−2 h−1

compared to a system containing the same amount of dynamic layer of neutral magnetic nanoparticles at
40◦C; (b) transmembrane pressure evolution during the filtration of 0.3 g L−1 pectin through a layer of
1 g m−2 neutral NPSP layer as a control and a BMRSP containing 1 g m−2 or 2 g m−2 PectSP layer at 40◦C,
pH 4.5 and a fixed flux of 17 L m−2 h−1. Reprinted from Gebreyohannes et al. (2015a).

in the hydrolysis of arabinoxylan (Fig. 4.6b), a typical polysaccharide in streams used for bio-
ethanol production or present in brewery and bakery wastewaters. Moreover, when forming a
dynamic layer of both pectinase and xylanase activated magnetic nanoparticles, it was possible to
intensify the hydrolysis of multi-stage bioreactor requiring substrate in a single stage (Fig. 4.7).

The developed system has also become a suitable platform for multiple uses of both enzyme
and membrane. Most interestingly, authors’ demonstrated possible uses of the membrane even
after the enzyme had been deactivated, since the system gives the degree of freedom to remove
the damaged nano-layer from the surface of the membrane. This has resolved a major missing
gap in the traditional biocatalytic membrane reactor that normally would have left the fate of the
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Figure 4.7. Effectiveness of using enzyme blend (XylSP and PectSP mixtures) on degrading mixed pectin
and arabinoxylan fouling layers (feed containing 0.3 mg mL−1 wheat arabinoxylan and 0.3 mg mL−1 pectin
mixed in equal ratio) 17 L m−2 h−1 flux at 40◦C: two step filtration, involving a first step on bare MSP (during
first 3 h), followed by dispersion of a mixture of XylSP and PectSP on the pre-fouled MSP and subsequent
filtration (3–11 h). Reprinted from Gebreyohannes et al. (2015a).

biocatalytic membrane module to be disposal, since detaching an immobilized enzyme from the
membrane is practically impossible. Apart from membrane fouling control, the system is believed
to play an important role in the development of more efficient (micro)-reactors and separation
technologies with numerous potential applications that span from environmental remediation to
large-scale production of bio-commodities.

4.3 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Combinatorial biocatalysis and membrane separations with either physically or covalently
immobilized enzymes in biocatalytic membrane reactors has become an important avenue in
the development of more efficient (micro)reactors and separation technologies. However, the
inevitable enzyme denaturation over time and the loss of system performance has significantly
limited the industrial applications of immobilized enzymes. As a result, only a minor fraction of
the total industrial enzyme market is covered by immobilized enzyme sales.

In recent decades, highly adaptive membranes or membrane processes that can respond well
to changes in the micro/macro environment have been developed. Tailoring reversible enzyme
immobilization through combinatorial stimulus-responsive enzyme immobilization techniques
holds a great potential in the widespread use of MBRs. In this chapter, we have focused on
how the different signal-responsive interactions within the membrane or its surroundings can
be tuned and monitored in controlled environments in order to modulate reversible enzyme
immobilization. These stimuli-responsive membranes have a strong potential for future appli-
cations in bio-separations, anti-fouling surfaces and creating self-cleaning or self-refreshing
membranes. Switchable membrane surface properties may also open up a new strategy towards
in-situ process control, online monitoring or the easy process automation of many bio-
technological processes. Therefore, stimulus-responsive enzyme immobilization as a whole can
be employed to “re-engineer” membrane biocatalysis.

Nano-designed magnetic responsive MBRs have been demonstrated to hold a bigger future
prospect for designing the next generation of responsive membranes towards advanced functions.
Retrofitting this approach in an existing process would involve the replacement of the current
membranes by membranes containing small amounts of magnetic nanoparticles. Inclusion of
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the magnetic nanoparticles hardly needs the re-designing of established industrial membrane
manufacturing processes and will eventually come with the additional benefit of improved
membrane permselectivity. This method could also provide new possibilities for consolidating
multi-substrate reactions by using a mixture of magnetic nanoparticles activated with different
enzymes.

The future innovations on the basis of stimulus-responsive enzyme immobilization will lead to
the design of more complex membrane systems that are capable of mimicking nature.
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CHAPTER 5

Study of carbon nanotubes’ embedment into porous polymeric
membranes for wastewater treatment

John A. Anastasopoulos, Amaia Soto Beobide, Theodoros Karachalios,
Katerina Kouravelou & George A. Voyiatzis

5.1 INTRODUCTION

Over-exploitation of the Earth’s finite fresh water resources has already impacted both ecosys-
tems and global water reserves. The United Nations estimates that human consumption of water
increased sixfold in the 20th century, while the population only tripled. Under those conditions,
governments and industry worldwide have recognized that improving the water infrastructure
is critical (Calvert Investments, 2013). Water contaminated by industry and agriculture with
heavy metal ions, pesticides, organic compounds, endocrine disruptive compounds, and nutrients
(phosphates, nitrates, nitrites) has to be efficiently treated to protect against human intoxica-
tion. Furthermore, incidental sludge from industrial wastewater treatment facilities is commonly
highly contaminated with toxic compounds. Hence, the need of advanced technologies for water
treatment results is huge.

Membrane bioreactor (MBR) technology is regarded as a key element of advanced wastewater
reclamation and reuse schemes, and can considerably contribute to sustainable water manage-
ment. MBRs, which were introduced in order to aim at the coupling of membrane separation
properties with a biochemical reaction, have been implemented for wastewater treatment and
reuse in municipal, agricultural and a variety of industrial sectors in Europe, the Middle East and
in North African countries.

Polymeric materials are extensively used within the MBR systems as active membranes and this
is justified since there is a high availability of different chemistries combined to low cost (Andre
de Sousa, 2009). The pore diameters of the commonly used microfiltration (MF) or ultrafiltration
(UF) membranes is in the range between 0.01 to 0.1 µm, so that particulates and bacteria can be
kept out of permeate, and the membrane system replaces the traditional gravity sedimentation
unit in the biological sludge process.

To date, MBR systems combined with nanofiltration (NF) membranes are used typically in
ground and surface water to produce drinking water, for reverse osmosis (RO) pre-treatment
and wastewater treatment (Fig. 5.1) (Hillal et al., 2004). However, this combination has several
drawbacks, as schematized in Figure 5.2.

The two-step process requires additional technologies resulting in additional costs and mainte-
nance efforts in order to achieve high quality recycling water; relatively high capital and operating
costs due to requiring a high-pressure pump, since NF operating at over 0.10 MPa results in energy
consumption; recycling and/or treatment of toxic NF concentrate is laborious and expensive; the
efficiency within MBR-NF depends on the composition of the under-treatment water, substances
creating stress for bacteria reduce the organic compound filtering ability, while the building up of
a filter cake at the MBR and/or NF/RO membranes furthermore reduces the overall performance
of the system (Jiang et al., 2003); and lastly, the high concentration of salts may decrease the
biodegradation of the sludge resulting in toxic disposal.

With an increased tendency to fouling, the MBR filtration performance inevitably decreases
with filtration time. Membrane fouling is the most serious problem affecting system performance,
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Figure 5.1. Conventional membrane bioreactor process combined to nanofiltration.

Figure 5.2. 2-step treatment process and threats of conventional MBR-NF systems.

as it leads to a significant increase in hydraulic resistance, resulting in a decline of permeates flux.
Typical flux rates range from around 20 L m−2 h−1. Also, an increase of transmembrane pressure
(TMP) occurs under constant flux conditions.

As an overall result, the commonly employed MBR-NF systems have a high operating efficiency
with respect to cost and quality of treatment of wastewater containing high biodegradable organic
compounds. However, they are inefficient with respect to water containing a high amount of
stress-inducing substances, high coloring and low biodegradable organic compounds. Therefore,
these systems can only be applied to wastewater with high biodegradable organic pollutants and
thus they are considered as only one to one solution, an issue that was addressed by the EC funded
project BioNexGen (www.bionexgen.eu).

To this end, a new class of functional low fouling membranes for MBR technology, while
increasing both water permeability/flux and the rejection rate of low-molecular weight organics,
was considered to be provided by the inclusion of carbon nanotubes (CNTs) into the pores of
polymeric membranes.

5.2 WHY CARBON NANOTUBES?

Given the emphasis on the use of CNT in the membrane technology, it is manifested that
well-aligned CNT can serve as competent pores in membranes for water desalination and decon-
tamination applications (Elimelech and Phillip, 2011). The hollow CNT structure provides

http://www.bionexgen.eu
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frictionless transport of water molecules, a feature that makes them suitable for the develop-
ment of high flux separation systems. The channels of proper pore diameter CNT can constitute
mass/volume barriers, rejecting even salt ions and allowing water transport through the nanotube
hollows (Corry, 2008).

In addition to CNT-diameter synthesis control, the modification of CNT-cavities in order to
selectively reject ions is also feasible (Khin et al., 2012). Thus, CNT-membranes can be used
as ‘gate keepers’ for size controlled separation of multiple pollutants. In addition, they show
anti-fouling and self-cleaning properties and may be reusable (Das et al., 2014). Both SW-CNT
and MW-CNT have been used for water desalination studies (Dai et al., 2006; Li and Zou, 2011;
Nasrabadi and Foroutan, 2011). The CNT employment in advanced membrane technologies, since
they provide a low energy solution for efficient water treatment and reuse, proves intriguing and
challenging.

5.3 WATER TRANSPORT THROUGH CARBON NANOTUBES

Even though water is the most studied material on earth, and the web of science gives more than
half a million articles with the word “water” in the title, its anomalous bulk properties are still
surprising and the properties of highly confined water are fascinating. That is why the water flow
through CNTs is an area of intense research activity and conflict.

The transport of all molecules, including charged molecules through nanochannels, is affected
by the molecular size with respect to the lateral channel dimensions, and also by considerations of
molecular entropy. Molecules can be excluded from channels by ion exclusion, by steric hindrance
or because of the cost in internal entropy. On the basis of these three factors, nanochannels work
as molecular sieves, much like membranes. Effects that happen at the channel walls become
increasingly important when decreasing channel height. Typical examples of these effects are the
occurrence of electrical double layers, slip and specific adsorption effects.

5.3.1 Liquid slip

It is generally agreed that the flow rates of water in CNTs depend strongly on the slip length that
corresponds to the distance where the linear extrapolation of the velocity profile reaches zero
(the tangential velocity component vanishes). Whereas no-slip represents a situation where the
liquid in the first molecular layer is stagnant and all other molecules are sheared past the first
molecular layer, the first molecular layer does move in slip flow, though with strong friction with
the wall. The lower this friction with the wall, which is achieved, for example, by employing
very hydrophobic walls, the less force is needed for a given flow velocity. Therefore, slip is very
important in nanofluidics since it drastically reduces the required pressure in pressure-driven
flows.

In Figure 5.3, the consequences of slip for the velocity of the liquid are clearly shown. The case
on the right (b = ∞) is particularly informative, because it represents a situation where the liquid
does not experience any friction with the wall and could theoretically be accelerated to the speed
of light. Parameters that are known to influence slip in nanochannels are surface roughness and
hydrophobicity. The slip length is the additional length from the wall at which the tangent to the
fluid velocity at the wall is extrapolated to reach zero relative tangential velocity between fluid and
solid. Generally, the slip length is increased for increasing hydrophobicity and decreasing surface
roughness when the channel walls are hydrophilic. There is, however, convincing evidence that
surface roughness in the case of hydrophobic channels leads to greater slip lengths (several tens
of microns as compared to around 20 nm for smooth hydrophobic channels) because of air getting
trapped in surface inhomogeneities (Sparreboom et al., 2010).

Numerous experimental and simulation studies have been carried out in order to find the
transport properties of water through CNTs. The flow enhancement results differ by 1–5 orders
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Figure 5.3. Three cases of slip flow past a stationary surface. The slip length b that corresponds to the
distance where the linear extrapolation of the velocity profile reaches zero is indicated (Sparreboom et al.,
2010).

of magnitude compared to the classical no-slip flow predictions. The slip length Ls and flow
enhancement E for Hagen-Poiseuille flow are defined as follows:

us = u(R) = Ls
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where us is the slip velocity (fluid velocity at the wall), Qslip is the observed flow rate, Qno-slip is the
expected flow rate using the no-slip boundary condition, D is the diameter of the tube and R is the
radius of the tube. For a given fluid-solid combination the slip length is a useful property, which
is commonly quoted in the nanofluidics literature. Above a certain channel width/tube diameter
the slip length is independent of the channel size. Using Equation (5.2) one can estimate the flow
enhancement if given the slip length (Kannam et al., 2013).

Studies on CNTs have provided evidence for the flow of water through CNTs. Many studies
have reported a higher than expected flow rate, when compared to the predictions of the classical
Hagen-Poiseuille (HP) equation, for water flowing through CNT. Hummer et al. (2001) had
done molecular dynamics computations to study the water conduction through a CNT and they
pointed out that the inherent smoothness of the CNT, the tight hydrogen bonding, and the lower
chemical potential were responsible for the pulse-like transmission of water through the nanotube.
Molecular dynamics simulations performed by Joseph and Aluru (2008) have claimed that this
enhancement in flow may be due to the existence of a hydrogen bond depleted area near the tube
wall (Babu and Sathian, 2011).

Majumder et al. (2005) observed the frictionless movement of water molecules with high
velocities from 95 to 430 cm s−1 MPa−1 through a 7 nm diameter CNT-pore studying the water
passage through membranes consisting of an array of aligned CNT. They have claimed that the
flow rates are four to five orders of magnitude faster than those of conventional fluid flow of
between 0.0015 and 0.0057 cm s−1 MPa−1.

However, recently Kannan et al. (2013) reviewed and compared all the experimental,
computational/simulated and theoretical studies on the slip length of water in CNTs published
since 2004; they suggested that there was only a ∼3 to 2 orders of magnitude water flow enhance-
ment for CNTs of internal diameters of 1.66–6.5 nm, respectively. They also proposed that as the
internal diameter of the tube increases above 10 nm, the flow rate slowly approaches the classical
Navier-Stokes prediction with no significant enhancement. In the same context, Walther et al.
(2013) performed large-scale molecular dynamics simulations, emulating for the first time the
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micrometer thick CNTs membranes used in the experiments previously mentioned. These simu-
lations have been able to confirm only a 200-fold enhancement of the water flow for pure water
and CNTs and have not confirmed the 100,000-fold enhancement experimentally claimed.

Molecular simulation dynamics have also shown that the water conductance of the (7,7) and
(8,8) tubes are roughly double and quadruple that of the (6,6) tube respectively, given that the
permeability of a single water chain forming in a tube (5,5) is a little under half of the one from
a tube (6,6), due to the fact that water chains only form across the narrower pore half of the time
(Corry, 2008). Accordingly, it is concluded that CNT type and structure play a critically important
role in water transport and permeability through CNT.

Anastasiou et al. (2013) reported results from a detailed computer simulation study for the
nano-sorption and mobility of four different small molecules, water included, inside smooth
SW-CNTs. Especially for the narrowest or (6,6) of the CNTs considered, the results for the
molecules of water were further confirmed through an additional Grand Canonical (µVT) Monte
Carlo (GCMC) simulation; water molecules were found to form a 1D array (a string) of molecules
with H bonds developing only axially. For large enough CNT-diameters (larger than about 13 Å),
water diffusivity was found to be higher than the corresponding experimental value in the bulk
by about 55%.

5.4 TYPE & FABRICATION OF CNT-MEMBRANES

The successful fusion of nanotechnology and membrane technology has been stated to lead to effi-
cient next generation separation systems. The type and quality of CNT, the filling/host/substrate
materials, the processing, and the fabrication methods used for the synthesis of CNT-membranes
are the main factors influencing their performances. Currently, three types of CNT-membranes
are available:

• Membranes made by arrays of vertically aligned CNT (VA-CNT-membranes).
• Mixed matrix CNT-membranes (MM-CNT-membranes).
• Membranes with CNT-infiltrated through their porosity (CNT-infiltrated membranes).

Illustrations showing the three types of CNT-membranes are depicted in Figure 5.4. Further
discussion on the fabrication of the aforementioned CNT-membranes is stated in the following
subsections.

5.4.1 Vertically aligned-CNT-membranes (VA-CNT-membranes)

The VA-CNT-membranes are synthesized by arranging perpendicular CNT with supportive filler
contents between the tubes. These membranes are high molecular sieves with an intercalated filler
matrix, such as polymer, between them. The fillers may also be epoxy, silicon nitride and others
with no water permeability. The VA-CNT-membrane was first introduced by Hinds et al. (2004)
with polystyrene as the filling material between CNT. The fabrication procedure was simple but
the pore sizes were irregular. The membrane could not retain Ru(NH3)3+

6 ions initially, following
H2O plasma and HCl treatments, respectively. However, functionalization of CNT core with
negatively charged carboxylate groups bounded the positively charged Ru(NH3)3+

6 ions. Biotin
and streptavidin attachment onto the functionalized CNT-membranes reduced ion transport by
a factor 5.5–15. Such functionalized membranes worked as ‘gate keeper’-controlled chemical
separators, demonstrating the ability to gate molecular transport through CNT cores for potential
applications in chemical separations and sensing.

Holt et al. (2006) introduced a micro-electromechanical method for synthesizing VA-CNT-
membranes with stimulated nano-fluidic functions. The growth of a dense, vertically aligned
array of DWCNT- of sub-2-nm nanotube pore diameter on the surface of a silicon chip by catalytic
chemical vapor deposition was followed by conformal encapsulation of the nanotubes by a hard,
low-pressure chemical vapor deposited silicon nitride (Si3N4) matrix. The Si3N4 was used as a
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filler between the nanotube spaces in order to inhibit water flow through the nanotube gaps, and
create stress to stimulate water flow through the tubes. The excess Si3N4 was removed from both
sides of the membrane by ion milling, and the ends of the nanotubes were opened up by reactive
ion etching. The membranes remained impermeable to the tested gases and liquids until the very
last etching step. That was evidence for the fabrication of crack-free and void-free membranes. A
similar procedure was also followed for the construction of MW-CNT-membrane in a preceding
work in 2004 by Holt’s group (Holt et al., 2004). Finally, they observed increased (>3) folds
over other no-slip water flux, and hydrodynamic flow, and enhanced ion selectivity compared to
MW-CNT-membranes. The membrane transported Ru2+(bipyr)3 species with sizes up to 1.3 nm
but blocked 2 nm Au particles, suggesting that their pore sizes were between 1.3 and 2 nm. The
performances of those membranes generated promising results, such as high selectivity to multiple
variants, high water fluxing and low energy consumption.

The key findings of the aforementioned works pointed out that the design of the CNT-pore sizes
to match with the target molecules allows the molecular sieving effects to improve the membrane
selectivity. This advancement was predicted to directly benefit the field of chemical separations
and water purification processes.

More recently, Baek et al. (2014) fabricated VA-CNT-membranes from a Fe catalyst using a
water-assisted thermal chemical vapor deposition onto a silicon (Si) wafer. After nanotube growth,
the synthesized VA-CNTs were incorporated into epoxy resin for filling up the vacant areas. The
performance of the fabricated membranes was evaluated in terms of various solvents’ flux and
diverse nanoparticles’ rejection compared to commercial UF membranes with a similar pore size.
The VA-CNT-membrane appeared to have a water flux approximately three times higher than the
UF membrane and water transport approximately 70,000 times faster than conventional no-slip
flow, while showing a similar rejection rate to the UF membrane.

5.4.2 Mixed matrix-CNT-membranes (MM-CNT-membranes)

The unique properties of CNT have spurred a great deal of interest in their use as nanofillers. Their
introduction in polymer matrices represents a promising new direction for the development of
composite materials. For separation purposes, most of the recent studies are mainly focused on the
preparation of randomly dispersed and distributed CNT in polymer composites. In the majority
of these studies, the nanocomposite membranes were prepared through physical solution mixing
of CNT in the polymer dope, followed by the phase inversion technique to remove the solvent and
allow the formation of the membrane. This fabrication approach poses a significant disadvantage
since the randomly dispersed CNT in the polymer matrix mostly hinders the passage of fluid
molecules through CNT tube channels. It is worth noting that, in the case of CNT mixed with a
polymer matrix, CNT mainly acts as interlayer spacers to form gap abundant channels increasing
the free volume of the composite. Therefore, high flux and permeability can only be realized
when CNT are set as fast diffusion channels for the transport of fluid molecules (Goh et al., 2014;
Sharma et al., 2010).

Nevertheless, a MM-CNT-membrane composed of polymeric blend or other composite mate-
rials with CNT (Fig. 5.4b) could be easily fabricated at a reduced cost and was introduced by
Zimmerman et al. (1997) to overcome the disadvantages of polymeric membranes for gas purifi-
cation. Generally, this type of membrane has significantly strengthened the water purification
ability of the existing membranes in many ways. MM-CNT-membranes could be a cheap solution
to overcoming certain hurdles of current conventional separation technologies, namely, the mem-
brane fouling and pollutant precipitation. In addition to that, irregular pore size, deleterious micro
pollutants, influent water quality and pH variations decrease membrane capacities. Additionally,
fouling creates defects in membrane pores, causing pore blocking and complicating membrane
regeneration. In this context, many studies have revealed the benefits of the use of MM-CNT-
membranes in water purification. Choi et al. (2006) have used MM-CNT-membranes to improve
the filtration capacity of UF membranes. It was observed to enhance water permeability, solutes
retention and mechanical robustness of the membrane (Yang et al., 2013).
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Figure 5.4. Schematic representation of different types of CNT-membranes: (a) membrane made by arrays
of vertically aligned CNT; (b) an asymmetric membrane mixed with CNTs and (c) membrane by CNTs
infiltrated through the porosity.

5.4.3 Membranes with infiltrated CNT (infiltrated-CNT-membranes)

The third approach of a CNT-membrane refers to infiltrated-CNT-membranes. Such a membrane
is fabricated by the incorporation of CNT into a porous polymer matrix using filtration methods.
Analytically, a polymeric porous membrane, usually microfiltration, is used as the main body of
the CNT-membrane, and by filtering a very well dispersed CNT-suspension in organic or aquatic
dispersant, using low vacuum during the infiltration process, CNT are embodied in the pores
of the membrane active surface (selective layer). The incorporation of CNT alters the internal
diameters of the polymeric pores, which are substituted by those of the CNT, either by SW, DW,
or MW-CNT. Kim et al. (2007) have used polytetrafluoroethylene (PTFE) microfiltration (MF)
membranes with a pore size of 0.2 µm as substrates and have studied the filtration of SW-CNT
dispersed in THF. The membranes were developed for practical gas separation applications and
exhibited high gas flux transport.

In the same context, Madaeni et al. (2013) have studied the embedment of MW-CNT of outer
diameters 10–30 nm in polyvilylidene fluoride (PVDF) MF membrane with a pore size of 0.22 µm
by means of filtering, and subsequently a polydimethylsiloxane (PDMS) coating was applied.
The aim of that study was the preparation of a superhydrophobic nanofiltration (NF) membrane
using a MF membrane as host substrate. The results revealed that the flux recovery ratio for
membrane coated with 5 wt% PDMS was enhanced, showing that the fabricated superhydrophobic
NF membrane possessed superior anti-biofouling property.

5.5 FUNCTIONALIZATION OF CARBON NANOTUBES FOR CNT-MEMBRANES

Depending on the intended purpose of a CNT-membrane, often the functionalization of CNT
constitutes a precondition especially for membranes applied on water purification technologies.
Pristine CNT is usually aggregate, resulting in a significant decrease of water flux and pollutant
rejection capacities of the CNT-membranes. Generally, CNT appear contaminated with metal
catalysts, impurities and physical heterogeneities (Mauter and Elimelech, 2008). Additionally,
CNT are capped into hemisphere-like fullerene-type curvature during synthesis and purification
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(Li et al., 2003). These capped CNT get unzipped into open tips after special treatment and may
be oxidized into specific functional groups to trap selective pollutants, as already mentioned.
Different CNT-functionalization treatments can result in positive (−NH3+), negative (−COO–,
sulfonic acids) and hydrophobic (aromatic rings) groups on CNT surfaces (Goh et al., 2013; Kar
et al., 2012). These special chemical groups may lead to CNT-membranes with selectivity for
particular pollutant retention and increased water flux through the nanotube hole. Commonly,
functionalized CNT-membranes show good water permeability, mechanical and thermal stability,
fouling resistance, pollutant degradation and self-cleaning properties (Qu et al., 2013). CNT can
also be decorated with various nanoparticles such as Cu, Ag, Au, Pt, Pd, TiO2, polymers, and
biomolecules (pollutant degradative enzymes, DNA and proteins) which have attractive membrane
properties and thus broadened applications in water purification (Van Hooijdonk et al., 2013).

5.6 FROM LAB-SCALE TO LARGE-SCALE POTENTIAL OF CNT-MEMBRANES

Figure 5.5 illustrates the fractionation capacity of RO, NF, UF and MF membranes. It is easily
observable that the nano-porous cavities of CNT-membranes are suitable for rejecting microp-
ollutants and ions in liquid phase. The hydrophobic hollow structures encourage frictionless
movement of water molecules without the need of any energy-driven force to push water molecules
through hollow tubes. The cytotoxic effects of CNT-membranes decrease biofouling and increase
membrane life by killing and removing pathogens.

The fabrication process of CNT-membranes and functionalization of CNT are factors influenc-
ing the selective rejection of particular pollutants from water mixture (Goh et al., 2013; Mauter
and Elimelech, 2008). The dense porous architectures of RO and NF membranes require pressure
to force the water molecules to pass through them. UF and MF membranes consume less energy
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Figure 5.5. Diagrammatic representation of major membrane filtration methods (www.alting.fr).
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but retain only suspended particles. The hydrophobic hollow tubes of CNT provide a strong
invitation to polar water molecules.

The nano-scale pore diameters reject salts and retain ions. In addition to that, CNT-membranes
can be made highly reusable, less complex, durable, scalable, and eco-friendly without the need
of complicated chemical transformation (Das et al., 2014).

5.7 CNT-INFILTRATED COMMERCIAL MEMBRANES

The concept of the BioNexGen project was the fabrication of a new class of functional mem-
branes with enhanced properties regarding permeability, selectivity and fouling resistance by the
subsequent embedment of hollow CNTs in the thin selective layer of commercial UF polymeric
membranes. In that case, the hollow CNTs would substitute the pores, namely the selective barri-
ers of the selective layer; this is characteristically depicted in Figure 5.6. In an effort to fulfill the
BioNexGen project concept many research groups, project partners, have contributed in different
ways, i.e. theoretical aspects and computational modeling, commercial membrane supply, pro-
duction and functionalization of appropriate CNTs, toxicological studies of CNTs, preparation
of antimicrobial coatings, and preparation of hydrophilic coatings.

Our main objective was to study the experimental parameters influencing the efficient binding
of CNTs in the thin selective layer of the ultrafiltration membrane (with pore diameters of ∼40 nm)
to transform/render it to a nanofiltration one with pores to be defined exclusively by the hollow
CNT-internal diameters. In this way, membrane selectivity could be expanded to the ∼200–
1000 Da range enabling the rejection of a variety of organic pollutants of industrial wastewaters,
presented in Figure 5.7.

5.7.1 Materials and characterization

5.7.1.1 Commercial polymeric membranes
The commercial polymeric membrane to be modified was supplied by Microdyn-Nadir GmbH. It
was a hydrophilic, flat sheet ultrafiltration membrane, made of polyethersulfone (PES), manufac-
tured by the phase separation process, on a non-woven polyethylene terephthalate (PET) substrate

Dispersed bulk CNTs

Antimicrobial
particles

Mesoporous membrane UF

Filtering CNT suspension
through UF membrance

Nanofilm coating with
additional

functionalizing agents

Figure 5.6. Schematic representation of the BioNexGen project concept (www.bionexgen.eu). A suspension
of dispersed CNTs is filtered through a UF membrane with pore diameters ∼40 nm. CNTs are encapsulated
in the pores of the thin selective layer of the membrane and finally, an antimicrobial coating is applied to
stabilize CNTs.

http://www.bionexgen.eu
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Figure 5.7. Organic compounds to be rejected from CNT-membranes of industrial wastewaters.

for enhanced mechanical strength. The polymers usually used for membranes in MBR application
are hydrophobic, which makes these membranes susceptible to fouling in the bioreactor liquors
they are filtering. This normally necessitates either modification of the base polymers or further
modification of the membranes to produce a hydrophilic surface (Ansorge et al., 2014; Ohlrogge
and Ebert, 2006). To receive an initially hydrophilic membrane, hydrophilic additives can be added
to the polymer solution, or the base polymer can be modified. An example for the modification
is sulfonation of polysulfone. The other possibility, in order to get a more hydrophilic surface, is
the additional modification by chemical oxidation, organic chemical reaction, plasma treatment
or grafting methods (Judd, 2006; Ohlrogge and Ebert, 2006). These techniques feature the pos-
sibility to functionalize the membrane surface to meet the requirements for special applications,
but they always imply an additional manufacturing step that increases the manufacturing costs.

The membrane porous structure was conserved with the pores filled up with a filling agent;
as such, in order to treat the membrane, it was rinsed, however, this needed to be done with
caution because the membrane should not be dried. Therefore, a certain process consisting of the
following steps was being followed for the rinsing of glycerin, in order to possess an opened-pore
functional membrane:

• Submersion of the membrane in 2-propanol solution 25% v/v for 1 h.
• Rinsing and sinking of the membrane in triply distilled water overnight.
• Final rinsing with 3D water.

A schematic representation and an image of the commercial PES membrane are given in
Figure 5.8.

The selective layer is exposed to the feed solution of the commercial PES membrane bore pores
of average ∼40 nm and in terms of rejection is characterized by a nominal MWCO (molecular
weight cut off) of 150 kDa. The membrane is coded as “UP150” indicating the process of sep-
aration is produced for, by U:ultrafiltration, the material made of, by P:polyethersulfone, and
the MWCO, by 150 in kDa. In Figure 5.9, the specifications of the membrane derived from the
Microdyn-Nadir product catalog are illustrated.
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Figure 5.8. Schematic illustration and photograph of the commercial PES membrane structure.
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Figure 5.9. Specifications of UP150 membrane (data derived from Microdyn-Nadir product catalog).

5.7.1.2 Characterization of the commercial PES membrane
In order to understand the membrane structure, scanning electron microscopy (SEM) was utilized
and micrographs of the membrane surface and cross-section were collected. In order not to destroy
the structure of the membrane for the cross-section imaging, cryogenic cuts of the samples were
carried out by sinking small specimens of membranes in liquid N2 and carefully breaking the
samples trying to avoid any eventual traumas. Representative SEM micrographs of the surface
and the whole cross-section of UP150 membrane are shown in Figure 5.10.

The examination with SEM of the commercial PES membrane resulted in information-rich
images regarding the membrane structure and morphology as described in the caption for Fig-
ure 5.10. In a nutshell, the membrane structure is characterized by the gradual increase of the pores
from the “skin layer” of around 40 nm to a broad PES support and an even largely broadened PET
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Figure 5.10. SEM micrographs of the surfaces of UP150 membrane: (a) pristine PES surface (before filling
agent withdrawal), (b) PES active surface after filling agent removal allowing the observation of external
pores and pore distribution, (c) total cross area of PES membrane including the substrate PET layer allowing
the determination of the different layers’thickness, (d) cross-section of membrane part indicating the selective
PES layer (“skin layer”) and the finger-type membrane support structure, (e) and (f) cross-section and surface
respectively, of non-woven PET (substrate) allowing the observation of the broad network upon which PES
layer is casted.

network. This “finger-type” structure seemed to favor the extrusion of CNTs from the bottom of
the membrane (i.e. the PET substrate) directly to the “skin layer”, targeting the encapsulation of
CNTs in the narrow pores of the UF membrane that was the challenging main concept.

5.7.1.3 Carbon nanotubes
A variety of carbon nanotubes, SW-CNTs, DW-CNTs, Thin-MW-CNTs and MW-CNTs, with
different features concerning the diameters, the length and the existence (or not) of chemical
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Table 5.1. Time of the mechanical treatment process that CNTs
underwent by the use of the tip sonication for CNTs cutting and the
resulting lengths.

Time of treatment process Resulting length of Thin MW/MW-CNTs

2 min ≥10 µm
15 min 800 nm–2 µm
30 min 450 nm–1 µm
1 h 350–900 nm
2 h 350–700 nm

functionalities, were utilized in the study aiming at the efficient binding of CNTs into the pores
of the commercial PES membrane. The majority of the CNTs used were supplied by Nanothinx
S.A., while pristine SW- and DW-CNTs were purchased from Cheap Tubes Inc. CNTs supplied
by Nanothinx S.A. were prepared by the catalyzed chemical vapor deposition (CCVD) method
under pressure equal to 1 atm (∼101.3 kPa) and temperature at 600–900◦C. The carbon sources
were either hydrocarbons or alcohols, while the catalysts constituting the determinant parameters
of the dimensions of the external or internal CNT-diameters are IP protected by patent (Sotirchos
and Mitri, 2007).

5.7.1.3.1 Uncapping/cutting CNTs
Pristine carbon nanotubes generally appear in bundles of long arrays with cupped ends. Two main
methods have been utilized for the CNT-cutting/uncapping: the chemical modification by the use
of acids (Liu and Shen, 2000; Nagasawa and Yudasaka, 2000; Wiltshire and Khlobystov, 2004;
Zhao and Song, 2002) and the mechanical modification by the use of tip sonication. Thin-MW-
CNTs (purity 94%, length ≥10 µm, external (ex.) diameter: 6–15 nm) and MW-CNTs (purity
97%, length ≥10 µm, ex. diameter: 15–35 nm) were used for this study. SEM was employed for
the characterization of the initial and the final length.

The mechanical modification was accomplished by the use of the tip sonicator (UP400S
Hielscher Co.) operating at 400 W, 24 kHz. In liquid, the rapid vibration of the tip causes cavi-
tation, the formation and violent collapse of microscopic bubbles. The collapse of thousands of
cavitation bubbles releases tremendous energy in the cavitation field. Objects and surfaces within
the cavitation field are “processed”. By increasing the amplitude setting, cavitation intensity
within the sample is also increased (Cheng et al., 2010).

Aqueous suspensions of CNTs of concentration 10 µg mL−1 were prepared and tip sonication
was employed performing at 35% of the device amplitude for 5 different time periods: 2 min,
15 min, 30 min, 1 h and 2 h. Thereafter, the suspensions were collected and filtered for the collec-
tion of dry CNTs. The CNTs were spin-coated on a mica substrate and were examined through
SEM imaging. The results regarding the final length of the mechanically-treated CNTs are sum-
marized in Table 5.1. SEM micrographs of the samples before and after suffering both mechanical
and chemical treatments are presented in Figure 5.11.

The chemical treatment of the CNTs was carried out by the use of acids. Particularly, 2 mg
of Thin-MW-CNTs in powdered form were added to a beaker containing 8 mL of acid mixture
H2SO4/HNO3 in the ratio 3:1 and was placed into a sonication water bath operating at 35–40◦C
for 6 h. The resulting suspension was diluted by water and CNTs were filtrated and rinsed with
NaOH solution 10 mM, and finally collected. SEM micrographs were collected indicating that the
chemical treatment process led to CNT-length ∼320 nm near the values that mechanical treatment
leads to (average ∼500 nm).

5.7.1.3.2 Functionalization-CNT dispersion
CNTs are characteristically of small diameter with a high aspect ratio and thus possess a large
surface area. Even if chemically or mechanically-treated, CNTs appear in heavily entangled
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Figure 5.11. SEM micrographs of: (a) Thin-MW-CNTs before treatment, (b) MW-CNTs before treatment
(other magnification), (c) Thin-MW-CNTs after mechanical treatment for 2 h, and (d) Thin-MW-CNTs after
chemical treatment.

bundles resulting in inherent difficulties in dispersion in polymer matrices, in organic solvents
and in aqueous solutions. To resolve those problems, methods to modify the surface properties of
CNTs were developed. These can be divided into chemical (covalent) and physical (non-covalent)
functionalization as interactions between active materials and CNTs and were both employed to
enhance the dispersion of CNTs for the sake of the CNT-embedment in polymer matrices.

Chemical functionalization is based on the covalent bond of functional groups onto the carbon
form of CNTs. It can be performed at the end caps of nanotubes, which tend to be composed of
highly reactive groups, as compared with the side walls. The side walls themselves contain defect
sites, such as pentagon-heptagon pairs called Stone-Walls defects, sp3-hybridized defects, and
vacancies in the nanotube lattice. Direct covalent functionalization is associated with a change of
hybridization from sp2 to sp3 and a simultaneous loss of p-conjugation system on graphene layer.
This process can be made by reaction with some molecules of a high chemical reactivity.

Another method is defect functionalization of CNTs. This method was the one employed for
the CNT-functionalization with –OH and –COOH groups of the CNTs used in the present study.
The surface intrinsic defects are supplemented by oxidative damage to the nanotube framework by
strong acids, which leave holes functionalized with oxygenated functional groups. In particular,
treatment of CNTs with strong acid such as HNO3, H2SO4 or a mixture of them, tends to uncap
these tubes and to subsequently generate hydrophilic oxygenated functional groups that exhibit a
higher affinity with water molecules.

In addition, surfactants were used to functionalize CNTs. The physical adsorption of sur-
factant on the CNT-surface lowers the surface tension of CNTs that effectively prevents their
aggregation. Furthermore, the surfactant-treated CNTs overcome the van der Waals attraction by
electrostatic/steric repulsive forces. Sodium dodecyl sulfate (SDS) is an anionic surfactant with
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Figure 5.12. Schematic representation of CNT-infiltration process through the PES membrane followed by
a diagram describing the experimental setup.

the formula CH3(CH2)11OSO3Na. It consists of a 12-carbon tail attached to a sulfate group giving
it amphiphilic properties and was extensively used for the dispersion of CNTs in the ratio 1:1
(SDS:Thin-MW/MW-CNTs) or 1.5:1 (SDS:SW-CNTs), in the aqueous media prepared. Another
surfactant employed was the poloxamer 407, which is a non-ionic surfactant. It is a triblock
copolymer consisting of a central hydrophobic block of polypropylene glycol (propylene gly-
col block: 56 repeat units) flanked by two hydrophilic blocks of polyethylene glycol (total PEG
blocks: 101 repeat units). Poloxamer 407:CNTs ratio was the same as the SDS:CNTs.

5.7.2 Infiltration of CNTs through commercial PES membranes

The membrane cross area structure and morphology, as examined by SEM, seemed to favor
the extrusion of CNTs from the wide porosity of the PET substrate towards the edges of the
“finger-type” membrane channels, until their final encapsulation/protrusion at/from PES selective
layer’s-40-nm-pores using filtration methods. The PES membrane was placed in a dead-end
filtration apparatus in such a manner that the PET substrate was exposed to the feed stream so
that CNTs were able to enter the membrane porosity from the wide network of the membrane in
order to encapsulate to the narrow-pore PES surface area. The whole procedure was assisted by
additional means – actually at the stage of patentability – within the filtration process contributing
to the alignment and the impulse of CNTs towards the membrane pores. Round-shaped specimens
4.7 cm in diameter cut from the flat sheet membrane were appropriate to match the cylinder funnel
of the vacuum filtration apparatus (Supelco®) (300 mL volume); this allowed an active membrane
surface 3.5 cm in diameter to be infiltrated. The membranes were left on a rigid stainless steel
sieve and the apparatus was equipped with a pressure gage. Pressurized nitrogen gas was applied
to limit the vacuum of the pump at 0.05 MPa for the proper operation of the membrane. A
schematic representation of the experimental setup for the CNT-infiltration process is illustrated
in Figure 5.12.
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Figure 5.13. Schematic illustration of the rejection capacity that the transformation of a UF membrane to
a NF one would bring in with use of CNTs bearing appropriate internal diameters (Das et al., 2014).

5.7.2.1 Infiltration of CNTs dispersed in aqueous suspensions
Preliminary filtration tests were performed using ethanol as CNT dispersant. However, due to the
observation of swelling on PES membrane by the use of the solvent, all the infiltration processes
for the encapsulation of the CNTs into the selective layer’s pores presupposed the preparation
of CNT-aqueous-suspensions. The 200 mL CNT-suspensions reached homogeneity by the use of
the tip sonicator for 15 min in beakers of 300 mL prior to infiltration. Additionally, a variety of
parameters were addressed in order to efficiently infiltrate the CNTs through the PES membrane
in terms of water permeability and retention/rejection capacity/efficiency, which are listed as:

• Type of CNTs: Only certain types of CNTs with respect to their diameters were appropriate for
the rejection of small organic molecules of molecular weight ranging from ∼200–1000 Da.
The transformation of the UF membrane to a NF one preconditioned the decrease of the
pores from ∼40 nm to less than 2 nm (Fig. 5.13). The successful transformation would be
guaranteed exclusively by using SW-CNTs with internal diameters in the range 0.8–1.6 nm and
probably DW-CNTs with 1–2 nm respectively. However, even with the use of Thin-MW-CNTs
bearing internal diameters ranging from 1–6.5 nm, the rejection target could be approached,
whereas MW-CNTs with external diameters 15–35 nm would not even be able to penetrate the
∼40-nm-pores. Thereafter, there was a broad variety of available CNTs to be employed. The
type and the features of the CNTs used for the infiltration studies are presented in Table 5.2.

• Membrane conformation in the filtration apparatus: As mentioned before, the membrane
structure seems to favor the intrusion of CNTs from the broad formed substrate porosity
to reach the pores of the skin layer. However, both the aforementioned configuration and
the reverse one (i.e. the selective layer exposed to the feed during filtration) were tested to
ensure the efficient CNT hooking into the membrane pores (Fig. 5.14). On occasion, both the
processes were performed.

• The volume of the feed solution (i.e. the CNT-suspension) and the concentration of the CNT-
suspensions to be infiltrated through the polymeric membrane: The capacity of the filtration
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Table 5.2. Type and features of CNTs tested for the infiltration study.

Carbon External Internal
purity diameter diameter Length Price

Type of CNT [%] [nm] [nm] [µm] [€ g−1]

SW >90 1–2 0.8–1.6 5–30 90
(cheap tubes)
SW-COOH >90 1–2 0.8–1.6 5–30 90
DW >90 2–4 1–2 5–15 60
(cheap tubes)
Thin-MW 94 6–15 1–6.5 ≥10 16
(nanothinx)
Thin-MW-OH 94 6–15 1–6.5 ∼0.6 36
(nanothinx)
Thin-MW-COOH 94 6–15 1–6.5 ≤1 31
(nanothinx)
MW 97 15–35 3.5–12.5 ≥10 14
(nanothinx)

The lengths of the CNTs given in the table are before CNTs suffer tip sonication.

Figure 5.14. Filtration processes were performed with either the substrate to be exposed to the CNT-
suspension (a) or inversely, the selective layer to be exposed to the feed suspension (b).

cylinder determined the volume of the suspension to be infiltrated. The addition of the tip
sonicator operating during the filtration process limited the volume of the suspensions due to
the preconditions required in terms of the sonicator-probe position in order to operate properly.
Thus, the volume of the feed suspension determined at 250 mL allowed the permeance of 50 mL
for each infiltration. With respect to the concentration of the CNT-suspensions, a broad range
of concentrations were studied, ranging from 0.078 µg mL−1 to 150 µg mL−1 in an effort to
cover the whole active surface of the membrane with CNTs.
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Figure 5.15. The infiltration process carried out by filtering a CNT-suspension from the support side (left)
to reach the selective layer (right). The black imprint of CNTs on the side of the selective layer is clearly
indicating their existence to the surface pores, while the substrate is empty of CNTs, indicating that all CNTs
were pushed towards the PES skin layer.

The determination of the parameters influencing the efficiency of the CNT-infiltration process
was extracted through a vigorous effort to conceive the CNT-infiltration effect on the membrane
by experimental observations in terms of visual and microscopic imaging. The black imprint of
CNTs in the skin layer when imported from the substrate side was a clear indication that CNTs had
followed the right path to reach the pores of the membrane. A representative assistant-illustration
is depicted in Figure 5.15.

Concerning the membranes grafted with CNTs by filtration through the substrate, the parameter
of the sonication-probe position, as well as of the concentration of the CNT-suspensions, seemed
to favor the intrusion of CNTs towards the selective layer. Representative images are illustrated
in Figures 5.16 and 5.17, noting the CNTs-imprint on the PES surface when the infiltrations are
carried out either from the substrate or from the selective area.

Thereafter, groups of the prepared CNT-grafted-membranes were evaluated in terms of scanning
electron microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, water flux
measurements and rejection tests. In the following subsection the characterization and evaluation
of the membranes is presented.

5.7.2.2 Treatment of carboxyl acid-functionalized CNTs
CNTs bearing high van der Waals forces, high surface area and high aspect ratio inevitably cause
self-aggregation. In aqueous suspensions, they tend to cohere due to their high surface energy
and lack of chemical affinity with the dispersing medium. Even oxidized CNTs after carboxyl-
functionalization show limited dispersion stability in aqueous media for long time periods.
Further treatment of oxidized CNTs may improve the dispersion of CNTs in aqueous dispersants,
facilitating the CNT-infiltrations through porous membranes. In this context, to obtain stable
aqueous dispersions of CNTs for long time periods, deprotonation of Thin-MW-CNT-COOH and
SW-CNT-COOH was carried out by treatment with an aqueous NaOH solution (Lee et al., 2007),
and their dispersion stability was examined. The investigation of the dispersion state of CNTs in
liquids is quite difficult due to its opaque blackness even at very low concentrations. However, a
distinguishable visible change of the darkness of the CNT-suspensions prepared took place only
a few hours later and remained similar for several months (Fig. 5.18).

Two comparative studies between Thin-MW-CNTs and the same CNTs functionalized with
carboxyl groups, and between SW-CNTs and carboxyl-functionalized CNTs, by the use or not of
surfactant, were carried out. The observation of the dispersions of the CNT-suspensions was eval-
uated by means of UV-visible absorbance (Fig. 5.19) and zeta potential measurements (Table 5.3)
that were carried out after five months in order to observe the eventual long-term stability.

Judging from both the photographs and the UV-vis absorption spectra, the CNTs, either Thin-
MW-CNTs or SW-CNTs bearing carboxylic anions, showed much improved stability in water



Study of carbon nanotubes’ embedment into porous polymeric membranes 99

Figure 5.16. Infiltrated membranes with SW-CNT-COOH in the concentration range 0.5–10 µg mL−1. The
black imprint on the selective layer appears to increase gradually with the suspension-concentration increase
(left), whereas the infiltrations carried out from the PET substrates remain “clear”.

due to the chemical affinity between the polar modified groups and water and the electrostatic
repulsion.

The UV-vis absorption spectra indicated that the carboxylated CNTs with anion groups showed
enhanced dispersion compared to the pristine or carboxyl-functionalized CNTs.

The origin of electrostatic repulsion can be found from the increased zeta potential (ζ) carboxy-
lated CNTs presented. The ζ is an important indicative of ionically stabilized colloid systems.
Greater magnitude (usually ±25 mV) of the ζ endows the colloid system with an improved sta-
bility against coagulation (Lee et al., 2007). In Table 5.3 the values of ζ of the CNT-suspensions
are presented.

For the infiltration studies, carboxyl-functionalized with anion groupsThin-MW and SW-CNTs
were also utilized.

5.7.2.3 Characterization of the CNT-infiltrated membranes
A Zeiss SUPRA 35VP scanning electron microscope was implemented for providing visual infor-
mation of the top surface and cross-sectional morphology of the CNT-infiltrated membranes.
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Figure 5.17. Commercial membranes grafted with either Thin-MW-CNT-COOH or SW-CNTs from the
substrate, the selective layer or both. The images show the selective surfaces in all cases.
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Figure 5.18. Digital photographs of CNT-suspensions of pristine and modified CNTs five months after the
treatment process. The most stable suspensions are presented in frames.

The membrane samples were cut into small pieces and left to dry. For cross-sectional images,
the pieces were dipped in liquid nitrogen for 2 min, frozen and broken into two slices and kept in
air for drying. The dried samples were glued on the support and gold sputtered to create electric
conductivity. Representative SEM micrographs collected from the PES porous surfaces as well
as from the membrane cross area are illustrated in Figures 5.20, 5.21 and 5.22.

For the membranes infiltrated through the support side, as one may notice through SEM
micrographs, only a few CNTs seem to protrude the surface area (Fig. 5.20) while the majority of
the CNTs appear to stack just before reaching the porous skin layer of the membrane (Figs. 5.20,
5.21). Therefore, the black imprint of CNTs on the surface of the membranes was attributed to
their existence beneath the ∼2 µm skin layer. In Figure 5.21, the CNTs appear to lie on the PES
surface, while some of them appear to have entered the membrane pores.
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Figure 5.19. UV-vis absorption spectra of CNT-suspensions treated and dispersed in different methods.

Table 5.3. Zeta potential values for the different
CNT-suspensions.

Sample Zeta potential [mV]

Thin MW-CNT Poloxamer407 −8.51
Thin MW-CNT-COOH −37.1
Thin MW-CNT-COOH Poloxamer407 −28.4
Thin MW-CNT-COO− −41.1
Thin MW-CNT-COO−

Poloxamer407 −30.6
SW-CNT-COOH −31.7
SW-CNT-COOH Poloxamer407 −25.6
SW-CNT-COO− −32.2
SW-CNT-COO−

Poloxamer407 −30.1

To elucidate the influence of the addition of CNTs on membrane roughness, atomic force
microscopy (AFM) was employed to analyze the surface morphology and roughness of the pre-
pared membranes. The membrane surfaces in a few cases showed an enhancement of the root
mean square roughness (RMS roughness) of the samples that had been grafted with CNTs. In
Figure 5.23 the AFM topography of the PES surfaces of an unmodified (pristine) membrane and
of a membrane infiltrated from the support side with SW-CNTs are presented. In the images,
the brightest areas indicate the highest point of the membrane surface and the dark regions show
valleys or pores. The enhancement of the RMS roughness of ∼5 nm was revealed through images,
which is probably attributed to the CNT presence on the membrane surface.

In addition, laser Raman spectroscopy was implemented for the characterization of the
CNT-membranes. Backscattering Raman spectra were collected from bulk SW-CNTs and Thin-
MW-CNT-COOH in powdered form as well as from the pure UP150 membrane and from
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Figure 5.20. (a), (b) PES surface of membrane grafted with Thin-MW-COOH (conc. 5 µg mL−1), (c), (d),
(e), (f) PES cross-section of membrane grafted with Thin-MW-COOH (conc. 5 µg mL−1). The samples were
CNT-infiltrated from the PET substrate.

membranes infiltrated with SW-CNTs or Thin-MW-CNT-COOH (from the PES selective layer).
In Figure 5.24, the Raman spectra are presented.

The presence of D and G bands in the spectra of the CNT-infiltrated membranes is clear
evidence for their existence near or on the skin layer. A note is made of the fact that Raman
penetration depth is of the order of 1–2 µm, about the thickness of the selective layer.

5.7.2.4 Performance of the CNT-infiltrated membranes
Any eventual effect attributed to the infiltration of CNTs through the membranes was characterized
by testing the performance of each sample of the prepared membranes in terms of pure water flux.
The CNT-membranes were expected to exhibit enhanced water fluxes due to the contribution of
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Figure 5.21. (a), (b) PES cross-section of membrane grafted with Thin-MW-OH (conc. 1.25 µg mL−1).
The samples were CNT-infiltrated from the PET substrate.
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Figure 5.22. (a), (b) PES surface of membrane grafted with Thin-MW-COOH (conc. 1.25 µg mL−1),
(c), (d) cross-sectional images from the same samples. The samples were CNT-infiltrated towards the PES
selective layer.

the CNT-existence. The experiments were carried out in the dead-end filtration apparatus used
for the infiltration of CNTs under 0.05 MPa transmembrane pressure at room temperature. The
membrane surface area was 9.6 cm2. The flux of each membrane was measured before and after
the CNT-infiltration for reasons of comparison. For the flux determination, the filtration funnel
was filled with 200 mL of triply distilled water, allowing for the permeance of 100 mL water
the membrane should not get dry. The time needed for the 100 mL water to pass through the
membrane was recorded by means of a chronometer. Thereafter, the membrane was placed in the
opposite configuration and the infiltration with CNTs was carried out as previously described.
After the CNT-infiltration, the membrane was turned again in the opposite configuration so as
to allow the PES surface to be exposed to the feed solution and the time needed for another
50 mL of water to pass through the membranes was recorded. For the membranes infiltrated with
CNTs directly through the PES selective layer, the membrane remained in the same place and
the flow rate determination was carried out immediately after rinsing and cleaning the remaining
CNT-suspension with water. The membrane pure water flux (J ) was calculated by the following
equation (Vatanpour et al., 2011):

J = V

A�tP
(5.3)

where V [L] was the volume of permeated water, A [m2] was the membrane area, �t [h] was the
permeation time and P [Pa] was the pressure difference used.
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Figure 5.23. AFM topography images: (a) pristine Commercial UP150 membrane and (b) UP150 membrane
infiltrated with SW-CNTs (conc. 3 µg mL−1). Down and left, RMS roughness of the pristine and the CNT-
infiltrate-membrane are compared.

A note is made of the fact that in many cases the CNT-membranes showed enhanced flow rate,
however, the results were not always reproducible.

Nevertheless, for those cases where the membranes exhibited an increase in the flow rate, the
fluxes of the membranes were calculated using the Equation (5.3). The type and the concentration
of the CNTs used for the infiltrations of those membranes, as well as the percentage of their flux
increase, are presented in Figures 5.25 and 5.26.

For the retention performance study of the modified membranes, aqueous solutions of 50 mL
of the model foulant consisted mainly of the organic dyes Remazol Brilliant Blue R (Mw: 630 Da)
and Acid Red 4 (Mw: 380 Da) in equal concentration (50 µg mL−1) and were left passing through
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Figure 5.24. Raman spectra showing the existence of CNTs within the membrane structure after CNT-
infiltration with SW-CNTs (left) and Thin-MW-CNT-COOH (right).

Figure 5.25. Percentage of flux increase for membranes infiltrated with CNTs from the PET side compared
to unmodified membranes.

unmodified and CNT-modified membranes in the dead-end filtration unit. The chemical com-
position of the model textile wastewater is presented in Table 5.4. For the collected permeates
UV-vis spectra were recorded and from the absorption peaks of the dyes the concentration of
the permeates were calculated. A representative diagram of the retention % is presented in
Figure 5.27.

In the corresponding retention diagram, one can observe that the rejection of the dye molecules
was very high. However, when additional volumes of the model foulant were left to permeate the
CNT-membranes, the retention was the same as that of the pristine membrane and consequently
it was concluded that the initial retention was due to adsorption effects.
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Figure 5.26. Percentage of flux increase for membranes infiltrated with CNTs from the PES side compared
to unmodified membranes.

Table 5.4. Chemical composition of the textile model
foulant.

Concentration
No Dyestuff [µg mL−1]

1 Remazol Brilliant Blue R 50
2 Acid Red 4 50
3 NaCl 2500
4 NaHCO3 1000
5 Glucose 2000
6 Albatex DBC (detergent) 50

Figure 5.27. Retention of Remazol Brilliant Blue R – Acid Red 4 mixture of UP150 membranes infiltrated
with SW-CNTs of various concentration from the PES side and of the pristine membrane.
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Figure 5.28. SEM micrographs of the skin layer of the commercial PES membrane. (a) As indicated, the
thickness of this region was ∼2 µm resulting prohibited for the CNTs extrusion the external pores of the
selective layer. (b) Micrograph as (a) of high magnitude allowing the observation of the dense pore structure
at the top of membrane.

5.8 CONCLUSIONS AND FUTURE PROSPECTIVES

The efforts of transforming a UF commercial membrane to a NF one were described showing
representative measurements. The structure of the UP150 membrane seemed to favor the intrusion
of CNTs from the substrate aiming to reach the ∼40-nm-pores of the thin selective layer.

However, as it is observed from the above SEM micrographs, due to the anisotropic, dense,
worm/sponge like structure of the ∼2 µm skin layer, efficient CNT-infiltration was impossible.
Moreover, taking into consideration the length of the modified CNTs, that is <1 µm, it would
also not be sufficient.

Hence, alternative relevant approaches were studied concerning the fabrication of CNT-
membranes, which are highlighted below as a future prospective of the current study and will be
discussed in detail in subsequent work/s.

The adjustment of the parameters of the immersion precipitation phase separation technique
may allow the preparation of quasi-ultrafiltration membranes – the so-called CNT-infiltrated
tailor-made membranes – with tuned parameters. Such polymer asymmetric membranes with
tailored morphological properties may serve as hosts for the encapsulation of carbon nanotubes.
This would be a step forward for the efficient fabrication of CNT-infiltrated membranes, whereas
an extended characterization study via appropriate techniques, like contact-angle and ζ-potential
measurements, porosimetry and AFM, is considered as a prerequisite.
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CHAPTER 6

Effects of the solvent ratio on carbon nanotube blended
polymeric membranes

Evrim Celik-Madenli, Ozgur Cakmakcı, Ilkay Isguder, Nevzat O. Yigit,
Mehmet Kitis, Ismail Koyuncu & Heechul Choi

6.1 INTRODUCTION

Membrane operations are used in a vast range of industries. Hence, there is neither a single
type of membrane nor a single technology (Cardew and Le, 1998). Membrane operations use
a membrane to execute a particular separation. Due to physical and/or chemical differences
between the membrane and the permeating components, membrane can transport some elements
more readily than others (Mulder, 1997). Membrane operations can be classified according to
the driving force, the mechanism of separation, the structure of the membrane and the phases
in contact (Aptel and Buckley, 1996). Most of the membrane operations are governed by the
pressure, concentration, electrical potential or temperature gradients (Cardew and Le, 1998).
In pressure driven membrane operations the driving force is the pressure difference across the
membrane. Main pressure driven membrane operations are reverse osmosis, nanofiltration, ultra-
filtration, and microfiltration. Typical properties of the pressure driven operations are given in
Table 6.1.

Osmosis may be defined as the spontaneous movement of solvent through a semipermeable
membrane from a dilute solution to a more concentrated solution. Membrane in osmosis allows
solvent to pass but retains the dissolved solids. Transport from the dilute solution to the concen-
trated solution through the membrane is spontaneous in osmosis. Because of the concentration
difference, head develops in the concentrated solution, which is called osmotic pressure. If
pressure is applied that is higher than osmotic pressure, the flow will be reversed through the
membrane. Pure water will flow from the concentrated solution to the dilute solution through
the membrane, which is called reverse osmosis (Dawson and Merces, 1986). Reverse osmosis
operations are mainly used for sea water and brackish water desalination, recovery of organic
and inorganic materials from chemical processes, treatment of hazardous wastes, food, beverage,
pulp and paper industries (Williams et al., 1992).

In terms of membrane selectivity, nanofiltration lies between reverse osmosis and ultrafiltration
(Aptel and Buckley, 1996). The only difference between the nanofiltration and reverse osmosis is
that the network structure is denser on reverse osmosis. Even though monovalent ions like Na+
and Cl− are poorly rejected by nanofiltration, the rejection of bivalent ions such as Ca2+ and
CO2−

2 is very high (Mulder, 1997). The main applications of nanofiltration are softening, removal
of pesticides, lignin, disinfection by-products, sulfate, color and sugar concentration (Cardew
and Le, 1998).

Microfiltration is a separation process which uses porous membranes with pore sizes between
0.1 to 10 µm to retain suspensions and emulsions. Microfiltration is a membrane operation which
lies between the conventional filters and ultrafiltration (Baker, 2004; Mulder, 1997). The main
applications of the microfiltration operations are sterilization of beverages and pharmaceuti-
cals, separation of oil-water emulsions, wastewater treatment, cell harvesting, metal recovery as
colloidal oxides or hydroxides, and continuous fermentation (Mulder, 1997).
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Table 6.1. Summary of the pressure driven membrane processes (Cardew and Le, 1998; Mulder, 1997).

Flux range
Membrane Pressure Size range Separation [L m−2 h−1

operation Material [MPa] [µm] principle MPa−1]

Reverse osmosis Polymers 1–10 <0.001 Size, charge, affinity 0.5–14
Nanofiltration Polymers 0.5–2 ∼0.001 Size, charge, affinity 14–120
Ultrafiltration Polymers, ceramics 0.1–0.5 0.001–0.1 Size, charge 100–500
Microfiltration Polymers, ceramics, <0.2 0.1–1 Size >500

metals

Ultrafiltration (UF) can be considered as a porous membrane. The size and shape of the
solutes, which are relative to the pore size of the membrane, are rejected by the UF membrane.
The transport of the solvent is directly proportional to the applied pressure (Mulder, 1997).

The structure of the UF membranes is generally anisotropic, with a finely porous layer supported
on a more open microporous substrate. The separation is performed on the finely porous layer,
and the microporous substrate provides mechanical strength to the membrane (Baker, 2004). In
the UF operations, fouling is the most severe issue still to be solved (Rahimpour and Madaeni,
2007). Non-specific adsorption and deposition of the macromolecules on the membrane surface
or in the pores increases the hydraulic resistance to the flow, and by that means severely reduces
the permeation flux (Chen et al., 2006; Shi et al., 2007). Membrane surface chemistry is very
important in the performance of UF operations (Reddy and Patel, 2008). It is well known that
increasing membrane hydrophilicity can effectively minimize membrane fouling (Galiano et al.,
2015, Wang et al., 2006).

Immersion precipitation is a well-known technique for preparing asymmetric membranes. In
this process a homogenous mixture of polymer and solvent is cast on a support and immersed
in a coagulation bath of non-solvent. The solvent in the cast film is exchanged with the non-
solvent in the coagulation bath by immersing the cast film in a coagulation bath. Depending
on the polymer and coagulation conditions, many phase changes occur, namely; liquid-liquid
phase change, solid-liquid phase change or both. Afterwards the polymer film solidifies and
forms the asymmetric membrane with a dense top layer and porous sub-layer. There are many
variables which affect the sub-layer formation of the membrane, such as composition of the
dope solution, coagulant temperature, evaporation time, nature and the temperature of the
gelation media (Chakrabarty et al., 2008; Mosqueda-Jimenez et al., 2004; Rahimpour and
Madaeni, 2007).

There are three components in this process: a polymer, a volatile solvent and a non-solvent for
the polymer. The parameters that influence the ultimate structure of the membrane prepared by
the phase inversion method are:

• Choice of solvent: Aprotic solvents like N-methyl pyrrolidinone and dimethyl formamide are
generally the best solvents, which can dissolve a wide range of polymers. The casting solutions
based on these solvents precipitate rapidly in water leaving porous membranes (Baker, 2004).

• Choice of polymer: The ideal polymer for the phase inversion method should be soluble in
the suitable water miscible solvent. The polymer should also be tough, amorphous, not brittle
thermoplastic, with a glass transition temperature of more than the expected use temperature.
Polysulfone, cellulose acetate and polyetherimide are examples of polymers that meet these
specifications (Baker, 2004).

• Polymer concentration: Higher polymer concentration at the thin film/non-solvent interface
is formed by increasing the initial concentration of the polymer in the casting solution. This
results in a lower porosity, less porous top layer and a lower flux (Mulder, 1997).
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• Precipitation medium: The casting solution precipitation medium used is almost always water.
Organic based solvent precipitation media like methanol generally cause a slow precipitation
of the casting solution, which results in a denser membrane structure with lower flux (Baker,
2004).

• Composition of the casting solution: Membrane properties can be tailored by adding a small
amount of modifiers like polymeric additives (e.g. polyvinyl pyrrolidinone), low solubility
parameter solvents (e.g. acetone), and salts (e.g. zinc chloride) (Baker, 2004).

Mixed matrix membranes (MMMs), prepared by blending inorganic and organic materials,
exhibit the properties of both ceramic and organic polymers (Huang et al., 2008). There has
been a great interest in polymer – inorganic nanocomposites over the last two decades. The
addition of inorganic nanoparticles in a polymer matrix can provide high performance novel
materials, which can be used in many industrial fields (Li et al., 2010). Many studies in the
preparation and characteristics of MMMs have reported the advantages of the inorganic fillers,
such as suppression of macrovoids, enhanced mechanical strength and lifetime, and superior
permeability with unchanged retention properties (Huang et al., 2008).

Carbon nanotubes (CNTs) can be defined as tiny cylinders of single or multiple graphene
layers that are closed at the end by half fullerene (C60). The diameter of the CNTs range from
2.5 nm to 30 nm and with a length from a few tens of nanometers to several micrometers. There
are three main structures of the CNTs, namely: (i) zigzag structure, (ii) armchair structure and
(iii) helical structure (Harris, 1999). CNTs have unique mechanical properties (extremely high
Young’s modulus, stiffness and flexibility) and electronic properties (Santos et al., 2006), high
electrical and thermal conductivities, low coefficient of thermal expansion and high aspect ratio
(Ash et al., 2004). The unique properties of the CNTs make them attractive candidates for polymer
composites.

CNTs are chemically inert and insoluble in water or organic solvents. Applications of the CNTs
are hindered because of their stable structure and insolubility (Maser et al., 2008). Functionaliza-
tion of CNTs can increase their solubility and processability, which will allow the combination
of the unique properties of the CNTs with other materials (Hirsch and Vostrowsky, 2005). There
will be functional groups attached to the nanotube surface after functionalization. CNTs react
readily with other chemical agents, with the help of functional groups, and form homogenous
dispersions or well aligned materials (Zhang et al., 2002).

CNTs can be functionalized covalently or non-covalently by adding functional groups to their
surfaces (Najafi et al., 2006). Both covalent and non-covalent functionalizations are exohedral
derivatization. CNTs can be functionalized by filling the tubes with atoms or small molecules,
which is called endohedral functionalization (Hirsch and Vostrowsky, 2005).

In the covalent functionalization method, functional groups are covalently linked on the
CNT surface. Large numbers of functional groups can be introduced to the CNTs by covalent
functionalization, such as amides, esters, thiol groups, fluorine, carbenes, nitrenes, etc.

CNTs can be oxidized by nitric acid, sulfuric acid, mixtures of both, piranha (mixture of sulfuric
acid and hydrogen peroxide), gaseous oxygen, and ozone at elevated temperatures. The oxidation
of CNTs introduces carboxylic groups and other oxygen-bearing groups at the end of the tubes
and at defect sites of the tubes. Oxidative treatment introduces defects on the nanotube surface,
cuts and shortens the CNTs and opens the tips of the CNTs (Hirsch and Vostrowsky, 2005).

Non-covalent functionalization of the CNTs is based on the supramolecular complexation
by the combined effects of hydrophobic force and van der Waals’ attraction, electrostatic and
π-stacking interactions (Hirsch and Vostrowsky, 2005; Xie and Soh, 2005). Functionalization of
the CNT can be performed without destroying the CNT side walls. There are several types of non-
covalent functionalization of the CNTs, which are briefly described in the following sub-sections
(Bianco et al., 2007).

In π-π stacking method, CNTs are functionalized by the π-π stacking interactions between
the conjugated materials and the CNTs side walls. CNTs irreversibly adsorb the compounds
with pyrene moiety, such as N-succinimidyl-1-pyrenebutanoate. Then various molecules with
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primary and secondary amines can be covalently attached by the succinimidyl ester group.
A variety of molecules can be immobilized on CNTs by π-π stacking interactions, such as
biomolecules (e.g. protein, DNA), gold nanoparticles, phthalocyanines, porphyrins, and polymers
with conjugated structures (Bianco et al., 2007).

Hydrophobic interactions are based on the association of the CNTs with amphiphilic molecules
in aqueous media. Hydrophobic parts of the amphiphilic molecules interact non-covalently
with the aromatic surface of the CNTs. CNTs have been wrapped with water soluble poly-
mers (e.g. polyvinylpyrrolidone, polystyrenesulfonate) and surfactants (e.g. deoxycholic acid,
taurodeoxycholic acid) by hydrophobic interactions (Bianco et al., 2007).

Immersion precipitation is a well-known technique to prepare asymmetric membranes. In this
process the homogenous mixture of polymer and solvent is cast on a support and immersed in a
coagulation bath of non-solvent. The solvent in the cast film is exchanged with the non-solvent in
the coagulation bath by immersing the cast film in a coagulation bath. Depending on the polymer
and coagulation conditions many phase changes occur, namely: liquid-liquid phase change, solid-
liquid phase change or both. Afterwards the polymer film solidifies and forms the asymmetric
membrane with a dense top layer and porous sub-layer. There are many variables which affect
the sub-layer formation of the membrane, such as composition of the dope solution, coagulant
temperature, evaporation time, nature and the temperature of the gelation media (Chakrabarty
et al., 2008; Figoli et al., 2015; Mosqueda-Jimenez et al., 2004; Rahimpour and Madaeni, 2007).
Aprotic solvents like N-methyl pyrrolidinone and dimethyl formamide are generally the best
solvents and can dissolve a wide range of polymers. The casting solutions based on these solvents
precipitate rapidly in water leaving porous membranes (Baker, 2004). However, recently most
efforts are being made in the direction of employing “greener solvents” for replacing the classical
aprotic solvents used in membrane preparation (Figoli et al., 2014).

To date, several authors have shown the successful preparation of CNT blended polymeric
membranes. For instance, Choi et al. (2006) prepared polysulfone/CNT composite membranes for
filtration. Prior to the composite membrane synthesis, they functionalized CNTs with a mixture
of sulfuric acid and nitric acid. They showed that hydrophilicity of the composite membranes
increased with an increasing amount of CNT. Moreover, the permselective properties of the
composite membranes depended on the amount of CNT.

Cong et al. (2007) prepared brominated poly(2,6-diphenyl-1,4-phenylene oxide)/CNT com-
posite membranes for gas separation. They functionalized CNTs with carboxyl groups prior to
composite membrane synthesis. They showed that the composite membranes had an increased
tensile strength and CO2 permeation but the selectivity of CO2/N2 did not change compared to
the bare polymeric membrane.

Nechifor et al. (2009) prepared polysulfone/CNT composite membranes for hemodialysis.
They used polysulfone and single walled carbon nanotubes (SW-CNTs) or amino double wall
carbon nanotubes for composite membrane synthesis. Lead adsorption in membranes with double
wall carbon nanotubes was higher than in the membranes with SW-CNTs. Composite membranes
with 5% amino double wall carbon nanotubes presented superior retention for the removal of lead
and mercury.

Brunet et al. (2008) prepared polysulfone/CNT composite membranes. In their work, CNT
addition did not improve the hydrophilicity or permeability of the composite membranes. Also,
composite membranes did not show any antibacterial activity. Moreover, composite mem-
branes presented higher roughness and lower mechanical properties (lower elongation to failure)
compared to the bare polymeric membranes.

Qiu et al. (2009) prepared polysulfone composite membranes with isocyanate and isoph-
thaloyl chloride functionalized CNTs. They showed that the morphology and the permeation
properties of the composite membranes were influenced by the amount of CNTs. Moreover, they
showed that the composite membranes had a lower protein adsorption than the polysulfone mem-
branes. However, the effects of the solvent ratio on these membranes has yet to be determined.
Based on these considerations and the body of previous research, the objective of this work
is to synthesize CNTs blended polyethersulfone (PES) membranes by using different ratios of
N-methyl-2-pyrrolidone (NMP) to dimethylformamide (DMF) and then to determine protein
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fouling properties. To characterize the blend membranes, pure water flux tests were employed.
Also, water contact angles of the membranes were determined. Then, to determine the fouling
resistances of the blend membranes, permeation tests with bovine serum albumin (BSA) were
conducted.

6.2 EXPERIMENTAL

6.2.1 Materials

PES (Veradel 3000P) was kindly supplied by Solvay Specialty Polymers (Germany). Multi-walled
carbon nanotubes (MW-CNTs) were purchased from Nanostructured and Amorphous Materials
Inc. (USA) and NMP and DMF were purchased from Sigma Aldrich (USA). In addition, BSA
having an approximate molecular weight of 66 kDa, molecular size of 14 nm × 4 nm × 4 nm, and
an isoelectric point (IEP) at pH 4.7–4.9 (Nakamura and Matsumoto, 2006) was purchased from
Fluka (USA).

6.2.2 CNT functionalization

CNTs were functionalized to improve the dispersion in organic solvent and the interfacial bonding
between the polymer matrix and CNTs (Zhu et al., 2004) following a reported procedure (Liu
et al., 1998). In brief, CNTs were ultrasonicated in a mixture of 3:1 concentrated sulfuric acid
and nitric acid for 9 h. Then, the CNTs were washed until the neutral pH was reached, followed
by drying in a vacuum oven at 100◦C overnight (Fig. 6.1).

The morphology of the bare and functionalized CNTs were then analyzed by transmission
electron microscopy (TEM;Tecnai G2 F20, FEI, USA).The functional groups of the bare and func-
tionalized CNTs were determined by Fourier transform infrared spectroscopy (FTIR, Spectrum
Two, Perkin Elmer, USA).

6.2.3 Membrane fabrication and characterization

Membrane phenomena were first observed in the 18th century. Even though the elements of mod-
ern membrane science were developed in the 1960s, they were used only on a laboratory scale.
Their cost, unreliability, low speed and unselectivity prohibited their widespread use as a separa-
tion process (Baker, 2004). In the last few decades membrane processes were developed within dif-
ferent industries (Blanco et al., 2001). Membrane is the basic element of the membrane processes.
The membrane is a permselective barrier or interface between two phases (Mulder, 1997).

Membrane has the ability of transporting some constituents more than others, so that separation
is achieved (Mulder, 1997). The general benefits of the membrane technology are: (i) clean tech-
nology with easy operation; (ii) high value product recovery (Nath, 2008); (iii) easy application
of hybrid systems; (iv) various and adjustable membrane properties; (v) continuous separation;
(vi) no additive requirement (Mulder, 1997).

The general drawbacks of the membrane technology are (i) fouling (Mulder, 1997; Nath, 2008);
(ii) short membrane lifetime (Mulder, 1997); (iii) cost (Nath, 2008).

Figure 6.1. CNT functionalization.
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Figure 6.2. CNT/PES MMMs preparation.

Table 6.2. Compositions of the membranes.

Membrane PES [%] CNT [%] NMP:DMF ratio

N:D-1:9 15 0.5 1:9
N:D-2:8 15 0.5 2:8
N:D-5:5 15 0.5 5:5
N:D-8:2 15 0.5 8:2
N:D-9:1 15 0.5 9:1

Producing organic-inorganic composite membranes with excellent separation performance and
adaptable to rigorous environmental conditions has been attracting a great deal of interest (Yang
et al., 2006). CNTs have an exceptionally high aspect ratio and high strength and stiffness. Their
unique properties make them attractive candidates for polymer composites (Gojny et al., 2004).

CNTs blended PES membranes were synthesized via the phase inversion method as described
in our previous publications (Celik and Choi, 2012; Celik et al., 2011a, 2011b). In brief, casting
solutions were prepared by ultrasonicating the 0.5% (with respect to PES by weight) of function-
alized CNTs in a mixture of NMP and DMF and dissolving 15% of PES. The blend solutions were
stirred at room temperature and ultrasonicated to remove the air bubbles. The blend solutions were
then casted on a glass plate by using a casting knife and a film applicator (1133N, Sheen, USA)
and immersed into a coagulation bath of DI water for phase inversion. After complete coagula-
tion, the membranes were peeled off and washed with and stored in DI water until use (Fig. 6.2).
The compositions of the membranes fabricated are given in Table 6.2. Note that the membranes
marked as N:D-2:8 refer to membranes prepared in a casting solution in which the ratio of the
NMP to DMF was 2 to 8.

The surface hydrophilicities of the membranes were evaluated based on the dynamic sessile
drop method using a contact angle goniometer (T200, KSV, USA). Membranes were dried at 60◦C
overnight for contact angle measurements. The contact angles were measured by dropping 2 µL
of DI water onto a dry membrane surface and the contact angle was measured. The average value
and the corresponding standard deviation were calculated after seven measurements. One-way
complete statistical analysis of variance (ANOVA) test at a confidence level of 95% applied to
the results of contact angle measurements.
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Figure 6.3. Dead-end membrane test unit.

For determining the water contents of the membranes, the wet membranes were weighed first.
These wet membranes were dried for 24 h at 60◦C and weighed to determine the dry weights.
Membrane water contents were determined as follows:

Water content = weight of wet membrane – weight of dry membrane

weight of wet membrane
×100 (6.1)

In order to minimize the experimental errors, membrane water contents were measured at least
three times and average values were reported.

6.2.4 Water permeability experiments

A dead-end membrane test unit (HP4750, Sterlitech, USA) was used for the permeation tests
(Fig. 6.3). The test unit was activated by using compressed air as a pressure source. The effective
membrane area used for permeation measurements was 14.6 cm2. Membranes were initially
operated at 0.28 MPa for 2 h for membrane compaction; after that, the pressure was reduced
to 0.21 MPa for pure water flux determination. The pure water flux (Jwv) and hydraulic resistance
of the membranes (Rvm, m−1) were determined using:

Jwv = V

A�t
= �P

µRvm
(6.2)

where V is the volume of the water permeated [L], A is the effective membrane area [m2], and
�t is time [h], �P is the pressure [Pa], and µ water viscosity at 22◦C [Pa s] (0.0096 Pa s).

The fouling behavior of the produced membranes were determined by protein aqueous filtration
which was done by 1 g L−1 BSA filtration at 0.21 MPa for 1 h. The initial (Jpi) and final protein
flux (Jpf ) after 1 h of BSA filtration and BSA rejection ratio (R) was determined as follows:

R = Cf − Cp

Cf
×100 (6.3)

Jpf = V

A�T
= �P

µRfm
(6.4)
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where, Cp and Cf [mg L−1] are the BSA concentrations of the permeate and feed solutions
measured with a UV-vis spectrophotometer at 280 nm, respectively, Rfm [m−1] is the hydraulic
resistance of the fouled membrane, which is the sum of the hydraulic resistance of the adsorbed
protein and the hydraulic resistance of the concentration polarization layer.

6.3 RESULTS AND DISCUSSION

6.3.1 CNT functionalization

CNTs are chemically inert and insoluble in water or organic solvents. Applications of the CNTs are
hindered because of their stable structure and insolubility (Maser et al., 2008). Functionalization
of CNTs can increase their solubility and processability, and will allow the combination of the
unique properties of the CNTs with other materials (Hirsch and Vostrowsky, 2005). As shown in
Figure 6.4, raw CNTs (a) were 10–30 µm in length, though treatment with a strong acid mixture
shortened the lengths of the CNTs (b) to 250 nm to 2 µm.

The conversion of the terminal carbons of CNTs to carboxylic groups by functionalization is
shown by the FTIR (Fig. 6.5). In the figure, even though there were no peaks observed on the
raw CNTs (Fig. 6.5b), three new peaks at ∼3440 cm−1 (−OH), ∼1630 cm−1 (>C=O) (Kaniyoor
et al., 2009; Kim et al., 2005), and ∼1460 cm−1 (O−C=O) (Bolbukh et al., 2010) were observed
on functionalized CNTs (Fig. 6.5a). These observations indicate that the surfaces of the CNTs
are functionalized by a strong acid mixture and the terminal carbons are converted to carboxylic
groups.

6.3.2 Membrane fabrication and characterization

Polymeric membranes are widely used in membrane operations but they have low mechanical
and chemical resistances. In addition, the hydrophobic nature of polymeric membranes causes
fouling (Peng et al., 2007). Hence, increased hydrophilicity might lower the membrane fouling.
Blending CNTs in the polymeric membranes increases the membrane hydrophilicity (Celik et al.,
2011a). As shown in Figure 6.6, blending CNTs increased the hydrophilicities of the membranes.
However, changing the solvent ratio did not result in changes in the contact angles in CNT blended
membranes (byANOVA tests) which shows similar hydrophilicities. As a result, even though CNT

Figure 6.4. Transmission electron micrographs of raw CNTs (a) and functionalized CNTs (b).
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addition increases the membrane hydrophilicity, membrane hydrophilicity is not dependent on
the solvent ratios.

One of the structural parameters of the membranes is membrane water content, which
depends on the porosities of the membranes. Water content is also indicative for the membrane

Figure 6.5. The FTIR spectra of raw CNTs (a) and functionalized CNTs (b). Source: Celik-Madenli and
Cakmakci (2017).

Figure 6.6. Contact angles of the blend membranes.
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Figure 6.7. Water contents of the blend membranes as a function of solvent ratio.

hydrophilicity and flux behaviors (Arthanareeswaran et al., 2004). As shown in Figure 6.7, water
contents of the membranes increased by increasing NMP ratio. Since the hydrophilicities of the
membranes are not dependent on solvent ratio (Fig. 6.6), the increase in water content might be
indicating the increase in porosities of the membranes by increasing NMP ratio.

The cross-section morphologies of the forward osmosis membranes, synthesized by using pure
PES and CNT doped PES membranes as a support layer, are characterized by SEM micrographs
and shown in Figure 6.8. The support layer of both the membranes showed a typical asymmetric
membrane structure with a dense top layer, a porous sub-layer, and fully developed macropores
at the bottom.

6.3.3 Water permeation experiments

An important parameter in the design and economic feasibility of filtration membranes is the
permeate flux. The pure water fluxes of the membranes fabricated (Fig. 6.9) were increased by
increasing the NMP ratio, which is consistent with the water content data of the membranes
(Fig. 6.7). Moreover, Bruggen and Kim (2012) demonstrated the higher permeabilities of NMP
membranes than DMF membranes, which is consistent with our findings, as the pure water flux
of N:M-9:1 is three times higher than N:M-1:9.

Membrane fouling causes a decline in permeability and also reduces the membrane life
(Yang et al., 2007). Hydrodynamic conditions and chemical interactions of the foulants and
the membranes are the main factors influencing the membrane fouling (Hua et al., 2008). The
hydrodynamic conditions were all the same during all the protein filtration tests. Hence, the dif-
ferences in flux profiles might be due to the surface properties of the membranes. As a result,
protein filtration flux profiles (Fig. 6.10), together with hydraulic resistances (Table 6.3) of the
blend membranes, were investigated to determine the fouling behaviors of the blend membranes.
The protein fluxes are given as relative fluxes because the pure water fluxes of all the blend
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Figure 6.8. SEM images of the pure PES support layers (a) and CNT doped PES support layer (b).

Figure 6.9. Pure water fluxes of the blend membranes as a function of solvent ratio.

membranes are different. Rvm represents the hydraulic resistance of the virgin membranes due to
the porosity, cross-sectional structure and pore size. Rfm represents the hydraulic resistance of the
membranes due to fouling and concentration polarization (Huang et al., 2008). As is shown in
Figure 6.10 and Table 6.3, there are very slight differences between the relative fluxes or hydraulic
resistances of the blend membranes with respect to solvent ratio. Even though the fouling resis-
tances of the membranes increased by blending CNTs (Celik et al., 2011b), changing solvent
ratio does not affect the fouling resistances of the blend membranes.
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Figure 6.10. Relative fluxes of the blend membranes.

Table 6.3. Hydraulic resistances of the blend membranes.

Membrane type Rvm [×109 m−1] Rfm [×109 m−1]

N:D-1:9 1.19 3.45
N:D-2:8 0.76 3.69
N:D-5:5 0.43 3.03
N:D-8:2 0.79 2.53
N:D-9:1 0.40 2.46

6.4 CONCLUSIONS

CNTs blended membranes with different NMP:DMF ratios were prepared via the phase inversion
method. From the findings of this study the following conclusions can be drawn:

• Even though the addition of CNTs improved the hydrophilicity of the blend membranes,
changes in solvent ratio did not affect the hydrophilicity of the blend membranes.

• The water contents of the blend membranes with high NMP:DMF ratios were significantly
higher than the blend membranes with lower NMP:DMF ratios.

• The pure water fluxes of the blend membranes increased significantly by increasing the
NMP:DMF ratios.

• The fouling resistances of the blend membranes increased with CNT additions, while they are
not dependent on the solvent ratio.

From this work, a fundamental understanding of the effects of the solvent ratio on CNT/PES
MMMs fabrication can be achieved. As part of continuing efforts to understand the clear mech-
anism of the effects of the solvent ratio on CNT/PES MMMs, ongoing works are being made by
applying different characterization methods.
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CHAPTER 7

Photocatalytic activity and synthesis procedures of TiO2 nanoparticles
for potential applications in membranes

Tiziana Marino, Marcel Boerrigter, Mirko Faccini, Christiane Chaumette,
Lawrence Arockiasamy, Jochen Bundschuh & Alberto Figoli

7.1 INTRODUCTION

Heterogeneous photocatalysis based on oxide semiconductors is a promising technique for the
prevention of microbial proliferation and to limit the growth of microorganisms. Among the
studied photocatalysts, titanium dioxide (TiO2) represents one of the most interesting materials,
due to its low cost, biocompatibility, chemical and thermal stability, and notable optical and
dielectric properties. It exists in three polymorphic forms: rutile, which is the most stable form,
anatase and brookite, both of which are metastable and convert into rutile upon heating. TiO2

nanoparticles can be efficiently obtained via different synthesis techniques, such as sol-gel, sol,
hydrothermal, solvothermal, direct oxidation, chemical or physical vapor deposition, microwave,
and reverse micelle methods, which offer the possibility to obtain well-controlled nanoparticle
size and morphology. In the different TiO2 applications, its antimicrobial action has attracted a lot
of attention in the last few decades. Particularly promising are the hybrid or mixed matrix TiO2-
polymeric membranes, which allow separation and simultaneous photocatalytic reaction, without
requiring any catalyst recovery operation. Several works have been published on the efficiency of
the hybrid inorganic-organic membranes as antimicrobial systems, for bacteria, viruses, fungi and
algae disruption. The TiO2 incorporation in/on the polymeric membrane also allows the reduction
of fouling and at the same time highly improves water permeability and self-cleaning ability.

In this chapter, a brief overview is given of the photocatalytic process, TiO2 oxidative action,
the environmental/human health risks associated with the use of this semiconductor, as well as an
investigation of the TiO2 nanoparticles synthesis methods. Examples evidencing the possibility
to efficiently apply TiO2-based polymeric membranes for disinfection applications are described.
Finally, the difficulties in the optimization of the TiO2-polymeric casting solution preparation,
which still limits the use of TiO2-based membranes on an industrial scale, are presented.

7.2 PHOTOCATALYSIS AND SEMICONDUCTORS

Since the first energy crisis in the early 1970s and the resulting necessity for a search for new
alternative sources of energy, much research has been devoted to the development of efficient
systems that would enable the use of renewable resources. In this context, heterogeneous photo-
catalysis represents a promising technology to convert solar energy into chemical energy at an
ambient temperature and pressure. Photocatalysis could be applied as an environmentally friendly,
versatile and low-cost treatment alternative for water and air purification (Fujishima and Honda,
1972; Geng and Chen, 2011; Strini and Schiavi, 2011; Yu et al., 2010), for the destruction of
microorganisms such as bacteria (Gumy et al., 2006) and viruses (Blake et al., 1999), for nitrogen
fixation (Petriconi and Papee, 1983), for the inactivation of cancer cells (Kabachkov et al., 2011),
for odor control (Liu T.-X. et al., 2008), for the clean-up of oil spills (Hsu et al., 2008) and
for the water splitting to produce molecular hydrogen as high-energy and ecologically clean fuel
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Figure 7.1. Simplified reaction scheme of photocatalysis.

(Al-Rasheed, 2005; Primo et al., 2011; Ravelli et al., 2009; Silva et al., 2011). Heterogeneous
photocatalysis was defined by Palmisano and Sclafani (1997) as “a catalytic process during which
one or more reaction steps occur by means of electron-hole pairs photogenerated on the surface
of semiconducting materials illuminated by light of suitable energy”. As a direct consequence of
this definition, both catalyst and light are necessary to induce a chemical process. In fact, upon
irradiation excited states of the photocatalyst are generated and can allow subsequent processes
like reduction-oxidation reactions and substrate transformations. The basic mechanism of hetero-
geneous photocatalysis has been investigated by many research groups (Hoffmann et al., 1995;
Litter, 1999) and can be summarized as illustrated in Figure 7.1.

The irradiation of a semiconductor with light of energy equal or higher than its band gap energy
(Eg) leads to the promotion of electrons (e−) from the valence band to the conduction band, at
the same time leaving positive holes (h+) in the valence band. The photogenerated electron-hole
pairs can promote oxidation-reduction reactions with electron donor (D in Fig. 7.1) and electron
acceptor (A in Fig. 7.1) adsorbed on the catalysts surface or located within the electrical double
layer surrounding the charged particles. The redox process competes with a possible electrons-
holes recombination, which occurs within a few nanoseconds, with a consequent input energy
dissipation as heat. The thermodynamic requirement necessary for the occurrence of such a
process is a more negative potential for the electrons photogenerated in the conduction band in
comparison with the reduction potential of the electron acceptor, and a more positive potential
for the holes of the valence band compared with the oxidation potential of the donor.

An ideal photocatalyst should exhibit the following properties (Al-Rasheed, 2005):

• High photoactivity.
• Biological and chemical inertness.
• Stability towards corrosion.
• Mechanical robustness.
• Suitability towards visible or near UV light.
• Low cost.
• Lack of toxicity.

A wide range of inorganic semiconductors can be used for photocatalytic applications. Band
gap energies of the most commonly used semiconductors are shown in Table 7.1.
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Table 7.1. Band gap energies of semiconductors used in
photocatalytic processes.

Band gap energy
Photocatalyst [eV]

Si 1.1
WSe2 1.2
WO3 2.8
α-Fe2O3 2.2
V2O5 2.7
SiC 3.0
BaTiO3 3.3
CdO 2.1
CdS 2.4
CdSe 1.7
Fe2O3 3.1
TiO2 rutile 3.0
TiO2 anatase 3.2
SrTiO3 3.4
SnO2 3.5
GaAs 1.4
SrTiO3 3.4
ZnS 3.7
ZnO 3.2

Nevertheless, some of the photocatalysts do not ensure long-term activity during the photocat-
alytic process. Binary metal sulfides, such as CdS, CdSe or PbS, with narrow band gaps, which
offer the advantage of absorbing the visible light, represent an example of unstable semiconductors
for catalysis in aqueous media as they suffer photoanodic corrosion (Howe, 1998). To overcome
this drawback, several works propose the addition of sulfide and sulfite to the contacting solution
(Beydoun et al., 1999; Fox and Dulay, 1993). These materials are also known to be toxic. Hematite
(α-Fe2O3), having a band gap of about 2.2 eV, could be a potential photocatalyst in the visible
range, but shows much lower activity than TiO2 or ZnO, probably because of corrosion or the
formation of short-lived metal-to-ligand or ligand-to-metal charge-transfer states (Trillas et al.,
1992). Although ZnO and TiO2 anatase possess band gap energies of about 3.2 eV, zinc oxide
is more unstable in illuminated aqueous solutions, with hydroxide species being formed on the
particle surface leading to catalyst deactivation (Navaladian et al., 2007). Wu (2004) also noticed
a higher TiO2 photocatalytic activity in comparison to that of SnO2. WO3 was investigated as
a promising semiconductor, especially in view of its remarkable photostability in acidic media,
which makes it a powerful material for many types of photocatalytic processes (Monllor-Satokca
et al., 2006). It has a band gap of about 2.8 eV, which is 0.4 eV narrower than that of TiO2, so
it can absorb more visible light from sunlight (Santato et al., 2001). However, this oxide is also
generally less active catalytically than TiO2, and unsuitable for achieving an efficient oxidative
reaction, probably due to the inability of the electrons generated in the conduction band to directly
reduce molecular oxygen (Joshi et al., 2011).

7.2.1 TiO2 properties

Having high photocatalytic activity and chemical stability, non-toxicity and low cost, titanium
dioxide has become the most widely used photocatalyst. It has been widely used as white pigment
in paints, plastic, paper, cosmetics and foodstuffs (Gàzquez et al., 2014). Three crystalline forms
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Figure 7.2. The schematic conventional cells for rutile, brookite and anatase TiO2 (from left to right).
(adapted from Esch et al., 2014).

Table 7.2. Crystal structure parameters of anatase and rutile TiO2
(Mathews and Antony, 2015).

Anatase Rutile

Crystal structure tetragonal tetragonal
Lattice constants [Å] a = 3.784 a = 4.5936

c = 9.515 c = 2.9587
Space group I41/amd P42/mnm
Molecule/cell 4 2
Volume/molecule [Å3] 34.061 31.216
Density [g/cm3] 3.79 4.13
Ti-O bond length [Å] 1.965(4) 1.949(4)

1.965(2) 1.980(2)
O-Ti-O bond angle [◦] 77.7 81.2

92.6 90.0

exist in nature: anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic). The unit
cells of the TiO2 crystal structures are presented in Figure 7.2 (Esch et al., 2014).

The big red spheres represent Ti atoms and the small grey spheres represent O atoms (Esch
et al., 2014).

Rutile is the most stable, chemically inert form, which can be excited by both visible and
UV light (Austin and Lim, 2008; Hashimoto et al., 2005). Anatase can be activated by UV
light and can be transformed into rutile at high temperatures (400–700◦C). Both of these two
phases present a tetragonal ditetragonal dipyramidal crystal system but they differ from each
other by the different space group lattices. Brookite undergoes a non-reversible phase transition
into rutile when heated at temperatures between 700 and 900◦C. TiO2 can also exist in additional,
less common, crystal structures, such as columbite, baddeleyite, hollandite, ramsdellite and
monoclinic structures (Kavan et al., 2011). The majority of these phases occur only at high
pressure. Rutile is the thermodynamically most stable form, and, having a higher refractive index
than anatase, is preferred for optical applications. On the other hand, anatase is the most suitable
form for the photocatalytic processes, gas sensing, and solar cells, due to higher charge carrier
mobility and its catalytic properties (Bagheri et al., 2014; Banerjee, 2011; Yang et al., 2014).
The crystal structure data of the titania anatase and rutile is listed in Table 7.2 (Mathews and
Antony, 2015).

This phase transition is affected by several factors, such as particle size, strain, pressure and tex-
ture. It has been reported that the temperature of anatase-rutile transition increases with increasing
particle size and that a decrease in the nanoscale particle size, e.g. from 23 to 12 nm as reported by
Li et al. (2004), leads to a higher anatase stability. TiO2 has a band gap energy of ∼3.2 eV, hence
its photoactivation requires radiation with light of wavelength less than or equal to ∼380 nm, with
a maximum activation at approximately 340 nm (Mathews and Antony, 2015). The valence band
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of wide-gap rutile and anatase is made of O 2p states, while the conduction band is formed by
Ti 3d states (Henrich and Cox, 1994). The electrical properties depend on the crystallographic
direction. Being a wide-gap semiconductor, titania crystals present high resistivity (∼1015 	cm)
(Ardakani, 1994) and different types of ionic defects: bulk oxygen vacancies, titanium intersti-
tials, titanium vacancies and reduced crystal surfaces, which are considered to generate shallow
electron donor levels contributing to the electric conductivity of TiO2 (Paxton and Thien-Nga,
1998). One of the most used commercial TiO2 materials for photocatalytic oxidation applications
is TiO2 Degussa P25. It is composed of a mixture of 80% of anatase and 20% of rutile, with a
surface area of 50 m2 g−1 and an average particle size of 21 nm (Ohno et al., 2001).

7.2.2 Mechanisms of TiO2 photocatalytic activity

TiO2 is a semiconductive oxide that, under irradiation, acts as a strong oxidizing material, lowering
the activation energy for the decomposition of organic/inorganic molecules. Upon excitation with
sufficient energy, an electron-hole pair on the TiO2 surface is generated by the photon. For TiO2,
the recombination rate of electrons and hole is generally in the nanosecond timescale at room
temperature.

The energy required to promote electrons depends on the semiconductor band gap, which
represents the minimum energy necessary to convert the material into an electrically conductive
substance.

The band gap energy for TiO2 anatase is 3.2 eV and that for the rutile phase is 3.0 eV, which
correspond to photons with a wavelength of 388 nm and 413 nm, respectively (De Lasa et al.,
2005). Upon excitation by light with wavelengths less than 388 and 413 nm, respectively, an
electron-hole pair on the TiO2 surface is generated by the photon energy. Consequently, the
generated hole in the valence band can react with water/hydroxide ions, which are adsorbed on
the semiconductor surface, producing hydroxyl radicals. The mechanism of the photocatalytic
process using this semiconductor was proposed by several researchers (Kabra et al., 2004; Litter,
1999; Teichner, 2008) according to the following equations:

TiO2
hν→ TiO2(e−

CB, h+
VB) (7.1)

TiO2(h+
VB) + H2Oads → TiO2 + H+ + HO•

ads (7.2)

TiO2(h+
VB) + HO−

ads → TiO2 + HO•
ads (7.3)

Donor (D) molecules will adsorb and react with a hole in the valence band and an acceptor (A)
will also be adsorbed and react with the electron in the conduction band, following the reactions:

TiO2(h+
VB) + Dads → TiO2 + D+

ads (7.4)

TiO2(e−
CB) + Aads → TiO2 + A−

ads (7.5)

Oxygen molecules can trap the electrons generated in the conduction band, forming superoxide
ion (O•−

2 ), which can react with hydrogen ions deriving from water, thus leading to the formation
of HO•

2 and H2O2. The decomposition of H2O2 may yield an OH radical:

TiO2(e−
CB) + O2ads + H+ → TiO2 + HO•

2 → O•−
2 + H+ (7.6)

HO•
2 + TiO2(e−

CB) + H+ → H2O2 (7.7)

2HO•
2 → H2O2 + O2 (7.8)

H2O2 + hν → 2HO• (7.9)

H2O2 + O•−
2 → HO• + O2 + HO− (7.10)

H2O2 + TiO2(e−
CB) → HO• + HO− + TiO2 (7.11)
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A could also be a metal ion (M ) with an appropriate redox potential to undergo a change of its
oxidation state:

M n+ + TiO2(ze−
CB) → M (n−z)+ (7.12)

The adsorption of organic species or water is favored by the superhydrophilicity on the TiO2

surface, which leads to a contact angle less than 5◦ under UV light irradiation (Wang et al., 1997).
The superhydrophilicity derives from changes in the chemical conformation of the semiconductor
surface. As reported above, the majority of the photogenerated holes give rise to hydroxyl radicals’
generation by reacting with the adsorbed species, while the rest are captured by lattice oxygen
vacancies and, reacting with the titania molecules, cause a weakening of the lattice titanium-
oxygen ions bonds. Impeding these bonds, water can promote the formation of additional hydroxyl
groups on the TiO2 surface during the UV light irradiation. Takeuchi et al. (2005) reported that the
remarkable wettability of the semiconductor surface decreases, until it disappears, if the UV light
is turned off. The considerable influence of light changes on the titania photo-induced efficiency
and its structure modifications has attracted more and more attention from researchers, who
aim to optimize the semiconductor performance. By monitoring the hydrophilicity phenomenon,
it could be possible to realize better water and air pollution control, self-cleaning glasses and
antifogging. Modifications of the semiconductor matrix, especially with SiO2 and In2O3 (Guan
2005; Guan et al., 2003; Skorb et al., 2008), increase the acidity and the hydroxyl content at the
surface of the composite films and enhance the hydrophilic properties.

7.2.3 Application of TiO2 as antimicrobial agent

TiO2 has been used extensively to destroy microbial agents. Matsunaga et al. (1985) firstly
proposed a photocatalytic mechanism for bacteria inactivation, which was subsequently reviewed
by many researchers (Dunlop et al., 2010; Robertson et al., 2012). TheTiO2 photocatalytic activity
is more effective than that of any other antimicrobial agent because it not only leads to the microbes
being killed, but also to the decomposition of the cells of bacteria, fungi, algae and viruses. Almost
all of the organic substances can be completely mineralized by TiO2 under UV light irradiation.
The cell membrane represents the main attack site for both the photogenerated hydroxyl radicals
and oxygen reactive species, and undergoes firstly lipid peroxidation and subsequently complete
destruction (Foster et al., 2011; Nadtochenko et al., 2006). However, the efficiency of titania is
still reduced by some drawbacks, such as the quick recombination of the photogenerated electron-
hole pairs (within 10–100 ns) with subsequent release of thermal energy or unproductive photons,
the high reactivity which promotes fast backward or secondary reactions and the formation of
undesirable by-products, and a low absorption in the visible region which determines its inability
to use solar light (less than 5% is used in the case of TiO2 anatase). Therefore, the development of
semiconductor modifications, able to overcome these disadvantages, represents one of the main
topics in photocatalytic research. The major practices involve catalyst modification by metal
loading, ion doping into the semiconductor lattice, dye photosensitization and mixing with other
semiconductors. Among the inorganic additives, metallic Ag nanoparticles show extraordinary
biocidal properties when deposited/doped on/into titania, enhancing the photocatalytic activity
by electron capture as well as promoting light absorption in the visible region (450–550 nm)
(Page et al., 2007; Reddy et al., 2007; Yao et al., 2008). Furthermore, the Ag-TiO2 system shows
antibacterial properties in the absence of light, due to the metal nanoparticles being directly in
contact with the pathogen agents and/or the formation of toxic Ag species in the media, such as
Ag+, Ag, AgCl, and AgCl2 (Kubacka et al., 2013; Li et al., 2011).

Necula et al. (2009) studied the antibacterial properties and the cytotoxicity of Ag nanopar-
ticles deposited on the titania matrix via the electrochemical procedure. Gram-positive bacteria,
Staphylococcus aureus, was chosen for their experiments, which demonstrated a good antimi-
crobial effect, leading to the complete killing of methicillin-resistant S. aureus within 24 hours
in culture conditions. Zhao et al. (2011) incorporated Ag nanoparticles into titania nanotubes
using a method based on the UV irradiation and AgNO3 immersion. By controlling the AgNO3
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content and its immersion time in the support, it was possible to control the size and the amount of
the metal nanoparticles. The Ag nanoparticles strongly adhered to the inner walls of the support
along the entire length, showing exceptional ability to kill bacteria in the culture medium for
several days. Furthermore, the bacterial adhesion was inhibited for at least 30 days with experi-
ments, showing high potential in specific fields of application, such as biomedical implants, and
more specifically for the prevention of initial and intermediate-stage infection after operations.
Gupta et al. (2013) investigated the comparative photocatalytic activity of TiO2 and Ag-doped
TiO2 nanoparticles prepared by the acid-catalyzed sol-gel technique (Akpan and Haamed, 2010).
The semiconductor photocatalytic efficiency was verified by observing the gradual viable colony
reduction of three different bacterial types (Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli), under visible light irradiation. The viability of all the bacterial colonies fell to
zero at 60 mg/30 mL culture when a 3 and 7% of Ag doping was used. On the contrary, unmodi-
fied titania showed only a poor photocatalytic activity. Liu Y. et al. (2008) prepared Ag/TiO2 via
the photoreduction procedure by preparing mesoporous anatase titania as support material and
testing the antimicrobial activity using fluorescence labeled Escherichia coli by confocal laser
scanning microscopy. The incorporation of Ag nanoparticles significantly improved the killing
ability of the semiconductor, highlighting how the prepared Ag/TiO2 composite films could con-
tribute to the application of the photocatalysis technology in the environmental disinfection for
the prevention of infectious diseases. Nithyadevi et al. (2015) described the chemical reduction
synthesis of Ag nanoparticles and the subsequent hydrolysis of titanium precursor with ethanol as
solvent. In order to reduce the metal particles agglomeration, cetyltrimethylbromide and sodium
alginate were selected as surfactants. The bactericidal activity was performed on the gram-positive
Staphylococcus aureus cells. The experimental tests evidenced a considerable germicidal effect
when sodium alginate induced Ag-TiO2 core shell nanoparticle treatment under laboratory con-
ditions was used, while without any surfactant or using cetyltrimethylbromide the antimicrobial
activity was less pronounced. Transition metals, producing additional energy levels within the
semiconductor band gap and reducing the photon energy for the electron transfer, have also been
investigated in order to improve titania antibacterial properties (Egerton et al., 2006; Fu et al.,
2005; Karunakaran et al., 2010; Sayilkan et al., 2009; Yadav et al., 2014).

In particular, copper (Karunakaran et al., 2010; Yadav et al., 2014), vanadium (Fu et al.,
2005), tin (Sayilkan et al., 2009), iron (Egerton et al., 2006) and nickel (Yadav et al., 2014)
have been proposed as effective dopant ions for photocatalytic bactericidal experiments. Yadav
et al. (2014) reported the photocatalytic disinfection using Ni-doped TiO2 under visible light
irradiation. Ni-TiO2 nanoparticles were synthesized by the sol-gel procedure and studied in pho-
tocatalytic antibacterial tests against gram-positive Staphylococcus aureus, Bacillus subtilis and
gram-negative Escherichia coli and Salmonella abony under fluorescent visible light irradiation.
The data obtained showed that the rate of inactivation of gram-positive bacteria was greater than
that of gram-negative ones. In all four species, for gram-negative Salmonella abony a much
higher irradiation time was required. The gram-negative species were less susceptible than the
gram-positive species (Adams et al., 2006; Caballero et al., 2009; Foster et al., 2011). This was
probably related to the difference in cell wall structure. Gram-positive bacteria present a thick cell
wall composed of layers of peptidoglycan and teichoic acids, while gram-negative bacteria are
characterized by a relatively thin cell wall with an outer membrane containing lipopolysaccharides
and lipoproteins bilayers. Consequently, gram-negative species are relatively more resistant to the
hydroxyl radicals attack, opposing the absorption of different molecules to movements through
the cell membrane (Tortora et al., 2010).

7.2.4 TiO2-based membranes for disinfection applications

Polymeric and ceramic materials have been employed as support for preparing TiO2 based mem-
branes (Kim et al., 2003; Leong et al., 2014; Li et al., 2014; Ma et al., 2009; Wang et al., 2014).
Semiconductor powders have been incorporated in the casting solution or, alternatively, TiO2

nanofibers, nanowires or nanotubes have been used for preparing active membranes (Li et al.,
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2014; Wang et al., 2014). The catalyst particles can be efficiently deposited on the membrane
surface or dispersed in the membrane matrix.

Many polymers, such as polyamide (Kwack and Kim, 2001), polyvinylidenefluoride (PVDF)
(Damodar et al., 2009), polyethersulfone (PES) (Wu et al., 2008b), poly(vinylidene fluoride) (You
et al., 2012), polyurethane (PU) (Zhou et al., 2008), polyamide and polyester (Ingole et al., 2016),
have been investigated for disinfection applications and water treatment. HO– groups present on
the TiO2 surface can interact with the CO– group forming hydrogen bonds (Souza and Quadri,
2013). Photoactive membranes with considerable disinfection efficiency against microorganisms
have been prepared by several research groups, which used E. coli as an indicator (Kim et al.,
2003; Leong et al., 2014; Liu et al., 2012; Ma et al., 2009). Liu et al. (2012) made Ag/TiO2

nanofiber membranes for the simultaneous filtration and photocatalytic disinfection and degrada-
tion processes under visible irradiation. The obtained membranes showed remarkable antibacterial
activity, improvement in fouling control and allowed both the oxidation reactions and the mem-
brane filtration operation without needing any post-treatment process. Ag-TiO2/hydroxyapatite
(HAP, Ca10(PO4)6(OH)2)/Al2O3 bioceramic composite membranes were prepared by Ma et al.
(2009) to integrate separation operation and photocatalytic microorganisms inactivation via a
two-step approach based on the sol-gel method followed by calcination. Morphological analysis
evidenced a microporous structure which included an Ag-TiO2/HAP composite layer overlaid on
–Al2O3 disk support. A superior ability in promoting interfacial charge-transfer reactions led to
the reduction of electron-hole recombination in Ag-TiO2 photocatalytic processes. E. coli inac-
tivation tests confirmed the high bactericidal activity of the prepared membranes, which was
attributed to the coupled performance of membrane separation, superior bacterial adsorption of
HAP, enhanced photobiocide activity ofAg-TiO2 nanocomposite, reduced fouling and at the same
time the chemical activity and Ag bacterial adherence. Almost 100% of E. coli was eliminated
using a TiO2/PVDF membrane system under irradiation with UV light by Damodar et al. (2009).
When a catalyst content of 4 wt% was used, complete bacteria inactivation was achieved. The
presence of TiO2 also improved the water permeability across the membrane and the self-cleaning
ability. Furthermore, the fouling was reduced. Song et al. (2012) also proposed the preparation of
PVDF-PEG-TiO2 membrane for self-cleaning applications, which was highlighted by the color
change – from yellowish to near white after UV light irradiation for 8 hours.

7.3 TiO2 NANOMATERIALS

As already mentioned, titanium dioxide is commonly produced in two forms, either as anatase or
as rutile. Most titanium dioxide in the anatase form is produced as a white powder; whereas various
rutile grades are often off-white and can even exhibit a slight color, depending on the physical form,
which affects the light reflectance. Titanium dioxide may be coated with thin films of inorganic
oxides, such as alumina and silica, to improve photocatalytic properties in terms of stabilization
against flocculation, electron-hole recombination rate, substrate adsorption, oxidation reaction
efficiency and photostability (Schwarz et al., 2004).

The titanium dioxide production is either from ilmenite (FeO/TiO2), naturally occurring rutile
or titanium slag. There are essentially two commercial process options for the production of
titanium dioxide, namely the ‘sulfate’or the ‘chloride’process route. The sulfate process employs
a simpler technology than that of the chloride route and can use lower grade, cheaper ores.
However, in general a sulfate plant has higher production costs in comparison with a chloride
plant due to the additional acid treatment process. However, the latter may require the construction
of a chloralkali unit (Gàzquez et al., 2014).

Both anatase and rutile forms of titanium dioxide can be produced by the sulfate process,
whereas the chloride process yields only the rutile form. Titanium dioxide with high levels of
purity can be prepared. Specifications for food use currently contain a minimum purity assay of
99.0% (Kuznesof and Rao, 2006).
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Due to its brightness and high refractive index, titanium dioxide is most widely used as white
pigment in products such as paints, coatings, plastics, paper, inks, fibers, food and cosmetics. In
combination with other colors, soft pastel shades can be achieved. The high refractive index allows
titanium dioxide to be used at relatively low levels to achieve its technical effect. Nowadays, the
presence of nanotechnology in consumer products, such as cosmetics, plastics and electronics,
is well established and continuously growing. Engineered nanoparticles often possess highly
desirable properties at nanoscale, due to size confinement, dominance of interfacial phenomena,
and quantum effects, which are desirable for commercial and medical applications. The properties
of nanoparticles are often unique, since the origin of the physical behavior of the particles changes
from classical physics to quantum physics with particle sizes below 100 nm. As a consequence,
the behavior of particles at nanoscale may be completely different in comparison with identical
bulk materials, and these nanoparticles may partly behave like new chemical substances (Vippola
et al., 2009). Engineered nanoparticles are defined as particles with at least one dimension
smaller than 100 nm while exhibiting from zero to three dimensions (a dot, a wire, a tube, a
particle) and potentially as small as atomic and molecular length scales (∼0.2 nm). Nanoparticles
can have amorphous or crystalline form and their surfaces can act as carriers for liquid droplets
or gases (Zhang et al., 2014). During the past decades, various synthesized TiO2 nanoparticles
with different shapes and new physical and chemical properties were manufactured, such as
nanospheres, nanowires, nanotubes, nanorods, nanoflowers, nanorings, nanosprings, nanobowls,
nanobelts, nanosheets, nanocages, nanorods, etc. Significant research into nanotechnology in
the last decade has shown promising new applications for titanium dioxide. As an example,
titanium dioxide nanoparticles are used in dye-sensitized solar cells, a relatively new photovoltaic
technology which mimics the way in which plants convert sunlight into energy. There are a
wide range of potential applications, which range from lightweight low-power markets to large-
scale applications. Other areas of research for the application of titanium dioxide nanoparticles
are: arsenic removal in water treatment facilities, in cancer treatments (ability to target and
destroy cancer cells), in cement containing TiO2 with self-cleaning properties and applications as
photocatalysis to photo-/electrochromics and sensors (Gàzquez et al., 2014). Independent from
the type of TiO2 nanomaterial, the same nanomaterial in bulk form shows little photocatalytic
ability. The interesting properties of nano TiO2 are obtained due to their low dimensionality and
quantum size effect. The advantages of the nanocrystals obtained over their bulk counterparts in
terms of potential applications are due to their high surface to volume ratio, increased number
of delocalized carriers on the surface, improved charge transport and lifetime afforded by their
dimensional anisotropy, and the efficient contribution in the separation of photogenerated holes
and electrons (Bavykin et al., 2006; Evtushenko et al., 2011). Therefore, it is essential to have
control over the particle size, shape, and distribution during the preparation of TiO2 nanoparticles.

7.3.1 Nanoparticles drawbacks

Nanomaterials are often praised for their “new and unique” properties. However, because of these
new properties, nanomaterials are also likely to differ from their conventional chemical equivalents
with respect to their behavior in the environment and their kinetic and toxic properties. This raises
concerns in connection to their widespread use, as this leads to an increased exposure to these
nanomaterials for humans as well as the environment.

7.3.2 Nanoparticles and health risks

Since nanotechnology is an emerging field, there are many uncertainties about whether the proper-
ties of this new engineered nanomaterial also bring with them some potential health risks (Handy
and Shaw, 2007). These questions arise due to the lack of knowledge and other factors that are
essential for predicting the health risks of these new materials. Important factors are, for example,
routes of exposure, translocation of materials once they enter the body, and interactions of the
materials with the body’s biological systems. The potential health risk following exposure to a
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substance is generally associated with the magnitude and duration of the exposure, the persistence
of the material in the body, the inherent toxicity of the material, and the susceptibility or health
status of the person exposed. More data is needed on the health risks associated with exposure
to engineered nanomaterials (Yokel and MacPhail, 2011). Some nanomaterials may initiate cat-
alytic reactions, depending on their composition and structure, which would not otherwise be
anticipated based on their chemical composition.

7.3.3 Nanoparticles and the environment

The large-scale development and application of nanotechnologies will lead to gradual, as well as
accidental, releases of engineered nanoparticles into the environment. The possible ways that they
may be exposed to the environment, range over the whole lifecycle of products and applications
that contain engineered nanoparticles, are:

• Discharge or leakage during production, transport and storage of intermediate and finished
products.

• Discharge or leakage from waste streams.
• Release of nanoparticles during product use.
• Diffusion, transport and transformation in water, air and soil.

In applications like cosmetic products or food ingredients, diffuse sources of nanoparticles
will be used. In this area, there will probably be the most significant quantitative release of
nanoparticles in the coming years. Additionally, certain applications, such as environmental
remediation with the help of nanoparticles, could lead to the deliberate release of nanoparticles
into the environment.

The main criteria in the risk assessment of nanomaterials for the environment, and indirectly
for human health, are toxicity, persistence and bioaccumulation. Some substances that degrade
slowly and remain in the environment for a long time are called persistent contaminants. When
contaminants are released into the environment, their persistence becomes an important concern.
A substance that is relatively toxic may be a minor hazard if it breaks down quickly into non-
hazardous substances before people can be exposed to it. Conversely, a mild toxic contaminant that
remains for a long time in the environmental media to which humans are exposed can accumulate
in human tissues and become a significant concern. Substances that can cause direct damage to
organisms (high toxicity), that decay very slowly in the environment (high persistence) and that
can concentrate in fatty tissues (high potential for bioaccumulation) are of particular concern.

For a specific risk assessment of engineered nanoparticles, the particular characteristics have
to be taken into account. The available information about bulk material properties will not be
sufficient to classify the environmental risk of the same material in the form of nanoparticles.
The possible environmental effect therefore has to be assessed specifically for each type/class of
nanomaterials.

7.3.4 Synthesis of TiO2 nanomaterials

Nanostructured TiO2 can be synthesized via a variety of preparation methods. The most common
methods consist of the sol-gel method, sol method, hydrothermal method, solvothermal method,
direct oxidation method, chemical or physical vapor deposition method, microwave method, and
reverse micelle method.

7.3.4.1 Sol-gel method
The sol-gel method (Fig. 7.3) is a versatile process and nowadays is widely used for the preparation
of nanostructured TiO2. In a typical sol-gel process, a colloidal suspension, or a sol, is formed
from the hydrolysis and polymerization reactions of the precursors, which are usually inorganic
metal salts or metal-organic compounds such as metal alkoxides. Complete polymerization and
loss of solvent leads to the transition from the liquid sol into a solid gel phase.
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Figure 7.3. Sol-gel method representation.

This simple, cost-effective and low-temperature synthesis procedure has also been favored
and largely applied in catalyst preparation due to its potential to fabricate catalysts with high
purity, homogeneity, fine-scale and controllable morphology. Various photocatalysts have been
fabricated by the sol-gel process, including ZrO2, SrTiO3, ZnO, WO3 and TiO2 (Chen et al., 2011;
Djaoued et al., 2013; Sun et al., 2011; Yu et al., 2011). Specifically for TiO2, titanium alkoxides
(such as titanium isopropoxide, titanium n-butoxide), alcohol, and acid/water are introduced
into the reaction system. After stirring for several hours, densely cross-linked three-dimensional
structures are built and terminated asTiO2 gel (Bai et al., 2005; Gupta andTripathi, 2012; Macwan
et al., 2011).

7.3.4.2 Hydrothermal method
The hydrothermal technique is an important tool for advanced nanostructural material process-
ing, covering the processing of electronics, catalysis, and ceramics (Cheng et al., 2009). The
hydrothermal technique is defined as any heterogeneous chemical reaction in the presence of
an aqueous solvent where the temperature is elevated above room temperature and at a pressure
greater than 1 atm (∼101.3 kPa) in a closed system, reaching the pressure of vapor saturation.
The hydrothermal synthesis covers the process of crystal growth, crystal transformation, phase
equilibrium, and finally leads to fine to ultra-fine crystals (generally below 10 nm) (Byrappa and
Adschiri, 2007).

7.3.4.3 Solvothermal method
The solvothermal method has earned lots of attention in preparing ceramic materials, such as
ZrO2, CeO2, and Fe2O3, and is almost identical to the hydrothermal method except that the
solvent used here is non-aqueous (Li et al., 2012; Qin et al., 2011; Yang et al., 2013). However,
the temperature and pressure can be elevated to much higher levels than those in a hydrothermal
process. In addition, the solvothermal method normally allows better control than those of the
hydrothermal method with respect to nanosize, crystal phase, narrow size distribution and minimal
agglomeration (Chen and Mao, 2007; Nam and Han, 2003a, 2003b).
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Figure 7.4. CVD method representation.

7.3.4.4 Direct oxidation method
TiO2 nanomaterials can be obtained by the oxidation of metallic Ti by oxidants such as O2, H2O2

and acetone to form crystalline TiO2, all of which can be classified as direct oxidation (Daothong
et al., 2007; Wu and Chen, 2008a, 2009). Since the vapor pressure of Ti is very low (0.133 Pa at
1577◦C) and Ti has a high melting point (1668◦C), direct oxidation of a Ti foil is difficult and
may only result in scattered and sparse TiO2 nanofibers with a low conversion. Because of this,
direct oxidation of Ti is rarely used, and has only been reported by a few papers (Huo et al., 2009;
Jones and Hitchman, 2009).

7.3.4.5 Chemical vapor deposition
Chemical vapor deposition (CVD) (Fig. 7.4) is a widely applied material-processing technology,
referring to a deposition process where chemical precursors are transported in a vapor state to
decompose on a heated substrate to form a film. The films may be epitaxial, polycrystalline or
amorphous depending on the materials and reactor conditions. This technology can deposit films
with a conformal and elaborate coverage, which is a virtue not found by physical vapor deposition.
As would be expected with the large variety of materials deposited, CVD can be conducted in
various environments with enhanced equipment and different derivatives. CVD has become the
major method of film deposition for the semiconductor industry due to its high throughput,
high purity, and low cost of operation. Furthermore, CVD is commonly used in optoelectronics
applications, optical coatings, and coatings of wear resistant parts.

Generally, CVD may be performed in hot-wall or cold-wall reactors, typically below 10−6 Pa to
above atmospheric pressures, with or without carrier gases, and at temperatures typically ranging
from 200–1600◦C. The enhanced CVD processes involve the use of plasmas, ions, photons, lasers
or combustion reactions to increase deposition rates and/or lower deposition temperatures. The
derivatives of CVD entail metal-organic CVD, organo-metallic CVD and inorganic CVD (Jones
and Hitchman, 2009; Sosnowchik et al., 2010; Warwick et al., 2011; Kodas and Hampden-Smith,
2007).

7.3.4.6 Physical vapor deposition
Physical vapor deposition (PVD) processes are atomistic deposition processes in which materials
are vaporized from a solid or liquid source in the form of atoms or molecules and transported
through a vacuum or low pressure gaseous/plasma environment to the substrate, where it con-
denses. The PVD processes are typically used for the deposition of films with thicknesses in
the range of a few nanometers to thousands of nanometers; however, they can also be used to
form multilayer coatings and very thick deposits. The main categories of PVD processing include
thermal deposition, sputter deposition, arc vapor deposition, ion plating, etc. (Gonzàlez-Garcìa
et al., 2010; Helmersson et al., 2006; Mattox, 2010).
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Figure 7.5. Micelles and microemulsions dimensions.

7.3.4.7 Microwave method
The microwave-assisted method has been utilized for material synthesis since the late 1960s; since
then it has received much attention due to the short reaction time and uniform heat distribution.
Almost all reaction types have been tested by the microwave-assisted method. Moreover, the
microwave-assisted heating technique offers cleaner, more cost-effective, more rapid heating,
faster kinetics, higher yield, and better reproducibility of products, leading to enhanced structural
and morphological properties of nanomaterials compared with conventional heating (Hoseinzadeh
et al., 2013; Oghbaei and Mirzaee, 2010).

7.3.4.8 Microemulsions or micelles
Micelles and microemulsions (Fig. 7.5) are liquid dispersions containing surfactant aggregates.

These are basically thermodynamically stable, isotropically dispersions of two immiscible
liquids, such as oil and water, stabilized by a monolayer of surfactant, frequently in combination
with a co-surfactant. The aqueous phase may contain salts and/or other ingredients, and the oil
phase may actually be a complex mixture of different hydrocarbons and olefins. Surfactants are
usually organic compounds that are amphiphilic, meaning that they contain both hydrophobic
groups (their tails) and hydrophilic groups (their heads). Surfactants can lower the interfacial
tension between the aqueous phase and the oil phase and stabilize the system. The co-surfactants
are usually alcohols with carbon chains of moderate length (Chen and Mao, 2007; Wang et al.,
2008). There are two basic types of microemulsions: direct microemulsions (oil dispersed in
water, o/w) and reverse microemulsions (water dispersed in oil, w/o).

7.3.5 TiO2 dispersion in solution

For photocatalytic activity or anti-fouling properties in the systems containing engineered
nanoparticles, it is crucial to obtain a well-dispersed titanium dioxide in order to benefit from the
particular characteristics that are obtained at nanoscale.

The dispersion and stabilization of TiO2 powders in liquid media are still a big problem, since
numerous properties of the final solution depend strongly on the colloidal stability of particles
and their distribution in certain volumes. The sedimentation behavior is often seen as the crucial
stability criterion. According to the Derjaguin, Landau, Verwey and Overbeek theory (DLVO
theory), there are two basic forces controlling the stability of colloidal suspensions: van der
Waals and the electrostatic forces (Hunter et al., 1981). Van der Waals forces are a weak attractive
force between atoms or non-polar molecules caused by a temporary change in dipole moment
arising from a brief shift of orbital electrons to one side of one atom or molecule, creating a
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similar shift in adjacent atoms or molecules. The electrostatic forces are related to the particle
charge. The ζ potential is often used to measure these forces. For most suspensions, high values
of this parameter indicate high stability, while low values imply coagulation (Fadda et al., 2009;
Veronovski et al., 2010). Therefore, the stability of the suspension strongly depends on:

• Choice of solvents and additives (surfactants).
• Concentrations and particle size of TiO2 nanoparticle.

As reported by Ng et al. (2013), the behavior control of both the agglomeration and dispersion
of nanoparticles is also crucial for the organic-inorganic membrane preparation due to surface
interaction, such as van der Waals, electrical and steric forces. Although many theories have
been proposed to explain the surface phenomena that occur during the TiO2-polymeric mem-
brane preparation, the aggregation of nanoparticles still remains one of the major difficulties for
obtaining a uniform defect-free membrane. For example, although the primary particle size of
commercial TiO2 nanoparticles, such as Evonik P25Aeroxide®, is about 25 nm, its particle size
as powder or in dispersion is in the range of hundreds of nanometers due to agglomeration. This
agglomeration leads not only to the uneven distribution but also to a potential reduction in its
specific abilities obtained at nanoscale (Law et al., 2009). In order to avoid agglomeration and
enhance the colloidal stability of TiO2 in solutions in general, physical and chemical methods are
taken into account. The type and the TiO2 content, as well as the type and the concentration of
the polymer, solvent and additive(s) in the dope solution, can affect the final membrane structure
and performance (Leong et al., 2014; Ng et al., 2013). Also, the preparation techniques used for
making the membranes play a key role in the TiO2 nanoparticles agglomeration prevention pro-
cess: non-solvent/thermal/vapor induced phase separation (NIPS, TIPS and VIPS, respectively)
offers the possibility to obtain welldispersed catalyst particles in the polymeric membrane matrix
(Leong et al., 2014; Wang et al., 2014).

The surface modification of the TiO2 nanoparticles can be achieved by using conventional
methods like sonication and grinding (Razmjou et al., 2011). Combining chemical and mechanical
modifications seems to significantly affect hydrophilicity, pore size, roughness, surface free
energy and protein absorption resistance. Chemical agents, such as aminopropyltriethoxysilane
(Razmjou et al., 2011a) and γ-amminopropyltriethoxysilane (Wu and Chen, 2008a) were also
used to modify TiO2 nanoparticles, and the experimental results confirmed that they improve the
semiconductor dispersion in the casting solution. Tak et al. (2006) reported the fabrication of
nanocomposite membranes via electrostatic self-assembly between the catalyst nanoparticles and
sulfonic acid groups on the sulfonated-PES (SPES) membrane surface. The obtained membranes
showed reduced fouling compared to the polymeric membrane without TiO2. Benfer et al. (2001)
used diethanolamine as a coupling agent, preparingTiO2-based membranes via the sol-gel method.
Similarly, Mansourpanah et al. (2009) investigated the effect of the PES/PI hybrid membranes
immersion in an aqueous solution of diethanolamine followed by immersion in the TiO2 aqueous
suspension. This method allowed the increase of the hydroxyl groups on the membranes surface,
at the same time improving the strength of interaction between the semiconductor nanoparticles
and the membranes surface.

7.4 CONCLUSIONS AND FUTURE PERSPECTIVES

Photocatalysis is a challenging and low-cost technique for water and air treatment, for the destruc-
tion of microorganisms, for medical applications and for hydrogen production via water splitting.
When irradiated with light, excited states of the photocatalyst are generated and can promote sub-
sequent reaction, such as reduction-oxidation with substrate transformations. TiO2 nanoparticles
can be efficiently prepared by different synthesis methods, which include the sol-gel, hydrother-
mal and solvothermal techniques. Among these three methods, the sol-gel has been widely applied
for the nanostructured TiO2 synthesis, while the hydrothermal and solvothermal techniques are
important tools for the TiO2 nanoparticles synthesis for electronics and ceramics.
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TiO2 has been extensively studied and applied as white pigment in paper, paints, plastic, cos-
metics and foodstuffs. This semiconductor is one of the most efficient catalysts for bacteria,
viruses, fungi and algae elimination due to its action, which provides the death of the microorgan-
isms and the decomposition of their cells. Almost all of the organic compounds are completely
mineralized by TiO2-UV light irradiation. TiO2-polymeric membranes, mainly prepared by the
phase inversion method, offer the possibility to overcome the catalyst recovery step, allowing
the separation operation to occur concomitantly with the photocatalytic reaction. Chemical and
physical techniques have been proposed to improve the catalyst dispersion in the dope solution.
Chemical compounds, such as diethanolamine and sulfonic acid, as well as theTiO2 nanoparticles,
polymer and solvent content in the casting solution play a key role in the agglomeration prevention
and, consequently, in the final membrane morphology and performance. Although the optimiza-
tion of the membrane preparation procedure has not been reached, significant improvements in
terms of antimicrobial, self-cleaning and anti-fouling properties, in addition to the photocatalytic
efficiency have been registered. Thus, new perspectives exist in the TiO2 photocatalysis area,
which require systematic evaluation, as the research results should offer advantages in terms of
economic costs and environmental impact for the commercial sector.
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CHAPTER 8

Application of nanosized TiO2 in membrane technology

Alberto Figoli, Tiziana Marino, Silvia Simone, Marcel Boerrigter,
Mirko Faccini, Christiane Chaumette & Enrico Drioli

8.1 INTRODUCTION

The typical techniques for eliminating impurities from water sources include settling and granular
media filtration, sand filters, coagulation and flocculation, while desalination is traditionally
carried out using energy-consuming distillation. However, in recent decades, membrane-based
techniques have attracted much attention. They are now widely accepted as viable alternatives to
conventional processes. Membrane systems offer considerable advantages, such as high efficiency
of impurities removal, the ability to select the class of contaminants to be removed (from algae
and bacteria to monovalent and divalent salts), the obviation of the need for additional chemicals
to achieve separation, a small footprint and ease of automation and scaling up, coupled with
reduced energy consumption.

Membrane-based desalination represents one of the most attractive techniques for ensuring the
availability of fresh water in many arid areas of the world. It is widely accepted that reverse osmosis
(RO), combined with water pretreatment via microfiltration (MF) and ultrafiltration (UF), and
eventually integrated with emerging contactor-based processes, is a viable, cost-effective and
sustainable alternative to traditional desalination techniques. Furthermore, membrane techniques
can be applied to avoid contamination of the environment and water sources with industrial
and municipal effluents, as well as to ensure the supply of safe drinking water to large and
small communities around the world. Membrane filtration can be applied to efficiently and
cost-effectively remove from drinking water solid particulates, microorganisms, contaminants
such as iron and manganese, and toxic contaminates like arsenic. Thus, the treatment of water
and wastewater to obtain drinking water and reduce the environmental impact of residential and
industrial waste represents one of the most interesting applications of membrane science and
technology.

Membranes can be produced either from inorganic or polymeric materials. Although inorganic
membranes offer some advantages, such as high chemical, thermal and mechanical resistance,
their preparation is often very costly. On the other hand, polymeric membranes, both as flat
sheets and hollow fibers, can be easily manufactured via the phase inversion technique, which is,
indeed, the most versatile and widespread process for membrane preparation (Figoli et al., 2015).
Recently, the introduction of different nanomaterials into polymeric membranes, for producing
the so-called mixed matrix membranes (MMMs), has been proposed as a viable strategy to
combine the typical advantages of inorganic materials with the ease of preparation of polymeric
membranes. Titanium dioxide (TiO2), in particular, is among the most investigated materials,
because it can endow membranes with excellent photocatalytic, antibacterial, anti-fouling and
UV-cleaning properties.

In this chapter, the most recent advances regarding the preparation and application of TiO2

membranes are presented. We show how the combination of the most commonly used polymeric
materials, such as poly(vinylidene fluoride) (PVDF) and poly(ether sulfone) (PES), with TiO2

nanoparticles (NPs) enables the preparation of membranes with superior performance coupled
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to outstanding fouling resistance. The application of TiO2 membranes to water and wastewater
treatment will be discussed as one of the most interesting applications of this technology.

8.2 TiO2 NANOPARTICLES IN MEMBRANES

Nowadays, the use of membrane technologies is widely accepted as a more economic, environ-
mentally friendly and sustainable alternative to several industrial processes. In the literature, a
membrane is typically defined as an “interphase between two adjacent phases acting as a selective
barrier, regulating the transport of substances between two compartments” (Ulbricht, 2006)

Although, as pointed out by several authors, these technologies offer several advantages, both
in terms of costs and of reduced environmental impact, and are in perfect agreement with the
philosophy of process intensification (Drioli et al., 2004), fouling and, above all, biofouling still
represent the greatest obstacle to more widespread adoption of membrane processes (Flemming,
1997; Wang et al., 2000). Fouling negatively affects plant productivity, creating additional resis-
tance to membrane transport. Furthermore, it often alters the membrane cutoff (meaning that
some valuable compounds can be lost in the permeate). Consequently, operational costs increase
while membrane lifetime reduces. Fouling makes necessary the use of chemical agents for clean-
ing, and thus one of the main advantages of any membrane process, that is, the obviation of the
need for additional chemicals, is lost. There are different strategies to address this problem, such
as physical and chemical cleaning (e.g. back-flushing or treatment with sodium hypochlorite,
enzymes etc.), improvement of the system fluid-dynamic conditions, and membrane modifica-
tion. In particular, smooth and hydrophilic surfaces are less susceptible to fouling (Field, 2010;
Hashino et al., 2011; Lee et al., 2004).

According to the literature, different strategies have been explored to improve the hydrophilicity
of the membrane surface and so increase its resistance to fouling, such as:

• Blending with other polymers and/or hydrophilic additives (Nunes and Peinemann, 1992;
Wilhelm et al., 2002).

• Surface treatments, such as coating, chemical grafting and plasma treatment (Steen et al.,
2002; Sui et al., 2012; Zhang et al., 2008).

Recently, the introduction of different filler types (several types of metal oxide particles, silica,
montmorillonite and carbon-based materials such as nanotubes, graphene oxide etc.) has been
proposed as a viable strategy for modifying/improving membrane properties (Anadao et al., 2010;
Ng et al., 2013; Shen and Lua 2012; Wang et al., 2012; Zhao et al., 2013).

As already indicated above, titanium dioxide represents one of the most interesting inor-
ganic materials, thanks to its photocatalytic properties coupled to non-toxicity, biocompatibility
and low cost. The advantages of using nanomaterials and the possibility of producing different
TiO2-based nanomaterials have also been highlighted. The association between the possible advan-
tages derivable from TiO2 and those typical of membrane processes is, therefore, a very attractive
concept.

Nevertheless, it should be pointed out that coupling membranes and TiO2 is not a recent idea.
In early works, TiO2 was used as a suspended material in order to exploit its photocatalytic
properties, and membrane filtration was typically applied to separate and recover the NPs after
the reaction. It was shown that this method was effective in reducing membrane fouling (Lee
et al., 2001; Xi and Geissen, 2001). However, the approach was complex and the possibility of
unrecycled particles being lost to the treated water was a major concern.

On the other hand, as previously described, several authors (Clarizia et al., 2004; Molinari et al.,
2010) have pointed out that the combination of inorganic and polymeric materials to produce the
so-called MMMs represents one of the most interesting solutions, which allows combination of
the advantages of inorganic materials with the simplicity of preparation and reduced costs of
polymer membranes. Immobilization of a TiO2 photocatalyst in a polymeric membrane therefore
represents an interesting and viable approach, making it possible to combine membrane separation
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and photocatalysis in one simple step and, at the same time, overcome the difficulty of recovering
suspended TiO2 NPs.

In the literature, several studies have examined the preparation of polymeric membranes con-
taining TiO2. The purposes of such a combination and the advantages arising from this coupling
are extensively acknowledged. NPs may confer on the membranes (especially on inherently
hydrophobic, but much used, materials such as PVDF) better hydrophilicity and, consequently,
better resistance to fouling and biofouling, often united to an improvement in mechanical proper-
ties and performance (permeability and rejection) too. Furthermore, membranes can be endowed
with self-cleaning properties, coupling the separation process to UV-photocatalytic degradation
of contaminants.

Although these aspects and benefits are widely acclaimed by several studies, there is an ener-
getic debate as to how to implement TiO2/polymeric MMMs, that is, about which is the simplest,
most advantageous and safest approach to producing such membranes, as well as about what the
optimal TiO2 loading is to achieve the best properties.

In this section, the strategies for producing such membranes, as well as the most significant and
recent examples of TiO2 membranes reported in the literature, will be described. The application
of such membranes to water treatment will be examined in the subsequent section. In the authors’
opinion, photocatalytic and anti-fouling TiO2 membranes represent one of the most promising
approaches for water remediation. The full exploitation of their advantages may achieve results
competitive with both conventional technologies and classically applied polymer membranes.

8.2.1 Strategies for TiO2 immobilization

One of the major drawbacks connected to the use of NPs is the difficulty of obtaining uniform
dispersion of fillers in the polymeric matrix or, eventually, on the membrane surface. Different
strategies have been proposed in the literature, and the debate on which is the most convenient and
useful methodology for preparing stable and high-performing TiO2 membranes is still ongoing.

Methods for producing hybrid TiO2/polymer membranes reported in the literature include:

• Filtration of NP aqueous suspension and subsequent deposition of TiO2 NPs on the membrane
surface (Erdei et al., 2008; Ho et al., 2010; Xi and Geissen, 2001).

• Direct addition of TiO2 NPs to the casting solution (Artale et al., 2001; Kim et al., 2003; Li
et al., 2009; Kwak et al., 2001; Molinari et al., 2004).

• Electrostatic self-assembly between TiO2 NPs and anionic polymers (Bae et al., 2006).

Teow et al. (2012) proposed an in-situ colloidal precipitation method to be carried out directly in
the membrane coagulation bath. Recent works have suggested the use of coupling agents to modify
NPs and, hence, improve TiO2 dispersion, such as aminopropyltriethoxysilane (Razmjou et al.,
2011a) and γ-aminopropyltriethoxysilane (Wu et al., 2008). Other researchers have suggested
polymer modification using sulfonic acid (Bae et al., 2006), diethanolamine (Mansourpanah et
al., 2009) and 4-vinylpyridine-co-acrylamide (Essawy et al., 2008), followed by electrostatic
self-assembly between TiO2 NPs and the modified polymer functional groups.

Physical blending is one of the easiest and most commonly used ways of preparingTiO2/polymer
membranes. It is usually carried out during membrane preparation via temperature- or non-
solvent-induced phase inversion (TIPS or NIPS) by introducing TiO2 NPs directly into the casting
solution. Both flat sheet and hollow fiber membranes have been prepared by using different poly-
meric materials. In addition, various strategies, involving different NP types and concentrations,
have been proposed to improve the dispersion of the NPs, preventing their aggregation and, thus,
achieving optimal performance.

Shi et al. (2012) prepared hybrid TiO2/PVDF membranes via the TIPS method, using dimethyl-
phthalate (DMP) as diluent, and examined the effect of the TiO2 percentage on the membrane
morphology, performance, and thermal and mechanical properties. It was found that there exists
an optimal concentration of TiO2 (0.45%) that creates membranes with improved pure water flux,
higher porosity, higher contact angle (due to higher porosity and roughness of the membrane
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Figure 8.1. Cross-section of ultrafiltration membranes: (a) neat; (b) mixed matrix (Ngang et al., 2012).

surface), greater elongation at break and narrower pore size distribution. Higher TiO2 dosages
reduced these membrane properties and also resulted in particle agglomeration and, hence, non-
homogeneous distribution of the filler in the polymeric matrix.

Poly(sulfone) (PS) hollow fibers were produced via NIPS, using dimethylacetamide (DMAc)
as solvent and polyvinyl pyrrolidone (PVP; MW = 30 kDa) as additive (Hamid et al., 2011). TiO2

NPs were added directly to the dope solution in concentration of 2 wt%. Filtration of water and
humic acid (HA) solution showed improved hydrophilicity, increased smoothness, higher water
flux and better fouling resistance compared to the unmodified PS membrane.

Ngang et al. (2012) reported that self-cleaning PVDF membranes (Fig. 8.1), with 100% flux
recovery ratio (FRR) after filtration of methylene blue solutions, can be obtained by loading TiO2

NPs (1.5%) directly into the solvent (DMAc) prior to the polymer. Uniform filler dispersion was
ensured by sonication for 15 min. It was found that membrane hydrophilicity and permeation flux
were greatly improved.

Li et al. (2009) prepared microporous hybrid TiO2/PES (Fig. 8.2) membranes by using a
combination of vapor- and diffusion-induced phase separation (VIPS and DIPS). Dope solutions
were prepared, with TiO2 fillers dispersed in the solvent before the polymer. The cast PES films
were exposed to air (relative humidity 50%) for 30 s before being immersed in the coagulation
bath. Results showed that membrane hydrophilicity and water permeability were improved by the
addition of TiO2 NPs; in particular, a maximum flux of 3711 L m−2 h−1 was obtained at a TiO2

concentration of 4%. However, better filler dispersion was observed at lower NP loadings, and
the authors estimated that optimal TiO2 concentration was around 1–2%.

Vatanpour et al. (2012) reported the preparation of mixed matrix PES nanofiltration membranes
using three different types of TiO2 NPs of different size (8, 20 and 15–25 nm). In general, the
membranes obtained showed improved hydrophilicity. However, the best results in terms of
water permeability were obtained with particles of 20 nm, which also showed better dispersion
at high concentration (4%). Membrane susceptibility to biofouling was generally improved by
the addition of TiO2 particles, as demonstrated by experiments in whey filtration. Here, the best
results were obtained with a membrane containing 20 nm particles, which showed the highest
water flux recovery percentage (90.8%) after whey filtration.

Other authors have claimed that the best approach is to have NPs only on the membrane
surface, because they then have a greater chance of exposure to substrate molecules. However,
this approach does not ensure NP immobilization nor minimize leaching into the filtrated product.

Teow et al. (2012) prepared TiO2/PVDF MMMs by adding the NPs to the coagulation bath
(TiO2 0–0.1 g L−1). Flat membranes were prepared using three different solvents: N -methyl-
2-pyrrolidone (NMP), N ,N -dimethylacetamide (DMAc) and N ,N -dimethyl formamide (DMF).



Application of nanosized TiO2 in membrane technology 151

Figure 8.2. Scanning electron microscope images of the top-surface morphology of PES membranes with
different TiO2 content: (A1) 0 wt%; (B1) 1 wt%; (C1) 2 wt%; (D1) 3 wt%; (E1) 4 wt%; (F1) 5 wt% (Li et al.,
2009).

NMP resulted in smaller surface particles and narrower particle size distribution on the membrane
surface. These membranes had a larger pore size and higher pure water flux (209.79 L m−2 h−1 at
TiO2 0.01 g L−1) but lower rejection of HA (94.70%). In contrast, optimal pore size and narrow
pore size distribution, coupled with good pure water permeability (43.21 L m−2 h−1) and higher
rejection of HA (98.28%), were obtained using DMAc as the solvent with 0.01 g L−1 of TiO2 in
the coagulation bath.

Zhang et al. (2012) prepared hybrid TiO2/PVDF membranes by impregnating PVDF film,
pretreated with cetyltrimethyl ammonium bromide (CTAB) or sodium dodecyl sulfate (SDS), in
a TiO2 suspension.
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Figure 8.3. Mechanism of self-assembly of TiO2 nanoparticles: (a) on PES surface; (b) on DEA-modified
surface of polyimide (Mansourpanah et al., 2009).

Figure 8.4. Fouling behavior for modified, unmodified and control membranes (0.5 wt% BSA solution was
filtered at constant flux at 5 L m−2 h−1 for 2 h) (Razmjou et al., 2011a).

In order to improve adhesion of TiO2 NPs on the membrane surface, Mansourpanah et al.
(2009) functionalized the surface of PES/polyimide-blend membranes (Fig. 8.3) with hydroxyl
groups by treatment with diethanolamine (DEA). Results showed a very uniform settlement of
TiO2 nanoparticles on the membrane surface.

The modification of TiO2 NPs is another viable strategy that was proposed in the literature to
overcome the problem of particle agglomeration (Li et al., 2014; Razmjou et al., 2011a, 2011b,
2012a, 2012b; Safarpour et al., 2015; Wu et al., 2008; Yu et al., 2009). Razmjou et al. (2011a)
prepared PES UF membranes with modified (mechanically or mechanically and chemically) TiO2

NPs (Fig. 8.4). Thus, TiO2 NPs of 20 nm were mechanically ground to increase bulk density four-
fold. For chemical modification, mechanically modified TiO2 nanoparticles were functionalized
by aminopropyltriethoxysilane (APTES) as a silane coupling agent. The hybrid membranes pre-
pared showed better resistance to fouling; in particular, a flux recovery percentage of 84% was
observed at the optimal concentration of TiO2, equal to 2%.
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Figure 8.5. A scheme illustrating the self-assembly of TiO2 nanoparticles around pores of a PES membrane,
accompanying the synchronous formation of a PES polymeric membrane during a NIPS process (Li et al.,
2014b).

In subsequent work, Razmjou et al. (2012b) used the same methods to modify TiO2 particles,
which were entrapped in hollow fiber PES UF membranes. The results showed that better NP
dispersion was achieved after both chemical and mechanical treatment.

Wu et al. (2008) also modified TiO2 NPs, in order to avoid aggregation, using APTES. They
observed improved hydrophilicity and permeability upon addition of TiO2 to PES membranes.
However, in this case, the best results were obtained at lower loadings of TiO2 (0.5%). Above this
concentration, membrane performance was found to diminish.

Interesting research to elucidate the best strategy for preparing TiO2/polymeric membranes was
carried out by Rahimpour et al. (2008). Using PES membranes, they compared the performance of
TiO2-entrapped membranes, UV-irradiated TiO2-entrapped membranes and UV-irradiated TiO2-
deposited membranes. UV irradiation improved the performance of TiO2-entrapped membranes,
which showed lower flux decline compared to a neat PES membrane. However, a comparison of
UV-irradiated TiO2-entrapped and UV-irradiated TiO2-deposited membranes demonstrated that
the optimal technique for the modification of PES membranes to minimize membrane fouling is
deposition of TiO2 NPs onto the membrane surface.

Similarly, Yu et al. (2009) compared the performance of TiO2/PVDF hollow fibers obtained
by the sol-gel method and blending. TiO2 concentration was varied from 0–5 wt% in both cases.
The addition of TiO2 improved membrane properties such as hydrophilicity, flux and fouling
resistance. The optimal TiO2 concentration was 1 wt%. The sol-gel method resulted in better
membranes due to improved dispersion and the reduction of particle aggregates, which negatively
affect flux, hydrophilicity, pore size and mechanical properties.

Recently, Li et al. (2014b) proposed an innovative sol-gel method with self-assembly of TiO2

particles around membrane pores during phase inversion (Fig. 8.5). PES flat sheet membranes,
with Pluronic F-127 (generic name, poloxamer 407) as additive, were produced via NIPS. The
membranes obtained showed improved properties, stable performance and reduced TiO2 leach-
ing. The surfactant Pluronic F-127 played a crucial role: its amphiphilic nature ensured better
interaction between TiO2 and the polymeric matrix.

Another viable strategy for improving TiO2 dispersion has recently been proposed by Safarpour
et al. (2015). PVDF flat sheet membranes, with PVP (29 kDa) as additive, were produced
via NIPS, while novel reduced graphene oxide (rGO)/TiO2 nanocomposites were synthesized
via a hydrothermal method. The performance of bare PVDF, rGO/PVDF, TiO2/PVDF and
rGO/TiO2/PVDF membranes was compared, and different rGO/TiO2 ratios were tested as well.
The best results were obtained with an rGO/TiO2 ratio of 70/30. TiO2 dispersion was improved by
rGO and these membranes showed better hydrophilicity, smoothness and flux recovery compared
to the others (Fig. 8.6).

The strategies proposed in the literature for preparing TiO2/polymer MMMs are summarized
in Figure 8.7.
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Figure 8.6. Water flux of the PVDF membranes prepared by Safarpour et al. (2015) before and after BSA
filtration (90 min at 0.3 MPa; additive concentration = 0.05 wt%).

Figure 8.7. Strategies proposed for preparing TiO2/polymer MMMs.

8.2.2 Examples of TiO2 membranes

The use of TiO2 NPs in combination with polymeric materials for preparing MMMs has been
reported by several authors. In general, these studies aimed at preparing membranes with superior
fouling resistance, the ability to degrade organic contaminants, self-cleaning properties, antibac-
terial properties, and improved mechanical resistance and/or rejection. Membranes were prepared
from different polymeric materials, and authors proposed some viable approaches to improving
dispersion of TiO2 NPs. In addition, there have been several interesting applications of these
membranes, particularly in the field of wastewater remediation. Literature analysis showed that
the most widely used materials for membrane preparation are PVDF and PES, although other
materials were also reported. Examples of PVDF and PES membranes containing TiO2 parti-
cles, either entrapped or coated on the membrane surface, recently reported in the literature are
summarized in Table 8.1.



Table 8.1. Summary of the properties and applications of the most recent TiO2/polymer MMMs reported in the literature.

Membrane preparation
Polymer material TiO2 type technique/reagents Main results/application Reference

Nanoparticles in dope solution
PVDF
(FR904, Mw = 380,000;
Shanghai 3F Ltd.)

Anatase TiO2
(20 nm; Meidilin Nanometer
Materials Development Co.)

TIPS using DMP as diluent TiO2 promotes heterogeneous nucleation
resulting in uniform polymer spherulites
(until 0.45%); higher TiO2 percentage
caused particle agglomeration.
Optimal 0.45% TiO2 results in membranes
having improved pure water flux, contact
angle, porosity and elongation at break and
narrower pore size distribution.

Shi et al. (2012)

PVDF
(Solef®; Solvay)

Anatase TiO2
(20 nm; TitanPE Technologies)

NIPS using DMAc as solvent Membrane hydrophilicity and permeation
flux were greatly improved.
NPs could provide extra adsorption sites for
methylene blue.
The MMM is photocatalytically active and
self-cleaning.

Ngang et al.
(2012)

PVDF
(Solef® 6020; Solvay)

TiO2
(20–30 nm; Degussa)

NIPS using DMAc as solvent
and PEG-600 as pore former

Optimal concentrations of 12, 2 and 0.5%
for PVDF, PEG and TiO2, respectively,
ensured good combination of membrane
flux and rejection with no particle
aggregation.
Optimal rejection of HA and diminished
flux decline. Optimal UV irradiation time
for self-cleaning of 30 min.

Song et al. (2012)

PVDF
(Kynar® 741; Arkema Inc.)

98% anatase TiO2
(20 nm; Degussa)

NIPS using acetone–butan-1-ol
81:19 or DMF as solvents

The best membrane had a pore size of
0.96 µm, with a maximum porosity of 86%
at 0.5 TiO2/PVDF weight ratio.
Pretreatment with ethanol improved the
degradation rate of Brilliant Green and
Indigo Carmine dyes.

Alaoui et al.
(2009)

PES
(Ultrason E 6020 P, BASF,
Ludwigshafen, Germany)

TiO2
(20 nm; Degussa)

NIPS using NMP as solvent Membranes with improved flux and
permeability and with antibacterial,
photoactive and self-cleaning properties.

Susanto et al.
(2009)

(continued)



Table 8.1. Continued.

Membrane preparation
Polymer material TiO2 type technique/reagents Main results/application Reference

PES
(Jilin Jida High Performance
Materials)

TiO2
(21 nm; Degussa)

VIPS+NIPS using diethylene
glycol:DMAc 1:1 as solvent

Membranes with improved hydrophilicity
and permeability.
Compared to the pure PES membrane,
the hybrid membrane had higher breaking
strength and low elongation ratio.

Li et al. (2009)

PES
(Mw = 58,000 g mol−1;
BASF SE)

TiO2
(20 nm; Degussa)
mechanically or mechanically/
chemically modified

NIPS using DMAc as solvent
and PVP (Mw = 40,000 g mol−1)
as pore former

Good dispersion of fillers was achieved
after both chemical and mechanical
modification of particles; however, best
results were obtained at 2% concentration
of TiO2, which avoided agglomeration.
The prepared UF membranes showed
improved fouling resistance.

Razmjou et al.
(2011a)

PES
(Jilin University)

TiO2
(30 nm; Hangzhou Dayang
Chemical)
chemically modified

NIPS using DMAc as solvent
and H2O and PVP as pore formers

The hydrophilicity, thermal stability,
mechanical strength and anti-fouling
property of PES membranes were
enhanced by adding TiO2 NPs.
TiO2 content above 0.5% resulted in
impairment of membrane performance.

Wu et al. (2008)

PES
(Mw = 58,000 g mol−1;
BASF SE)

TiO2
(20 nm; Degussa)
mechanically or
mechanically/chemically
modified

Dry-jet/wet spinning technique
using NMP as solvent and PVP
(Mw = 40,000 g mol−1) as pore
former

Mechanical and chemical modification of
TiO2 NPs ensured better dispersion of filler
in the membrane.
Some membrane properties, e.g.
hydrophilicity, improved, but flux recovery
was not observed as expected.

Razmjou et al.
(2012b)

PES
(Ultrason® E 6020 P,
Mw = 58,000 g mol−1;
BASF SE)

TiO2
(20 nm; Degussa)
(8 or 15–25 nm; Millennium
Inorganics)

NIPS using DMAc as solvent
and PVP (Mw = 25,000 g mol−1)
as pore former

Particles of 20 nm showed better dispersion
also at higher loading.
Membranes with improved hydrophilicity
and resistance to fouling.

Vatanpour et al.
(2012)

PES
(Radel A-300A; Solvay)

TiO2
(rutile content = 61.2%, particle
size = 70 nm)

Solvent evaporation (dense gas
separation membranes) using
DMF as solvent

MMM containing TiO2 NPs showed
improved CO2/CH4 selectivity compared
to those containing Na-montmorillonite.
Best results in terms of selectivity were
obtained at TiO2 concentration of 4%.

Liang et al.
(2012)



Nanoparticles on membrane surface
PVDF
(Solvay)

85% anatase and 15% rutile
TiO2

(20 nm; TitanPE Technologies)

NIPS using NMP, DMAc or
DMF as solvent
(NPs in coagulation bath)

Membrane hydrophilicity and roughness
improved with TiO2 content in the bath
until 0.01 g L−1.
Higher TiO2 concentration could result in
particle aggregation and membrane pore
blocking.
Pure water flux and rejection of HA can
be modulated by changing the solvent type
(due to different water miscibilities).

Teow et al. (2012)

PVDF membrane
(2 µm; Mosu Science
Equipment Corp.)

TiO2 NPs with anatase structure
were synthesized from
tetrabutyl titanate

CTAB 2% or SDS 2% pretreated
PVDF film was
immersed in the TiO2

suspension.

Membranes with improved surface
hydrophilicity and permeability and with
anti-fouling properties.
Promoted adsorption and elution efficiency
of Cu2+ compared to neat PVDF film.

Zhang et al.
(2012)

PVDF membrane
(0.45 µm; Merck Millipore)

– Plasma grafting of acrylic acid
followed by dipping in aqueous
TiO2 suspension

TiO2 significantly enhanced membrane
hydrophilicity; optimal concentration of
0.5% TiO2 ensured the highest pure
water flux and the best protein
anti-fouling property.
The MMM is photocatalytically active and
able to degrade Reactive Black 5 dye under
UV irradiation.

You et al. (2012)

PVDF membrane
(0.45 µm; Merck Millipore)

TiO2 NPs were synthesized
from titanium (IV)
iso-propoxide

Coating of TiO2 NPs onto the
PVDF membrane

Super-hydrophobic PVDF membrane with
contact angle of 163◦.
Membranes with improved rejection of
NaCl and anti-fouling properties compared
to neat PVDF membrane.

Razmjou et al.
(2012a)

PVDF
(Alfa-Aesar)
PES
(Ultrason® E 6020 P,
Mw = 58,000 g mol−1; BASF
SE) sulfonated by sulfuric acid

TiO2

(20 nm; Degussa)
NIPS using DMAc as solvent
and PVP (Mw = 25,000 g mol−1)
as pore former.
Coating of TiO2 NPs onto
the PVDF/sulfonated PES
membrane.

The produced membranes showed
improved hydrophilicity, less tendency
to fouling, improved BSA rejection
and antibacterial properties.

Rahimpour et al.
(2012)

(continued)
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Membrane preparation
Polymer material TiO2 type technique/reagents Main results/application Reference

PES
(Ultrason® E 6020 P,
Mw = 58,000 g mol−1;
BASF SE)
Polyimide (PI)

TiO2
(25 nm; Degussa)

NIPS using DMF/dioxane
as solvent and PEG-600 as
pore former.
Virgin or DEA-treated PES/PI
membranes were coated by
dipping in aqueous TiO2
suspension.

Treatment with DEA resulted in extra
uniform settlement of TiO2 NPs on the
membrane surface.
The presence of NPs and –OH groups
improved both membrane hydrophilicity
and flux, and an increment in flux recovery
ratio of the membrane was also observed.

Mansourpanah
et al. (2009)

PES
(Ultrason® E 6020 P,
Mw = 58,000 g mol−1;
BASF SE)

TiO2
(25 nm; Degussa)

NIPS using DMAc as solvent
and PVP (Mw = 25,000 g mol−1)
as pore former.
TiO2 NPs were both added to the
casting solution or coated onto
membrane surface by dipping neat
membranes in aqueous TiO2
suspension.

The anti-fouling property and long-term
flux stability of PES membranes were
significantly enhanced by addition of TiO2,
and further improved by UV irradiation.
Better results obtained by coating with
TiO2 NPs.
The optimum conditions for preparation of
TiO2-coated membrane were determined as:
0.03 wt% for concentration of TiO2
colloidal suspension, 15 min immersion and
15 min UV irradiation with 160 W lamp.

Rahimpour et al.
(2008)

PES
(Mw = 58,000 g mol−1;
BASF SE)

TiO2 nanoparticles were
synthesized from titanium (IV)
iso-propoxide

NIPS using DMAc as solvent
and PVP (Mw = 40,000 g mol−1)
as pore former.
PES membranes were coated with
TiO2 NPs by low-temperature
hydrothermal process.

The NP layer was uniform and stable.
Coated membranes exhibited lower protein
adsorption, photocatalytic activity,
long-term hydrophilicity, improvement
in fouling performance and increase in
flux recovery after filtration of HA.

Razmjou et al.
(2011b)

PES TiO2 nanoparticles were
synthesized from titanium (IV)
iso-propoxide
(particles 40 nm)

NIPS followed by dipping in
aqueous TiO2 suspension

Surface self-assembled TiO2 NPs
improved membrane hydrophilicity
and anti-fouling ability.
The prepared UF hybrid membrane also
showed good separation performance
(tests on PEG-5000).

Lui et al. (2005)

PES
(Ultrason® E 6020 P,
Mw = 58,000 g mol−1;
BASF SE)
PVA
(98% hydrolysis,
Mw = 72,000 g mol−1;
Merck)

TiO2
(20 nm; Aldrich)

PES membrane: NIPS using
DMAc as solvent and PVP
(Mw = 25,000 g mol−1) as
pore former.
Coating with PVA cross-linked by
glutaraldehyde. Immersion
inTiO2 suspension + heat treatment
at 110◦C for 5 min.

At optimal concentration of 0.1% TiO2
the modified PES/PVA/TiO2 membranes
showed superior performance in terms of
flux and NaCl rejection.

Pourjafar et al.
(2012)
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Figure 8.8. Mechanism and process in TiO2/PVDF membrane for: (a) photocatalysis; (b) self-cleaning/
anti-fouling (modified from Damodar et al., 2009).

PVDF is among the most frequently used polymeric materials, thanks to its outstanding prop-
erties, such as chemical and physical stability, but also because of the feasibility of preparing both
flat sheet and hollow fiber membranes via phase inversion, both temperature-induced (Cui et al.,
2008; Ji et al., 2008; Lin et al., 2009; Ma et al., 2009; Rajabzadeh et al., 2008) and diffusion-
induced (Buonomenna et al., 2007; Figoli et al., 2014; Simone et al., 2010, 2014; Sukitpaneenit
and Chung, 2009). PVDF is a hydrophobic material.

Therefore, as explained in the introduction to this chapter, PVDF membranes containing TiO2

NPs can be prepared for their improved resistance to fouling and biofouling as well as their
enhanced hydrophilicity, mechanical strength and performance. For instance, Damodar et al.
(2009) prepared TiO2/PVDF MMMs (Fig. 8.8) by adding different amounts of TiO2 particles
(0–4%) into the casting solution.

The addition of TiO2 affected the membranes’ pore size and hydrophilicity, improved
membrane flux and permeability and, moreover, the modified membranes showed bactericidal
(tests on E. coli), photoactive (tests on Reactive Black 5) and self-cleaning anti-fouling abilities
(tests on BSA solution 1%) under UV light exposure.

PES is another material widely used for preparation of both flat sheet and hollow fiber mem-
branes, due to its good chemical and thermal resistance, environmental endurance, potential for
application across a wide pH range, easy processing and the possibility of obtaining a broad
range of pore sizes. In fact, the preparation of PES membranes for MF, UF and nanofiltration
(NF) has so far been reported by several studies (see, for example, Alsalhy et al., 2014; Bolong
et al., 2010; Idris et al., 2007; Li et al., 2008; Susanto and Ulbricht, 2009; Susanto et al., 2009).
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Figure 8.9. Schematic illustration of the immobilization of TiO2 in a PVA matrix by Ti-O-C chemical
bonding (Lei et al., 2012).

Alongside PVDF, PES is one of the polymeric materials most used for preparing MMMs loaded
with TiO2. Several studies reported the preparation of such membranes, especially with the aim of
improving PES membranes’ resistance to fouling through increased hydrophilicity. For instance,
Razmjou et al. (2011b) prepared PES MMMs by depositing TiO2 nanoparticles onto the surface
of lab-prepared and commercial PES UF membranes. NPs were synthesized by sol-gel technol-
ogy using titanium (IV) iso-propoxide as a precursor, with the addition of Pluronic F127 as a
templating agent. Membrane coating was stabilized by a low-temperature heat treatment process.
Results showed the formation of a uniform coating layer with good stability and durability. Coated
membranes exhibited lower protein adsorption with respect to the control membrane, sustained
photocatalytic activity and long-term hydrophilicity, which was coupled to a significant improve-
ment in anti-fouling performance. An increase in flux recovery was observed after filtration of
humic acid as a model foulant.

According to the literature, there are other polymeric materials that have been used to prepare
MMMs loaded with TiO2 (either entrapped or self-assembled onto the membrane surface). For
instance, Lei et al. (2012) prepared a polyvinyl alcohol (PVA)/TiO2 MMM with NPs immobilized
in the polymeric matrix via a traditional solution-casting method followed by heat treatment
(Fig. 8.9). This allowed the formation of Ti-O-C chemical bonds, chemically immobilizing TiO2
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in the polymeric matrix. The MMMs produced were tested for photocatalytic degradation of
methyl orange dye. Results showed that hybrid TiO2/PVA films loaded with 10 wt% NPs and
treated at 140◦C for 2 h exhibited the highest photocatalytic activity. These membranes offer two
advantages: (i) the Ti-O-C chemical bonds made the TiO2 nanoparticles difficult to leach from
the hybrid films; (ii) the good swelling ability of the PVA matrix improved the contact between
the TiO2 and the dye molecules. Therefore, the immobilization studied in this work overcomes
two typical problems often connected with the development of MMMs: instability of particles in
the matrix and inaccessibility of the particles as a result of the membrane bulk.

8.3 APPLICATIONS OF TiO2 MEMBRANES IN WATER TREATMENT

An analysis of the literature reveals that TiO2/polymer MMMs have great potential for application
in various fields, since they can degrade organic contaminants, kill bacteria and show self-
cleaning properties due to their photocatalytical properties. These properties could help to achieve
removal of pollutants in industrial effluents, extend membrane life and reduce maintenance costs
in membrane bioreactor (MBR) systems. Water and wastewater treatment by processes such as MF,
UF, NF, pervaporation or MBR represents one of the most interesting and promising applications
for TiO2/polymer membranes. Several interesting examples have already been reported in the
literature; model foulants, in the form of dyes, humic acid and proteins, as well as simulated
wastewater, were used to test membrane performance and demonstrate TiO2’s effectiveness in
preventing fouling and/or degrading contaminants.

Song et al. (2012) studied the preparation of photocatalytically active hybrid TiO2/PVDF
membranes, which were tested for natural organic matter removal in both dead-end and cross-
flow UF experiments (Fig. 8.10). Poly(ethylene glycol), Mn = 600, (PEG-600) was used as a
pore-forming additive, while DMAc was chosen as solvent. It was found that, as expected, mem-
brane flux decreased while pepsin rejection gradually increased with increasing PVDF content,
which was ranged from 10 to 16 wt%. An optimal PEG-600 concentration of 2% ensured a
good combination of membrane flux and rejection. When the content of TiO2 was increased from
0.25 wt% to 0.5 wt%, the membrane flux decreased, while rejection increased. Further increase in
TiO2 concentration resulted in higher flux and lower rejection; moreover, at TiO2 concentrations
above 2%, particle aggregates were visible on the membrane’s surface. The PVDF-PEG-TiO2

hybrid showed improved rejection of HA and less flux decline in comparison to a PVDF-PEG
membrane. This was due to its smaller pore size and more hydrophilic and smoother surface. More-
over, the PVDF-PEG-TiO2 membrane was photocatalytically active, with optimal self-cleaning
ability after 30 min of continuous UV irradiation.

Alaoui et al. (2009) reported the preparation of entrapped-TiO2 PVDF membranes that showed
appreciable degradation of Brilliant Green and Indigo Carmine dyes after pretreatment with
ethanol, which increased the membrane wetting and, hence, the dye degradation rate.

You et al. (2012) prepared photocatalytically active TiO2/PVDF membranes showing self-
cleaning ability, with NPs self-assembled on the membrane surface (Figs. 8.11 and 8.12). In
order to ensure immobilization of NPs on the membrane surface, poly(acrylic acid) (PAA) was
plasma-grafted onto a commercial PVDF membrane, which provided functional groups that could
support the NPs. It was found that the self-assembly of TiO2 significantly enhanced membrane
hydrophilicity, which increased withTiO2 loading.An optimal concentration of 0.5%TiO2 ensured
the highest pure water flux and the best protein anti-fouling property. However, it was also found
that at least 1.5% TiO2 and 30 min of UV irradiation were necessary to recover the original
performance of fouled membranes through the photodegradation of strongly bound foulants. The
TiO2-modified membranes were immersed in an aqueous solution of Reactive Black 5 dye and
positioned directly under a UV lamp. It was found that the membrane with 3.0% TiO2 loading
displayed the best photocatalytic performance by removing 42% of the dye within 120 minutes
of operation.
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Figure 8.10. The effect of photocatalysis on fouled TiO2-doped membranes: (a1) PVDF-PEG-TiO2
membrane; (b1) PVDF-PEG membrane; (a2) PVDF-PEG-TiO2 membrane after 8 h UV irradiation; (b2)
PVDF-PEG membrane after 8 h UV irradiation (Song et al., 2012).

Liu et al. (2012) prepared a TiO2/PVA/polyester composite membrane using a polyester fil-
ter cloth (22 µm). The prepared membranes were tested for the treatment, in an anoxic/oxic
MBR (A/O-MBR), of synthetic wastewater containing terephthalic acid, glucose, NH4Cl and
NaNO3, to simulate effluent from a polyester fiber production plant. The TiO2/PVA/polyester
composite membrane showed improved hydrophilicity and resistance to fouling by extracellular
polymeric substances. This allowed a highly stabilized pure water flux and a high effluent flux to
be obtained during the long-term filtration tests in theA/O-MBR system. Moreover, effluent qual-
ities were similar to those obtained using commercial 0.1 µm PVDF membranes. The prepared
TiO2/PVA/polyester composite membranes showed great potential for reducing membrane costs,
improving flux and reducing operation and maintenance costs in MBR systems for wastewater
treatment.

Zhao et al. (2012) prepared TiO2/poly(phthalazinone ether sulfone ketone) (PPESK) UF mem-
branes for application in the purification of high-temperature condensed water. The results showed
that the membranes produced had a sponge-like structure (suppression of macrovoids), improved
mechanical strength and thermal stability, and higher hydrophilicity and porosity. By compar-
ison with the neat PPESK membrane, the hybrid TiO2/PPESK membrane showed improved
antifouling properties, lower filtration resistances and better flux recovery during treatment of
high-temperature condensed water containing excess oil and iron. The quality of the permeate



Application of nanosized TiO2 in membrane technology 163

pump

water recycle

UV lamp

(a) (b)

magnetic stirring plate

permeate

membrane

magnetic stir bar

pressure
guage

Figure 8.11. Scheme of the setups used byYou et al. (2012) for: (a) submerged flat sheet membrane reactor;
(b) UV irradiation.

Figure 8.12. The mechanism of plasma-induced graft polymerization of PAA on PVDF and the self-
assembly of TiO2 on the modified membrane (You et al., 2012).

water met China’s national Quality Criterion of Water and Steam for Steam Power Equipment
standard, and the best results were obtained at a TiO2 concentration of 2% in the casting solution.

Li et al. (2014a) prepared PVA/PVDF composite hollow fibers, by coating commercial PVDF
hollow fibers with a PVA-TiO2 layer. The prepared fibers, showing no rejection of inorganic salts,
were applied to the desalination of three organic dyes: methyl orange, Congo red and methyl blue.
Compared to the PVA/PVDF composite fibers, those containingTiO2 showed improved properties
in terms of higher separation efficiency, resistance to fouling and thermal stability.

The advantages of preparing hybrid TiO2/polymer membranes become particularly evident
when a UV light source is used to trigger TiO2’s photocatalytic properties. Méricq et al. (2015)
prepared flat sheet membranes via NIPS, by blending PVDF with different TiO2 concentrations
(0–7 wt%). Water and bovine serum albumin (BSA) solution filtration tests were carried out, and
membrane cleaning was done using water and UV irradiation.

Jyothi et al. (2014) modified polysulfone flat sheet membranes, produced via NIPS. TiO2 NPs
were prepared by the sol-gel method and blended with the polymer. Membranes were surface-
modified by UV treatment. The properties of the membranes obtained were improved by the
addition of NPs after UV treatment. Exposure to UV light modified the membrane surface,
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roughness and hydrophobicity by breaking chemical bonds in the polymeric chains. Optimal
results were obtained working with 2 wt% of TiO2 and after 30 min of UV irradiation. The
prepared membranes were successfully tested for removal of Cr(VI) from water.

Finally, Song et al. (2014) prepared PVDF hollow fibers via NIPS, blending 0–0.5 wt% TiO2

with polymer 12 wt% and LiCl 0.5 wt%. The MMMs produced were tested for UF of pepsin
and HA, coupled to photocatalysis. TiO2/PVDF fibers showed improved hydrophilicity, rejec-
tion and fouling resistance. UV irradiation decreased flux decline by triggering the membranes’
self-cleaning ability.

8.4 CONCLUSIONS AND FUTURE PERSPECTIVES

Although a number of very interesting studies have already been published, much work remains
to be done. In fact, while each author identifies his own method as the best one, there is still no
agreement on which is the most successful and convenient strategy for TiO2 membrane prepara-
tion, and each method seems to have its advantages and drawbacks. Only a thorough evaluation
that considers all of the factors involved, including the simplicity of the method itself, its cost,
the actual performance of the resultant membrane, as well as the possible risk of particle release
from the polymer matrix, is likely to lead to a resolution of this dispute. Careful selection of
the polymer material is a crucial point. Although different polymer materials have already been
tested successfully, the long-term resistance of the selected polymer upon UV irradiation should
be carefully investigated. It is worth mentioning that the addition of titanium dioxide to the mem-
branes becomes really interesting and commercially competitive when it could replace, at least
in part, costly cleaning procedures. In fact, these latter are often expensive and time-consuming,
and represent the only step of the membrane separation process that requires the use of addi-
tional chemicals. Indeed, the obviation of the need for additional chemicals is one of the major
advantages of any membrane process, one which, for this reason, is being partially lost at the
moment.

Finally, it is necessary to investigate carefully the effects of such materials on human health
and the environment. Since these effects are often revealed only by long-term analysis, the need
to establish such an assessment is an urgent one.
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CHAPTER 9

Nanosized metal oxides (NMOs) and polyoxometalates (POMs)
for antibacterial water treatment

Giulia Fiorani, Gloria Modugno, Marcella Bonchio & Mauro Carraro

9.1 INTRODUCTION

9.1.1 Nanotechnology for antibacterial water treatment

Securing and extending potable water provision is a formidable societal challenge, as the available
supplies of freshwater are facing the problem of extended droughts, population growth and com-
peting demands from different users (Lee and Schwab, 2005; Moe and Rheingans, 2006; Savage
and Diallo, 2005; Vörösmarty et al., 2000). Moreover, water sources can be contaminated by
microorganisms, heavy metals, inorganic compounds, organic pollutants and many other emerg-
ing contaminants that can be harmful to human beings and the environment (Fatta-Kassinos et al.,
2011; Li et al., 2011; O’Connor, 1996).

In order to guarantee a wide distribution of clean water, several purification techniques have
been developed. Most of them are based on chemical and physical mechanisms, such as adsorp-
tion, catalysis, membrane separation and ionization (Ambashta and Sillanpää, 2010). However,
well-established water treatment and distribution systems are not sufficient and are often too
expensive to satisfy the demand for water with increasingly stringent quality standards (Qu et al.,
2013a). In this respect, recent advances in nanotechnology offer unprecedented opportunities to
overcome some of the major constraints of the existing treatment technologies, and could enable
the economic utilization of unconventional water sources (Qu et al., 2013a).

Nanotechnologies are based on nanomaterials (e.g. carbon or metallic nanostructures, den-
drimers, zeolites, etc., with at least one dimension smaller than 100 nm), which possess
size-dependent properties (e.g. high specific surface area, fast dissolution, high reactivity, strong
sorption) and/or discontinuous properties (e.g. superparamagnetism, localized surface plasmon
resonance, quantum confinement effects). Owing to such behavior, they can be exploited to
develop novel nanosorbents, nanocatalysts and photocatalysts, bioactive nanoparticles, nanos-
tructured catalytic membranes and nanoparticle-enhanced filters, as well as to devise highly
sensitive optical/electronic sensors to detect environmental pollutants (Qu et al., 2013b).

Among nanomaterials under evaluation for water purification, metal-based nanoparticles (NPs)
have emerged as a new kind of antimicrobial material (He et al., 2013). Thanks to their large
specific surface area, low cost and persistent bioactivity, metallic NPs could be integrated in large-
scale disinfection processes, as well as in point-of-use/domestic treatment units. In addition, their
biological activity may encompass a key role in controlling biofouling and biofilm formation, in
order to extend the lifetime of existing treatment plants.

Several metallic nanosized materials exhibit size- and shape-dependent antimicrobial activity,
arising from their specific interactions with the functional groups present on the outer membrane
and on internal organelles. In addition, metal ions released from the surfaces of NPs can interfere
with a number of biological molecules and metabolic processes, or catalyze the formation of
reactive oxygen species (ROS) and radicals (Adams et al., 2006; Aruoja et al., 2009; Kasemets
et al., 2009; Wang et al., 2003). As a result, metallic NPs can disrupt cellular membranes and
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Figure 9.1. Postulated mechanisms of action of antimicrobial metallic NPs.

membrane potentials, oxidize proteins and lipids, interfere with electron transport/respiration and
deactivate cellular enzymes and DNA (Fig. 9.1).

In general, metallic nanomaterials show superior durability to organic antimicrobials, often
retaining high biocompatibility and selectivity. In addition, they display a lower rate of resistance
mutation, so they are active against antibiotic-resistant bacteria (Rai et al., 2014). Unlike conven-
tional disinfectants, such as chlorine and ozone, they give rise to minimal disinfection byproducts
(e.g. halogenated disinfection byproducts, carcinogenic nitrosamines, bromates, etc.).

Metal oxide-based nanostructures represent a versatile and cost-effective family of compounds.
In the following sections, nanosized metal oxides and polyoxometalates will be described,
with the aim of offering new insights into the design of efficient, modular and multifunc-
tional water treatment processes, characterized by low overall cost, high capacity and enhanced
durability.

9.2 NANOSIZED METAL OXIDES (NMOs)

9.2.1 Metal oxide nanoparticles with antimicrobial activity

Nanosized metal oxides (NMOs) are characterized by high specific surface areas, accessible sorp-
tion sites and short intra-particle diffusion distances. These properties are useful within various
environmental remediation processes, since they can (i) adsorb organic and metallic contami-
nants dissolved in water, (ii) implement separation technologies, and (iii) enable heterogeneous
catalytic transformations (Hua et al., 2012; Savage and Diallo, 2005).

Simple metal oxide NPs such as silver oxide (Ag2O), titanium dioxide (TiO2), zinc oxide
(ZnO), copper oxide (CuO), iron oxide (Fe2O3), calcium oxide (CaO) and magnesium oxide
(MgO), exhibit antimicrobial activity (Stoimenov et al., 2002). Particle size and shape are piv-
otal parameters in promoting their inhibitory effect and can be tuned depending on the type of
precursors, solvent, pH and temperature of the reaction mixture. The bactericidal effect of metal
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Figure 9.2. Properties of NMOs involved in antibacterial activity.

oxide NPs has, indeed, been attributed to their small size and high surface-to-volume ratio, which
allows them to interact closely with microbial membranes, and to the simultaneous release of
metal ions in solution (Morones et al., 2005). Furthermore, oxidative stress can be generated
upon production of ROS. Several metal oxides, indeed, are semiconducting materials and, when
irradiated with energy higher than their band gap (3.2 eV), their frontier electrons jump from the
valence band to the conduction band, forming electron (e−) and electric hole (h+) pairs. While
dioxygen acts as an electron scavenger, forming the superoxide anion radical O•−

2 , the positive
electric holes react with water, generating hydroxyl radicals OH• (Fig. 9.2). Although O•−

2 is not
a strong oxidant, it is a precursor of other ROS, and it also becomes involved in the propagation
of oxidative chain reactions. The hydroxyl radical, on the other hand, is a strong, non-selective
oxidant (E = 1.90V vs. NHE) that can damage all kinds of biomolecules. Hydrogen peroxide
(H2O2) can form from both O•−

2 and OH•, and it can better diffuse across cell membranes. It is
thus evident that ROS generation is a powerful feature of metal oxide NPs and can be exploited
for disinfection applications.

Ag NPs are the most well-known and widely employed inorganic nanosized antimicrobial
agents (Rizzello and Pompa, 2014). Their high biological activity is mainly due to the presence of
Ag+ ions on the NP surface, which favors electrostatic interactions with the negative charges of
the bacterial cell wall and leads to cell death after membrane rupture (Sondi and Salopek-Sondi,
2004). Ag+ can also induce a proton leakage through the bacterial membrane (Lok et al., 2006),
interact with functional biomolecules (e.g. membrane proteins, sulfur-containing intracellular
proteins, DNA) (Allahverdiyev et al., 2011) and affect metabolic processes (Egger et al., 2009).
Although antimicrobial Ag NPs can be incorporated within various support and/or permeable
materials, such as superabsorbent poly(sodium/acrylate) cryogels, their practical use in water
disinfection applications has been limited, due to aqueous solubility and dispersion issues (Loo
et al., 2015). On the other hand, it is also possible to use (slightly) soluble silver salts such as
AgCl andAg2O.Ag2O NPs, in particular, induce oxidative stress and apoptosis of Escherichia coli
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(E. coli), which also loses its replication ability as a result of DNA damage. Ag2O can also inhibit
different bacterial strains (with minimum inhibitory concentration = 9–18 µg mL−1), being more
effective against Gram-negative bacteria (Negi et al., 2013).

TiO2 NPs have unique properties, such as high stability, long lifetime, safety and negligible
release of metal ions. The antimicrobial properties of TiO2 are related to its crystal struc-
ture, shape and size (Fu et al., 2005). The anatase form, in particular, is characterized by a
high surface area and is more efficient for photocatalytic ROS generation. Under irradiation at
λ < 385 nm, TiO2 acts as a self-cleaning material, and is able to oxidize most organic compounds,
including otherwise recalcitrant ones, viruses and bacteria (Cermenati et al., 1997; Mahmoodi
et al., 2006). For example, TiO2 NPs have been used against E. coli, Staphylococcus aureus
(S. aureus), Pseudomonas putida and Listeria innocua (Bonetta et al., 2013), and also used to
inhibit fungal biofilms (Haghighi et al., 2013). The antibacterial activity observed is a result of
lipid peroxidation, leading to enhanced membrane fluidity and disruption of cell integrity (Carré
et al., 2014), site-specific DNA damage (Roy et al., 2010), and decrease or loss of respiratory
activities due to oxidation of coenzyme A (Matsunaga et al., 1985). The antibacterial and pho-
tocatalytic properties of TiO2 NPs can be significantly enhanced upon doping with noble metal
ions: doping with Au, Ag or Pd ions extends TiO2 light absorption towards the visible/solar light
spectrum (Chang et al., 2006). In particular, Ag NPs of 5 nm diameter, grown on the surface
of TiO2, lead to longer absorption wavelengths (λ > 400 nm) and enhanced antibacterial activity
under irradiation (Kim et al., 2006).

ZnO NPs show concentration-dependent antimicrobial effects against different bacterial strains
and spores, being particularly efficient against Gram-positive bacteria (Azam et al., 2012). The
observed activity is likely to be related to NP internalization and release of zinc ions, leading
to membrane leakage and interruption of electron transfer (Applerot et al., 2009). Moreover,
the abrasive surface texture of ZnO contributes to the mechanical damage of the cell membrane
(Stoimenov et al., 2002). However, zinc being an essential cofactor in a variety of cellular pro-
cesses means that it requires relatively high concentrations (>5 mM) to inhibit bacterial growth
(105 CFU mL−1) (Nagarajan and Rajagopalan, 2008). On the other hand, ZnO is a n-type semi-
conductor characterized by the stability of its photo-excited state (Behnajady et al., 2006) and,
under UV irradiation, it exhibits photocatalytic activity which improves antimicrobial efficiency,
thanks to ROS production (Cioffi and Rai, 2012).

CaO and MgO are low-cost, biocompatible and available materials which display antibacterial
activity against both Gram-positive (e.g. Bacillus subtilis, Bacillus megaterium) and Gram-
negative bacteria (e.g. E. coli) (Koper et al., 2002). Their surface activity is related to an alkalinity
increase upon hydration and to the production of ROS (superoxide anion radical) (Yamamoto
et al., 2010). In addition, MgO NPs can damage the cell membrane and cause the leakage of
intracellular content (Leung et al., 2014).

CuO NPs are characterized by high stability. They can cross the bacterial membrane of
different bacterial strains, damaging intracellular enzymes (Mahapatra et al., 2008). In par-
ticular, a size-dependent antibacterial activity was observed against two Gram-positive bacteria
(S. aureus and B. subtilis) and two Gram-negative bacteria (Pseudomonas aeruginosa and E. coli),
in which the restricted bacterial growth was attributed to internalization of NPs (Azam et al., 2012).

Iron oxides show antibacterial activity, which has been ascribed to oxidative stress generated by
ROS, causing damage to proteins and DNA (Touati, 2000). Indeed, Fe2+ reacts with endogenous
H2O2 to produce hydroxyl radicals (Fenton reaction):

Fe2+ + H2O2 → Fe3+ + OH• + OH−

Fe3+ + H2O2 → Fe2+ + OOH• + H+

Fe3O4 NPs are also of interest for their paramagnetic properties, which allow easy separation
and recovery upon application of a magnetic field (Yavuz et al., 2006).

All these NMOs can be dispersed and used in slurry-type modules, in the dark or under
irradiation, or retained by a suitable permeable support (Fig. 9.3). With regard to heterogeneous
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Figure 9.3. Schematic representation of a slurry-type photochemical reactor, involving heterogeneous
photocatalysis by semiconducting NMOs (TiO2, ZnO) and a hollow membrane for their retention.

photocatalytic oxidations with TiO2, for example, an ultrafiltration membrane is usually required
to separate the NPs. In this case, a micrometric NP cake deposited on the membrane can be useful
in protecting the polymer from UV degradation.

However, NMOs are characterized by an increased surface energy, which leads to poor chemical
stability. Consequently, NMOs are prone to agglomeration, due to van der Waals forces or other
interactions, with a consequent reduction in surface-to-volume ratio. Moreover, their use in fixed
beds or any other throughflow system may result in excessive pressure drops and/or head loss.

Within this scenario, a promising strategy to improve NMO applicability to real-world waste-
water treatment consists of the dispersion of NMOs with antibacterial properties into porous
supports or synthetic and naturally occurring polymers. Selected examples of such composite
materials embedding NMOs are presented below.

9.2.2 Metal oxide-based composite materials with potential application to water disinfection

The synthesis of NMO-based materials involves three major pathways, consisting of (i) dispersion
of the NPs within a preformed matrix, (ii) cross-linking of a matrix in the presence of NPs, and (iii)
preparation in-situ of the NPs within a porous medium (Sarkar et al., 2012). The resulting hybrid
materials generally display improved permeability and robustness, owing to the hydrophilicity and
mechanical and thermal stability of the NMOs. In some cases, contaminant degradation and self-
cleaning capability may lead to an improved fouling resistance. Obviously, the immobilization
should not affect the intrinsic characteristics of NMOs, nor lead to matrix decomposition (Chin
et al., 2006; Molinari et al., 2002).

Among the naturally available matrixes, a suitable material for NMO immobilization is chitosan
(CS), a cationic and hydrophilic polysaccharide, characterized by interesting biocompatibility,
biodegradability and adsorption properties. Moreover, its chelating properties have been exploited
for the removal of heavy metal ions and dyes from wastewater (Jayakumar et al., 2010). CS can
also establish electrostatic interactions with several macromolecules, including the lipopolysac-
charides of Gram-negative bacterial surfaces, thus affecting the integrity of their outer membranes
(Rabea et al., 2003; Tang et al., 2010).

CS derivatives show great potential as economical, environmentally friendly and sustainable
materials. Their physico-chemical properties can benefit from chemical modification as well as
from inclusion of inorganic NPs (Wan Ngah et al., 2011), while the incorporation of NMOs leads
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Figure 9.4. Images of Fe3O4-CS hollow fibers obtained by scanning electron microscopy (cross-section at
different magnification) and schematic representation of Fe3O4 reactivity.

to innovative materials with synergistic antibacterial activity. Sanuja et al. (2015) prepared a
bio-nanocomposite film using CS, ZnO NPs and neem essential oil, as an additional hydrophobic
antibacterial agent, by means of a solution casting method. The transparent film was character-
ized by improved tensile strength and elongation, and by decreased water solubility and swelling.
The antibacterial activity of a film containing 0.5% (w/w) of ZnO was demonstrated against
E. coli (Sanuja et al., 2015). A very similar approach was previously used to incorporate Ag2O
NPs in CS films, which were used against E. coli, S. aureus, B. subtilis and P. aeruginosa (Tripathi
et al., 2011).

Several other CS-based composites are expected to be useful in water disinfection. For example,
wet-spun CS hollow fibers were loaded with Fe3O4 NPs (Fig. 9.4) by a dipping-drying method.
In this case, glutaraldehyde was used as cross-linker between CS chains, in order to stabilize
the matrix in the form of hollow fibers, while Fe2O3 NPs were grown in-situ upon impregnation
with Fe2+/Fe3+ precursors, followed by reaction with NaOH. Despite the reduced adsorption effi-
ciency compared to unfunctionalized CS, the resulting assembly retained Fenton-like reactivity
in the presence of H2O2, as demonstrated by the oxidation of a model pollutant (reactive blue 19)
(Seyed Dorraji et al., 2015).

Liu et al. (2011) described the preparation of composite CS/TiO2/Fe3O4 microspheres
(Fig. 9.5). The CS microspheres, enclosing TiO2 and Fe3O4 NPs, were fabricated by a sim-
ple electrospray technology. These materials showed the following properties: (i) a high capacity
for contaminant adsorption, due to the strong binding ability of CS; (ii) in-situ self-cleaning under
UV light; (iii) magnetic properties for cost-effective recovery and reuse (Liu et al., 2011).

Besides CS, other biopolymers have been evaluated for support of NMOs. For example, Daoud
et al. (2005) prepared TiO2-coated cellulose fibers, wherein strong interactions between the cellu-
losic hydroxyl groups and theTiO2 surface led to a well-adherent and resistant bactericidal surface.
Scanning electron microscopy (SEM) images revealed that the film, characterized by low porosity,
consisted of near-spherical grains of about 10 nm diameter. Despite the hospitable nature of cel-
lulose, TiO2 prevented the formation of biofilms, especially when irradiated (Daoud et al., 2005).

Nanoporous graphene (NPG) and graphene oxide (GO) membranes are a novel class of
mechanically robust, ultrathin, and fouling-resistant separation membranes that provide inter-
esting opportunities for ionic/molecular sieving and water transport. In addition, the GO-based
hybrid photocatalysts display promising performance in the degradation of pollutants. Liu et al.
(2013) reported on a multifunctional nanocomposite (GO-TiO2-Ag) integrating 2D GO sheets, 1D
TiO2 nanorods and 0D Ag NPs, which exhibited high photocatalytic degradation activity towards
organic pollutants (e.g. Acid Orange 7 and phenol) and waterborne pathogens (e.g. E. coli).
In particular, the bacterial inactivation efficiency (108 CFU mL−1) of GO-TiO2-Ag (100 µg mL−1

of nanocomposite containing 9.72% (w/w) of Ag), was 67% in dark conditions and 100% under
solar irradiation, in 120 min (Liu et al., 2013). This enhanced photocatalytic activity in respect of
GO-TiO2 and GO-Ag is a result of a suppressed recombination of photogenerated electron-hole
pairs, owing to an effective electron transfer from TiO2 to GO to Ag.
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Figure 9.5. Schematic representation (left) and optical image (right) of composite chitosan/TiO2/Fe3O4
microspheres obtained via electrospray (adapted from Liu et al. (2011) with permission from the Centre
National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry).

Fe3O4 was also anchored to GO via a one-step solvothermal route. Fe3O4 spheres, with sizes
ranging from 200 to 250 nm, were distributed and firmly anchored onto the wrinkled graphene
layers. The GO-Fe3O4 composites exhibited high adsorption capacity and fast adsorption rates for
the removal of heavy metal ions (e.g. Pb2+) and organic dyes (e.g. methylene blue) from aqueous
solution. Due to oxidative stress generation, the composite showed antibacterial properties against
E. coli (23% cell survival) in the presence of 100 µg mL−1 of GO-Fe3O4 (Santhosh et al., 2014).

Several examples deal with the incorporation of metal and metal oxide NPs into polymeric
membranes (e.g. poly(vinylidene fluoride), polyamide, polysulfone). These composite mem-
branes combine polymer flexibility and processability with the thermal and mechanical stability
of NMOs. The hybrid materials are also characterized by increased hydrophilicity, water perme-
ability and fouling resistance (Homayoonfal et al., 2013; Lee et al., 2008; Ng et al., 2013; Oh
et al., 2009). In this context, NMOs can be useful in improving the performance of membrane
bioreactors (MBRs). MBR systems, indeed, have a pronounced fouling problem, which makes
them less competitive for practical applications (Mei et al., 2014). Because hydrophobic micro-
bial products, such as extracellular polymeric substances, play a key role in membrane fouling,
the modification of a polymeric surface by incorporation of a hydrophilic NMO represents a
simple fouling-mitigation method. Indeed, a TiO2-entrapped ultrafiltration membrane showed
a lower flux decline compared to that of the neat polymeric membrane. In this case, however,
a TiO2-deposited membrane showed an even greater fouling-mitigation effect than that of the
TiO2-entrapped membrane (Bae and Tak, 2005; Lee et al., 2008).

As an example of an antimicrobial polymeric system, NPs of silver and copper oxides were
grown into a non-woven polyester fabric (1.27 mg cm−3) and investigated as disinfectants. In
particular, the nano-Ag2O fabric removed more than 99% of bacteria (e.g. 5 × 103–5 × 104 CFU
mL−1 of E. coli, Salmonella typhi, S. aureus and Enterococcus faecalis) in 24 h. In addition,
the fabric removed more than 90% of coliforms, in 10 minutes, from an effluent of secondary
treatment (Abou-Elela et al., 2014).

9.3 POLYOXOMETALATES (POMs) AS ANTIMICROBIAL AGENTS

9.3.1 Polyoxometalates

The term polyoxometalates (POMs) refers to polyanionic and molecular oxides of early series
transition metals. Their chemical composition is essentially represented by two types of general
formula: [MmOy]p− and [XxMmOy]q−, where M is the main transition metal constituent (the
addenda atom: typically W, Mo or V in their highest oxidation state), O is the oxygen atom and
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Figure 9.6. Left: Polyhedral representation of some polyoxotungstates: (a) Wells-Dawson type, [α-
P2W18O62]6−; (b) Keggin-type, [α-PW12O40]3−; (c) decatungstate, [W10O32]4−. Color code: WO6,
turquoise octahedra; P, orange tetrahedra; Si, gray tetrahedron. Right: scheme of polyoxometalate
photocatalytic activity.

X (the heteroatom) can be a non-metal – another element of the p-block – or a different transition
metal. In the case of the first formula type, POMs are called isopolyanions, while in the second
case they are known as heteropolyanions.

In order to form a POM, the dimensions of the metal ion M must be compatible with the
formation of octahedral units, MO6. In addition, empty and available d orbitals must be present
to allow the formation of one or two terminal metal-oxygen double bonds within the octahedra,
so as to limit the aggregation between MO6 units, which requires, instead, the formation of
µ-oxo bridges between two metal ions. In this way, terminal oxygens provide a barrier to linear
polymerization and favor the formation of discrete molecular units, with dimensions usually
ranging from one to a few nanometers (Pope, 1983).

POMs are characterized by an unmatched versatility in terms of structural features, resulting
in a broad range of potential applications in catalysis, material science and medicine (Carraro and
Gross, 2014; Long et al., 2007, 2010; Pope and Müller, 1991). In particular, thanks to their redox
behavior, POMs have been extensively employed as catalysts for the oxidation of organic substrates
(Carraro et al., 2014a), including the oxidative degradation of pollutants (Colmenares and Luque,
2014; Tzirakis et al., 2009) and as synthetic enzymes (Bonchio et al., 2007; Carraro et al., 2011).

Similarly to semiconducting metal oxides, some POMs become strong oxidants under photoir-
radiation (Hiskia et al., 2001). Indeed, POMs exhibit absorption bands in the region below 400 nm
due to the occurrence of ligand-to-metal charge transfers, and can form an excited state character-
ized by a stronger reduction potential (up to 3V increase) than the fundamental state. Depending
on POM structure, such an excited state can react with organic substrates, via electron/hydrogen
atom transfer, to give organic radicals prone to autooxidation in an oxygen atmosphere. In addi-
tion, hydroxyl radicals can be obtained by a similar reaction mechanism involving water as a
substrate. Reduced POMs (heteropoly blues, HPBs) can be reoxidized by dioxygen, yielding
superoxide anion radical and restoring its initial state (Fig. 9.6) (Bonchio et al., 2005; Molinari,
et al., 2013a).

Several POMs have promising biomedical applications (antiviral, antitumoral and antibacte-
rial), mainly stemming from their ability to oxidize cellular components (Rhule et al., 1998) and
to establish electrostatic interactions with proteins and enzymes, resulting in denaturation, hydrol-
ysis and deactivation (Stephan et al., 2013; Yamase, 2005). Within this scenario, the development
of efficient POM-based antimicrobial systems suitable for water treatment, wound dressing and
medical applications is an active multidisciplinary challenge (Fan et al., 2012).

9.3.2 POMs with antibacterial activity

The most attractive feature of POMs in terms of their development as biologically active
compounds is that they can be obtained from cheap precursors. In addition, molecular prop-
erties (redox potentials, polarity, shape, surface charge distribution and acidity) mediating the
recognition by, and reactivity of, POMs with target biological macromolecules can be easily
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tuned. Hence, they promise significant economic and technical advantages over the organic
drugs currently used.

Several heteropolytungstates were tested against methicillin-resistant S. aureus (MRSA) and
vancomycin-resistant S. aureus (VRSA), which were sensitized towards β-lactam antibiotics.
Yamase et al. (1996) have shown that POMs selectively accumulate in the membranes of MRSA
cells. These same authors have shown that POMs inhibit the action of anion-sensitive enzymes,
thus reducing the expression of penicillin-binding proteins with a low affinity for β-lactams, and
suppressing the production of the β-lactamase enzyme. A synergy of action was thus observed in
the presence of oxacillin (Fukuda et al., 1999; Inoue et al., 2006; Sami et al., 2010).

Heteropolytungstates K27[KAs4W40O140] and K18[KSb9W21O86] exhibit antibacterial activity
against Gram-negative Helicobacter pylori, with minimum inhibitory concentration (MIC) values
<256 µg mL−1. H. pylori takes up the hydrophilic POM into the periplasmic space, thanks to pore-
forming membrane proteins. A comparison with sodium tungstate (Na2WO4) has demonstrated
the superior activity of the polyanionic metal oxides, while the internalization of photoactive
POMs was highlighted by the formation of the corresponding HPB reduced complex (Inoue
et al., 2005).

Recently, the use of silicotungstic acid, H4SiW10O40, was revisited, demonstrating a broad
antibacterial activity against S. aureus (and MRSA), P. aeruginosa, E. faecalis, E. coli, multi-
drug-resistant P. aeruginosa and Klebsiella pneumoniae, although with a relatively high MIC
(1.88 mg mL−1) (Grama et al., 2014).

Polyoxomolybdates are characterized by stronger ground-state reduction potentials than the
corresponding tungstates. Their redox activity in a physiological environment was exploited
against cancer cells (Hasenknopf, 2005). In one particular example, rhombic dodecahedral
nanocrystals of M3PMo12O40 · nH2O (M = NH+

4 , K+ and Cs+ salts) were prepared by hydrother-
mal treatment of phosphomolybdic acid (M = H+) and used against E. coli. Compared to the
commercial molybdate, the improved antiproliferative effect (at 25 µg mL−1) suggested that they
also exhibit morphology-dependent activity (He et al., 2013). [PMo12−xVxO40]n, with x = 0–3,
were employed in the formulation of different nanocomposites and were successfully used against
both Gram-negative and Gram-positive bacteria (Kong et al., 2007; Wu et al., 2009; Yang et al.,
2009).

Polyoxovanadates, such as (tBuNH3)4[V4O12] and (tBuNH3)6[V10O28] have a potent antibac-
terial activity against Streptococcus pneumoniae (MIC = 4–32 µg mL−1) attributed to the altered
transport of potassium and organic substrates (thymidine, uridine, leucine and glucose) through
the membrane (Fukuda and Yamase, 1997).

Hybrid organic-inorganic POMs can be obtained upon association with organic counterions
or via covalent modification (Dolbecq et al., 2010; Berardi et al., 2011). Suitable cations may con-
tribute to the biological activity, as in the case of [4-picH]4[H2V10O28], where the decavanadate
was associated to 4-picoline. This decavanadate showed antibacterial activity against Gram-
negative bacteria (P. aeruginosa) and fungi (Aspergillus niger and Penicillium chrysogenum),
and the picolinium salts gave even better results than the corresponding sodium salt (Shahid
et al., 2014).

Organic pendants can be linked to Si, P, Ge and Sb atoms, which can be incorporated in the POM
framework as heteroatoms. The resulting hybrid derivatives display improved biomedical proper
ties, being more hydrolytically stable and less toxic than their inorganic precursors (Hasenknopf,
2005; Wang et al., 1999). Organoantimony(III)-containing POMs, isolated as hydrated ammo-
nium and alkali-metal salts, (NH4)12[(PhSbIII)4(A-α-GeIVW9O34)2] · 20H2O, Rb9Na[(PhSbIII)4(A-
α-PVW9O34)2] · 20H2O and Rb3[{2-(Me2NCH2C6H4)SbIII}3(B-β-AsIIIW9O33)] · 7H2O (Fig. 9.7),
were indeed found to be hydrolytically stable at physiological pH, and their antimicrobial activity
against E. coli and B. subtilis were subsequently tested, being slightly higher (MIC = 40–
80 µg mL−1) towards the latter, Gram-positive bacterium (Barsukova-Stuckart et al., 2012;
Meißner et al., 2006).

The results obtained with hybrid POMs are encouraging, since they support the potential for
decorating the antibacterial POMs with functional organic pendants, such as targeting ligands
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Figure 9.7. Combined polyhedral/ball-and-stick representation of (left) [(PhSbIII)4(A-α-XW9O34)2]n−
(X = Ge or P) and (right) [{2-(Me2NCH2C6H4)SbIII}3 (B-β-AsIIIW9O33)]3−. Color code: WO6, red octa-
hedra; X and As, yellow; Sb, green; C, light gray; N, blue; H, dark gray. Reprinted with permission from
Barsukova-Stuckart et al. (2012). Copyright (2012) American Chemical Society.

and fluorescent labels. In this way, it would be possible to obtain insights into POM trafficking
and mechanisms of action, while improving POM selectivity (Carraro et al., 2014b; Geisberger
et al., 2013).

Due to the generally high solubility of POMs, a supporting matrix is required to enable their
recovery and reuse. In addition, their negative charge is not convenient for their interaction
with lipopolysaccharides on the outer membrane of Gram-negative bacteria. In the following
paragraphs, selected strategies for POM immobilization/encapsulation are presented, including a
few examples of insoluble composites with enhanced/synergistic antimicrobial activity.

9.3.3 Polyoxometalate-based nanomaterials with potential application in water disinfection

Thanks to their polyanionic and multimetallic surface, POMs can establish different and cooper-
ative interactions with several supports, cations, macromolecules and nanostructures (Song and
Tsunashima, 2012).

For example, POMs can interact with proteins and amino acids (AAs) (Stephan et al., 2013).
Kong et al. (2007) reported on the preparation of water-insoluble and biocompatible antimicro-
bials formed by combination of phosphomolybdic acid (PMA) with three different AAs (glycin
(Gly), lysine (Lys) and histidine (His)). Under solvent-thermal conditions, AA-PMA nanorods
with an average diameter of 50–80 nm were obtained. The nanostructures were tested on fil-
ter paper slices (Sherwood and De Beer, 1947) and showed a significant antibacterial activity
against E. coli, with improvements by comparison with the individual components. To explore
the convenient utilization of the nanorods, immobilization of AA-PMA was achieved through
the preparation of multilayer films, composed of AA-PMA and polyethylenimine (PEI), by a
layer-by-layer (LbL) self-assembly technique. The antiproliferative activity of {PEI/nanorod-
Gly-PMA}3 films, in particular, has indicated the potential of these nanostructured materials in
wound dressing/membrane water disinfection applications (Kong et al., 2007).

POMs can be used to stabilize noble metal NPs, since they act as polyelectrolytes, reducing
the tendency to aggregate into bulk metallic precipitates (Keita et al., 2009; Mitchell and de
la Fuente, 2012). The antibacterial potential of POM/NP-based composites was demonstrated
by preparing tyrosine-reduced gold NPs (AuNPsTyr), functionalized with two different POMs –
PMA and phosphotungstic acid (PTA) – and cationic amino acid lysine. With this approach, the
core AuNPsTyr act as a carrier for the antimicrobial POMs, while the presence of the cationic
amino acid in the shell directs the nanomaterials towards negatively charged bacterial cells. These
functionalized nanomaterials show antibacterial activity against E. coli, depending on the level
of surface functionalization (5 µM concentration of AuNPsTyr-PTA-Lys caused 80% bacterial death)
(Daima et al., 2013). Similarly, a stable POM surface corona was achieved on Ag NPs, using
zwitterionic tyrosine as a pH-switchable reducing and capping agent. In this case, the antimicrobial
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activity of the multifunctional NPs was also confirmed towards Gram-positive Staphylococcus
albus, while being biocompatible with epithelial mammalian cells (Daima et al., 2014).

In deoxygenized solutions, reduced HPBs act as reductants for noble metal ions to produce
metal NPs, which then benefit from POM stabilization (Kogan et al., 2002; Troupis et al., 2002;
Weinstock, 1998). This behavior can be exploited to grow antibacterial POM-NPs within suit-
able materials. (POM/PEI–Ag)n composite films were created through linear Langmuir-Blodgett
(LbL) self-assembly, involving the alternate deposition of [BW12O40]5− and cationic PEI–Ag+
complex, followed by photochemical reduction in-situ to yield Ag NPs. In this particular exam-
ple, the POM moiety acts as both reducing agent and assembly reagent. The resulting hybrid film
completely inhibited E. coli growth (4 × 104 CFU mL−1) (Gao et al., 2011). An even more elegant
approach is based on the simultaneous use of POMs as oxidizing agents, to activate monomers
such as aniline, pyrrole or thiophene, and of the corresponding HPBs as reductants for metal ions
(Ag, Au) in order to obtain POM-NPs embedded in conductive polymers (Kishore et al., 2008).

Chitosan (CS) and its derivatives have been exploited as active matrixes for POM immo-
bilization. At slightly acidic pH (pH < pKa(CS) = 6.28), POMs can foster ionic gelation of CS
upon association with the positively charged amino groups at the C-2 positions (Meißner et al.,
2006). In addition, oxygen atoms on the POM surface can accept hydrogen bonds from −OH and
−NH+

3 groups: these multiple interactions result in a non-covalent cross-linking of the CS chains,
reducing water solubility while improving mechanical properties. Hybrid organic-inorganic mul-
tilayer films (Feng et al., 2006; Pamin et al., 2009; Yamada and Maeda, 2009), colloidal particles
(Chen et al., 2006), networks (Fiorani et al., 2014) and capsules (Geisberger et al., 2011; Menon
et al., 2011) were thus produced. For example, H5PMo10V2O40 was used to form nanoaggregates
with diameters of 100–160 nm, featuring a substructure of entangled ribbons (Fig. 9.8). These
composites were prepared at pH = 6, with 10% (w/w) POM. As demonstrated by UV-visible
spectroscopy, CS acted as an effective scavenger of POM from the aqueous solution. Analysis of
ζ -potential showed only minor changes compared to CS (around +25 mV), suggesting that the
POMs were fully encapsulated into the NPs, with small effects on the surface charge density of
the particles.

The nanoparticles were tested against E. coli (106 CFU mL−1), and showed the synergistic
activity of the heteropolyacid H5PMo10V2O40 (0.6 mg mL−1) and CS. A likely explanation is that
CS mediates membrane distortion and facilitates POM internalization within the cell, where it can
affect electron transfers. Separate CS and vanadomolybdate, indeed, caused only six- to seven-
fold declines in bacteria count. Upon lyophilization of the colloidal mixture, a highly porous and
insoluble film, characterized by a homogeneous network of fibers (with lengths up to hundreds
of µm and diameters between 2 and 12 µm), retaining antibacterial activity was also obtained
(Fig. 9.8) (Fiorani et al., 2014).

As a further example of POM–CS interplay, De Matteis et al. (2014) reported the synthesis
and antibacterial activity of a series of nanometer-sized capsules obtained via supramolecular
assembly of POMs, CS and cetyltrimethyl ammonium bromide (CTAB). Three representative
POMs were used throughout this study: two Keggin structures (PTA and PMA) and a Kabanos
structure, (NH4)15{Na[(Mo2O4)6(µ2-SO3)3-(µ2-SO3)]2}5H2O. The nanocapsules were prepared
using a micelle-based approach, where the surfactant was used as a cationic nucleating agent
and to trap the POMs prior to envelopment in the structure-directing CS matrix. Comprehensive
characterization of these materials suggested a metal-organic hybrid structure based on POM-
decorated micellar CTAB cores interwoven with CS-coordinated POMs. The antibacterial activity
of these nanoscale composite capsules was then evaluated against E. coli. While the free poly-
oxomolybdates showed no antimicrobial activity up to a concentration of 0.5 mg mL−1, hybrid
materials based on the corresponding POMs presented a significant antibacterial effect, especially
those containing molybdates, which induced stress and damage leading to a decrease in viability
of 80% at a capsule concentration of 50 µg mL−1 (Fig. 9.9).

As for NMOs, the embedding of POMs into polymeric matrixes take advantages of polymer
processability (Carraro and Gross, 2014). Although the antimicrobial activity often remains to
be proved, the resulting materials might combine in a single unit separation and disinfection
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Figure 9.8. Polyhedral representation of the molybdovanadate [PMo10V2O40]5− embedded into CS
(center). Color code: MO6, dark green octahedra; P, yellow; VO6, red octahedra. Left: transmission electron
microscopy image of nanoparticles obtained from POM:CS=1:10 (w/w), at pH 6; right: scanning electron
microscopy image of a film obtained from the lyophilized suspension.

capabilities. The preparation of a blend containing soluble POMs and polymeric chains is the
simplest way to fabricate POM/polymer materials. Dipping or spin-coating methods were also
used to obtain films based on polyvinyl alcohol (PVA), poly(ethylene glycol) (PEG), agarose,
polyacrylamide and polyvinyl pyrrolidone (PVP) (Qi and Wu, 2009).

An example of bioactive material is illustrated by the incorporation of PMA, in the form of 5–
60 nm aggregates, within the microchannels of colloidal Nafion. The assembly was drop cast on
a glassy carbon electrode and used as an electrocatalytic film for cysteine oxidation (in phosphate
buffer, pH 7). Owing to its biocidal activity (demonstrated against Trichophyton rubrum), the
hybrid material was proposed as a solid-state antifungal coating (Swetha and Kumar, 2013).

In another case, permeable membranes based on H5PMo10V2O40 and a PVA/PEI blend were
prepared with the aim of devising a protection against chemical and biological warfare agents.
The POM was incorporated in the PVA/PEI hydrophilic matrix upon impregnation. The redox
properties towards the oxidation of a model sulfide were maintained and the antibacterial activity
was assessed against E. coli, P. aeruginosa, S. aureus and B. subtilis (107 CFU mL−1). A MIC of
0.02–2 µg mL−1 was measured for the hybrid containing 10% POM (Wu et al., 2009).

Photoactive POMs could be promising as antimicrobial agents under UV irradiation. Photo-
catalytic membranes were obtained upon association of [W10O32]4−, as hydrophobic tetrabutyl
ammonium salt, with different polymeric films, such as polydimethylsiloxane (PDMS) or
poly(vinylidene fluoride) (PVDF). The PVDF membrane, in particular, retained a suitable
morphology for water filtration, with a macroporous layer as opposed to a dense skin layer
(Fig. 9.10). The supported POM was used to achieve the photodegradation of alcoholic substrates
under irradiation at λ > 345 nm (Bonchio et al., 2003; Fontananova et al., 2006).

Stronger interaction between a POM and a polymeric domain can be obtained by using polyca-
tionic polymers, as in the case of polyallylammonium hydrochloride, which was used, for example,
to create multilayered polyelectrolyte capsules upon LbL assemblies with alternating POM and
polystyrene sulfonate layers (del Mercato et al., 2014), or by using polymerizable counterions
to be cross-linked in-situ with a suitable monomer, such as an acrylate (De Luca et al., 2014;
Li et al., 2005).

In another approach, POMs have been immobilized through wet impregnation on the sur-
face of γ-alumina and silica (Tzirakis et al., 2007). For example, a sol-gel procedure, at
pH = 2, gave a stable porous photoactive material containing 30% (w/w) of [W10O32]4−,
characterized by micropores (7–13 Å) and mesopores (30 Å) (Molinari et al., 2013b). Differ-
ent silica-based structures were obtained by encapsulating a POM, [EuP5W30O110]12−, with
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Figure 9.9. Schematic composition of chitosan/CTAB capsules with POMs (left). Center: combined
ball&stick/polyhedral representation of Kabanos-like POM {Na[(Mo2O4)6(µ2-SO3)3-(µ2-SO3)]2}15−.
Color code: MO6, brown octahedra; S, yellow balls; Na, grey; O, red balls. Right: scanning electron
microscopy image of composite Kabanos capsules (top) and bright-field transmission electron microscopy
image of a discrete capsule embedded in gelatin (bottom). Adapted from De Matteis et al. (2014) with
permission from The Royal Society of Chemistry.

Figure 9.10. Scanning electron microscopy images of PVDF membranes without (left) and with (center)
the photoactive POM (n-Bu4N)4W10O32, for which the reactivity is schematically represented (right).

a hydroxyl-terminated cationic surfactant (11-hydroxylundecyldimethyl ammonium), which
was then covalently grafted into the matrix by means of a co-condensation with hydrolyzed
tetraethoxylsilane. The POMs, well-dispersed within spherical structures with sizes around
150 nm, were used as reductants of metal compounds (AgNO3, HAuCl4 and H2PtCl6) for the
controlled growth of NPs (Zhao et al., 2010). Finally, the covalent grafting of the hybrid poly-
oxometalate [AsW9O33{P(O)(CH2CH2CO2H)}2]5− was obtained by formation of amide bonds
with mesoporous aminopropyl-functionalized SBA-15 silica NPs (Villanneau et al., 2013).
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9.4 CONCLUSIONS

Nanosized metal oxides and polyoxometalates offer several advantages and opportunities for the
development of novel systems for water cleaning and disinfection. Thanks to the antibacterial
activity of such nanodimensional metal oxides (MOs) and the process intensification enabled by
their assembly within porous supports, the integration of complementary functionalities (catalysis,
disinfection and separation) is possible within a single module.

This chapter has collected selected examples of MO-based nanostructured materials with
antimicrobial function, in order to provide information about suitable supports and their eventual
synergistic activity. However, because many of the existing examples of MO-based antimicrobial
materials deal with the preparation of coating layers or colloids, further engineering efforts are
required to design systems that will operate efficiently with a continuous flow.

Due to the expanding research on MO synthesis and modification, we expect that a careful
choice of materials and immobilization strategies could ensure the high stability, low leaching
and long lifetime of the resulting devices. POMs, in particular, can be easily modified in terms
of composition, charge, dimensions and redox potential, and although a structure–activity rela-
tionship is still lacking, all of these properties are likely to be pivotal for biological activity. In
addition, they allow control of the interactions with a support matrix at a molecular level.

The photochemical production of reactive oxygen species is another promising strategy that
should be implemented, since it does not involve metal ion release and can also be useful in the
minimization of biofouling.

To foster innovation in this field, we have included some examples of promising hybrid
materials, whose antimicrobial activity needs to be further evaluated after optimization of their
constituents.
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CHAPTER 10

Atomic-force microscopy investigations of filtration membranes

Daniel Johnson & Nidal Hilal

10.1 INTRODUCTION

In this chapter we will discuss contributions which can be made to the study and characterization
of filtration membrane surfaces using the technique of atomic-force microscopy (AFM), using
specific examples. We will begin by giving an overview of the AFM technique itself, explaining
the basic mode of operation, followed by a brief discussion of the contributions described in
the literature. We will then concentrate on three examples of work which we have carried out
recently usingAFM to characterize various polymer membranes under different conditions. These
examples are: the study of the effects of environment and imaging mode on the observations
made of polymeric nanofiltration membranes using AFM; and the study of inorganic scaling on
membranes used for seawater membrane distillation; the study of humic acid adhesion forces
with novel polymer membranes under different conditions, including those simulating membrane
bioreactor treatment of dye effluent.

10.2 ATOMIC-FORCE MICROSCOPY

AFM is a high-resolution imaging technique which was originally developed in the 1980s to
overcome certain limitations found with scanning tunneling microscopy (STM) (Binnig et al.,
1986). Unlike STM, AFM measurements do not have to be carried out in a vacuum and work
just as well with electrically non-conductive samples as with conductive ones. Measurements
can be made in liquid as well as gaseous environments, enabling experiments to take place in a
wide range of conditions, including those which simulate natural and industrial environments.
In addition, interaction forces between the probe and the surfaces of interest can be measured,
allowing a range of quantitative measurements to be made, including those of long-range and
adhesive forces, and permitting investigations of the mechanical properties of those surfaces.

The basic setup of AFM is shown in Figure 10.1. At its heart the atomic-force microscope has
a probe containing a sharp scanning tip mounted on a flexible micro-cantilever arm. Detection
of the flexing of the cantilever is achieved by an optical lever system consisting of a beam of
laser light which is reflected off the upper surface of the cantilever onto a photodetector. Raster-
scanning of the sharp imaging tip across a surface and simultaneous monitoring of the deflection
of the cantilever arm allows a three-dimensional image of the surface to be constructed at high
resolution, which under certain circumstances can be at the sub-nanometer range.

10.2.1 Imaging modes

A large number of different AFM imaging modes are used, which can be divided into ‘static’
techniques, such as contact mode, or ‘dynamic’ techniques, including tapping and non-contact
modes. We will concentrate on the three most basic modes here. More detailed descriptions can
be found elsewhere (Butt et al., 2005; Johnson et al., 2009a).

Contact mode is where the scanning tip maintains constant contact with the sample’s surface,
operating in a repulsive force regime. As the probe is raster-scanned across the surface it will
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Figure 10.1. Schematic of the basic setup of an AFM (left). Right: SEM images of the sharp imaging tips
of two different probes; the heights of the imaging tips are approximately 3 µm.

encounter features of varying heights, causing the cantilever arm to flex. A feedback loop in
the control electronics causes the probe to be moved up and down by adjusting a piezoelectric
crystal in the scanner, maintaining a constant deflection of the cantilever arm at a level set by
the user. By monitoring the change in height relative to the x, y position of the probe, a three-
dimensional image of the surface can be built up. This is contact mode operation with a constant
force. Alternatively, when imaging a surface which is relatively smooth, with low-lying features,
contact mode can be operated with varying force. Here the feedback mechanisms are turned off
and the deflection of the cantilever is instead used to monitor changes in surface height. Contact
mode is the simplest mode and is relatively quick and easy to accomplish.

One of the most used modes of operation is tapping mode (also referred to as intermittent
contact, amplitude-modulation mode or AC-mode scanning), developed to overcome certain
limitations of contact mode (Hansma et al., 1993; Zhong et al., 1993). Here the cantilever is
oscillated at close to its resonant frequency, allowing it to come into intermittent contact with
the surface of interest. As it scans over the surface, features of greater and lesser height cause its
amplitude to decrease or increase, respectively. A feedback mechanism is employed to adjust the
height of the probe to maintain a constant amplitude. This height signal is then used to construct
the surface topography in a similar way to contact mode. Whilst generally slower than contact
mode, reduced normal and lateral force interactions give this mode an advantage over contact
mode when imaging soft or rough surfaces.

Finally, in non-contact (or frequency-modulation) mode the cantilever is again oscillated at
close to its resonant frequency, but at a much smaller amplitude than in tapping mode. As the
probe approaches the sample’s surface, long-range attractive interactions, including electrostatic
and van der Waals forces, occur between atoms on the opposing surfaces. These interactions lead
to a detectable change in the oscillation frequency, causing a change in the phase between the
driving and oscillating frequencies. Feedback loops are then employed to maintain a constant
distance between the probe and surface, without making contact with the surface (Lüthi et al.,
1994). This method minimizes the interaction forces between probe and sample, leading to a
decreased area of interaction and a potentially better x, y resolution than for the other modes. In
practice, this mode is more difficult to use with finesse than the other, simpler modes, but under
appropriate conditions is able to achieve true atomic resolution.

10.2.2 AFM as a force sensor

One of the major applications of AFM is as a quantitative sensor of interaction forces between
the probe and the surface of interest. Because, under normal operating conditions, the degree of
cantilever flex has a linear relationship with the force applied, and hence follows Hooke’s Law,
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Figure 10.2. Images of a colloidal probe (left) and a cell probe (right). The colloidal probe was created
using a silica microsphere and the cell probe by using the yeast Saccharomyces cerevisiae (Bowen et al.,
1998a, 1998b).

the direct measurement of interaction forces with a cantilever whose mechanical stiffness has
been determined is straightforward. The probe tip simply needs to be brought into and out of
contact with a point on the sample surface and the deflection recorded as a function of probe
height. The academic literature is full of examples of such measurements, including the measure-
ment of nanomechanical material properties (Domke and Radmach, 1998; Kaliapan and Capella,
2005; Weisenhorn et al., 1992), surface adhesion forces (Kappl and Butt, 2002; Roberts, 2005;
Weisenhorn et al., 1992), long-range interaction forces (Burnham et al., 1990; Gillies et al.,
2005), interaction forces between particles and interfaces (Johnson et al., 2009b) and mechanical
properties and bond strengths of polymers and biomolecules (Allen et al., 1997; Best et al., 2003;
Rief et al., 1997). By coating the probe tip, or replacing it with a particle or cell, a large number of
different interactions may be measured under different operating conditions that mimic natural or
industrial conditions of interest to the investigator. The deflection is typically converted to force
in nanonewtons (nN) by using the optical lever sensitivity (obtained from the slope of the contact
region when measurements are taken against a hard surface) and the spring constant of the lever.
The height displacement of the probe can be converted into probe-sample separation distance by
subtracting cantilever deflection from the height and then setting the region of hard contact as
zero, although the determination of actual zero separation may be non-trivial.

10.2.3 Colloidal probes

By replacing the sharp scanning tip with a particle or cell of interest, a colloidal or cell probe can
be produced. In the case of particles, if a microsphere is used the simplified geometry, compared
with the shape of a sharp scanning tip, makes it easy to scale the forces by the radius of the particle.
In addition, it is relatively straightforward to coat or otherwise functionalize the microspheres
with a substance of interest. Alternatively, particles of substances, such as calcium carbonate or
drug crystals (Al-Anezi et al., 2008; Davies et al., 2005), may be used to study their adhesive
properties. Figure 10.2 shows scanning electron microscopy (SEM) images of two examples: on
the left is a colloidal probe formed by using a silica microsphere (Bowen et al., 1998a), whilst on
the right is a yeast cell (Saccharomyces cerevisiae) mounted on the end of the cantilever arm for
use as a cell probe (Bowen et al., 1998b).

Colloidal probes were first utilized for force interaction measurements by Ducker and col-
leagues (Ducker et al., 1991; Ducker and Senden, 1992), who used a 3.5 µm diameter silica
sphere to measure its interactions with a polystyrene surface as a function of solution ionic
strength and pH. By measuring the long-range DLVO forces under different conditions it is possi-
ble to estimate the ability of a membrane surface to reject attachment of a colloidal foulant, whilst
measurement of adhesion forces can give information about the strength of foulant-membrane
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attachments. This is of particular use when modifying membrane surfaces to resist fouling. From
adhesion measurements it can be seen whether a membrane is likely to be resistant to initial
foulant attachment using only a small sample of membrane, obviating the need for fabrication of
larger amounts of membrane which may be expensive. For example, Hilal et al. (2003) measured
adhesion forces for poly(ether sulfone) (PES) membranes, both unmodified and modified with
quaternized N , N -dimethylaminoethyl methacrylate (qDMAEMA). When using a silica sphere
as the probe, it was found that the modification reduced the measured adhesion force from 39.5
to 24.8 mN m−1, suggesting that the modified membrane would be more resistant to fouling by
silicate particulates.

By chemically modifying the surfaces of colloidal microspheres, probes can be made which are
either coated with the foulant of interest, or which simulate the behavior of colloid and biocolloid
foulants. A carboxylated latex particle probe was used by Herzberg et al. (2009) to simulate inter-
actions between a bacterial cell and reverse osmosis membranes fouled by extracellular polymeric
substances (EPS), in the presence and absence of calcium carbonate in the feed solution. During
approach, only repulsive forces were measured with an unfouled membrane, both in the presence
and absence of Ca2+ ions, which was found to be due to electrostatic double layer repulsion.
When EPS fouling was present, an attractive “jump-in” of the probe to the membrane surface was
observed when Ca2+ was added to the solution. These jump-in events occur when the gradient
of attractive forces become greater than the restoring force of the AFM cantilever (Butt et al.,
2005), causing the probe to make rapid contact with the sample. It was concluded that this was
due to binding of Ca2+ to carboxylate groups both on the surface of the probe and in the fouling
layer (Herzberg et al., 2009). These observations are similar to measurements reported by Li and
Elimelech (2004), who measured interactions between carboxylated particle probes and mem-
branes fouled with humic acid. When calcium ions were added, the measured adhesion force
was seen to increase dramatically, whether the EPS fouling layer was present or not, although
it was particularly marked when an EPS layer was present. For some measurements when EPS
was present in solution, no measurable adhesion was seen. This was attributed to interaction of
the Ca2+ ions with carboxylate groups in the EPS layer. The same type of probe was also used
to demonstrate a reduction in adhesion forces for a poly(vinylidene fluoride) (PVDF) membrane
when modified with a layer of grafted copolymer, with no attractive forces observed when the
membrane was immersed in 100 mM NaCl solution (Herzberg et al., 2011). Similar work by
Bernstein et al. (2011) also used a carboxylated probe to assess the fouling resistance of reverse
osmosis membranes with surfaces modified by graft polymerization. Interaction forces between
the probe and the membrane surface were found to be dominated by electrostatic double layer
forces, as seen when the solution pH was changed altering the charged state of the interacting sur-
faces. Adhesion forces were largely a result of electrostatic mechanisms, hydrophobic/hydrophilic
interaction and possible hydrogen bonding, with the explanations being different for the different
membranes, demonstrating the complexity of foulant-membrane interaction mechanisms.

Evans et al. (2009) used the colloidal probe technique to assess the efficacy of membrane
cleaning on fouling caused by the polyphenols present in black tea. Using a silica microsphere
coated with a model polyphenol, adhesion force measurements were carried out with regenerated
cellulose ultrafiltration membranes. It was found that adhesion forces were greater for virgin
and fouled-then-cleaned membranes than for fouled membranes. Pre-treatment of the membrane
using sodium hydroxide reduced the adhesion forces by comparison with the virgin and cleaned
membranes, indicating the benefits of membrane pre-treatment prior to filtration use.

10.3 IMAGING NANOFILTRATION MEMBRANES: EFFECT OF IMAGING
MODE AND ENVIRONMENT

The atomic-force microscope has become a useful tool for the study of membrane surface mor-
phology. One of the major advantages AFM has over other high-resolution imaging techniques is
the ability it gives to perform experiments and make observations in both ambient air and liquid
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Figure 10.3. 1 × 1 µm images of membranes taken in air: (a) PES 20%, PVP 20%, tapping mode; (b) PES
20%, PVP 20%, contact mode; (c) NF270, tapping mode; (d) NF270, contact mode.

environments. The various imaging modes all come with advantages and disadvantages. In this
section, we describe a study (Johnson et al., 2012) to compare the two most commonly utilized
imaging modes in both air and water when examining two different nanofiltration membranes,
to identify the strengths and weaknesses of different approaches when applied to the study of
typical polymeric nanofiltration membranes. For this work, two different membranes were cho-
sen. Firstly, a laboratory-fabricated membrane, made using the phase inversion method with
20% w/w PES and 20% polyvinylpyrrolidone (PVP) in the casting solution, was examined. The
second membrane was a commercially available Filmtech NF270 polyamide thin-film composite
nanofiltration membrane (Dow Chemicals). Contact angles were determined for both membranes
using the sessile drop technique, being 72.61◦ and 21.89◦ for the laboratory-made and commercial
membranes, respectively.

10.3.1 AFM imaging

Both membranes were scanned in air under ambient conditions and in high-purity water
(18 M	 cm), using both tapping and contact modes, with image sizes of 0.25, 1.0, 5.0 and
100 µm. For clarity, only the 1 µm images are included here, with representative images taken
in air shown in Figure 10.3. For the PES 20%, PVP 20% membrane, whilst the tapping-mode
image (Fig. 10.3a) shows a granular appearance, this detail is almost completely absent in the
contact-mode image (Fig. 10.3b), which bears similarities to the ripple patterns observed due to
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Figure 10.4. Typical force measurements between contact probe and membrane surfaces in air for: (a) PES
20%, PVP 20% membrane; (b) NF270 membrane.

nanowear previously reported for other polymer surfaces under a number of conditions (Berger
et al., 2007; Filippov et al., 2011; Leung and Goh, 1992; Schmidt et al., 1999, 2003). This is most
likely to be due to higher interaction forces being experienced between scanning tip and sample
during contact-mode imaging, by comparison with tapping mode, inducing ordering of the upper
surface of the membrane (Bowen and Hilal, 2009; Filippov et al., 2011; Knoll et al., 2010; Leung
and Goh, 1992).

The appearance of the commercial NF270 membrane is similar to that of the PES 20%, PVP
20% membrane, although the lateral dimensions of the surface features appear larger in the
1 × 1 µm scans for NF270 than for the laboratory-fabricated membrane. Of note is the comparison
between the tapping- and contact-mode images in Figures 10.3c and 10.3d, which show very little
difference in image quality by comparison with the comparable pair of images obtained with the
PES 20%, PVP 20% membrane. Scanning conditions, including the loading force, were kept as
closely matched for the two membranes as was practicable, so are unlikely to be the cause of this
difference, which could possibly be caused by a difference in the resistance to friction between
the two membranes.

Force measurements were carried out in air to assess whether there was any difference in
surface stiffness between the two membranes. Cantilevers had their spring constants calculated
using the reference cantilever method (Gibson et al., 1996; Torii et al., 1996). Five measurements
were made for each sample, at different parts of the sample surface. The optical lever sensitivity
of the probes was calculated from force curves acquired from a clean silicon surface. The force
measurements for the PES 20%, PVP 20% and NF270 membranes are shown in Figures 10.4a
and 10.4b, respectively. Adhesion forces were assessed from the force at the point at which the
tip separated from the surface when retracting (minimum value for the blue trace). The adhesion
force measured in air for the fabricated membrane (61.1 nN, s.d. = 4.42) was approximately twice
that measured for the commercial one, NF270 (27.5 nN, s.d. = 3.70). The greater adhesive forces
experienced between the probe and the fabricated membrane lead to a greater total load force
when imaging the PES 20%, PVP 20% membrane. For contact-mode imaging, the set point was
set at 0.5V, which corresponded to an imaging force of 3.9 nN, much less than the adhesion forces
measured for either of the membranes.

By using the optical lever sensitivity value used when pressing the same lever with the same
laser alignment against a non-deforming silicon surface, the deflection of the cantilever can be
subtracted from the distance axis of the force curves. This allows calculation of the indentation of
the probe into the sample surface. Plots of indentation versus applied force for the two membranes
are shown in Figure 10.5. At forces up until approximately 10 nN the profiles of the two membranes
are similar. Above this value a kink in the profile of the NF270 membrane causes it to deviate
from that of the PES 20% PVP 20% membrane. The similarity of the profiles at the low forces
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Figure 10.5. Applied force versus indentation depth for nano-indentation measurements of PES 20%, PVP
20% and NF270 polymer membranes.

comparable to those experienced during imaging suggests that the stiffness of the membrane
surfaces does not account for the differences in ability to image the two membrane surfaces in
contact mode.

Images obtained in a liquid environment are shown in Figure 10.6. In Figure 10.6a, a tapping-
mode image is shown for the PES 20%, PVP 20% membrane. This shows globular features not
seen in either the tapping-mode image in air (Fig. 10.3a) or the contact-mode image in liquid
(Fig. 10.6b) of the same scan area. These features are relatively circular in shape, resembling
spherical caps, and are approximately 0.1 µm across. They are much larger than the granular
features observed in air for this membrane and appear to be rounded features on top of the
flat surface of the membrane, rather than part of the membrane material itself. One possible
explanation for these features is the presence of small pockets of air adhering to the surface.
Such features have been previously described in the literature on a range of hydrophobic surfaces
and termed ‘nanobubbles’ (Borkent et al., 2010; Hampton and Nguyen, 2009; Ishida et al., 2000;
Ishida and Higashitani, 2006; Liu et al., 2008). Nanobubbles have been extensively described, with
a number of existing reviews in the literature (Alheshibri et al., 2016; Attard, 2003; Christenson
and Claesson, 2001; Meyer et al., 2006). Their presence on a hydrophobic surface and their
absence on the same surfaces when imaged in air or in contact mode are both indications that
the features observed on the PES 20%, PVP 20% membrane may be explained by the presence
of nanobubbles. Similar features are absent when imaging the hydrophilic NF270 membrane in
water under identical conditions (Fig. 10.6c) Although rounded granular features are present on
NF270, they are identical to features seen for this membrane in air, are still visible in contact
mode in water (Fig. 10.6d), and appear to be part of the fabric of the membrane itself.

The equation of a circle was compared to the cross section of one of the putative nanobubbles
using a least squares fitting approach (Fig. 10.7b). The close fit (R2 = 0.89) shows that the bubble
is in the shape of a spherical cap (Borkent et al., 2010). From this fit, the contact angle of the
bubble (angle in liquid and external to the bubble) may be calculated as approximately 165◦.
This is more than twice the measured macroscopic contact angle of 72.6◦. The reason for this
difference is unknown, but a study by Borkent et al. (2010) noted that all previous investigations
of nanobubbles usingAFM had reported contact angles in the region of 150◦ to 170◦ , independent
of the macroscopic contact angles for the materials examined. It was suggested that the reason for
the discrepancy is the sensitivity of the method to organic contamination at the sample surface.
Whilst the authors of the study described in this section (Johnson et al., 2012) were careful to
keep all surfaces and probes clean and free from contamination, the air-water interface readily
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Figure 10.6. 1 × 1 µm images of membranes taken in high-purity water: (a) PES 20%, PVP 20%, tapping
mode; (b) PES 20%, PVP 20%, contact mode; (c) NF270, tapping mode; (d) NF270, contact mode.

Figure 10.7. (a) Perspective view of zoomed-in area of PES 20%, PVP 20% membrane as imaged in tapping
mode in water, the image showing one of the putative nanobubbles; (b) Cross section of same nanobubble
showing actual height data (red diamonds). The dashed line shows the fit of the equation of a circle to the
nanobubble profile (R2 = 0.89).

collects contaminants, so this cannot be ruled out entirely. In addition, mechanical deformation
of the air bubbles may occur during scanning, which will affect their observational profile.

The existence of nanobubbles on hydrophobic surfaces has been used to explain the presence
of the long-range (>10 nm) hydrophobic force (Considine et al., 1999; Mahnke et al., 1999;
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Zhang et al., 2004). These interactions have implications in a number of situations, including the
fouling of filtration membranes by organic particulates and in the separation of minerals using
froth flotation (Hampton and Nguyen, 2009; Johnson et al., 2006, 2009b). These forces are proba-
bly better described as capillary forces (Hampton and Nguyen, 2010) rather than true hydrophobic
forces, which occur at shorter ranges and have been attributed to interactions between overlapping
solvation zones (Eriksson et al., 1989; Hampton and Nguyen, 2010; Israelachvili, 1992).

10.3.2 Surface roughness measurements

Numerous roughness parameters may be derived from surface topographies obtained by AFM,
typically by using the instrument’s onboard software. Two of the most common parameters quoted
in the literature are the roughness average (Ra) and the root mean square (RMS) roughness (Rq).
Ra is the arithmetic mean of the surface height deviations from the mean plane of the image and
may be calculated by the following formula:

Ra = 1

n

n∑
i=1

|Zi| (10.1)

where Zi is the height for any given pixel, and n is the number of pixels present in the image.
RMS roughness can be calculated by the following equation:

RMS, Rq =
√∑

(Zi − Zave)2

n
(10.2)

where Zave is the arithmetic mean of the height values for all the pixels in the image. The RMS
roughness is the standard deviation of the pixel height data.

The percentage surface area difference is the ratio (as a percentage) of the surface area of
the image to the area of the two-dimensional projected plane of the image. This is directly
comparable with Wenzel’s roughness value, which can be related to the effect of roughness on
contact angle hysteresis (Kamusewitz and Possart, 2003; Marmur, 2003, 2004; Whyman et al.,
2008). The fourth roughness measurement parameter applied to the images obtained in this study
is the fractal dimension, which has been previously reported in the literature to be scale invariant
(Wong et al., 2009; Wyart et al., 2008).

Figure 10.8 presents the roughness data for these four different roughness parameters, plotted
as a function of the scan size. Each value plotted is the mean of three different measurements.
For the RMS and Ra data (Figs. 10.8a and 10.8b), it is clear that the calculated roughness is
a function of the scan size, in accordance with the literature (Boussu et al., 2005, 2006). Both
these roughness parameters are statistical descriptions of the variation in pixel height values about
the mean. As a greater area is scanned, larger surface features are liable to be included in the
image, leading to a broader distribution of pixel heights. In both cases, the increase in measured
roughness with scan size is slightly greater for the PES 20%, PVP 20% membrane than for NF270.
The trend is reversed for the percentage surface area difference observations (Fig. 10.8c), with
the calculated roughness value decreasing as image coverage increases, although the magnitude
of the effect is much less pronounced than that in the RMS and Ra parameters (note the smaller
scale of the y axis). For the fractal dimension values (Fig. 10.8d), there is little or no apparent
effect of image size on the calculated roughness, suggesting that it is a much more appropriate
measure when comparing images taken at different scan sizes.

10.4 INVESTIGATION OF INORGANIC SCALING ON PVDF
AND PTFE DISTILLATION MEMBRANES

When desalinating brine and brackish water the primary scalants are dissolved mineral salts,
including Ca2+, Mg2+ and Si4+ ions. The effect of the drying out of membranes on their scaling was
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Figure 10.8. Change in calculated roughness parameters for AFM images according to scan size (image
edge length): (a) RMS; (b) Ra; (c) percentage surface area difference; (d) fractal dimension. PES 20%, PVP
20% membrane data is in purple, NF270 membrane in yellow. Symbols represent: � contact mode in air; �
contact mode in water; © tapping mode in air; ♦ tapping mode in water. Trend lines are presented for PES
20%, PVP 20% (dashed line) and NF270 (dotted line).

studied by Guillen-Burrieza et al. (2013), in conditions which simulated membrane distillation of
seawater. To increase understanding of the surface phenomena related to the salt scaling of these
membranes, both imaging and force measurement investigations were carried out, amongst other
techniques.

Four different commercial flat-sheet microfiltration membranes were studied, including two
polytetrafluoroethylene (PTFE) and two PVDF membranes. The two PTFE membranes differed in
that the active layers of PTFE-1 and PTFE-2 were designed for high and standard flux, respectively.
All images taken were of a 1 × 1 µm size (Fig. 10.9). Image sizes greater than this were not used,
due to the height variations in larger images being close to or greater than the maximum z-axis
range of the instrument (approximately +/−5 µm from the centre point).

AFM analyses were performed on membranes exposed to seawater for two weeks and compared
to their as-received counterparts. The RMS roughness values obtained from these images are
summarized in Figure 10.10. The measured surface roughness of the two clean (unfouled) PTFE
membranes was much greater than that of the two PVDF membranes, with the RMS values being
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Figure 10.9. Tapping-mode AFM images obtained in air for clean (i) and fouled (ii) PVDF membranes:
(a) PVDF-1; (b) PVDF-2.

approximately twice as high. This was also seen in the greater range of height observed for the
PTFE membranes than the PVDF ones. This reflects the different structures of the two membrane
types, as seen in the AFM images, with the PTFE membranes having a much more open and
less dense structure than the PVDF ones. It should also be noted that the RMS roughness values
for both membranes were relatively high when compared to nanofiltration and other types of
polymeric membrane (Al Malek et al., 2012; Al-Rashdi et al., 2013; Johnson et al., 2012).

For the PVDF membranes, an increase in RMS roughness was observed after membrane
fouling, suggesting that deposited salt crystals (scale) were sitting on the surface and leading
to an increase in the surface roughness of the membranes. For both of the PTFE samples this
was reversed, with the surface roughness seen to decrease after fouling. This suggests that, to
some extent, the fouling layer on the PTFE membranes filled in the gaps between the more open
structural elements of the PTFE membranes, leading to a decrease in overall surface roughness.
The higher roughness of the fouled PVDF membranes compared with the PTFE ones may also be
due to the thicker fouling layer which was observed on the PVDF membrane by SEM (Guillen-
Burrieza et al., 2013).

Measurements of the adhesion force between a CaCO3 probe and the membrane surfaces
were made in seawater at ambient laboratory temperatures (∼22◦C). The seawater was filtered
with a 0.1 µm syringe filter to remove particulates prior to measurement. CaCO3 crystals were
immobilized on the end of a tip-less AFM cantilever using the same method as described by
Al-Anezi et al. (2009): using a micromanipulator setup, a tip-less AFM probe was dipped into
a thin layer of glue at one end of a microscope slide; the probe was then positioned on top of a
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Figure 10.10. RMS roughness of scans in air of as-received and fouled (two-week seawater exposure)
membranes.

Figure 10.11. SEM image of a typical CaCO3 probe prepared for force measurements.

single CaCO3 crystal on the same glass slide and the glue allowed to set firmly before starting
measurements. An SEM image of a particle probe consisting of a single CaCO3 crystal is shown,
subsequent to observations being taken, in Figure 10.11. Around 50 probe-membrane interaction
measurements were taken for each membrane sample and the adhesion forces were recorded.
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Figure 10.12. Summary of adhesion forces between a CaCO3 particle probe and different membrane
surfaces in seawater. Error bars denote standard error of the mean for the measurements.

The measured mean adhesion forces between the CaCO3 probe and the membranes appeared
to be higher for the PVDF membranes than for the PTFE ones (Fig. 10.12). When comparing
the RMS roughness values with the adhesion forces, it is clear that there is an inverse correlation
between the roughness of the initial, unfouled membrane and the measured adhesion force, with
rougher membranes showing a lower adhesion between the CaCO3 probe and the membrane
surface. It is likely that the increased roughness causes a decrease in the area of contact between
the probe and the membrane – in other words, the smoother surface of the PVDF membrane allows
for a greater proportion of the crystal surface to make contact with the membrane, allowing for
a more stable attachment to occur. As the membranes were measured as having a similar water
contact angle prior to fouling, this is a more attractive explanation for the measured difference in
adhesion forces, as this rules out differences in wetting as an explanation. However, it does not
completely rule out differences in chemical interaction between membranes and probe as a factor
in the observed difference in adhesion forces. Contact angle is generally accepted to be affected
by surface roughness as well as by chemical interactions (Galiano et al., 2015; Kamusewitz and
Possart, 2003; Tamai and Aritani, 1971). The similar contact angles observed for each membrane,
despite having markedly different roughness values, points to the likelihood of different chemical
interactions between each membrane type and the surrounding water.

It was concluded that an improved attachment of microcrystals to PVDF membrane surfaces,
when compared to PTFE membranes, was likely to produce better conditions for the initiation
of fouling by mineral salts. Microcrystals attached to the membrane surface are likely to then
provide nucleation sites for further crystal growth.

10.5 ADHESION FORCE MEASUREMENT BETWEEN HUMIC ACID
AND POLYMER MEMBRANES

The fouling of membrane surfaces by substances present in feed water is a significant cause of
increased operational costs and power consumption for membrane separation processes. Novel
polymeric membrane surfaces are being developed by numerous research groups to counter foulant
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Figure 10.13. SEM image of a humic acid-coated latex microsphere mounted on the end of an AFM
cantilever.

attachment and build-up. One such group of membranes under development are those which
contain an active surface created using polymeric bicontinuous microemulsions (PBMs) (Galiano
et al., 2015), as described in Chapter 1. In this section, we describe the use of colloidal probes
functionalized with humic acid (HA) to simulate organic foulants and investigate the adhesion
behavior of various PBM-coated membrane preparations, both in high-purity water and model
textile dye wastewater (MTDW) (Johnson et al., 2015).

The commercial membranes used were PES ultrafiltration membranes (150 kDa) manufactured
by Microdyn-Nadir (Wiesbaden, Germany). Other membranes were prepared by production of a
PBM as a top layer on the commercial PES membrane. The fabrication of these PBM membranes
is described elsewhere (Galiano et al., 2015).

Amine-functionalized polystyrene latex spheres were further functionalized with a coating of
HA, following a protocol based upon that used by Koopal et al. (1998) for the attachment of
HA to aminopropyl silica surfaces. Mean particle size was measured as 5.60 µm diameter (stan-
dard deviation 0.67 µm), as verified from SEM imaging. Verification of HA functionalization
of the microspheres was made by attenuated total reflectance Fourier transform infra-red spec-
troscopy (ATR-FTIR). Comparisons were made to the spectra obtained from HA, unfunctionalized
polystyrene microspheres and functionalized microspheres. In order to carry out measurements
which closely mimic the operating environment in which membranes designed to be low-fouling
in a membrane-based reactor system are likely to be used, a model textile dye wastewater (MTDW)
was used, based on chemical components typically used in the textile dyeing industry (Alaton
et al., 2002; Deowan et al., 2012; Işik and Sponza, 2008; Körbahti and Tanyolaç, 2009). A
representative HA-functionalized colloidal probe is shown in Figure 10.13.

Figure 10.14 shows representative AFM tapping-mode images of the commercial PES mem-
brane and four prepared PBM membranes. RMS roughness values obtained from the 1 × 1 and
5 × 5 µm scans are shown in Figure 10.15, plotted against the membrane fabrication temperature.
As can be seen, roughness values are higher for the larger five-micron size scans than for the
smaller one-micron size scans, a feature noted previously as a common issue when determining
surface roughness (see Section 10.3.2 and Johnson et al., 2012). For the 1 × 1 µm scan sizes, a
strong and statistically significant correlation (R2 = 0.95, p = 0.024) was noted between surface
roughness and fabrication temperature, with the smoothest sample (B) being fabricated at the
highest temperature (35◦C), which may have been due to a lower viscosity of polymer solution
at this temperature. However, when examining roughness for larger sample areas (5 × 5 µm),
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Figure 10.14. 1 × 1 µm AFM scans of membrane surfaces (z range scaled to allow clear view of surface
detail): (a) commercial PES membrane (z range = 50 nm/division); (b) PBM membrane A (z = 15 nm/div);
(c) PBM membrane B (z = 15 nm/div); (d) PBM membrane C (z = 125 nm/div); (e) PBM membrane D
(z = 250 nm/div).

Figure 10.15. Relationship between PBM-membrane fabrication temperature and surface roughness in
1 × 1 µm and 5 × 5 µm AFM scans.
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Figure 10.16. Mean adhesion forces between HA-coated probe and commercial PES membrane surface,
fouled with a layer of HA (‘Humic Acid’) and clean (‘Unmodified PES’).

no statistically significant correlation was observed (R2 = 0.07, p = 0.735), suggesting that the
fabrication temperature only affects the size of surface features at the nanoscale.

Initial force measurements were made in water between the HA-coated colloidal probe and
the unmodified commercial PES membrane used as the scaffold for creation of the PBM mem-
branes. Typically, unless otherwise stated, 40 measurements were taken at different interaction
points on the membrane surface before averaging. All measurements were carried out in a liquid
environment consisting of high-purity water (resistivity of 18.2 M	 cm) or MTDW.

Figure 10.16 shows the adhesion forces between the HA probe and the unmodified PES mem-
brane surface, and between the HA probe and the same type of membrane with a continuous
overlayer of HA, formed after filtration of HA suspensions. The mean observed adhesion force
for the HA-fouled membrane was higher than that of the unfouled membrane. This suggests that
once initial fouling with HA has occurred at the surface of the membrane it will facilitate further
fouling, due to the greater affinity of HA for HA than for the membrane. The implication is that
for a membrane or any other surface to be resistant to HA fouling, the membrane/surface will
have to completely reject all HA particulates in suspension.

When considering the number of force measurements to be acquired for each sample, if each
such measurement is made at a different point on the membrane surface the time taken can increase
to between 30 minutes and an hour. In addition, when first immersed in liquid, the deflection
baseline measurement drifts due to bending of the AFM cantilever, making it usual to leave the
probe to equilibrate in the solution for up to an hour before commencing measurement. For this
reason, it was decided to assess whether there was a time-dependent effect on force curves taken
in MTDW when measurements were taken regularly over a period of three hours. Figure 10.17
shows the effect of time on measurements taken with PBM membrane A. First, the colloidal probe
was immersed in high-purity water and allowed to equilibrate for approximately one hour. The
solution surrounding the probe was then replaced with several rinses of MTDW before taking
measurements. Ten measurements were taken half-hourly for a total of three hours.

The trend line for the time-dependent measurements taken in the model wastewater has a
negligible negative slope of −0.15 nN h−1. This shows that observations are not time-dependent,
as well as demonstrating the robustness of the probes. If deposition of chemical species were to
occur on the surface of the probe and membrane, it is likely to occur immediately on contact.
Any further deposition over several hours does not appear to affect the magnitude of the adhesion
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Figure 10.17. Time dependency of adhesion forces when measured in MTDW.

forces measured to a significant degree. It is worth noting that deposition of dye molecules must
occur, due to the change in color of the membrane from white to blue, seen after its immersion in
the model wastewater. This was not removed by rinsing with clean water.

Figure 10.18a shows mean adhesion forces measured between the functionalized colloidal
probe and various membrane surfaces in high-purity water, including both the commercial PES
membrane and PBM-coated surfaces. Forces were normalized by dividing the force value by the
microsphere radius, to scale the data according to the area of interaction between the probe and
the surface (Butt et al., 2005), with forces being presented in units of mN m−1. The unmodified
PES membrane showed a mean adhesion force of 0.4 mN m−1. A ranking of the membranes
in terms of adhesion forces is shown in Table 10.1, in which the membrane with the lowest
adhesion force is assigned a value of 1. In high-purity water, the lowest adhesion force was
seen with the commercial PES membrane, while membrane sample B had a measured adhesion
with the HA-coated probe much greater than that of any other sample. Sample B was prepared
with the same composition as samples A and C, the only difference being that it had the highest
preparation temperature (35◦C). Repeat measurements with different probes consistently showed
this sample to have much greater adhesion forces in relation to HA. A correlation (R2 = 0.83)
was observed between preparation temperature and HA-membrane adhesion forces measured in
pure water.

Figure 10.18b shows the adhesion forces measured between a HA-coated colloidal probe and
membrane surfaces in a MTDW environment. The adhesion force trend is markedly changed from
that seen in high-purity water, giving a different ranking in terms of adhesion (see Table 10.1).
Here, membrane samples B and C both had mean adhesion forces below that measured for the
unmodified PES membrane, with the latter membrane and membrane sample D having a much
greater measured adhesion (of the order of 270–300% larger). Only the measurements for sample
A remained broadly similar in both environments, with a two-sampleT-test showing the differences
before and after MTDW exposure for this membrane sample not being statistically significant
(p = 0.504). For each of the other membranes, the differences were found to be significant, with
p values <<0.01. By comparing the data in Figures 10.18a and 10.18b, it can be seen that only
membrane sample C gave low measured adhesion values in both environments. Also of note is that
sample B, which was the worst performer in water, was the second-best performing membrane in
MTDW in terms of lowest measured adhesion force.
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Figure 10.18. Normalized mean adhesion forces for unmodified commercial PES membrane and four
PBM-modified PES membranes in: (a) high-purity water; (b) model textile dye wastewater.

Table 10.1. Ranking of membranes according to adhesion measurements carried out
in high-purity water and model textile dye wastewater (MTDW), with a ranking of 1
indicating the lowest adhesion and 5 the highest adhesion.

Adhesion ranking – Adhesion ranking –
Membrane sample high-purity water MTDW

Commercial PES 1 4
A (PMB-coated) 4 3
B (PMB-coated) 5 2
C (PMB-coated) 3 1
D (PMB-coated) 2 5

In order to better understand the adhesion force trends, water contact angle measurements
were taken for clean membranes and also for membranes which had been immersed in MTDW.
These measurements are summarized in Figure 10.19, which shows that the clean membranes
show differing degrees of wettability, with PBM-membrane sample B (CA = 95.3◦) being the
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Figure 10.19. Water contact angle (WCA) measurements for clean membranes and membranes dyed
following exposure to MTDW.

only membrane to show a considerable degree of hydrophobicity. The water contact angle was
modified in all of the membrane samples after exposure to MTDW, with all showing a decrease
in contact angle, with the exception of sample A. All changes in contact angle were determined
as statistically significant (p < 0.05).

A degree of correlation with the measured adhesion forces was seen for all of the water contact
angles, both before and after exposure to MTDW. Figure 10.20 shows plots of this relation-
ship before (Fig. 10.20a) and after (Fig. 10.20b) exposure to MTDW. For the clean membrane,
R2 = 0.81 and p = 0.037; for the membrane exposed to MTDW, R2 = 0.91 and p = 0.012. From
this high degree of correlation, it appears that the wettability of the membrane is likely to be a
major factor in determining the adhesion forces between foulants and these membrane surfaces.
It is interesting to observe that the direction of the relationship is inverted after exposure of the
membranes to MTDW: in the clean membranes an increase in hydrophobicity of the surface favors
increased adhesion with HA, whereas after exposure to MTDW, it is membrane surfaces which are
more hydrophilic that show the most adhesion. Contact angle measurements on the HA used to
functionalize the probes before and after overnight exposure to MTDW showed that the HA itself
also undergoes surface modification, with a reduction in contact angle demonstrating a change
from a hydrophobic material (CA = 129◦) to a moderately hydrophilic material (CA = 29◦). This
demonstrated that the change in the adhesion behavior of the membranes in clean water and
MTDW is due to modification of both the probe and the membrane surface. In addition, a strong
correlation was also noted between the contact angle and the preparation temperature (R2 = 0.99,
p = 0.005), as illustrated by Figure 10.20c.

Analysis of surface functional groups for the membranes before and after exposure to MTDW
was carried out using ATR-FTIR (Johnson et al., 2015). Examination of the subtracted spectra
suggested a possible reason for the change in contact angle of the membranes after exposure to
MTDW. It was previously noted that PBM membrane A showed an increase in contact angle,
with all other samples showing a decrease. In all membranes, a possible increase in alcohols and
carboxylate groups was seen at the surface. PBM membranes B and C showed an increase in the
number of hydrophilic C-O groups on their surfaces. However, for PBM membrane A, a reduction
in the number of hydrophilic C-O and C=O groups at the surface was seen, explaining its slightly
increased hydrophobicity.
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Figure 10.20. (a) Plot of adhesion forces measured between HA probe and clean membranes vs. contact
angle, in water (R2 = 0.81, p = 0.037); (b) plot of adhesion forces vs. contact angle of surfaces exposed to
MTDW, in MTDW (R2 = 0.91, p = 0.012); (c) plot of contact angle vs. membrane fabrication temperature,
for clean membranes (R2 = 0.99, p = 0.005).

10.6 CONCLUSIONS AND FUTURE DIRECTIONS

In this chapter we have discussed, in general terms, the techniques of atomic-force microscopy
and the contributions that have been made to the development of polymer filtration membranes,
before giving detailed accounts of some recently published experiments. AFM has a number
of advantages over other high-resolution imaging techniques, such as the ability to image in
liquid and ambient air conditions, direct three-dimensional interaction with the sample sur-
face, and the ability to ‘feel’ interaction forces between the probe and the sample surface. This
allows the measurement of surface morphological parameters, such as roughness, as well as
foulant-membrane interaction forces in both air and environments which mimic conditions in



Atomic-force microscopy investigations of filtration membranes 209

which the membranes are expected to operate, in terms of factors such as pH and ionic strength
and composition, as well as the effect of chemical additives.

The AFM technique is now 30 years old and becoming a mature technology, especially in
terms of instrument design, with a large number of manufacturers now providing a wide range
of commercially available models, and imaging modes covering many applications. In terms of
using AFM as a tool to aid in the development of polymer membranes and the assessment of
surface fouling, this instrument will continue to be a useful complement to the suite of char-
acterization techniques available to membrane technologists. However, there is always room
for further development. As has been demonstrated here, and in numerous studies described in
the scientific literature, surface functionalization of AFM probes allows access to information
about the interactions between foulants and surfaces. Development of surface chemical modi-
fications into ones mimicking more complex chemistry could provide much useful information
about the mechanisms of biofouling of membrane surfaces, and aid in the development of novel
biofouling-resistant surfaces.
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CHAPTER 11

Molecular simulations of water and ion transport
through nanoporous membranes

Richard Renou, Minxia Ding, Haochen Zhu, Aziz Ghoufi & Anthony Szymczyk

11.1 INTRODUCTION

Water is vital for all forms of life and for all types of industrial development. Although it covers
around 70% of the earth’s surface, only 3% of the earth’s water is fresh water and about 99%
of this latter is locked in polar ice and not readily accessible as groundwater so that less than
0.1% of the global water resource is available for people and ecosystems (Drioli and Macedonio,
2012). The availability of drinking water has nowadays become a worldwide problem due to the
continuous growth in water demand that has not been balanced by an adequate replenishment.
Furthermore, water sources are suffering ever more frequently from a worsening of their quality
due to the indiscriminate discharge of both domestic and industrial effluents without adequate
treatment (Macedonio et al., 2012). The UN predicts that by 2025, two-thirds of the world’s
population will live in areas of significant water stress, lacking sufficient safe water for drinking,
industry or agriculture (United Nations, 2010). The lack of fresh water is further aggravated by
factors such as pollution and the inequality of its distribution. People’s access to drinking water
is therefore a major challenge for the coming decades, not only for developing countries but also
for the industrialized states (Shannon et al., 2008). Another important and emerging issue is the
removal of contaminants increasingly identified in water streams, such as hydrophilic organic
compounds, disinfection byproducts, pharmaceutical compounds and also many different ions
originating from electronic products which often end up in landfills, thus contaminating land,
water and air (Macedonio et al., 2012).

The only methods by which to increase water supply beyond what is available from the hydro-
logical cycle are desalination and water reuse (Elimelech and Phillip, 2011). Moreover, ensuring
future safe worldwide water supply creates demands today for advanced and environmentally
acceptable processes that enable the preservation of water and reduction in the amounts consumed.

Membrane separation processes are already recognized worldwide as promising tools for
addressing the global issues of water shortage and water pollution as part of a strategy of process
intensification (i.e. the development of methods aimed at decreasing raw material utilization,
energy consumption, equipment size and waste generation (Drioli et al., 2011)). Indeed, these
techniques are energy-efficient (no phase change is required to operate the separation), environ-
mentally friendly (in the sense that they require little or no addition of chemicals), modular and
compact.

Among the various kinds of membrane processes, reverse osmosis (RO) and nanofiltration
(NF) are particularly well-suited for desalination. RO is typically used to separate out dissolved
salts and small organic molecules. Its applications range from the production of ultra-pure water
for semiconductor and pharmaceutical use, to the desalination of seawater for drinking water
production and the purification of industrial wastewater (Drioli and Macedonio, 2012). RO has
gained in popularity during the last two decades and is currently the world’s leading desalina-
tion mechanism, representing about 60% of the installed desalination capacity. NF emerged in
the late 1980s, filling the gap between ultrafiltration (UF) and RO. NF rejects smaller solutes
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than those removed by UF and has a higher rate of filtrate flow than RO at the same pres-
sure, leading to smaller systems with the same production capacity. Due to its lower operating
pressures, NF reduces energy consumption when compared to RO. NF membranes are typically
characterized by lower rejection of monovalent ions than RO membranes, but maintain high
rejection of divalent ions. NF membranes have been employed in pretreatment operations in both
thermal and membrane seawater desalination processes, and used for softening brackish water
and seawater, as well as in membrane-mediated wastewater reclamation (Drioli and Macedonio,
2012).

On a number of occasions, conventional commercial separation processes in industry have
already been converted to membrane separation processes with significant reductions in cost,
energy and environmental impact (Drioli et al., 2011). Nevertheless, current applications of
NF/RO remain small in number compared to the potential applications that still await. The major
reason is that the physical phenomena involved in separations occurring at the nanoscale (as in both
NF and RO processes) are not yet fully understood and, for all the current descriptions of transport
through these systems, the approach remains more descriptive than truly predictive due to the
use of a variety of empirical fitting parameters in the transport models used (Bowen and Welfoot,
2005). The complexity of the separations performed via NF and RO membranes results from
the combination of nanosized pores or cavities (free volumes) with electrically charged materials
(the mechanism of membrane charge formation includes dissociation of surface functional groups
and/or adsorption of charged species from the solution onto the membrane surface), which enables
the occurrence of phenomena that are not possible at larger scales.

There have been considerable efforts in the last decades to develop transport models suited
to NF and RO (Bowen and Mukhtar, 1996; Dresner, 1972; Lonsdale et al., 1965; Palmeri
et al., 1999; Spiegler and Kedem, 1966; Szymczyk and Fievet, 2005; Wang et al., 1995). It
is true that continuum-based theories and macroscopic models have shown quite impressive
capabilities, but mainly as a qualitative description of transport. In order to better capture the
physics involved in these membranes with nanometric (or even sub-nanometric) void spaces,
and then go one step further for an understanding of transport through NF and RO membranes,
we must use a more detailed description of these systems by considering microscopic modeling
tools.

Molecular simulations have proved to be efficient techniques for the rationalization of micro-
scopic phenomena occurring in nanometric-sized objects (Balme et al., 2011; Cohen-Tanugi and
Grossman, 2012; Kulik et al., 2012; Sala et al., 2012). Indeed, they offer unique possibilities to
connect some macroscopic properties to a microscopic description of the physical phenomena
involved in nanoconfined phases.

Molecular dynamics (MD) is a particularly promising molecular simulation technique for
the investigation of transport phenomena through nanoporous membranes. Basically, an MD
simulation consists of determining the trajectories of a system of particles interacting with each
other via a specified force field (empirical parameters). From the trajectories of the different
particles, it is possible to determine some microscopic properties of the system but also, thanks
to statistical mechanics, to evaluate some of its macroscopic properties. This chapter provides
a short illustration of the potentialities of MD simulations in the investigation of water and ion
transport through model nanoporous membranes.

11.2 MOLECULAR DYNAMICS SIMULATIONS

MD simulation is a computational technique in which atoms are ‘moved’ by solving numerically
the equations of motion of classical mechanics (Newton’s equations) for a set of molecules (Allen
and Tildesley, 1987). The first proper MD simulations were reported more than fifty years ago
by Alder and Wainwright (1957), who studied the dynamics of an assembly of hard spheres.
Nowadays, MD simulation has become one of the most powerful tools in engineering and science
for understanding the behavior of fluids and materials at the atomistic level.
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11.2.1 Fundamentals of molecular dynamics

Any natural or synthetic system is composed of molecules consisting of atoms whose internal
structure is made up of nuclei and electrons. The behavior of these entities is normally described
by relativistic quantum mechanics based on the following postulates:

• De Broglie hypothesis: any particle of mass m and velocitiy v is associated with a wave
phenomenon characterized by a wavelength.

• Born postulate: a complete description of the behavior of an electron is given by a mathematical
function, the wave function �, which is defined by the Schrödinger equation.

• Heisenberg uncertainty principle: this asserts that it is impossible to determine simultaneously
both the position and the momentum of a particle with an accuracy greater than a fundamental
limit.

• Schrödinger postulate: the Schrödinger equation describes how the quantum state of a physical
system changes in time. It is as central to quantum mechanics as Newton’s laws are to classical
mechanics. In contrast to Newton’s equations, its solution no longer provides unique, absolute
trajectories, positions and velocities of particles, but only probabilistic statements about the
positions and velocities of the particles.

The use of the postulates outlined above is justified because the logical development of
mathematical formalism leads to calculation results consistent with experimental observations.
Nevertheless, quantum mechanics quickly reaches its limits, especially in terms of the number
of calculations required, which increases exponentially with system size (i.e. the number of elec-
trons), thus limiting the scope of investigation to very small systems (typically from a few tens
to about a hundred atoms).

In MD simulations, the problem is simplified by considering the Born-Oppenheimer approx-
imation. The mass of electrons is much smaller than that of the nuclei. Therefore, the nuclei
move with such a comparatively low amplitude that all of the electronic integrations that have
kinetic terms can be approximated to zero. In an MD simulation, we are therefore interested only
in the dynamics of the nuclei. The Born-Oppenheimer approximation allows the description of
a system by the position r and momentum p of atoms. If one considers the atoms as punctual
points defined by (r, p), then we can apply Newtonian physical principles, notably the equation
of motion (Newton’s second law):

ma =
∑

F = −
∑

∇rUp = dp
dt

= m
d2r
dt2

(11.1)

where m, a and 
F are the mass of the atom, its acceleration and the sum of forces acting on this
atom, respectively, and Up is the potential energy of the system.

Newton’s equations of motion relate the derivative of the potential energy to the changes in
position as a function of time. Equation (11.1) shows explicitly that knowledge of the potential
energy allows the trajectory of an atom to be described because two successive integrations allow
calculation of the velocity and the position of this atom. The equations of motion are deterministic,
that is, the positions and the velocities at time zero determine the positions and velocities at all
other times. Therefore, to calculate a trajectory, one only needs to know the initial positions of
the atoms and the initial distribution of their velocities.

The potential energy is a function of the atomic positions of all atoms in the system. Due
to the complicated nature of this function (see Section 11.2.4), there is no analytical solution to
Equation (11.1), which must therefore be solved numerically (Allen andTildesley, 1987). The MD
method generates the successive configurations of the system for time intervals that are around
10−15 seconds (a typical time step in classical MD simulations). For each time step, the forces
acting on the different atoms are computed and combined with the current positions and velocities
to generate new positions and velocities.

It is necessary to combine Newton’s dynamics, statistical mechanics and the ergodic principle
(which states that the time averages of functions that depend on coordinates and momenta of all
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the particles of a system in the phase space (r, p) are equal to the statistical averages) in order to
obtain the thermodynamic properties of the system, its structural properties, etc. Although MD is
computationally demanding, the rapid development of computing power over past decades now
makes it possible to perform MD simulations with larger molecular systems (up to ∼106 atoms)
on timescales ranging from tens of picoseconds to a few hundred nanoseconds.

11.2.2 Statistical ensembles

An MD simulation generates information at the microscopic level (the atomic positions and the
velocities of the different atoms in the system). The conversion of this microscopic information
to macroscopic observables such as pressure, heat capacity, etc., can be achieved thanks to
statistical mechanics. The macroscopic quantities have different forms of expression depending
on the specific statistical ensemble (in which a number of the system parameters are set). The
most common statistical ensembles considered in molecular simulations are:

• Microcanonical ensembles (NVE): a system with a fixed number of particles N , a fixed volume
V , and a fixed energy E. It corresponds to an isolated system.

• Canonical ensembles (NVT): a system with a fixed number of particles N , a fixed volume V ,
and a constant temperature T .

• Grand canonical ensembles (µVT): a system with a constant chemical potential µ, a fixed
volume V , and a constant temperature T . The system is an extension of the canonical ensemble,
allowing fluctuation in the number of particles.

• Isothermal-isobaric ensembles (NPT): a system with a fixed number of particles N , a fixed
pressure P, and a constant temperature T . This ensemble plays an important role in chemistry,
as many chemical processes are carried out under conditions of constant pressure.

11.2.3 Periodic boundary conditions

Because of the high computational cost of MD simulations, the sides of the simulation box inside
which atoms move are typically limited to a few tens of Angströms in size. In order to avoid
problems associated with boundary effects caused by the limited size of the simulation box and
to make the system equivalent to an infinite medium, periodic boundary conditions are applied.
This consist of replicating the original box (without walls at its boundaries) in the three spatial
dimensions to form an infinite lattice. In this way, as an atom moves outside the original box, one
of its periodic images simultaneously enters through the opposite face of the box.

11.2.4 Force field

The force field is the set of functions and parameters needed to compute the potential energy
(UP) of the system. Force-field functions and parameter sets are derived from both experiments
and high-level quantum mechanics calculations. Different force fields are available, such as
AMBER, CHARMM and COMPASS. The AMBER force field, for example, encapsulates both
bonded terms (for atoms that are linked by covalent bonds), and non-bonded terms (describing
short-range van der Waals interactions and long-range electrostatic interactions):

Up = Ubond + Uangle + Utorsion + UvdW + Uelec (11.2)

where Ubond describes explicit bonds between atoms and contains intramolecular interactions,
Uangle is the valence angle potential, Utorsion is the dihedral angle potential describing the interaction
arising from torsional forces in molecules, UvdW accounts for van der Waals interactions and Uelec

describes electrostatic interactions.
Different functional forms have been proposed for these potentials. The ones used to perform

the simulations that will be shown in this chapter are described below.
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Figure 11.1. The valence angle for three atoms (i, j and k) and its associated vectors (Smith et al., 2008).
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Figure 11.2. The dihedral angle and associated vectors (Smith et al., 2008).

11.2.4.1 Harmonic bond potential
The harmonic bond potential describes explicit bonds between specified atoms. It is a function of
the interatomic distance. This potential is based on a simplification of the development of Hooke’s
law. The potential energy associated with small bond stretches about the equilibrium bond length
r0 is:

Ubond =
∑
bond

kbond(rij − r0)2 (11.3)

where rij is the distance between atoms i and j, and kbond is the force constant that quantifies the
stiffness of the covalent bond.

11.2.4.2 Harmonic valence angle potential
This potential is a harmonic function of the angle between three atoms i, j and k (see Fig. 11.1):

Uangle =
∑
angle

kθ (θjik − θ0)2 (11.4)

where kθ is the angular force constant, θjik is the angle between bond vectors rij and rik , and θ0 is
the equilibrium angle value.

11.2.4.3 Dihedral angle potential
The dihedral angle potential describes the interaction arising from torsional forces in molecules.
It requires the specification of four atomic positions:

Utorsion =
∑

dihedral

∑
n

A[1 + cos(�φ − δ)] (11.5)

where A, � and δ represent the barrier torsion, frequency and phase, respectively, and φ denotes
the angle between the plane containing the atoms i, j and k and that containing atoms j, k and n
(see Fig. 11.2).
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Figure 11.3. Illustration of a typical Lennard-Jones 12-6 potential.

11.2.4.4 Lennard-Jones (van der Waals) potential
The Lennard-Jones potential (ULJ) is a mathematical approximation to describe van der Waals
interactions between two non-bonded atoms. A common form of this potential, known as 12-6
potential, is expressed as:

ULJ =
∑
i<j

4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]

(11.6)

where rij is the distance between atoms i and j, σij is the distance between i and j for which the
potential is zero (it gives a measurement of how close two non-bonded atoms can get and is thus
referred to as the van der Waals radius) and εij is the depth of the potential well (see Fig. 11.3)
and is therefore a measure of how strongly atoms i and j attract each other.

When atoms i and j are different chemical species, εij and σij are usually estimated by the
Lorentz-Berthelot mixing rules:

εij = √
εiiεjj (11.7)

σij = σii + σjj

2
(11.8)

In Equation (11.6), the r−12 term is the repulsive part of the Lennard-Jones potential (resulting
from overlapping electron orbitals) and is dominant at short separation distances, while the r−6

term represents the attractive part of the potential (van der Waals or dispersion forces) and is
dominant at larger distances. Because the attractive interaction decreases rapidly with separation
distance, prohibitively expensive calculations can be avoided by applying a cut-off distance rcut,
that is, van der Waals interactions are computed only for atom pairs separated by a distance not
exceeding rcut (note that because of periodic boundary conditions the cut-off distance must be
less than half the size of the simulation box).

11.2.4.5 Electrostatic potential
The electrostatic potential (Uelec) is an effective pair potential that describes the interaction between
two electrically charged particles qi and qj . It can be expressed by Coulomb’s law:

Uelec =
∑
i<j

qiqj

4πε0rij
(11.9)

where ε0 is the vacuum permittivity.
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Long-range charge-charge interactions are difficult to handle in computer simulations because
of the limited size of the simulation boxes. Equation (11.9) is, therefore, not practical in molecu-
lar simulations and several alternative methods, such as the Ewald summation (Ewald, 1921),
the particle mesh Ewald method (Darden et al., 1993) or the smooth particle mesh Ewald
method (Essmann et al., 1995), have been developed to optimize the computation of electrostatic
interactions.

11.3 MD SIMULATIONS OF TRANSPORT THROUGH MODEL NANOPORES

All of the simulations described below were performed in the canonical statistical ensemble (NVT )
at a temperature T of 300 K (unless otherwise specified). The temperature was kept constant by
using a Berendsen thermostat (Allen and Tildesley, 1987). The van der Waals interactions were
truncated at 12 Å (cut-off radius) and the long-range electrostatic interactions were computed
from the Ewald summation method. The equations of motion were integrated using the velocity
Verlet algorithm with a time step of 2 fs.

Model silica nanopores with different radii and surface chemistries were considered. Each pore
was generated from an equilibrated structure of amorphous silica provided by Vink and Barkema
(2003) through which a cylindrical cavity was further carved according to the procedure proposed
by Bródka and Zerda (1996).

Water molecules were described by the rigid and non-polarizable TIP4P/2005 model (Abascal
and Vega, 2005).

The different force field parameters can be found in Abascal and Vega (2005), Balbuena et al.
(1998), Renou et al. (2013) and Ghoufi et al. (2013).

Data analysis was performed for the last 10–20 ns after 5 ns of equilibration. All simulations
were carried out with the DL-POLY package (Forester and Smith, 2004).

11.3.1 MD simulations at equilibrium

The results described in this section were obtained from simulations performed at equilibrium,
that is, no external field was applied to the system.

11.3.1.1 Structure of aqueous solutions confined in nanoporous membranes
Because MD simulations allow determination of the time evolution of atomic positions, they are
well-suited to giving information about the molecular structure of fluids confined in nanopores
and nanocavities.

Figure 11.4 shows the radial profile of the density of water confined in nanopores of two
different radii (6 and 12 Å). The surface of both nanopores is hydrophilic, with an identical density
of silanol groups set to 7.5 nm−2 (a snapshot of the narrowest pore is provided in Fig. 11.5).

For both pore radii, Figure 11.4 shows an increase in the water density (with respect to the
bulk density, ∼1000 kg m−3 at P = 0.1 MPa and T = 300 K) in the vicinity of the pore surface as
a result of excluded-volume effects (Morineau and Alba-Simionesco, 2003). The density profiles
exhibit oscillations with a period of about 3 Å, which basically corresponds to the effective
diameter of a water molecule. This indicates a layered organization of water molecules inside the
pores (see also Fig. 11.6). Moving away from the interface, the local density decreases and the
layered structuration of the water tends to vanish in the central part of the wider pore (i.e. R12
in Fig. 11.4) because the water molecules no longer “feel” the solid surface. Because of the
more severe confinement occurring inside the pore of radius 6 Å, the bulk density of water is not
recovered even at the center of the pore.

Such a layered structuration of water molecules in the vicinity of a solid surface has been
highlighted with other kinds of solids (Argyris et al., 2011; Gallo et al., 2002), and it can be seen
as a general property of any liquid adjacent to any solid surface (Ghoufi et al., 2013; Lyklema
et al., 1998). As an illustration, Figure 11.7 shows that a similar layered organization of water
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Figure 11.4. Radial variations of water density inside nanopores of radius R = 6 Å (R6) and R = 12 Å (R12).
The position r = 0 Å corresponds to the center of the pore.

Figure 11.5. (a) Cross section of the nanopore of 6 Å in radius (silicon, oxygen and hydrogen atoms
are shown in yellow, red and white, respectively); (b) longitudinal view of the nanopore filled with water
molecules. The number of water molecules to be inserted in the nanopore was determined by a grand-canonical
Monte Carlo sampling simulation. The dimensions of the simulation box are 36 × 36 × 72 Å.
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Figure 11.6. 2D density profiles according to the xy section of the nanopore. The figure shows the layered
organization of water molecules inside nanopores of radius: (a) 6 Å; (b) 12 Å.

Figure 11.7. Radial variations of water density inside nanopores with hydrophilic and hydrophobic surface
properties. The hydrophobic nanopore was generated from a nanopore of radius 12 Å by replacing silanol
surface groups with trimethylsilane (–Si(Me)3) groups. The position r = 0 Å corresponds to the center of
the pore.

molecules occurs inside a nanopore with hydrophobic surface properties (a water-depleted region
is found in the close vicinity of the pore surface because of the absence of interactions between
water molecules and the hydrophobic surface).

The analysis of radial distribution functions (RDFs) is commonly performed in molecular
simulations in order to obtain information about the local structural organization around a given
atom. The RDF gij(r) gives the probability of finding a pair of atoms i and j a distance r apart ( j
around i), relative to the probability expected for a completely random distribution at the same
density (Allen and Tildesley, 1987). In bulk phase, the RDF is given by:

gbulk(r) = <ρ(r)>

ρ
= <n(r)>

4πr2drρ
(11.10)

where <ρ(r)> is the average of the local volume density within a spherical shell located at a
distance between r and r + dr from the center of mass of the central particle, <n(r)> is the
average local number of particles within this shell, and ρ is the volume density of the bulk phase.
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Figure 11.8. Radial distribution function between the oxygen atoms of water molecules for sodium chloride
solutions of various concentrations confined inside a nanopore of radius 6 Å.

Inside the nanopore, the RDF has to be corrected in order to take into account the presence of
the surface. For a cylindrical pore, the RDF corrected for the so-called excluded-volume effect
takes the form (Morineau and Alba-Simionesco, 2003):

gpore(r) = gbulk(r)

1

r2

r∫
r′=0

⎛
⎝ 2

π
a cos

(
r′

2R

)
− r′

2R

√
1 −

(
r′

2R

)2
⎞
⎠ r′dr′√

1 −
(

r′

r

)2

(11.11)

Figure 11.8 shows the RDF between the oxygen atoms of water molecules for sodium chloride
solutions of various concentrations confined inside a hydrophilic nanopore (7.5 silanol surface
groups per nm2). The presence of ions has a substantial impact on the local organization around
the water molecules. Notably, the second peak (corresponding to the second hydration shell),
located at r = 4.4 Å, tends to vanish as the salt concentration increases.

Modifications of the local organization of water molecules can also be tracked through the
inspection of the tetrahedrality of the hydrogen-bond (HB) network of water. In molecular simu-
lations, HBs are usually described on the basis of the following geometric criteria (Padró et al.,
1997) (see Fig. 11.9):

• The distance between the donor and acceptor oxygen atoms (ROO) has to be less than 3.5 Å.
• The distance between the acceptor oxygen atom and the hydrogen atom (ROH) has to be less

than 2.5 Å.
• The angle between the intramolecular O–H bond and the line passing through the donor and

acceptor oxygen atoms (θ ) has to be smaller than 30◦.

The degree of tetrahedrality of the HB network can be quantified by the so-called tetrahedral-
order parameter q (Errington and Debenedetti, 2001):

q = 1 − 3

8

3∑
i=1

4∑
j=i+1

(
cos φij + 1

3

)2

(11.12)
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Figure 11.9. The three geometric criteria defining a hydrogen bond between two water molecules (oxygen
and hydrogen atoms are shown in red and white, respectively).

where φij is the angle formed by the lines joining the oxygen atom of a given water molecule
and the oxygen atoms of the nearest neighboring water molecules i and j (only the four closest
neighbors are considered).

The average value of q varies between 0 (ideal gas) and 1 (perfect tetrahedral arrangement)
(Galamba, 2013). The distributions of the tetrahedral-order parameter for pure water in bulk phase
and inside nanopores of two different radii (6 and 12 Å) are shown in Figure 11.10. Two different
zones have been considered, namely the central part of the pore and the interfacial region, that is,
the first water layer located in the vicinity of the pore surface (see Fig. 11.4). In bulk phase water,
the most probable value of q is found to be 0.78, in good agreement with the value of 0.8 reported
by Overduin and Patey (2012). The distributions of q in the central part of both pores are close
to that in bulk phase (see Fig. 11.10a), indicating that the local arrangement of water molecules
is not substantially modified. On the other hand, Figure 11.10b shows that the presence of the
pore surface leads to a strong distortion of the pseudo-tetrahedral HB network because the most
probable values of q in the interfacial region are found to be 0.70 and 0.52 in pores of radius 12
and 6 Å, respectively.

Surface chemistry also exerts a profound influence on the orientation of water molecules inside
nanopores. Let us define θ as the angle formed by the dipole moment vector of water molecules
and the surface normal vector (see Fig. 11.11). Figure 11.12 shows the distribution of the angle θ

for neat water confined in silica nanopores with various negative surface charge densities (the
negative charge density on the surface of the different nanopores was generated by removing
some protons from the surface silanol groups). As in Figure 11.10, results are shown for both the
central part of the pore and the interfacial region corresponding to the first water layer located in
the vicinity of the pore surface. For the uncharged nanopore, all angles are sampled in the central
part of the pore (Fig. 11.12a), which means that there are no preferential orientations of water
molecules with respect to the pore surface. Close to the surface (Fig. 11.12b), water molecules
are slightly more oriented as a result of HBs formed between water molecules and the curved
hydrophilic surface. Adding negatively charged surface groups (SiO−) has a significant impact
on the orientation of the water molecules, as revealed by the sharper angle-distribution profiles
shown in Figure 11.12. The most probable value of θ increases with the degree of deprotonation
of the surface and it tends progressively to 180◦. This indicates that water molecules rotate under
the influence of the electric field generated by the charged surface groups, with their oxygen
atom pointing towards the pore center and their hydrogen atoms orientated towards the surface
(obviously, the impact of the surface charge density is stronger in the interfacial region).

11.3.1.2 Dielectric properties of electrolyte solutions confined in nanopores
Gaining insight into the dielectric properties of confined solutions is of the utmost interest in
NF/RO (Szymczyk and Fievet, 2005; Yaroshchuk, 2000). Notably, Szymczyk et al. (2007) have
explained the behavior of a polyamide membrane with respect to four asymmetric electrolytes
with different double-charged cations (Cu2+, Zn2+, Ni2+ and Ca2+) by a combination of dielectric
exclusion and electrostatic interaction.



224 R. Renou et al.

1.0

0.8

0.6

0.4

0.2

0
0 0.2

P
(q

)
P

(q
)

0.4 0.6
q

q

0.8 1.0

R12
R6
Bulk

1.0
(b)

(a)

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

Figure 11.10. Distribution of the tetrahedral-order parameter q for neat water in bulk phase and confined
inside nanopores of radius R = 6 Å (R6) and R = 12 Å (R12): (a) central part of the pore; (b) interfacial region
(i.e. within the first water layer in the vicinity of the pore surface, see Fig. 11.4).

Any ion has an electrostatic free energy, even if it does not interact with other ions. For an ion in
vacuum, this free energy is called self-energy, and in any other medium it is termed Born energy.
It corresponds to the work required to charge the ion in its environment (Israelachvili, 1985).
When applied to membrane separations, the Born model states that the work required to transfer
a mole of ion i from a solution outside the membrane into the membrane pores is given by:

�Gi,Born = NA(zie)2

8πε0ri

(
1

εp
− 1

εbulk

)
(11.13)

where NA is the Avogadro number, e is the elementary charge, zi is the valence of ion i, ri is the
radius of ion i, εp is the effective dielectric constant of the pore-filling solution and εbulk is the
dielectric constant of the solution outside the membrane.

According to Equation (11.11), ion transfer from the bulk phase into the membrane pores is
thermodynamically unfavorable (i.e. �Gi,Born > 0) if the effective dielectric constant of the pore-
filling solution is lower than that of the bulk phase. In other words, transport theory predicts that
desalination performance is enhanced if εp < εbulk (an illustration is provided in Figure 11.13,
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Figure 11.11. Definition of the angle θ between the dipole moment vector of a water molecule (µH2O) and
the surface normal vector (N).

for which the theoretical salt rejection was computed from the continuum-based SEDE model
developed by Szymczyk and Fievet (2005)).

The lack of knowledge about the dielectric constant of confined liquids strongly limits our
ability to model liquid-membrane interactions and, more generally, our understanding of the
behavior of confined fluids. In MD simulations, the dielectric constant of confined water can be
computed from the fluctuations of the dipole moments (Ghoufi et al., 2012). MD simulations
have recently been used to investigate the dielectric properties of confined water within carbon
nanotubes (Lin et al., 2009; Mikami et al., 2009; Qi et al., 2013), graphene nanosheets (Bonthuis
et al., 2011; Zhang et al., 2013) and hydrophilic silica membranes (Ghoufi et al., 2012; Renou
et al., 2013; Zhu et al., 2012, 2013). Inside cylindrical nanopores, simulations have, notably,
shown a significant dielectric anisotropy, the radial component of the dielectric constant being
much smaller than the axial one, which can be significantly higher than the bulk value, as shown
in Figure 11.14. The axial and radial components of the dielectric constant were computed as
follows (Ghoufi et al., 2012):

ε‖(r) = 1 + 1

ε0kBT

(
<P‖(r) · M‖> − <P‖(r)> · <M‖>

)
(11.14)

ε⊥(r) = 1 + 1

ε0kBT
(<P⊥(r) · M⊥> − <P⊥(r)> · <M⊥>) (11.15)

where P(r) is the local polarization density and M = ∫
P(r)dr

The strong dielectric anisotropy highlighted in Figure 11.14 is modulated by the presence of
ions inside the nanopore. Indeed, as shown in Figure 11.15, the dielectric anisotropy is reduced
as the ion concentration inside the pore increases.

11.3.1.3 Dynamics of confined water
In computer simulations, transport coefficients may be calculated from equilibrium correlation
functions, by means of Einstein relations or by conducting a suitable non-equilibrium simulation
(Allen and Tildesley, 1987). The self-diffusion coefficient (Ds) of solvent molecules (or solutes)
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Figure 11.12. Distribution of the angle θ between the dipole moment vector of water molecules and the
surface normal vector for neat water confined inside uncharged and negatively charged nanopores (radius
r = 6 Å) with various degrees of deprotonation (indicated in the figure): (a) orientation of water molecules
in the central part of the pore; (b) orientation of water molecules in the interfacial region (i.e. within the first
water layer in the vicinity of the pore surface, see Fig. 11.4).

is frequently computed from MD simulations performed at equilibrium from the time evolution
of their mean square displacement according to the Einstein relation:

DS = 1

2	
lim
t→∞

dMSD

dt
(11.16)

where 	 is the dimensionality of the system in which diffusion is considered (i.e. 	 = 1 if
diffusion is considered to be in a single direction, 	 = 2 for diffusion in a plane, and 	 = 3 for the
overall diffusion through the sample volume) and MSD stands for the mean square displacement,
defined as:

MSD =
〈

1

N

N∑
i=1

(ri(t) − ri(0))2

〉
(11.17)
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Figure 11.13. Rejection rate of a 0.01 M NaCl solution by an NF membrane with pores of radius 6 Å as a
function of εp/εbulk (simulations were performed using the SEDE model (Szymczyk and Fievet, 2005) with
X = −0.1 M, �z/Ak = 1 µm and JV = 10−5 m s−1, where X , �z/Ak and JV represent the volume-charge
density of the membrane, its thickness-to-porosity ratio and the transmembrane volume flux, respectively).

Figure 11.14. Profile of the radial (ε⊥) and axial (ε‖) components of the dielectric constant of water confined
in a nanopore of radius 6 Å (data are normalized with respect to the bulk dielectric constant of water, εbulk).
The position r = 0 Å corresponds to the center of the pore.

where N represents the number of diffusing solvent molecules (or solutes) and the brackets denote
a statistical average over the different configurations.

Figure 11.16 shows the variation of the MSD of water molecules versus time for pure water in
bulk phase and inside a nanopore of radius 12 Å. From Equation (11.16), the self-diffusion coef-
ficient of water in bulk phase is found to be 2.30 × 10−9 m2 s−1, which is in excellent agreement
with the experimental value (2.27 × 10−9 m2 s−1) (Abascal and Vega, 2005). The self-diffusion
coefficient of water inside the nanopore is much smaller than the bulk value and is found to be
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Figure 11.15. Averages of the radial (ε⊥) and axial (ε‖) components of the dielectric constant of sodium
chloride solutions of varying concentration confined in a nanopore of radius 6 Å (data are normalized with
respect to the bulk dielectric constant of water, εbulk).
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Figure 11.16. Mean square displacement (MSD) vs. time for bulk water and water confined in a nanopore
of radius 12 Å.

4.20 × 10−10 m2 s−1, that is, it is reduced by more than a factor of five with respect to the bulk
self-diffusivity.

The rotational dynamics of water molecules can be explored from an analysis of the
autocorrelation function of the dipole moments, �(t), defined (Guardia and Marti, 2004) as:

�(t) = 〈�µ(t) · �µ(0)〉
〈µ(0)2〉 (11.18)
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Figure 11.17. Time variation of the autocorrelation function of the dipole moments for bulk water and water
confined in a silica nanopore of radius 12 Å.

Table 11.1. Self-diffusion coefficient (DS,pore) and relaxation time
(τpore) of water molecules inside different silica nanopores.

Water molecule situation DS,pore [m2 s−1] τpore [ps]

In bulk phase 2.30 × 10−9 3.1
In a hydrophilic pore of radius 12 Å 4.20 × 10−10 6.2
In a hydrophilic pore of radius 6 Å 3.15 × 10−10 7.8
In a hydrophobic pore of radius 9 Å 7.16 × 10−10 7.6

Figure 11.17 shows the time variation of the autocorrelation function of the dipole moments
for pure water in bulk phase and inside the same 12 Å radius nanopore as considered above (and
in Fig. 1.16). As can be seen, the dipole moments of the water molecules relax much more slowly
inside the nanopore than in the bulk phase. The so-called relaxation time, τ , can be determined
by assuming a Debye exponential behavior for �(t) (Marti et al., 1994):

�(t) = exp(−t/τ ) (11.19)

Both the translational (DS) and rotational (τ ) dynamics of water slow down as the degree
of confinement is increased, as shown in Table 11.1. Interestingly, the hydrophobic/hydrophilic
properties of the pore surface strongly impact the translational dynamics of water (DS is higher
inside a hydrophobic nanopore than inside a hydrophilic pore because of the absence of interactions
between water molecules and the hydrophobic surface), while the rotational dynamics of the water
molecules are virtually unaffected (seeTable 11.1). On the other hand, the presence of ions strongly
affects both the diffusion and the relaxation of water molecules (see Table 11.2), the impact of
the ion concentration on water dynamics being more pronounced under nanoconfinement than in
bulk phase (see columns 3 and 5 in Table 11.2).

11.3.2 Non-equilibrium MD simulations

Different methods have been proposed in order to model a pressure-driven flow through nanopores
in MD simulations (Huang et al., 2006; Zhu et al., 2004). It requires the application of an external
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Table 11.2. Influence of the concentration of sodium chloride on the
dynamics of water confined in a silica nanopore of radius 6 Å.

NaCl DS,pore

[mol L−1] [m2 s−1] DS,pore/DS,bulk τ [ps] τpore/τbulk

0 3.15 × 10−10 0.14 7.8 1.7
0.2 2.28 × 10−10 0.10 8.6 1.8
0.4 1.78 × 10−10 0.08 9.2 1.8
1 1.60 × 10−10 0.08 11.2 2
2 1.36 × 10−10 0.09 15.5 2.2
5 3.22 × 10−11 0.04 – –

Figure 11.18. Longitudinal view of a nanopore of radius 6 Å enclosed by external reservoirs filled with
water molecules.

Figure 11.19. Schematic illustration of the mobile walls method to allow NEMD simulation of a pressure-
driven flow through a nanoporous system. The pressure P1 exerted on the left-hand mobile wall is greater
than the pressure P0 exerted on the right-hand mobile wall, creating a pressure gradient through the nanopore
that is responsible for the fluid flow.

field to the system, and the associated simulations are known as non-equilibrium molecular
dynamics (NEMD) simulations. In NEMD simulations, the nanopore has to be enclosed by
two reservoirs, which play the roles of the feed and permeate compartments (see illustration in
Fig. 11.18).

One efficient method of simulating pressure-driven transport through nanopores consists of
adding two mobile walls, which act as pistons, into the simulation box (see Fig. 11.19). Basically,
a constant force is applied on the different atoms of each wall, this force being different for the two
walls so that a pressure gradient is established through the simulation box (Huang et al., 2006).
This approach has been successfully applied to generate a pressure-driven flow through different
kinds of model nanotubes (Frentrup et al., 2011; Goldsmith and Martens, 2010; Wang et al.,
2013).
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Figure 11.20. Flow rate of water through a nanopore of radius 6 Å as a function of the applied-pressure
difference, determined from NEMD simulations (triangular symbols) and from the Hagen-Poiseuille equation
(solid line).

Figure 11.20 shows the flux of water molecules through a nanopore of 6 Å in radius, determined
from five NEMD simulations performed for a range of applied-pressure differences (�P). Water
flux has also been computed from the Hagen-Poiseuille (HP) equation, which reads as follows
for a single cylindrical pore:

JHP = R2

8ηLpore
�P (11.20)

where JHP is the solvent volume flux, η is the solvent viscosity, and R and Lpore are the pore radius
and length, respectively.

The water flux inferred from NEMD simulations is found to vary linearly with the difference in
applied pressure, as predicted by the theory (Hagen-Poiseuille equation). Interestingly, the results
inferred from molecular simulations are in good quantitative agreement with those predicted by
the continuum-based theory, even though the silica nanopore under consideration has a radius as
small as 6 Å.

The high computational cost of molecular simulations strongly limits the size of the systems as
well as the timescale that can be investigated with these microscopic modeling tools. In NEMD
simulations, a direct consequence is that the external force applied on the system in order to
induce transport must often be much higher than the actual force applied in experiments. This is
especially true when investigating ion transport through a nanopore because the number of ions
entering the nanopore is very limited, which significantly increases the uncertainty surrounding
the estimates because of poor statistics.

As an example, Figure 11.21 shows the axial profiles of ion pairs obtained for various elec-
trolytes (molar solutions of NaCl, NaI and MgCl2) from NEMD simulations conducted with a
pressure difference of 100 MPa. For the mono-monovalent electrolytes (NaCl and NaI), almost
no ion pairs are formed, while for the asymmetric electrolyte (MgCl2), ions remain paired inside
and outside the nanopore (each Mg2+ ion is surrounded by two Cl− ions). An additional simu-
lation was performed with the NaCl solution by applying a pressure difference of 5 MPa (much
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Figure 11.21. Axial profile of the number of ion pairs in molar solutions of NaCl, NaI and MgCl2 flowing
through a nanopore of radius 6 Å under a pressure difference of 100 MPa. The vertical lines indicate the
interfaces between the external reservoirs and the nanopore.

Figure 11.22. Radial profile of the hydrogen-bond density inside a nanopore of radius 6 Å obtained from
simulations performed at equilibrium (NpzT statistical ensemble) under atmospheric pressure and from
NEMD simulations with an applied-pressure difference of 100 MPa.

closer to experimental conditions) but it was not possible to obtain reliable results since only one
cation and one anion crossed the nanopore after a simulation time of 20 ns (for the system under
consideration, simulating 20 ns takes approximately two months using 16 CPUs of computing
capacity).

Because much higher pressure differences than those encountered in experimental conditions
are necessary to obtain reliable results from NEMD simulations in a reasonable timeframe, it is



Molecular simulations of water and ion transport through nanoporous membranes 233

Figure 11.23. Axial profile of the coordination number of Na+ and Cl− ions inferred from an NEMD
simulation of a molar solution of NaCl flowing through a nanopore of radius 6 Å under a pressure difference
of 100 MPa. The vertical lines indicate the interfaces between the external reservoirs and the nanopore, and
the horizontal lines represent the respective coordination numbers of Na+ and Cl− ions in bulk phase.

essential to assess the impact of such pressures on the physical properties of the fluid. This is
illustrated in Figure 11.22, which compares the density of hydrogen bonds formed between water
molecules inside the nanopore in simulations performed at equilibrium and atmospheric pressure,
and in NEMD simulations carried out by applying a pressure difference of 100 MPa. As can be
seen, both profiles are very similar, thus indicating that the structural properties of water are not
substantially impacted by the high pressure applied in the NEMD simulation.

The axial profiles of the coordination numbers of Na+ and Cl− ions determined from NEMD
simulation are shown in Figure 11.23. The simulation highlights a partial dehydration of both ions
as they enter the nanopore, with a progressive decrease in the coordination number as ions move
towards the pore end. Just before exiting the pore, both Na+ and Cl− ions have lost approximately
one water molecule in their solvation shell, which is recovered as the ions reach the low-pressure
external reservoir.
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CHAPTER 12

Use of carbon nanotubes in polymer membranes for wastewater
purification: An ab initio theoretical study

Giorgio De Luca & Federica Bisignano

12.1 INTRODUCTION

The removal of pollutants or the recovery of valuable molecules with low molecular weight is a
current challenge in wastewater treatment. Membrane processes are, as of now, considered to be
a viable option to solve these issues. In terms of separation in membranes, the rejection of organic
matter and water permeability are two fundamental, coupled aspects to optimize. In general, an
increase in the former comes at the expense of the latter; in fact, a high level of rejection is
often a cause of membrane fouling, which in turn dramatically reduces water permeability. Thus,
membrane fouling constitutes one of the major drawbacks in membrane separation processes,
which, unfortunately, is intrinsically connected to the rejection of solutes. In addition to these
challenges, two other related aspects have to be considered to obtain efficient membranes for water
purification: resistance and lifetime, related to chemical, biological or mechanical degradation,
swelling or embrittlement.

Thus, the choice of innovative materials (e.g. nanostructures) that show high molecular rejection
and low propensity to fouling (thereby maintaining high water permeability) should take these
aspects into account, as well as material processability and cost. Composite membranes formed
by adding nanostructures such as carbon nanotubes (CNTs) or nanoparticles are receiving huge
attention as the properties of these structures can improve the efficiency of the membrane in
terms of permeability and selectivity, resistance and, ultimately, prevention of fouling (Cao and
Wang, 2011; White House, 2000). Computational modeling can greatly accelerate the choice of
appropriate nanostructure. In addition, the description at nanoscale level of the intermolecular
interactions that control rejection and water permeability is crucial because it allows correlations
to be drawn between nanoscale and macroscale properties. In this context, ab initio modeling
is very useful for the design and/or choice of innovative nanostructures, since it allows accurate
assessment of key nanoscale features which are very difficult to obtain experimentally.

In this chapter, ab initio modeling will be illustrated in order to investigate particular properties
of some promising nanostructures, such as CNTs studied in the context of the BioNexGen project
(www.bionexgen.eu) with the aim of proposing novel mixed matrix polymer membranes. Indeed,
nanostructures such as CNTs or graphene could confer an increase in membrane efficiency in
terms of both selectivity and permeability; moreover, they meet the other requirements that
have been listed above too. Specifically, the rejection by multi-walled CNTs (MW-NTs) of low
molecular weight organic solutes coming from industrial wastewater, such as cosmetics and
textiles, and olive oils is investigated in depth, together with their water permeability. To start
with, two key properties of a nano-enhanced membrane are investigated: firstly, the rejection
of low molecular weight compounds by non-functionalized NTs, in order to predict the optimal
nanotube sizes able to reject the target solutes; secondly, the permselective properties of a CNT
composite membrane are studied in order to predict the permeability enhancement as a function of
the density and inlet diameters of vertically aligned nanotubes. Finally, effective functionalization
models are analyzed in order to maximize solute selectivity while retaining higher permeability.
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12.2 THEORETICAL BACKGROUND AND ALGORITHMS

Quantum chemical (QC) approaches coupled with bespoke algorithms were used to achieve the
proposed objectives. The geometries of the nanostructures under consideration and the related
physico-chemical properties controlling their selective features, such as binding energy or steric
hindrance, were all assessed by using ab initio approaches in the framework of density-functional
theory (DFT) (Parr and Yang, 1989). A QC approach, although it may require a rather significant
computational effort, helps to estimate accurately some properties that it is currently impossible to
assess experimentally. Moreover, its definitely nanostructure represents the most reliable method
since it does not make use of any adjustable parameters. It is also worth pointing out that the
ab initio results are homogeneous and hence overcome the common inconvenience of handling
data obtained under different experimental conditions or parameters, which makes comparison
difficult.

Furthermore, the proposed in-house algorithms also do not make use of adjustable param-
eters, being based only on the QC geometries of the nanostructures. In particular, general
algorithms were developed, leading to the potential for a wide range of application, such that
the methodologies illustrated here could be applied to other nano-architectures.

12.2.1 Theoretical background

The choice of a theoretical and computational procedure depends strictly on the target property. For
example, binding energies, molecular electrostatic properties such as partial charges and electron
density distribution, dipoles and orbital configurations, as well as the breaking or/and formation
of interactions, must necessarily be evaluated by QC calculations. However, QC methods are
not applicable to the geometry optimization of macromolecules (or related properties), that is,
systems containing thousands of atoms. Thus, each property requires the use of an appropriate
computational procedure determined both by the accuracy required and the time needed to obtain
the desired results.

Moreover, when QC procedures are used, attention has to be paid to the structural models
since they dramatically affect the computational time required for the calculations. The structural
models, in turn, are also dependent on the properties to be assessed (De Luca, 2013). For example,
if non-covalent binding energies have to be calculated, the associated structural model, such as
a carbon nanotube with guest molecules inside, must contain a sufficient number of atoms to
obtain reliable energies. In this chapter, the QC calculations were carried out on systems having
large numbers of atoms (up to 700), and although high computational time was required, accurate
energies associated with the non-covalent interactions and molecular structures involved in the
target systems were achieved. The non-covalent interactions play an important role and control
many nanostructure system features. However, for flexible molecules, molecular mechanics cal-
culations were also carried out in order to have an accurate description of the conformational
space of these systems. A brief introduction to DFT, used in the QC calculations, now follows.

12.2.1.1 Density-functional theory
DFT is a relatively new quantum theory that replaces the complicated N -electron wave function,
�(x1, x2, …, xN ), and the associated Schrödinger equation with the much simpler electron density,
ρ(r), and its associated Kohn-Sham equations.

For an isolated N -electron atomic or molecular system in the Born-Oppenheimer non-
relativistic approximation, the time-independent Schrödinger equation is given by:

Ĥ|�〉 = E|�〉 (12.1)

where E is the diagonal matrix of the eigenvalues, |�〉 is the vectorial representation of the
N -electron wave function and Ĥ is the Hamiltonian operator, defined by the kinetic energy
operator, electron-nuclei attraction and Coulomb electron-electron repulsion operators. When a
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quantum system is in the state �, which may or may not satisfy Equation (12.1), the average of
many measurements of the total energy is given by the relationship:

E[�] = 〈�|Ĥ|�〉
〈�|�〉 (12.2)

In the Hartree-Fock approach, the N -electron wave function is approximated by a Slater deter-
minant of N single-electron orbitals, that is, depending on the single-electron position. The energy
of the ground state is then found by minimizing the functional (12.2) subject to the orthonormal-
ization conditions of the single-electron orbitals and in agreement with the variational principle
(Szabo and Ostlund, 1994).

The foundation of DFT rests on two theorems, by Hohenberg and Kohn, that legitimize the use
of electron density ρ(r) as a basic variable in place of the N -electron wave function, �. The first
theorem states that the external potential v(r) is determined, within a trivial additive constant, by
the electron density ρ(r). In the second theorem, the energy variational principle is provided: for
a trial density ρ̃(r), such that ρ̃(r) ≥ 0 and

∫
ρ̃dr = N, E0 ≤ Ev[ρ̃]. The Ev[ρ(r)] is the total DFT

energy functional, expressed as the sum of the kinetic energy, the external potential v(r) and the
electron-electron potential energy:

Ev[ρ] = T [ρ] + Vne[ρ] + Vee[ρ]

= FHK[ρ] +
∫

ρ(r)v(r)dr (12.3)

FHK[ρ] = T [ρ] + Vee[ρ] (12.4)

FHK is called the universal functional and it depends only on the total number of electrons
by means of the electron density ρ(r). The functional Vee[ρ], for the electron-electron potential
energy, is written as the sum of the classical electron repulsion energy, J [ρ], and a non-classical
term:

Vee[ρ] = J [ρ] + non-classical term (12.5)

It is worth noting that the external potential is defined by the electron-nuclei interactions as
well as by other external electrostatic potentials. In 1965, Kohn and Sham proposed an ingenious,
indirect approach to the kinetic functional, T [ρ], by setting the problem in such a way as to
consider an exact and known kinetic energy functional, Ts[ρ], namely that of an isoelectronic non-
interacting quantum system. To obtain the desired separation from Ts[ρ], the universal functional,
depending only on the number of electrons, was rewritten as:

FHK[ρ] = Ts[ρ] + J [ρ] + Exc[ρ] (12.6)

with

Exc[ρ] = T [ρ] − Ts[ρ] + Vee[ρ] − J [ρ] (12.7)

The functional Exc[ρ] is called the exchange-correlation energy and it includes the difference
between the kinetic energy of the real isoelectronic interacting system and the kinetic energy
of the analogous non-interacting system, as well as the non-classical contribution to the Vee[ρ]
electron-electron interactions. Assuming the differentiability of the total energy functional, the
variational principle (the second Hohenberg-Kohn theorem) requires that the ground-state density
satisfy the stationary principle:

δ

{
Ev[ρ] − µ

[∫
ρ(r)dr − N

]}
= 0 (12.8)



240 G. De Luca & F. Bisignano

giving the Euler-Lagrange equation:

µ = δEv[ρ]

δρ(r)
= v(r) + δFHK[ρ]

δρ(r)
(12.9)

where µ is the chemical potential of the quantum system, dependent on ρ(r). It should be noted
that the universal functional, FHK, depends on the total number of electrons, while Ev[ρ] depends
on N and on the external potential v(r); thus the quantum system is completely described by N
and v(r) and solving the Euler-Lagrange equation (12.9) above (Parr and Yang, 1989).

A useful procedure to obtain the ρ(r) of the ground state was, nevertheless, given by Kohn
and Sham that did not directly resolve the Euler-Lagrange equation. Specifically, atomic orbitals,
φj(r), were introduced into the problem and the electron density was then defined through a linear
combination of these atomic orbitals, namely the basis set (Parr and Yang, 1989):

ρ(r) =
N∑
i

|ψi(r)|2 (12.10)

with:

ψi(r) =
K∑
j

ci
jφj(r), i = 1, . . . , N (12.11)

Again, the variational principle ensures that the minimum of the functional Ev[ρ(φj(r))] is the
best approximation of the ground state energy, but this time in the space of the atomic orbital
basis set, φj(r). The search for this minimum leads us to solve the non-linear Kohn-Sham orbital
equations (Parr and Yang, 1989):[

−1

2
∇2 + veff (r)

]
ψi(r) = εiψi(r)

veff (r) = v(r) + δJ [ρ]

δρ(r)
+ δExc[ρ]

δρ(r)

= v(r) +
∫

ρ(r′)
|r − r′|dr′ + vxc(r) (12.12)

where veff (r) and vxc(r) are the effective and the exchange-correlation potentials, respectively.
Each approximation of the FHK[ρ] functional is expressed as a function of the exchange-

correlation functional that is the integral of vxc(r). The form of the exchange-correlation
functional, Exc[ρ], continues to be upgraded, although several of its approximations have been
published (Beck, 1993; Perdew et al., 1996; Xu et al., 2005). In summary, the accuracy and the
computational time of a DFT calculation is affected by the choice of functional Exc[ρ] and the
choice of an appropriate orbital basis set (Xu et al., 2005). In practical terms, a large basis set is
necessary to obtain high accuracy and convergence of the Kohn-Sham equations above; however,
a large basis set also requires a lengthy calculation.

Other key points that should be taken into account in a DFT calculation are as follows. In
Equation (12.10), the external potential v(r) depends on the geometrical arrangement of the nuclei,
considered as fixed in the Born-Oppenheimer approximation. Thus, a specific arrangement of
the nuclei defines a specific v(r) potential. Nevertheless, a particular arrangement of nuclei does
not necessarily provide the lowest total energy of the molecular system. Thus, an optimization of
the molecular geometry is always necessary to find the arrangement of nuclei that corresponds
to the lowest total energy, that is, a minimum in the potential energy surface. Furthermore, in
addition to a global minimum, molecular structures may have several local minima (especially
for flexible molecules), corresponding to the various conformational isomers. The research of
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these conformational isomers through the use of pure QC approaches requires high computational
time, so that, in this case, other computational approaches, coupled with QC methods, should
be used. The research of local and global minima for flexible nanostructures is a necessary first
step in evaluating the physico-chemical properties of interest. The external potential, v(r), can
also be substituted by an effective potential, replacing the core electrons of the atoms with an
effective electrostatic potential. In this case, only the electrons of the external orbitals are explicitly
considered in the quantum calculation (Pacios and Christiansen, 1985). This procedure decreases
the computational time and, at the same time, allows relativistic effects to be taken into account,
which are important when transition metals are present in the nanostructures.

Ultimately, all of these points should be taken into account during a DFT calculation to optimize
accuracy and computational effort (De Luca, 2013). There follows a brief description of the
bespoke algorithms used to describe and, hence, to predict some key NT properties.

12.2.2 Bespoke topological algorithms

In order to model property-structure relationships, some bespoke algorithms have been imple-
mented, for example, to build zigzag CNTs with the C–C distance and phenyl angle as a function
of the nanotube diameters (Gulseren et al., 2002; Saito et al., 1998). Moreover, other algorithms
have been implemented in order to evaluate the sizes of the principal molecules present in olive oil,
and cosmetic, pharmaceutical and textile wastewaters. In addition, an original in-house algorithm
was developed to model molecular rejection by CNTs with functionalized inlets.

12.2.2.1 Molecular topological analysis algorithm
Organic compound sizes have been widely discussed in the literature because they are fundamental
descriptors that control molecular retention by nanoporous membranes (Kiso et al., 1992; Ozaki
and Li, 2002; Van der Bruggen et al., 1999).

The most easily accessible parameter correlated to the size of a solute is the molecular weight.
However, it may mislead in terms of molecular rejection. In fact, although empirical correlations
between weight and size are available for some compounds, they do not have general validity.
Thus, in various studies, molecular sizes such as molecular width, Stokes radius and molecular
mean size have been shown to be better descriptors of steric hindrance than molecular weight
(Kiso et al., 1992; Ozaki and Li, 2002; Van der Bruggen et al., 1998). Stokes radius is a com-
monly used descriptor for the assessment of molecular steric hindrance. However, the diffusivities
necessary to calculate the Stokes radius cannot be obtained for many organic solutes or for the
same experimental conditions (Kiso et al., 1992). In addition, the Stokes radius is based on the
assumption that solutes are spherical in shape, rigid and not hydrated, which is not always correct.
Since the Stokes radius can be difficult to measure for some molecules, other molecular sizes have
been developed to correctly take into account the steric hindrance and, in turn, solute rejection
by a size exclusion mechanism. (Agenson et al., 2003; Gulseren et al., 2002; Santos et al., 2006;
Yangali-Quintanilla et al., 2010).

When the pore size is comparable to the molecular dimension and the steric hindrance is the
driving mechanism for the rejection, then the morphology of solutes is especially important. In
this case, the aspect ratios of the penetrants become important descriptors. Thus, the proposed
algorithm (molecular topological analysis) allows evaluation of the effective diameters and max-
imum and minimum molecular cross sections without resorting to empirical parameters, but
using the geometries of solutes obtained from ab initio optimizations. It is worth noting that the
ab initio calculations require only a knowledge of the chemical formula of the compounds, and
they correctly take into account the non-covalent intramolecular and intermolecular interactions
that often modify nanostructure geometries and hence their molecular sizes. As a result, the
proposed procedure is quite general and thus has been applied to estimate the principal sizes of
hydrated solutes and ions in solutions.

In detail, the algorithm or procedure is developed as follows. First, a hard sphere, having
radius equal to the corresponding van der Waals radius, represents each atom of the molecule
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Figure 12.1. Smallest enclosing rectangle (green) and smallest enclosing circle (blue) of the atom
projections in two limit cases: (a) flat linear molecule; (b) non-flat molecule.

or nanostructure that is reliably described by QC calculations. Then, three main dimensions are
evaluated: the height, H , dmin and dmax. The height is defined as the distance between the two
farthest atoms. A 3D, Cartesian coordinate system is fixed in such a way that the origin of the
axes matches the geometric center of the molecule, while the z-axis is parallel to the straight line
connecting the two most distant atoms of the target structure. Each atom of the molecule is now
projected onto a plane perpendicular to the z-axis, and the optimal geometric form, including all
the atom projections, having minimum area is then researched. This form yields the molecular
minimum cross section (MCS). Braeken et al. (2005) determined this as a circle of minimum area
around the projected molecule, that is, they considered a circle as the optimal geometric shape.
Referred to as the ‘smallest enclosing circle problem’ in computational geometry, its solution is
not trivial. In fact, most algorithms (Chrystal, 1885; Eliosoff and Unger, 1998; Hearn and Vijan,
1982) consider only the special case of enclosing points, namely, the case in which the radii
are equal to zero, although several approaches are also proposed for the general cases in which
at least one circle has non-zero radius (Xu et al., 2001). Nevertheless, a circle including all of
the atom projections could overestimate the MCS of the target solutes, as shown in Figure 12.1.
In this figure, the smallest enclosing circle (colored blue) and the smallest enclosing rectangle
(colored green) around the atom projections have been delineated. Figure 12.1a shows that the
circle overestimates the MCS in the case of flat linear molecules, whereas, for a non-flat molecule
(Fig. 12.1b), the minimum circle only slightly overestimates the projected atoms. However, this
drawback has been considered in the proposed algorithm, and the minimum rectangle can be
exploited instead of the enclosing circle, minimizing even this slight overestimation.

In more detail, the smallest enclosing rectangle is adopted in the implementation of the bespoke
algorithm. In order to find the smallest enclosing rectangle, the rectangle of minimum area
having sides parallel to the x- and y-axes is first computed, then a counterclockwise rotation of
the Cartesian x,y-plane is carried out and another rectangle of minimum area is computed. This
procedure is sequentially applied for different angles in such a way that the whole interval [0, π /2]
is scanned. Figure 12.2 illustrates the computational procedure applied. Among all the rectangles,
the one of minimum area is finally found and it provides the molecular MCS, while the sides of
this smallest enclosing rectangle are denoted by dmin and dmax. The overestimation of non-flat
molecule cross sections is strongly minimized by this approach, and the new algorithm becomes
more generalized than the published one since it allows the description of nanostructures with
different forms. All the details of this novel code can be found in Bisignano (2014).
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Figure 12.2. Initial rectangle of atom projections (in red), applied π /6 rotations (in green) and π /3 rotations
(in blue).

The principal sizes dmin and dmax can be used to calculate the effective diameter of the molecule.
If the z-axis of the molecule is supposed to make an angle α with the membrane surface, the new
projection H′ can be evaluated as:

H ′ = Hcos(α) + dmaxsin(α) (12.13)

The effective diameter, deff , can then be obtained by assuming that the probability distribu-
tion of α is equal to cos(α). As a result, the effective diameter is obtained by integration of
Equation (12.11):

deff = π

4
H + 1

2
dmax (12.14)

The deff descriptor is an average size, taking into account the different orientations of a molecule
when approaching a membrane surface (Braeken et al., 2005). In summary, the proposed algorithm
gives different topological descriptors, such as H , dmin and dmax (smallest enclosing rectangle) as
well as deff , without using parameters that require the fitting of experimental data.

This algorithm was then used to calculate the main sizes of several molecules (Buekenhoudt
et al., 2013) in order to take into account the non-spherical character of some solvents and
overcome the lack, in the literature, of their kinetic diameters (very important sizes for solvent
diffusion in inorganic nanoporous membranes). The computed deff and dmin of some solvents,
together with their experimental kinetic diameters, dkin (Bowen et al., 2003; Iliyas et al., 2007;
Shao and Huang, 2007), are listed in Table 12.1.

Interestingly, the deff calculated with the proposed algorithm is consistently greater than the
experimentally determined dkin; conversely, the dmin is found to be strikingly similar to this



244 G. De Luca & F. Bisignano

Table 12.1. Computed main molecular sizes and experimental dkin for some important solvents.

Molecules deff [nm] dmin [nm] dkin [nm]

Water 0.47 0.28 0.27
Methanol 0.62 0.42 0.38
Ethanol 0.74 0.42 0.44
Dichloromethane 0.73 0.42 0.49
Dimethylformamide 0.84 0.43 0.50
Toluene 0.98 0.43 0.55
Hexane 1.08 0.42 0.51

experimental measurement. It should be stressed that dkin is widely used to investigate molecular
rejection of solutes and gas diffusion, and is considered a key molecular property in the field of
matter transport. Therefore, the molecular topological analysis algorithm developed here allows
dkin to be obtained in a homogeneous way for systems not listed in the literature and without resort
to empirical or fitting parameters, but just by using the chemical formula of the target compounds.

12.2.2.2 Pore molecular sieving algorithm
The second algorithm, pore molecular sieving, was used in order to evaluate the rejection of
functionalized nanopores. This algorithm was developed in a general way and it is applicable to
any nanopore with a defined profile. In this case, CNTs were used to illustrate the computational
method because they are interesting nanostructures and, in addition, can be regarded as ideal
nanosized pores. The main elements of the pore molecular sieving algorithm are elucidated
below.

A 3D, Cartesian coordinate system was fixed in such a way that the origin of the Cartesian axes
matched the center of the CNT inlet, while the z-axis is along the CNT axis. A points grid is built
on the CNT inlet: thus, the i-th point is located on the plane z = 0. The CNT radius and center
angle, 2π , are divided into n and m integer numbers, which define the grid spacing. The van der
Waals radius of carbon atoms was considered to account for the edge of the CNT. The atoms of
the grafted functional groups (FGs) were treated as a set of rigid spheres always having as radius
the van der Waals radius. These FGs, whose geometries were optimized at quantum level, cover
part of the CNT inlet. In order to evaluate the covered portion, the projections of the FG atoms
were considered on the z = 0 plane, modeled as disks with radius equal to their van der Waals
radius. Finally, the CNT inlet area not covered by the FG atom projections defined the maximum
free area, ACNT,free, of the CNT. To calculate ACNT,free, the following problem has to be solved:
consider a circular grid of points and let Ddisk be the diameter of a disk belonging to the set of disks
whose intersections are not necessarily empty, then find the grid portion covered by the disks and
evaluate its area. The solution of this problem gives the free grid points (those not covered) and
those covered (labeled with ‘1’ in Figure 12.3) by the projections of the FG atoms. Figure 12.3
shows an example of some disks covering a portion of the grid points. In order to evaluate the
total area of the inlet’s covered portion, the CNT inlet can be decomposed into circular (Cs) and
annular (As) sectors, as shown in Figure 12.4. In particular, a Cs or As sector was considered to be
‘covered’ when all of its vertices were labeled with ‘1’. In this way, the total portion of the area
covered by the grafted FGs can be calculated and the ACNT,free evaluated in terms of the difference
from the well-defined area of the non-functionalized CNT.

It is important to recognize that the ACNT,free is not the area of the CNT inlet for the permeation
of solutes. Only the steric hindrance of FGs in the molecule permeation path was considered in the
ACNT,free calculation. In fact, a solute diffusing through a generic free grid point (ACNT,free) could
touch the FGs border and would be rejected. For this reason, the effective area available to solute
permeation, Amol,perm, is smaller than ACNT,free. Thus, the rejection of solute by functionalized
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Figure 12.3. Grid points labeled as free (0) or covered (1) by projections of functional group atoms.

CS AS

Figure 12.4. Circular (Cs) and annular (As) sectors into which the CNT inlet is divided.

CNTs through molecular sieving was then investigated as a geometrical problem, taking into
account the aspect ratios of penetrants. This molecular permeation area, Amol,perm, is illustrated
below for a target solute.

Amol,perm is the area through which a molecule can permeate without any steric hindrance by
the CNT edge and/or anchored FGs. The Amol,perm depends on the ACNT,free and on the MCS of the
permeant (as described above in Section 12.2.2.1). A simple example illustrates this dependence:
two molecules with different MCSs will permeate in a different way through the same ACNT,free

characterized by the same FGs, that is, the molecule with the smaller MCS will permeate more
easily than the molecule with the larger MCS. In order to evaluate Amol,perm, the area of a complex
object lying in a known area, as shown in Figure 12.5, has to be calculated.

Amol,perm was evaluated by following a Monte Carlo approach (Metropolis and Ulam, 1949;
Rosenbluth et al., 1953), generally used in estimating the area of irregular objects. In Figure 12.5b,
the top view of a functionalized CNT is shown in which the area covered by FGs is indicated
in black and the ACNT,free and Amol,perm are shown in green and blue, respectively. Defining the
ensemble of points belonging to the free portion and to the area available for solute permeation
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Figure 12.5. Irregular 2D object areas (in blue): (a) general case; (b) region evaluated using a solute MCS.
ACNT,free and FG-covered areas shown in green and black, respectively.

with σmol,perm and σCNT,free, respectively, the ratio between Amol,perm and ACNT,free is equal to the
ratio of σmol,perm and σCNT,free for assemblies composed of many points:

Amol,perm

ACNT,free
= |σmol,perm|

|σCNT,free| (12.15)

Thus, Amol,perm is evaluated as:

Amol,perm = ACNT,free · |σmol,perm|
|σCNT,free| (12.16)

The details by which the σmol,perm points are calculated are reported in Bisignano (2014). The
points belonging to σCNT,free are the free (not covered) grid points that describe the ACNT,free. As
reported in several steric-hindrance pore models (Nakao and Kimura, 1982; Van der Bruggen
et al., 2000), the sieving coefficient is always evaluated as a function of the solute and pore
membrane radius: if the solute size is larger than the pore size, the solute cannot partition into the
membrane, resulting in 100% rejection. Thus, inspired by this concept, the rejection of the target
compounds is assumed in the pore molecular sieving algorithm to be proportional to 1 − ∑

, that
is, R ∝ 1 − ∑

, with: ∑
= Amol,perm

ACNT,free
(12.17)

Without FGs on the border of the nanotube, ACNT,free is simply the inlet area excluding the
thickness of the carbon, hydrogen and hydroxyl atoms. When FGs are present, however, then the
ACNT,free is evaluated as the sum of the areas of the disjointed circular and annular grid sectors
that are free of the projected FG atoms. Thus, the term ACNT,free is associated with the actual
functionalized pore shape (Fig. 12.5b), obtained without resorting to approximate relationships
through the fitting of experimental data (Van der Bruggen et al., 2000).

The σmol,perm points, characterizing Amol,perm, are a subset of σCNT,free and depend on the shape
and size of the rejected solute, which are evaluated at quantum mechanics level. Specifically,
the σmol,perm points are calculated by taking into consideration the free points in the inlet through
which a target molecule can permeate with no steric hindrance due to either the CNT edge or the
anchored FGs. It is to be expected that the effective area available to solute permeation, Amol,perm,
becomes smaller as the compound examined gets larger. Hence, the main role in Amol,perm is
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played by the dimensions of the penetrant, so that, as already noted, an accurate morphological
analysis of solute geometries was carried out and, in particular, the molecular MCS of each target
molecule was calculated to obtain Amol,perm and, in turn, 
.

Thus, the proposed pore molecular sieving algorithm is based on the size of the solute, defined
by its MCS (as derived using the molecular topological analysis algorithm), and on the steric
hindrance of the FGs. The algorithm depends upon three assumptions:

• The molecule can be represented by its MCS and the CNT inlet by a circle of fixed diameter.
The algorithm works well even if the pore border is not circular, although greater computational
difficulties arise in this case. The MCS was chosen rather than the steric hindrance of a molecule
because the latter may be minimal if the molecule is placed with its MCS parallel to the CNT
inlet (Xiao and Wei, 1992). The validity of this assumption will be explained in the next section.

• The inlet area of the CNT, if covered by FGs, is not accessible to the molecule.
• The molecule is rejected if, when placed on a grid point of the CNT free area with its MCS

parallel to the CNT inlet, it touches any covered grid point or the edge of the CNT. In this way,
the points of the σ mol,perm set are assessed and, in turn, Amol,perm by means of Equation (12.16).

When the nanopore inlet is decorated with chemical groups, it can be challenging to obtain an
unambiguous pore size value without resorting to simplifying assumptions and fitting procedures
that risk losing the physical sense. To address this limitation, the proposed algorithm allows
evaluation of CNT rejection without the introduction of any adjustable parameters. The algorithm
is based on an accurate evaluation of the CNT inlet area not covered by FGs through which solutes
can permeate without any steric hindrance. Thus, the selectivity of the CNTs is assessed using a
procedure based only on a morphological analysis of the permeant and the functionalized pore
entrance.

12.3 FUNCTIONALIZED CARBON NANOTUBES FOR WASTE WATER TREATMENT

The two new algorithms described in Section 12.2.2 have been applied to the study of the selectivity
of non-functionalized and functionalized CNTs by exploiting the solute geometries and the solute-
CNT interaction evaluated in the framework of DFT. Thus, this section is divided into two parts.
First, solute rejection by non-functionalized CNTs is investigated, after which rejection of a
sample range of molecules by functionalized NTs is illustrated. Some case studies of the procedure
incorporating the new algorithms are highlighted, with the results and details of some findings
shown from a recently published work (Bisignano et al., 2015).

12.3.1 Rejection in carbon nanotubes

Rejection by non-functionalized CNTs of some uncharged organic solutes with low molecular
weight, originating from industrial, pharmaceutical and olive mill wastewater, was investigated. In
order to predict the optimal internal diameter of NTs able to reject the target compounds, a general
criterion, completely free from empirical parameters, has been proposed. This criterion uses the
molecular MCS, introduced in Section 12.2.2.1, and the optimized solute geometries evaluated
at quantum mechanics level. In the design of innovative membranes for water treatment, the
rejection of organic molecules with very low molecular weight is considered an aspect worthy
of much consideration. CNTs can be considered as innovative materials because they combine
remarkable hydrodynamic properties with the ability to reject very low molecular weight solutes
thanks to their tunable internal nanometric diameters. A general criterion capable of predicting
the optimum internal diameter of single- or multi-walled NTs (SW-NTs, MW-NTs) required
to deliver a complete rejection of target solutes by a size exclusion mechanism is, therefore,
desirable. In fact, such a criterion allows optimization of the preparation of novel composite CNT
membranes and also provides information about the molecular separation mechanism.
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Table 12.2. Main molecular sizes of some target solutes, computed ab initio.

Compounds H [Å] dmin [Å] dmax [Å]

Diclofenac 12.4 7.0 9.7
Triclosan 13.9 6.5 7.5
Vanillic acid 10.5 4.3 8.6
Tyrosol 10.4 5.5 6.7
p-Coumaric acid 12.1 3.5 7.3

Table 12.3. MCD and correlated maximum internal diameters of armchair (columns 3 and 4) and zigzag
(columns 5 and 6) SW-NTs.

Compounds MCD [Å] SW-NT (n,n) dCNT [Å] SW-NT (n,0) dCNT [Å]

Diclofenac 14.0 (10,10) 13.6 (17,0) 13.3
Triclosan 12.5 (9,9) 12.2 (16,0) 12.5
Vanillic acid 12.4 (9.9) 12.2 (15,0) 11.7
Tyrosol 10.8 (8,8) 10.8 (13,0) 10.2
p-Coumaric acid 10.9 (8.8) 10.8 (13,0) 10.2

Near the pore inlet, steric hindrance is minimal if the molecule is oriented in such a way that
its MCS is parallel to the CNT inlet. Based on this assumption, a geometric criterion, named
maximum circumference diameter (MCD), was outlined for prediction of the optimal diameter of
nanotubes required to obtain solute rejection. To put it another way, by using an internal diameter
greater than the size predicted by the MCD criterion the target molecule will not be rejected.
A circle that circumscribes the MCS was defined and it was shrunk until the first of the atoms
projected onto the plane defining the MCS emerged from the circle. The diameter of this latter
circumference defines the MCD. It is worth noting that by using this proposed criterion for a set
of compounds having considerably different MCSs, it became easy to choose the diameters of
the nanotubes needed to achieve rejection of the different solutes by composite CNT membranes
within cascaded cut-off.

Diclofenac, triclosan, tyrosol, vanillic acid and p-coumaric acid were selected as model solutes.
The main sizes of the target solutes, that is, H , dmin and dmax, shown in Table 12.2, were calculated
along with the corresponding MCS and MCD. Molecular mechanics calculations were also carried
out with the aim of analyzing the conformer space of the target solutes.

Universal force field and conjugated gradient algorithms were used for the geometry optimiza-
tions, with a convergence criterion of 10−8. The conformational analysis was performed using
the weighted rotor search method with the number of conformers equal to 100 (Hanwell et al.,
2012). This method was applied five times in a row in order to create a sampling of conformers
for each solute. Based on this sampling, the energy of each conformer was calculated at quantum
mechanics level. A Boltzmann distribution of the quantum energies was then analyzed and, for
each solute, the conformer with the highest Boltzmann factor was favored over the others. Finally,
a full geometry optimization of the most stable conformers was carried out in the context of a
DFT-based method. The hybrid functional X3LYP with the 6-311G* atomic orbital basis set were
used in these calculations (Valiev et al., 2010). The use of this level of theory (i.e. functional and
basis set) was justified by the fact that it gave good non-covalent interaction energies, at least at
a qualitative level, as reported in Bisignano et al. (2015). Each geometry was optimized by using
analytical energy gradients and a quasi-Newton optimization with approximate energy Hessian
updates. Finally, the MCD for each solute was calculated, as shown in Table 12.3.
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From the MCD criterion, the maximum diameters of armchair and zigzag SW-NTs able to
reject the target solutes were then predicted. The diameter obtained from the MCD cannot be
directly used to predict the internal size of the CNT as the NT symmetry must be taken into
account. In fact, as shown in Table 12.3, the diameters for rejection of a given target molecule
are different for armchair and zigzag SW-NTs. By analyzing the values reported in Table 12.3, it
appears that a complete rejection of all the solutes in the sample occurs by using an (8,8) armchair
SW-NT and a (13,0) zigzag SW-NT. The same computational analysis has also been carried out
for charged solutes, such as dyes commonly used in textiles. It is important to emphasize that in
this case, the arrangement of the water molecules in the first shell around the solutes, as well as
the hydration energies, have been taken into account.

A validation of ab initio predictions has been carried out and the results are being published.
Results from molecular dynamics (MD) simulations on tyrosol molecules and other similar solutes
have been used here. The most interesting result of this validation concerns the distortions of the
phenyl ring of tyrosol when it enters an (8,8) SW-NT. MD simulations have shown that tyrosol
can diffuse in CNTs with diameters of 10.8 Å, in contrast to the prediction of the MCD criterion
that instead suggests a rejection of this molecule, as indicated by the relevant value in the first
column of Table 12.3. Nevertheless, in comparing the geometries of trapped tyrosol molecules
with their structure when optimized in water, a strong distortion of the phenyl rings was found.
In addition, a significant energy per molecule is necessary to relax the trapped geometries into
the optimized structure. Hence, the diffusion of tyrosol in the (8,8) SW-NTs would be possible,
according to MD simulations, but only on the basis of a distortion of the phenyl rings that is not
very likely, and thus the MCD criterion yields the more correct prediction.

12.3.2 Selectivity of functionalized carbon nanotubes with PIM-1 monomers

Mixed-matrix membranes (MMMs), wherein nanoparticles are added to polymer matrices, are
receiving huge focus because the nanostructure features can confer an increased efficiency to
the MMMs in terms of selectivity or permeability. Among numerous nanoparticles, CNTs have
attracted the most interest due to a combination of low transport resistance and chemical inertness.

The first published MD simulations, concerning the water flow inside a SW-NT with a diameter
of 1 nm or less, showed flow rates that were orders of magnitude higher than the flows predicted
by the standard no-slip Hagen-Poiseuille equation for cylindrical channels with equal diameters
(Hummer et al., 2001). This flow enhancement was initially described in terms of ballistic transport
(Striolo, 2006) and associated with the hydrophobicity of the NT’s wall (Whitby and Quirke,
2007). Further modeling and experimental results have used the flow enhancement, defined as
the ratio of the measured or modeled flow rate to the no-slip Hagen-Poiseuille one, to evaluate the
effective permeability of the CNT. Results have varied greatly, with flow enhancement values of
up to 10,000 in tubes with diameters ranging from less than one to tens of nanometers (Thomas
and McGaughey, 2009). This variation can be attributed to the fact that CNTs are a family
of materials, whose properties can vary significantly as a function of the synthesis process,
geometrical characteristics (i.e. diameter and chirality), surface structure (from turbostratic to
highly organized graphitic) and chemistry (from hydrophobic to hydrophilic) (Whitby and Quirke,
2007). Moreover, a recent analysis by the authors showed that the orders of magnitude higher water
flow rates observed in single tubes (i.e. the flow enhancement) do not automatically translate into
orders of magnitude higher membrane permeability but rather smaller, though still significant,
increases (Mattia et al., 2015). This difference can be attributed primarily to the geometrical and
structural characteristics of the CNT membranes. For example, in MW-NTs, the flow enhancement
is associated with the flow in the innermost NTs, whereas the other concentric tubes do not
contribute to the increased flow even though they occupy membrane surface positions. Hence,
when MW-NT membranes are being considered, the balance between the flow rates through the
pristine and modified membranes should be understood.

Bisignano et al. (2015) have recently developed a smart procedure to predict the enhancement
of water permeability as a function of the membrane surface fraction occupied by MW-NTs,
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taking into account the effects previously highlighted. This computational procedure predicts the
internal and external diameters of MW-NTs in order to define the increase in permeability of
the pristine membrane when modified with the point out tubes. In the proposed procedure, the
CNT flow enhancement is considered in a general mode although literature data were used. The
procedure is applied to MW-NT-polymer membranes in which the NTs are vertically aligned with
no voids between the external tubes and the polymeric matrix; in addition, the non-occupied
polymer still contributes to the water permeability. The experimentally measured permeabilities
of two CNT thin-film composite (TFC) membranes were used as a reference: an asymmetric
polyester membrane (Wu et al., 2013) and a porous chitosan membrane (Tang et al., 2009).
The synthesized membranes contain randomly aligned MW-NTs embedded in the two polymers
with different morphologies. The smart procedure showed that aligning the tubes in this kind of
membrane yields up to three orders of magnitude increase in flux compared to the virgin polyester
TFC membranes, whereas randomly aligned tubes only double the flux with respect to the pristine
systems. The method also revealed that the tube diameters of both the external and innermost
tubes of the MW-NTs have to be thoroughly considered since the water cannot flow through the
tubes’ interlayers. This aspect was even more evident in the high-flux chitosan membrane, where
the use of thick MW-NTs induced a decrease in permeability with respect to the virgin membrane,
and the use of thin double-walled NTs generated only a modest permeability increase. By using
MW-NTs with external and internal diameters equal to 35 nm and 4.44 nm, respectively, the water
permeability increased 150-fold compared to the permeability of the unmodified polyester TFC
membrane, with 50% of the surface occupied by nanotubes. However, by using external diameters
equal to 15 nm and an equal internal size, the permeability increased 700-fold when compared
to the pristine membrane. Thus, these simulations reveal the dramatic effect of the MW-NT’s
external diameter on the water permeability in CNT-TFC membranes.

In membrane-based wastewater treatment, permeability and selectivity are important perfor-
mance parameters and, in general, an increase in the former comes at the expense of the latter.
The simultaneous optimization of these features is not easy and is time-consuming. The pore
molecular sieving algorithm described above can be exploited to achieve such an objective. This
algorithm, in conjunction with the smart procedure just outlined, provides a computational frame-
work for optimizing the permeability and selectivity of MW-NT membranes. According to the
results soon as underlined, the functionalization of a nanotube with diameter 4.44 nm was carried
out to maximize its selectivity while retaining higher permeability. Even though a large diam-
eter was used, it was nonetheless possible to obtain a high rejection of small solutes from tip
functionalization.

Monomers of polymers of intrinsic microporosity (PIMs) (McKeown and Budd, 2006) have
been considered as FGs because of their controlled rigid structures. A detailed description of the
FGs based on PIM-1 is provided in Bisignano et al. (2015). Equation (12.15) was used to evaluate
the steric hindrance of PIM-1 monomers anchored on the selected CNT inlet. The geometries of
FGs and solutes were optimized in a DFT framework using the exchange-correlation X3LYP (Xu
et al., 2005) and large basis sets (6-311++). Due to the potentially large size of the FG models,
the optimization of their structures was carried out with relatively small basis sets (3-21G). For
the CNT model, whose Cartesian coordinates were frozen during the optimization, a minimal
basis set was also used. It is important to emphasize that the inclination of PIM-1 monomers on
the CNT inlet is a key aspect, as it determines the steric hindrance of the functional chemical
group. This is well illustrated by considering the black area in Figure 12.5b, which represents
the FG projection on the CNT inlet. These projections affect both the ACNT,free and Amol,perm and
hence the solute rejection. Based on the FG arrangements and the corresponding 1 −∑

values, a
large number of chemical groups, such as oligo ethylene glycol and silanes (Chung et al., 2007;
Jirage et al., 1997; Lee et al., 2002), were screened and discarded as unsuitable. FGs based
on PIM-1 monomers were chosen instead on the basis of providing the best combination of
chain rigidity and coverage of the tube’s inlet. The quantum optimization of their geometries
provides equilibrium structures. As a result, the FG stiffness can be estimated by calculating the
energy required to distort the FG from its equilibrium geometry. This analysis has shown that the
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anchored PIM-1 monomers provide good chain rigidity. Conversely, oligo ethylene glycol and
silane groups have aliphatic chains with several rotation angles and thus, due to the existence
of several rotamers, a conformational analysis was required in these cases. The multiple degrees
of freedom in oligo ethylene glycol and silanes imply that the winding of these groups does not
provide a sufficient steric hindrance in nanotubes of internal diameter 4.44 nm. It is important to
emphasize that the assessment of the steric hindrance of the groups under test was carried out by
comparing the 1 − ∑

values of the non-functionalized and functionalized nanotubes.
Two small solutes, rac-fluoxetine and glucose, plus ethanol, whose separation from water also

has industrial relevance, were chosen for testing the selectivity of the investigated functionalization
models. Nanotubes with diameter 4.44 nm, selected to maximize permeability, have a somewhat
detrimental effect on the selectivity for small molecules. Nonetheless, significant increases in
rejection were obtained for functionalized tubes compared to non-functionalized ones where
no rejection was observed. In particular, an increase in rejection by factors of 2.5 and 2 for rac-
fluoxetine and glucose, respectively, compared to water was found when two or three FGs, formed
by one PIM-1 monomer plus a molecular hook, were used. A smaller increase for the same FGs
steric hindrance was found for ethanol rejection compared to water, due to their more comparable
MCSs. Tetrafluoro-phthalonitrile was used to anchor these monomers on the CNT boundary. The
choice of a particular structure for attaching the monomers is important because it affects both
the inclination and the stiffness of the functional group. The 1 − ∑

values provide accurate
information concerning the structure-property relationship, in this case the functionalization
model rejection. The proposed computational approach allows control of solute rejection by
defining the number of PIM-1 monomers per FG and, in turn, the number of FGs anchored on the
CNT inlet.

In order to optimize the permeability and selectivity of CNT membranes, both solute rejec-
tion and solvent (water) permeation should be maximized. This aspect (i.e. the water entrance
effect) can be undertaken (modeled) at molecular scale by exploiting Equation (12.15). For
example, while three FGs, each formed by two PIM-1 monomers and anchored using a 1,2-
bis (2-bromoethyl)-4,5-difluorobenzene hook, yield the highest rejection for rac-fluoxetine, the
best rac-fluoxetine-to-water rejection ratio is given instead by a configuration of three FGs formed
by just one PIM-1 monomer. Similar conclusions can be drawn for glucose and ethanol.

Although commercial membranes with better solute-to-water rejection ratios exist, the prin-
cipal aim of this work lies in the presentation of a novel methodology for optimizing selectivity
and permeability of CNT-polymer membranes without recourse to any fitting. The novel method
described here can be used to estimate, through a comparative but quantitative and rigorous anal-
ysis, the steric effect of different functional groups used for decorating nanopores with rigid or
well-defined shapes. The combination of a large tube diameter and an optimal tip functionaliza-
tion could yield higher water flow rates and solute rejection for a MW-NT-polymer membrane.
Moreover, in recent years, many other PIM monomers have been synthesized with components
that are more rigid than PIM-1 and, thus, the proposed procedure, based on Equation (12.15),
allows prediction of the rejection capability of these novel PIM functional groups too.

12.4 CONCLUSION

In wastewater treatment, the rejection of lightweight solutes is an ongoing challenge. Membrane
processes are considered to be a viable option for addressing this issue. Solute separation is
intrinsically coupled with water permeability, because high rejection is often a cause of mem-
brane fouling (e.g. pore blocking, etc.), which in turn dramatically reduces permeability. Thus,
unfortunately, membrane fouling is inherently connected to solute rejection. As a result, the choice
of innovative materials, such as nanostructures, should attend closely to these aspects, as well as to
processability and cost of materials. Computational modeling can greatly accelerate this choice.
In particular, modeling from first principles is very useful for the design of new nanostructures as
it allows accurate assessment of key features without the use of empirical or fitting parameters.
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In this chapter, ab initio modeling of the rejection of low molecular weight organic solutes,
originating from cosmetic, textile and olive oil wastewaters, by MW-NTs was presented. A
bespoke topological algorithm for optimizing the selectivity of functionalized CNTs was proposed,
with the aim of achieving high molecular rejection without a marked fall in water permeability.
This algorithm, free from adjustable parameters, allows prediction of the steric hindrance due
to functional groups anchored on the CNT inlet. Although it has been used for studying the
selectivity of functionalized CNTs, the algorithm can also be applied to predict the selectivity of
any rigidly functionalized inlet pore.

First, rejection by non-functionalized NTs and the water permeability of the CNT composite
membranes were analyzed in order to predict the permeability enhancement as a function of the
inlet diameters and density of vertically aligned nanotubes. The permeability optimization showed
that aligning the tubes could yield up to three orders of magnitude increase in flux compared to a
virgin TFC membrane. Moreover, it was also shown that both the external and innermost tubes’
diameters have to be considered to maximize permeability. Finally, effective functionalization
models were investigated in order to maximize the organic solute rejection while retaining high
permeability. MW-NTs with specific internal and external diameters matching commercially
available tubes were functionalized with groups based on a PIM-1 monomer, and high rejection
of light solutes was obtained by functionalizing the tip of MW-NTs of 4.4 nm diameter using
these monomers.
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CHAPTER 13

Recovery of bioactive compounds in citrus wastewater
by membrane operations

Alfredo Cassano, Carmela Conidi & René Ruby-Figueroa

13.1 INTRODUCTION

Citrus fruits are very much appreciated for their distinctly pleasant flavors and aromas as well
as their nutritional value and antioxidant activity (Talon and Gmitter, 2008). According to data
published by FAO (2014), citrus represents the world’s third most important fruit crop after apple
and banana, with an annual (2013) production of about 136 million metric tons. Brazil and the
USA are the world’s leading producers, supplying over 40% of the world’s current requirements
(FAO, 2014). Other important citrus producers include Spain, Italy, Egypt, Mexico, China and
India.

At large scale, juice and juice products represent a very important segment of the total
processed-fruit industry. However, citrus juice processing is characterized by the production
of large amounts of waste material such as peel and seeds. These wastes are a concern from an
environmental point of view because plant material is usually prone to microbial spoilage. These
byproducts are commonly reused for animal feeding or as fertilizers (Famyima and Ough, 1982;
Nikolic et al., 1986). Intensive research in the field of citrus waste management suggests that
these byproducts should be regarded as useful resources for the recovery of high added-value com-
pounds such as soluble sugars, fiber, organic acids, amino acids, proteins, minerals, oils, lipids,
flavonoids and vitamins, which can be recovered and reused in other market sectors (Braddock,
1995; Marín et al., 2002). In particular, the recovery of these compounds offers new opportunities
for the formulation of products of interest in the food (dietary supplements and functional foods
production), pharmaceutical (products with antibacterial, antiviral, anti-inflammatory, antialler-
gic and vasodilatory actions) and cosmetic industries (Benavente-García et al., 1997; Marín et al.,
2002; Puupponen-Pimiä et al., 2002).

Over the past 15 years, different methodologies have been proposed for the extraction and
recovery of valuable compounds from citrus byproducts. They are based on the use of resins
(Di Mauro et al., 2000), organic solvents (Li et al., 2006a), enzymes (Li et al., 2006b),
γ -irradiation (Oufedjikh et al., 2000) and heat treatment (Xu et al., 2007). These extraction
methods are characterized by some drawbacks, such as the degradation of the compounds of
interest due to high temperatures and long extraction times (as in solvent extractions), and health-
related risks. The medical interest in drugs obtained from plants has led to an increased need for
more ideal extraction methods, which could obtain the maximum of the bioactive constituents in
a shorter processing time at a low cost.

The recovery of antioxidant compounds from agricultural byproducts is currently conducted in
five principal stages: (i) macroscopic pretreatment; (ii) macro- and micro-molecular separation;
(iii) extraction; (iv) isolation and purification; (v) product formation.

Pressure-driven membrane operations include microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO). Between them, they cover most parts of the
“five-stage universal recovery processing” strategy because they can be used in macroscopic
pretreatment (MF), in macro- and micro-molecular separation (UF), in purification (NF) and in
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Figure 13.1. Structure of citrus fruits (adapted from Izquierdo and Sendra, 1993).

concentration (RO) (Galanakis, 2012). All of these processes offer several advantages over con-
ventional methods in terms of higher separation efficiency, lower energy requirements, milder
operating conditions, an absence of additives and phase transitions, simpler equipment and easier
scale-up.

This chapter focuses on the application of membrane processes to citrus production, mainly
concentrating on the recovery of bioactive compounds from citrus byproducts. The first section
of the chapter will provide an overview of traditional processes in the citrus industry. Selected
applications related to the use of pressure-driven membrane operations and the immobilization
of β-cyclodextrins in polymeric membranes will be analyzed and discussed in the second section.

13.2 CITRUS PRODUCTION AND COMPOSITION

Fruit juices and products play a major role in human nutrition and in the food industry around the
world. For example, citrus juices comprise almost 70% of all fruit or vegetable juices consumed
in the USA. Every continent except Antarctica is endowed with citrus-growing regions. Within
the citrus juice industry, orange and tangerine/mandarin products dominate the market. Based
on data published by the US Department of Agriculture, global orange production for 2015/16
was expected to be 45.8 million metric tons (a slight fall compared to that of the previous year)
(USDA, 2016).

13.2.1 Citrus structure

Citrus fruits consist of several parts, depicted schematically in Figure 13.1. Juice vesicles, located
in the endocarp, contain the juice, which constitutes about 50% of the total weight of a typical
orange fruit. The peel is formed by the flavedo (epicarp and outer mesocarp) and the albedo (inner
mesocarp). Flavedo and albedo account, respectively, for about 10% and 25% of the whole fruit.
The flavedo contains peel oil in oil sacs and the albedo contains most of the pectins. After juice
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extraction, rag, pulp and seeds account for the rest of the total fruit weight. Most of the fruit,
almost 90%, is water. The rest mainly takes the form of sugars and acids. Minerals, amino acids,
aroma compounds and pectins are present in smaller proportions. These percentages vary greatly
in other citrus fruits, but they also vary within orange fruits, depending on variety, ripeness, area
and agricultural practice (Izquierdo and Sendra, 1993).

13.2.2 Citrus bioactive compounds

Citrus fruits are considered a nutrient-dense food with a relatively low caloric content and an
impressive list of bioactive compounds. These range from vitamins and minerals to health-
promoting substances including fibers, carotenoids and phenolic compounds (mainly flavonoids).
Epidemiological studies on diets rich in citrus fruits have associated them with a reduced risk
of cardiovascular disease, stroke, cancer, diabetes and other inflammatory diseases. Reported
effects include reduction in oxidative stress, inflammation and/or tumor suppression, glucose
control, inhibition of LDL oxidation, promotion of plaque stability, improved vascular endothe-
lial function and decreased tendency for thrombosis (Gonzalez-Molina et al., 2010). Table 13.1
summarizes the general classes of bioactive compounds in citrus fruits and their byproducts,
distributions and reported health effects.

13.2.2.1 Phenolic compounds
Most of the pharmacological properties of the citrus fruits and their byproducts are attributed to
the presence of phenolic compounds (Escarpa and Gonzalez, 2001).

The two main types of polyphenols identified in citrus are flavonoids and non-flavonoids.
The latter include structurally simple molecules such as phenolic acids (synaptic, ferulic,
p-hydroxybenzoic, vanillic, p-coumaric, caffeic and gallic) and stilbenes, and highly complex
molecules such as stilbene oligomers and tannins (Rapisarda et al., 1998). Flavonoids include
more than 9000 identified compounds. They are characterized by a common benzo-γ-pyrone
structure, which has been reported to act as an antioxidant in various biological systems. Multiple
combinations of hydroxyl groups, sugars, oxygens and methyl groups attached to this struc-
ture generate the various classes of flavonoids: flavanols, flavanones, flavones, flavan-3-ols
(catechins), anthocyanins and isoflavones (Khan et al., 2014).

Citrus flavanones are present in the glycoside or aglycone forms. Among the aglycone forms,
naringenin and hesperetin are the most important flavanones. Among the glycoside forms,
two types are identified: neohesperidosides (naringin, neohesperidin and neoeriocitrin) and
rutinosides (hesperidin, narirutin and didymin) (Tripoli et al., 2007).

The flavonoid composition of the different Citrus species is not always the same. For example,
in the sweet orange (Citrus sinensis), the most abundant flavonoid component is hesperidin,
followed by narirutin and dydimin. The ‘Blood’ variety of sweet orange is characterized by the
presence of anthocyanins, typical coloring compounds of flowers and fruits, the level of which is
strongly dependent on the degree of maturation Gattuso et al. (2007).

13.2.2.2 Carotenoids
Citrus fruits and byproducts are one of most complex sources of carotenoids, with a large diversity
among the different species and cultivars in terms of types and amounts. In general, β-carotene,
α-carotene, lutein, β, β-xanthophylls (particularly violaxanthin, β-cryptoxanthin and their esters)
are common to most citrus fruits. It is interesting to note that citrus fruits contain a group of genus-
specific C-30 apocarotenoids, mainly located in the peel (Kato et al., 2004). The most abundant
C-30 apocarotenoid is β-citraurin, which provides the intense orange-reddish coloration to the
peel of some oranges, mandarins and hybrids (Matsumoto et al., 2007).

All carotenoids contain a system of conjugated double bonds which allow them to interact
efficiently with reactive oxygen species. β-carotene, α-carotene and lutein, as well as several other
citrus carotenoids, are efficient quenchers of singlet molecular oxygen and scavengers of peroxyl
radicals. In human studies, numerous associations between a low carotenoid intake or status and



Table 13.1. Bioactive compounds of citrus fruits, their byproducts and their potential health benefits.

Bioactive compounds Examples Species Potential health benefits References

Phenolic Flavonoids Hesperidin, neohesperidin, Citrus limon Citrus bergamia AI, AOX Gattuso et al. (2007)
compounds naringin Citrus paradisi

Naringenin, narirutin Citrus paradisi AI, AOX Gattuso et al. (2007)
Anthocyanins, dydimin Citrus sinensis AC, AI, AOX, CHB, CR Benavente-García and

Castillo (2008)
Neoeriocitrin, bruteridin, Citrus bergamia AD, AI, AOX, CHB, CR Di Donna et al. (2009)
melitidin
Eriocitrin, diosmin Citrus limon AC, AI, AOX, CHB, CR Nakajima et al. (2014)

Phenolic acids Synaptic, ferulic, Citrus limon Citrus bergamia AC, AI, AOX, CHB, CR Gonzalez-Molina
p-hydroxybenzoic, vanillic, Citrus paradisi Citrus sinensis, et al. (2010)
p-coumaric, caffeic, gallic Citrus reticulate

Carotenoids β-carotene, α-carotene, Citrus limon Citrus bergamia, AC, AI, AOX, CHB Kato et al. (2004);
lutein, Citrus paradisi Citrus sinensis Matsumoto et al. (2007)
β,β-xanthophylls, Citrus reticulate
violaxanthin,
β-cryptoxanthin,
β-citraurin

Fibers Pectin, gums, Citrus limon Citrus bergamia, AD, CR O’Shea et al. (2012);
cellulose, hemicellulose Citrus paradisi Citrus sinensis, Abirami et al. (2014)

Citrus reticulate

Vitamins Vitamin C, vitamin B (B9) Citrus limon Citrus bergamia, AI, AOX, NFP Escobedo-Avellaneda
Citrus paradisi Citrus sinensis, et al. (2014)
Citrus reticulate

Legend: AC: anticancer; AD: antidiabetic; AI: anti-inflammatory activity; AOX: antioxidant; CHB: cardiovascular health benefits; CR: cholesterol reduction; NFP: neural
function protection.
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an increased risk of cancer, age-related macular degeneration, cataract and cardiovascular disease
have been observed.

13.2.2.3 Fibers
Citrus fruits and byproducts are considered an excellent source of dietary fibers, including both
water-soluble (pectin and gums) and water-insoluble (cellulose and hemicelluloses) compounds.
Pectin is the predominant type of water-soluble fiber in citrus (as much as 65–70% of the total
fiber) (O’Shea et al., 2012). The remaining fibers consist of cellulose, hemicellulose and trace
amounts of gums. Citrus also contains lignin, a fiber-like component. Dietary incorporation of
pectin appears to affect several metabolic and digestive processes: pectin has been associated with
numerous physiological effects, including decreases in glucose absorption and improvements in
insulin response, the lowering of plasma LDL cholesterol concentrations, and binding to minerals
to decrease their bioavailability (Elleuch et al., 2011). In addition, recent studies have indicated
that citrus pectin demonstrates an anticancer potential and an immune-modulatory effect (Abirami
et al., 2014).

13.2.2.4 Vitamins
Citrus fruits and their byproducts are a rich source of vitamins for human diet. Vitamin C is
considered the most prevalent vitamin in citrus; other vitamins present in minor quantities are
A and B-group (B2, B3, B9) vitamins (Escobedo-Avellaneda et al., 2014).

Vitamin C is an essential water-soluble compound with antioxidant activity and excellent
reducing properties. Vitamin C acts against oxidation of lipids, proteins and DNA, protecting
their structure and biological function. The oxidation of these biomolecules generates measur-
able reaction products, such as 8-oxo-deoxyguanosine from DNA, F2-isoprostanes from lipids,
and carbonyl derivatives from proteins. In addition, vitamin C acts as an electron donor for dif-
ferent enzymes; it is involved in collagen hydroxylation, synthesis of carnitine, biosynthesis of
norepinephrine from dopamine and modulation of tyrosine metabolism.

Among the vitamins of group B, the most represented in citrus is folic acid, a water-soluble
vitamin known as B9, which plays an important role in human nutrition (Öhrvik and Witthöft,
2008) Folate compounds are important for DNA synthesis, supporting the preservation of genetic
information, and for the production of amino acids. Folic acid also plays an important role in
lowering the levels of homocysteine in the blood. Folate-rich diets have been associated with a
decreased risk of cardiovascular disease.

There is strong scientific evidence to support a link between folic acid intake and the prevention
of neural tube defects in infants. The US Center for Disease Control and Prevention recommends
a consumption of about 0.4 mg day−1 by all women of childbearing age, and especially those who
are planning a pregnancy.

Nowadays, folic acid-fortified beverages are used as a method of increasing the intake of this
vitamin in the pregnant population and are widely recommended (Pérez Prieto et al., 2006).

13.3 CITRUS INDUSTRY

13.3.1 Traditional processing

Traditional citrus juice processing is depicted in Figure 13.2. In the cleaning/washing step, dirt and
foreign materials are removed from the fruits. A sanitation step can be implemented to decrease
the microbial load, as well as to eliminate undesirable flavors or mycotoxin contamination.

Fruits that have been rinsed and dried pass through graders in which bad fruits are removed
while the remaining fruits are automatically segregated by size prior to extraction (sorting/culling),
which depends upon the fruit being of an appropriate size.
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Figure 13.2. Flowchart of industrial orange juice processing.

The principal unit operation in citrus production is the juice extraction: its efficiency allows
the production of a finished drink with the desired characteristics. Thus peel, containing bitter
resins, must be carefully removed to avoid contamination of the sweeter juice.

The extracted juice is then treated according to the characteristics required of the final product.
For cloudy juices, further clarification might be unnecessary or may involve coarse filtration or
controlled centrifugation to remove only larger, insoluble particles. For clear juices, complete
depectinization, by addition of enzymes, fine filtration, or high-speed centrifugation, will be
required to achieve visual clarity (Downing, 1996).

The production of clear juices involves a clarification step, which can be accomplished in one of
two general ways: enzymatically and non-enzymatically. The enzyme-based depectinization has
two effects: it degrades the viscous soluble pectin and, at the same time, causes the aggregation
of cloud particles and their accumulation on the bottom of the tank. In acidic conditions, as
created by citrus juices, pectin molecules carry a negative charge, allowing them to repel each
other. Pectinases, the enzymes typically used for this process, degrade the pectin and expose part
of the positively charged protein, reducing the electrostatic repulsion between cloud particles
which clump together. These larger particles will eventually settle out but, to improve the process,
flocculating or fining agents, such as sparkolloid, gelatin, kieselsol, bentonite and isinglass,
must be added (Lozano, 2003). Non-enzymatic clarification involves disruption of the emulsion
by other means, such as heat (Smock and Neubert, 1950), mechanical separation by the use
of decanters and finishers, centrifugation, diatomaceous earth filtration, as well as membrane
filtration (Kilara and Van Buren, 1989).

The concentration step is commonly carried out by thermal evaporation with equipment
known as a thermally accelerated short-time evaporator (TASTE). Concentration processes offer
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significant advantages in terms of reduction of bulk, thereby reducing storage volumes and trans-
portation costs too. In addition, storage of the cold concentrate is less likely to support yeast
growth due to its high sugar concentration and consequently lower water activity. Many different
evaporator designs can be employed for juice concentration, including evaporators with single-
pass recirculating concentrators, single or multiple stages, single or multiple effects, and with or
without a surface-mixing form of condenser (Hartel, 1992). Notwithstanding several advantages,
concentration, when performed by evaporation, is an energy-intensive process which gives rise
to high operating costs and environmental challenges (Bichsel and Sandre, 1982).

In the case of clear juices, concentration can be achieved by using a combination of RO and
evaporation. In this regard, crossflow membrane systems are ideally suited for this application
due to the self-cleaning turbulence effect. RO is effective in concentrating a low-solids juice
(7 to 8 ◦Bx) by two to three times, after which evaporation technology has to be applied.

Citrus juice has some natural protection against the growth of bacteria, yeast and mold due to its
low pH (about 4). Nevertheless, a thermal process named pasteurization is still required to avoid
further spoilage. This process not only helps to reduce microbial levels but also inactivates certain
enzymes that cause the pulp to separate from the juice, which would result in an aesthetically
undesirable beverage. Pasteurization of the finished juice is accomplished by hot-filling or bottled
juice pasteurization. Hot-filling is conducted by passing the final juice through a heat exchanger
and raising the temperature to 88–95◦C. A holding time of at least three minutes is normally
applied to the juice, prior to cooling. A shelf life in high-quality storage can range from nine to
12 months in glass bottles or in high-barrier containers (McLellan and Padilla-Zakour, 2004).

Alternatives to thermal pasteurization have become a reality in the food industry. The production
of cold-treated juices offers the advantage of fresh-like characteristics with extended shelf life.
Technologies that are being utilized or developed include ultraviolet light (UV), high-pressure
processing, pulsed electric fields, electron-beam irradiation, high carbon dioxide processing and
chemical sterilants (Knorr et al., 2002; Odebo, 2001; Worobo et al., 1998). Iu et al. (2001)
demonstrated that a combination of pulsed electric fields and heat treatments was very effective
against Escherichia coli O157:H7 in apple cider. The use of UV at 14 mJ cm−2, a method approved
by the FDA to deliver safe refrigerated apple juice, has been described by Tandon et al. (2003).
The UV-treated juice retained the fresh flavor and was favorably compared to juice pasteurized at
71◦C for 6 s.

To ensure sterility, the pasteurized juice should be filled while still hot ( filling and storage).
Where possible, metal or glass bottles and cans can be preheated. The primary functions of food
packaging are to retard or prevent the loss of quality, to contain the food adequately, and to give
protection against environmental contamination (Crosby, 1981; Paine and Paine, 1983).

Manufacture of citrus juices produces large quantities of liquid and solid waste. The disposal of
these materials is regulated by law and can represent a significant cost in the juice plant operation.
In the following section, the typical wastes produced in citrus juice processing and the potential
use of these byproducts will be described in detail.

13.3.2 Wastes from citrus production

Residuals are a necessary consequence of processing agricultural raw materials. These residuals,
dumped at local landfills and discharged to natural streams, have now become a major envi-
ronmental concern. Environmental protection standards are becoming more stringent, causing a
remarkable growth in disposal costs. Meeting the combined challenge of environmental protec-
tion and economic competitiveness requires a fresh look at the management of fruit-processing
residuals.

Nowadays, the challenge has been focused not only on the treatment of these residues in order
to reduce waste-disposal problems but also to generate value-added products or additives that can
be used in other industrial sectors, including cosmeceutical, pharmaceutical and food companies.
Possible value-added products from solid waste are fuels, proteins and biochemicals. In other
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cases, the effluents will need to be substantially processed before they can be safely discharged
into public waste management systems (Hang, 1999).

The effluents from the processing lines fall into three broad categories: wash water (lightly
polluted), process water (highly polluted) and solid waste (extremely highly polluted).

Lightly polluted liquid effluents, with a biological oxygen demand (BOD) of less than
200 mg L−1, should be treated in aerobic systems such as aerated lagoons. Anaerobic biologi-
cal treatment systems are better suited to highly polluted process water, with a BOD of up to
20,000 mg L−1. Efficiencies of 70% to 95% in the reduction of BOD are expected with these
systems. For higher reduction rates, the treated effluent might need to be further processed in an
aerobic system (Koevoets, 2002). The activated sludge process is another widely used system for
wastewater treatment. The treatment unit consists of a bioreactor that provides an environment
for converting soluble waste solids into insoluble microbial cells under aerobic conditions, and a
clarifier where microbial cells are allowed to settle. The settled cells or sludge may be returned
to the bioreactor or handled as waste. The reduction in BOD by this method ranges from 80% to
99%, depending on the waste characteristics, loading rate and other operating conditions (Hang,
1999). Solid wastes pose a more difficult dilemma due to reduced opportunities for the disposal
of solids. In particular, solid citrus wastes composed largely of citrus peel have been extensively
used as animal feed or fertilizer. In fact, these byproducts can be found as a feed supplement for
sheep, pigs, horses and deer. Alternatively, they can be disposed of in local landfills (Koevoets,
2002). Although proper composting offers an excellent opportunity to dispose of a waste product
and create a valuable end-product, the current challenge is focused on the recovery of valuable
components for the development of products of interest for food, cosmetic and pharmacological
applications.

13.3.3 Potential applications of citrus byproducts

The correct management of citrus byproducts is a real concern for industrial companies and
government institutions. Paradoxically, citrus residues possess a range of natural components,
such as sugars, pectin, carotenoids, flavonoids, vitamin C and folic acid, that can be very useful
in different industrial sectors (Patil et al., 2009). Nowadays, any improvement in the treatment of
final byproducts to prevent serious contamination problems and to formulate new added-value
products is of great interest.

Citrus peel is the main waste or byproduct obtained in juice production. Usually, residues such
as peel, rag, pulp and seed are destined for animal feeds. Unfortunately, this waste is susceptible
to spoilage owing to its high moisture content (78–90%); therefore, it must be consumed quickly,
creating additional costs for transportation and storage (Lanza, 2003).

Pectin is located mainly in the albedo and juice sacs. It has a high molecular weight
(100–200 kDa) and consists of long chains of polygalacturonic acid units linked together by
α (1–4) glycosidic bonds with side chains of rhamnose, arabinans, galactans and xylose. Pectin is
appreciated in the food industry as a gelling, thickening and stabilizing agent as well. Applications
in the pharmaceutical industry have also been reported, basically as an ingredient for preparation
of anti-diarrheal and detoxifying drugs, as well as for preparation of suspensions with poten-
tial applications in the delivery of controlled-release drugs (Liu et al., 2003; Piriyaprasarth and
Sriamornsak, 2011). In addition, some fragments of pectins have also been shown to exert a
positive effect on reducing metastatic stages both in vitro and in vivo (Maxwell et al., 2012).
In the food industry, pectin is mainly used for the preparation of specific products such as jam,
marmalade and jelly.

Peel oil is a valuable byproduct recovered from citrus peel, recognized for its flavor and
fragrance but also for its antimicrobial and antioxidant properties; when it is added to food
subjected to thermal treatment for preservation, no alteration of the food’s organoleptic proper-
ties is produced (Tyagi et al., 2014). For this reason, citrus essential oils could be considered
as a suitable alternative to the use of chemical additives in the food industry, attending to the
need for food safety and satisfying the demand of consumers for natural food components
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(Viuda-Martos et al., 2008). Among numerous compounds, the major component is D-limonene,
which is used in the electronics industry as well as in the manufacture of synthetic resins and
adhesives (Lanza, 2003).

Among the citrus peels, the most important essential oil extracted is from the bergamot orange
(Citrus bergamia). Bergamot essence is widely used in the pharmaceutical industry for its antibac-
terial and antiseptic properties, in the cosmetic industry for the production of perfumes, body
lotions, soaps, etc., and in food industries as an aroma in the preparation of sweets, liquors and tea.

Phenolic compounds and flavonoids are particular examples of the attractive components of
citrus byproducts. Epidemiological studies have correlated their consumption with a lower risk of
different types of cancer and cardiovascular disease (Kris-Etherton et al., 2002), thus demonstrat-
ing their antioxidant, anti-inflammatory and radical-scavenging properties (Barreca et al., 2011).
In this regard, various efforts have been made to recover phenolic compounds from citrus byprod-
ucts (Ruby-Figueroa et al., 2012). The recovery of these compounds will be a profitable investment
if they can eventually be used to develop high added-value products in the food, pharmaceutical
and cosmetic industries.

13.4 MEMBRANE OPERATIONS IN CITRUS PROCESSING

Nowadays, membrane processes are established separation techniques in several industries due
to their large number of advantages, including high efficiency, simple equipment and low energy
consumption (Jing and Howard, 2010). Over the last two decades, the worldwide market for mem-
brane technology in the food industry has increased to a market value of about €800–850 million
and it is now the second biggest industrial market for membranes after water and wastewater
treatment, which includes desalination (Lipnizki, 2010). Unit operations, such as clarification,
stabilization, depectinization and concentration, are typical steps in which membrane processes,
such as MF, UF, NF, RO, osmotic distillation (OD) and membrane distillation (MD), have been
successfully utilized as alternative technologies to the conventional operations of the fruit juice
processing industry (Jiao et al., 2004). In this regard, several alternatives have been reported for
the application of membrane operations, not only as a valid alternative to thermal evaporation
processes but also for the classic filtration of citrus juices based on the use of fining agents
(gelatin, diatomaceous earth, bentonite and silica sol). In addition, integrated membrane systems
represent a useful approach for the treatment of citrus byproducts in order to recover attractive
compounds for the development of high added-value products destined for the pharmaceutical,
cosmetic and food industries (Cassano et al., 2014a).

A large variety of synthetic membranes have been reported in scientific and patent litera-
ture. The differences may be generated by material partitioning during membrane formation
or by particular post-formation surface treatments. Membrane chemistry determines important
properties such as hydrophilicity or hydrophobicity, the presence or absence of ionic charges,
chemical and thermal resistances, binding affinities for solutes or particles, and biocompatibility
(Cheryan, 1998). Membrane materials must be chemically resistant to both feed and cleaning
solutions, mechanically and thermally stable, and characterized by high selectivity and perme-
ability. The materials used for the preparation of membranes can be synthetic polymers, cellulose
derivatives, ceramics, inorganics and metals; they may be neutral or carry electrical charges.

Although over 130 materials have been used to manufacture membranes, only a few have
achieved commercial status, and fewer still have obtained regulatory approval for use in food.
Polyethylene, polypropylene, polycarbonate and cellulose acetate are all widely used in the
manufacture of MF and UF membranes.

In pressure-driven membrane processes, the selection of the most effective membrane for a spe-
cific application plays an important role in determining the level of separation that can be obtained.
However, for an efficient utilization of membranes, design of the process is equally important.
The process design is defined by different aspects, including the membrane configuration, fil-
tration methods (dead-end and crossflow configurations) and the process configuration. Process
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design is also important for the control of concentration polarization and fouling phenomena,
determining to a large extent the most useful membrane for a specific separation. In this regard,
the membrane module concept denotes the device in which the membrane must be installed to
perform the separation process. At a large industrial scale, membrane modules are available in
six basic designs: cartridge, hollow fiber, spiral-wound, tubular, plate-and-frame and capillary.
These are quite different in their design, mode of operation, production costs and the energy
requirements for pumping the feed solution through the module.

Membranes can be operated in either dead-end or crossflow configurations. In the dead-end
mode the feed flow is perpendicular to the membrane surface. It is forced through the membrane,
which causes the retained particles to accumulate and form a type of cake layer at the membrane
surface. The thickness of the cake layer increases with filtration time, and the permeation rate
decreases as the thickness of the cake layer increases. Dead-end filtration is often used as a method
to estimate the specific cake resistance for crossflow filtration and usually gives reasonable data
for spherical- and ellipsoidal-shaped cells (Tanaka et al., 1994). On the other hand, in crossflow
filtration the fluid flows in a direction parallel to the membrane surface and permeates through
the membrane due to an imposed transmembrane pressure difference. Unlike dead-end filtration,
rejected particles form a cake layer on the membrane surface which does not build up indefinitely,
so the cake formed is of a limited thickness (Tiller and Cooper, 1962). The cake structure will
be affected by different phenomena, such as the collapse of the pore structure, pore compression
and pore distortion. This set of phenomena will affect to differing extents the porosity, the pore
size and the pore tortuosity of the filtration cake (Mota et al., 2002).

In pressure-driven membrane operations, process configurations include a total recycling con-
figuration (where permeate and retentate streams are recycled back to the feed reservoir so that a
steady state is attained in the fixed concentration of the feed), a batch concentration configuration
(where the retentate is returned to the feed reservoir and the permeate is collected separately), a
feed-and-bleed configuration (where the permeate is removed from the system, together with a
small part of the retentate), and diafiltration (which involves the addition of water to the retentate
to overcome low permeate fluxes at high concentrations or to improve the separation of permeable
compounds) (Cassano et al., 2014b). The selection of an appropriate process configuration will
depend on the specific application and its goals.

Membrane performance is evaluated mainly in terms of filtration rate and membrane separation
properties, generally measured in terms of membrane rejection. A brief description of the main
pressure-driven membrane processes applied in the citrus industry follows, together with selected
applications in the recovery of phenolic compounds from citrus byproducts. Some additional
applications, investigated at laboratory scale, for juice debittering and the removal of pesticides
from citrus essential oils are also reported and discussed.

13.4.1 Microfiltration and ultrafiltration

MF and UF are pressure-driven processes, considered as the most important in food technology
and biotechnology. They are simple membrane-based filtration systems in which the separation
principle is a form of sieving (Jonsson, 1998).

The difference between membrane filtration and sieving is the cutoff point, which in the case
of membrane filtration is determined by the pore size of the membrane. The driving force for the
mass transport across the membrane is a pressure gradient in the range 0.05–0.4 MPa. Because
only large particles, in the range of 200 nm to 20 µm, can be separated by the membrane, the
diffusion of particles and the osmotic pressure difference between the feed and filtrate solution
are negligibly low. Mass transport in MF membranes takes place by viscous flow through the
membrane pores. The solid membrane matrix can be considered as completely impermeable.
Therefore, the hydrodynamic permeability can be expressed in terms of the membrane pore size,
the porosity and the solution viscosity according to Hagen-Poiseuille’s law, which is given by:

Jv = εr2

8ητ
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�z
(13.1)
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where Jv is the volumetric flux, ε the membrane porosity, r the pore radius, η the viscosity,
τ the tortuosity factor, �p the pressure difference across the membrane, and �z the membrane
thickness (Strathmann et al., 2006).

Another parameter of interest in the practical application of MF is the separation characteristic
of the membrane. This is generally expressed by the retention or rejection of a particle of a certain
size, which is given by:

Ri = 1 − Cp
i

Cf
i

(13.2)

where R is the rejection coefficient, C is the concentration, the subscript i refers to a given
component in the feed (f) and the permeate (p) (Strathmann et al., 2006).

In UF, as in MF, the driving force is a pressure gradient in the range 0.2–1 MPa. UF membranes
are typically asymmetric, with the smallest pores on the surface facing the feed solution; UF
membrane pores are significantly smaller than those of MF membranes. Their diameters at the
feed side of the membrane are between 2 and 10 nm and retained compounds have a molecular
weight between 5000 and several million Daltons. Because UF membranes also retain some
relatively low molecular weight solutes, osmotic pressure differences between the feed and the
filtrate can be significant and diffusive fluxes of the solutes across the membrane are no longer
negligibly low (Digens, 2007; Strathmann et al., 2006). The flux through a UF membrane can be
described as a function of the pressure difference between the feed and permeate solutions, the
hydrodynamic permeability for the viscous flow, the osmotic pressure difference between feed
and permeate solutions, and the phenomenological coefficient determining the diffusive flow of
water through the membrane pores:

Jw
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where Jv and Jw are the total volume and solvent fluxes, respectively, �p and �π are, respectively,
the hydrostatic and the osmotic pressure gradients across the membrane, Lv is the hydrodynamic
permeability and Lw the diffusive permeability of the solvent, and �z is the thickness of the selec-
tive barrier of the membrane. Generally, the osmotic pressure can be neglected in UF processes.
However, in the case of solutions that contain a high concentration of retained components with
relatively low molecular weight, the osmotic pressure must be considered.

Permeate fluxes and permeate quality are the most important aspects in the selection of a proper
MF or UF membrane for citrus juice clarification. Pretreatment methods such as treatment with
pectinase or fining agents and centrifugation can reduce the particulate matter in the juice, leading
to a remarkable improvement of permeate fluxes and the attainment of higher concentration factors
(Rai et al., 2007).

Permeate fluxes are strongly affected by operating parameters, the nature of the membrane
and the juice composition. They generally increase with transmembrane pressure (TMP), up to a
limiting value depending on the physical properties of the juice and axial velocity. An increase
in the feed flow rate produces a linear increase of permeate flux due to the effect of shear stress
at the membrane surface, which enhances the rate of removal of deposited particles and reduces
the thickness of the polarized layer. Increasing the operating temperature produces a reduction
in juice viscosity, together with an increase of the diffusion coefficient of macromolecules and a
consequent enhancement of the permeate flux (Cassano et al., 2007).

Polysulfone, poly(ether sulfone) (PES), poly(vinylidene fluoride) (PVDF), polyamide and
polypropylene membranes are typical polymeric membranes used in citrus juice clarification.
However, the major drawback of polymeric membranes is their low stability in extreme pH condi-
tions and, consequently, limited shelf life for juice processing applications. By contrast, ceramic
membranes offer many advantages over polymeric membranes in terms of high flux, easy clean-
ing, temperature stability, high pressure resistance, resistance to concentrated caustic acids and
very high abrasion resistance.
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13.4.1.1 Membrane fouling
Clarification of citrus juice and citrus byproducts is a prerequisite for concentration and frac-
tionation by membrane processes. The use of MF and UF membranes offers many advantages
over conventional clarification procedures based on the use of fining agents and filtration by
diatomaceous earth. These include the possibility of operation at room temperature, the elim-
ination of filter aids, increased juice yields, easy cleaning and maintenance of the equipment,
and a reduction in waste products (Köseoglu et al., 1990). The overall extraction efficiency is
around 95–97%, which compares to 90–93% for traditional processing (Swientek, 1986). How-
ever, the major limiting factor in membrane-based clarification processes is flux decline over
time due to membrane fouling. This phenomenon can be attributed to the adsorption of non-
permeating solutes (such as pectic materials, proteins and fibers) on the membrane surface and
to the precipitation of smaller solutes that are normally permeable in the membrane pores. The
high concentration of macromolecules at the surface of the membrane tends to form a gel-type
layer, which acts as an active membrane layer of fine porosity.

Membrane fouling is a key factor affecting the commercial viability of the process because it
reduces productivity, leading to more frequent membrane cleaning and replacement and thereby
increasing operating costs. In addition, the deposition of a gel layer and its subsequent growth
on the membrane surface leads to a modification of membrane selectivity, which brings about
changes in product quality.

Several methods are available for the evaluation of membrane fouling, including the measure-
ment of flux decline, fouling time, modified fouling index, fouling-layer resistance and deposit
thickness (Rai and De, 2009).

An analysis of membrane fouling in the clarification of orange juice using PVDF MF mem-
branes revealed that the separation process is controlled by cake filtration mechanisms at relatively
low velocity (i.e. Reynolds number = 5,000) and low TMPs. At a higher Reynolds number
(15,000), an increase in applied TMP allows the limiting permeate flux to increase by a factor of
about four. In these conditions the filtration process is controlled by a complete pore-blocking
fouling mechanism and flux decay is negligible (Todisco et al., 1996).

Different mathematical models have been proposed in order to describe the flux decline, based
on equations applied to dead-end filtration mechanisms at constant pressure (Hérmia, 1982) and
opportunely modified in order to describe the fouling mechanism involved in crossflow filtration.
In the Field model (Field et al., 1995), the permeate flux decline over time is described according
to the following differential equation:

−dJ

dt
= k(J − Jlim)J 2−n (13.4)

where Jlim represents the limit value of the permeate flux obtained in steady-state conditions, and
k and n are phenomenological coefficient and general index, respectively, depending on fouling
mechanism. The proposed model allows, on the basis of experimental data, indication of the
fouling mechanism involved in the filtration process, according to the estimated value for n as
follows:

• Complete pore blocking (n = 2)
This situation corresponds to a condition of complete pore obstruction by means of sealing
(blocking), which occurs when the particles are larger than the pore size.

• Partial pore blocking (n = 1)
In this condition a dynamic situation of blocking/unblocking occurs in which particles may
bridge a pore by obstructing the entrance but not completely blocking it.

• Cake filtration (n = 0)
When solid particles or macromolecules do not enter the pores they form a cake on the mem-
brane surface. In this case the overall resistance to the mass transport is composed of a cake
resistance and a membrane resistance which is assumed to remain unchanged.
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• Internal pore blocking (n = 1.5; Jlim = 0)
Particles enter the pores, reducing pore volume. In this case membrane resistance increases as
a consequence of pore size reduction. In these conditions the fouling phenomenon becomes
independent of crossflow velocity and a limit value for the permeate flux is not reached,
i.e. Jlim = 0.

The above model was used to analyze the flux decline in the UF of blood orange juice with a
tubular PVDF membrane having a molecular weight cutoff (MWCO) of 15 kDa (Cassano et al.,
2007). The analysis revealed that in fixed conditions of TMP and temperature the fouling mecha-
nism evolves from partial pore blocking (n = 1) to complete pore blocking (n = 2) in dependence
of the axial velocity. Theoretical predictions in terms of permeate flux as a function of time were
in agreement with the experimental data.

Recently, a suitable lab-scale filtration strategy was investigated in order to predict membrane
fouling during crossflow MF of orange juice through a relevant evaluation of its fouling behavior.
A broad range of operating conditions of dead-end filtration was explored through a D-optimal
experimental design. The results showed that prediction of orange juice fouling propensities in
pilot-scale MF was possible. Therefore, dead-end filtration was proposed as a process-specific
tool to predict membrane fouling in the clarification of orange juice by crossflow MF (Dahdouh
et al., 2015).

13.4.2 Reverse osmosis (RO)

The industrial concentration of fruit juices is usually performed by multistage vacuum evaporation
processes, in which water is removed at high temperatures followed by recovery and concentration
of volatile flavors and their reintroduction to the concentrated product (Jiao et al., 2004).

Fruit juice concentration by RO has been of interest to the fruit-processing industry for about
30 years. In this process a hydraulic pressure greater than the osmotic pressure is applied through
a semi-permeable membrane in order to enable a flow of water from the side with high solute con-
centration to the low concentration one. Sugars and organic acids are the osmo-active substances
that contribute to the osmotic pressures of citrus juices.

The main advantages of RO, when compared with traditional thermal evaporation, are the
generation of higher-quality products due to the use of low operating temperatures, resulting in
an increased retention of nutritional and aroma compounds, reduced energy consumption and
lower equipment costs (Girard and Fukumoto, 2000). On the other hand, the main disadvantage
of RO is its inability to match the concentrations of standard products produced by evaporation
because of osmotic pressure limitations. Indeed, when fruit juices are concentrated by RO with
polymeric membranes, the maximum achievable concentration without affecting permeate flux
and solute recovery is about 25–30 ◦Bx. High operating pressures (ranging from 1 to 20 MPa)
are needed in order to overcome the osmotic pressure of the concentrated juice. This suggests
the use of RO as a pre-concentration step in combination with other concentration techniques,
such as freeze concentration or evaporation, in order to reduce energy consumption and increase
production capacity.

Oil-soluble aroma compounds of orange juice are more easily retained by cellulose acetate
membranes than water-soluble ones. High recoveries of sugars (greater than 98%), acids (up to
85%) and volatile flavor compounds can be obtained by using spiral-wound polyamide membranes
(Medina and Garcia, 1988). The differential rejection of RO membranes with regards to sugars
and organic acids produces an increase in the Brix/acid ratio with a consequent reduction in juice
bitterness.

13.4.3 Nanofiltration

NF is very similar to UF and RO, because in all three processes a hydrostatic pressure is applied
to transport a molecular mixture to the surface of a membrane. The main difference between NF
and UF is the pore size of the membrane and thus the molecular weight of the components that are
retained. NF membranes have a pore size in the range of 0.5–2 nm, corresponding to a MWCO of
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about 400–500 Da. In this case, given that NF membranes have smaller pore sizes in comparison
to UF, osmotic pressure may be significant. The pressure applied is higher than UF and lower
than RO, usually in the range 0.3–3 MPa.

The main difference between NF and RO is the transport mechanism through the membrane. In
NF, it is assumed that all components permeate the membrane exclusively through geometrically
well-defined pores, whereas in RO the components permeate the membrane by diffusion through
a more or less homogeneous polymer matrix and the separation is a result of the solubility and
diffusivity of solutes in the polymer matrix (Strathmann et al., 2006). In addition, NF membranes
often carry positive or negative electrical charge, whereas UF and RO membranes are neutral. As
a consequence, the separation mechanism is not only determined by size exclusion but also by the
so-called Donnan exclusion, which postulates that ions carrying the same charge as the membrane
(so-called co-ions) will be excluded from the membrane. Details relating to mass transport in NF
membranes have been widely reported in the literature (Bowen and Mukhtar, 1996; Schäfer, 2005;
Tsuru et al., 1991; Wang et al., 1995).

Although NF has also been investigated in the concentration of other fruit juices, such as apple,
pear and blackcurrant (Bánvölgyi et al., 2006; Warczok et al., 2004), the fractionation of citrus
juices and citrus byproducts by NF appears a very promising molecular separation technology
for the recovery of bioactive compounds as an alternative to conventional systems.

13.4.4 Selected applications

13.4.4.1 Orange press liquor
Membrane technologies appear an attractive approach for the recovery and concentration of bioac-
tive compounds (BACs) from agro-food wastes, thus transforming the effluents or byproducts
into source material for high-value compounds (Crespo and Brazinha, 2010; Mudimu et al., 2012;
Tsibranska and Tylkowski, 2014).

Traditional treatments of citrus peel involve the use of lime followed by milling and pressing.
The resulting press liquor is enriched in BACs, such as flavonoids and phenolic acids, recog-
nized for their beneficial implications for human health due to their antioxidant activity and free
radical-scavenging ability (Bocco et al., 1998). The orange press liquor has, on average, a total
soluble solids (TSS) content of 10 ◦Bx; it can be concentrated up to 65–70 ◦Bx by multiple-effect
evaporation to obtain citrus molasses, which can be used in the production of beverage alcohol
and as a cattle feed. However, thermal evaporation is characterized by high energy consumption
and the thermal degradation of BACs (Cassano and Jiao, 2014). Membrane processes, such as RO,
can only be used for pre-concentration of citrus press liquor, because the maximum concentration
obtained with RO is still far from the value required to obtain citrus molasses (72 ◦Bx).

García et al. (2002) investigated the use of a spiral-wound RO membrane (Filmtec SW30-
2540, Dow Chemical, USA) to pre-concentrate model solutions of sucrose (10, 20 and 30 ◦Bx) at
different pressures, feed flows and temperatures. This work was aimed at evaluating the potential
of the RO process in the production of a permeate stream (which can be reused in the juice
production) and a retentate which can be thermally concentrated to produce citrus molasses
from orange press liquor. Garcia-Castello et al. (2006) also established that RO, used as a pre-
concentration step, is able to reduce energy consumption by a factor of about 7.7 in comparison
to a traditional multiple-effect evaporator.

RO has also been used to pre-concentrate a synthetic orange press liquor with and without the
addition of pectins, as part of an evaluation of the necessity for pretreatment (e.g. depectinization)
(Garcia-Castello et al., 2011). The synthetic solution without pectins was well concentrated in
all of the conditions investigated. On the other hand, the high viscosity of the solution containing
pectins, as well as strong membrane fouling, allowed concentration of the solution only up to
a volume reduction factor (VRF) of 1.2 at the maximum TMP studied (5 MPa), suggesting the
necessity of a pretreatment step before RO.

Membrane processes are also attractive technologies for the production of pectins from citrus
peel when compared with traditional extraction processes based on the use of large amounts of
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ethanol. In this sense, the use of MF/UF can be a useful technique to separate pectins from BACs.
Xie et al. (2008) studied the performance of a tubular ceramic UF membrane (ZrO2, 30 kDa) in
the treatment of a pectin-containing solution extracted from citrus peel. They observed a pectin
rejection greater than 90%, whereas the rejection of phenolic compounds was less than 20%.
These promising results prove that the decolorization, separation and purification of pectin can
be achieved simultaneously through the use of ceramic UF membranes.

Ruby-Figueroa et al. (2011) evaluated the performance of a UF membrane (polysulfone,
100 kDa, China Blue Star Membrane Technology Co. Ltd., China) in the clarification of orange
press liquor using the response surface methodology (RSM) approach. The effect of operat-
ing conditions, such as TMP, temperature and feed flowrate, on the permeate flux and fouling
index was investigated. Optimization of multiple responses permitted the establishment of oper-
ating conditions that simultaneously gave maximum permeate flux and minimum fouling index.
According to the results obtained, the maximum permeate flux (of about 0.007 kg m−2 s−1) and
the minimum fouling index (48%) were obtained in optimized operating conditions of 0.14 MPa
TMP, 15◦C and flow of 0.046 L s−1. In other work, the operating conditions were optimized in
order to minimize the rejection of polyphenols in the clarification process by using the same UF
membrane. A minimum rejection of 28.4% was obtained at a TMP of 0.02 MPa, a temperature of
19.85◦C and a feed flowrate of 0.068 L s−1 (Ruby-Figueroa et al., 2012).

Recently, the clarification of orange press liquors was investigated by using PVDF hollow fiber
membranes prepared through the dry/wet spinning technique (Simone et al., 2016). Some of the
produced fibers exhibited high permeability (pure water permeability ∼5300 L m−2 h−1 MPa−1),
coupled to good mechanical resistance and pore size in the range of MF membranes. In optimized
operating conditions, the selected fibers produced steady-state fluxes of about 41 L m−2 h−1, with
rejection towards polyphenols and total antioxidant activity at 4.1% and 1.4%, respectively. The
produced fibers exhibited a fouling index of 55.6%. A first cleaning with distilled water permit-
ted recovery of about 56% of the initial water permeability (2960 L m−2 h−1 MPa−1), due to the
removal of the reversible polarized layer; a chemical cleaning with a 50 mg L−1 sodium hypochlo-
rite solution (at 40◦C for 60 min) permitted recovery of about 87% of the water permeability.
This incomplete recovery of water permeability was attributed to an irreversible component of
fouling.

NF is a useful approach for separating and concentrating BACs of orange press liquors pre-
viously clarified by MF or UF. Conidi et al. (2012) evaluated the potential of four spiral-wound
NF membranes of different materials (polyamide, polypiperazine amide and PES) and MWCOs
(180, 300, 400 and 1000 Da) in the separation of phenolic compounds of orange press liquor from
sugar compounds. A correlation between sugar rejection and MWCO was identified. Indeed, a
strong reduction in the average rejection of sugars was observed when MWCO was increased. On
the other hand, the rejection of anthocyanins was higher than 89%, independent of the MWCO
of the selected membrane. The PES10 NF membrane, with a MWCO of 1000 Da, showed the
lowest average rejection of sugar compounds and high rejections of anthocyanins (89.2%) and
flavonoids (70%). Permeate flux values at lower TMPs were also notably higher than for the other
NF membranes investigated.

Recently, Cassano et al. (2014c) investigated the potential of an integrated membrane process
for the recovery and concentration of flavonoids from orange press liquor. The press liquor was
previously clarified by using a UF membrane module in hollow fiber configuration (polysulfone,
100 kDa, China Blue Star Membrane Technology Co. Ltd., China) in particular operating condi-
tions (TMP: 0.054 MPa; temperature: 25±1◦C; feed flowrate: 0.14 L s−1). This process allowed
the removal of all suspended solids from the raw press liquor, while flavonoids and anthocyanins
were recovered in the clarified liquor (rejections of flavanones and anthocyanins were lower
than 1%). The clarified press liquor was then pre-concentrated by NF using a spiral-wound PES
membrane (NF-PES 10, 2440C, Microdyn-Nadir, Germany). The NF process was operated at
0.8 MPa and 20◦C in a batch concentration mode to reach a VRF of 5. In these conditions,
steady-state permeate fluxes of 6 L m−2 h−1 were obtained. The rejections by the NF membrane
of flavanones and anthocyanins were 97.4% and 98.9%, respectively.
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Figure 13.3. Concentration of flavanones and anthocyanins in the retentate as a function of VRF in the
nanofiltration of clarified bergamot juice with a PES10 membrane.

Furthermore, the ratio between flavanones and anthocyanins was decreased by increasing
the VRF (Fig. 13.3). These results allow balancing of the flavonoid content in relation to that
of anthocyanins and, consequently, the modification of the characteristics of the final product
in terms of bittering capacity (from the presence of flavonoids) and coloring power (from the
presence of anthocyanins). A final concentration of the liquor was reached by using OD.According
to the proposed process scheme, depicted in Figure 13.4, flavanones and anthocyanins are pre-
concentrated in the NF step with the production of a permeate stream containing sugars and
minerals. The final treatment of the NF retentate by OD produces a concentrated solution of great
interest for food and pharmaceutical applications. Indeed, flavanones are widely acknowledged
for their pharmacological properties (a favorable effect on capillary fragility and treatment of
inflammatory states), which arise from their antioxidant activity. In addition, the extract can be
used in food coloring, avoiding the use of artificial colorants.

13.4.4.2 Bergamot juice
Bergamot is the common name of the fruit Citrus bergamia Risso. This is a natural hybrid fruit,
derived from bitter orange and lemon, produced almost exclusively in the Ionic area of Calabria
(Italy), where soil characteristics and pH (<6.5–7.5) are particularly suitable for its cultivation.
It is mainly used in the production of the essential oil from its peel, which is widely employed
in the pharmaceutical (antibacterial and antiseptic activity), cosmetic (perfumes, body lotions,
soaps, etc.) and food (aroma, sweets, liquors and tea) industries (Verzera et al., 2003).

The juice, however, has not so far found a real use in the food industry due to its bitter taste
and is, therefore, considered as a waste product of the essential oil production. However, current
studies on bergamot juice have revealed a remarkable content of flavonoids, known for their
beneficial effects on human health (Di Donna et al., 2011, 2014), and the extraction of bioactive
compounds from bergamot juice is, today, considered a research topic of great interest in terms
of its potential application in various market areas (Pernice et al., 2009).

The recovery and concentration of polyphenols from bergamot juice has been also investigated
by using membrane operations in a sequential design. In particular, an integrated membrane
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Figure 13.4. Proposed process scheme for the separation and concentration of phenolic compounds from
orange press liquor.

process based on the use of UF and NF membranes was investigated by Conidi et al. (2011). In the
first step, the depectinized juice was clarified by using UF hollow fiber membranes (polysulfone,
100 kDa, China Blue Star Membrane Technology Co. Ltd., China) under specific operating
conditions (TMP: 0.07 MPa; temperature: 24◦C; feed flow rate: 0.032 L s−1). This step allowed the
removal of suspended solids and macromolecules, such as pectins, giving a clear juice with a sugar
content unchanged in relation to the fresh juice. A majority of the organic acids, flavonoids and
polyphenols were recovered in the UF permeate, as demonstrated by the total antioxidant activity
of the clarified juice which was only 9% lower than that of the depectinized juice. The clarified
juice was then treated with a UF membrane (Etna 01PP, flat-sheet fluoropolymer, 1000 Da, Alfa
Laval, Sweden) and two different ceramic NF membranes (monotubular TiO2 membranes, 750
and 450 Da, Inopor, Germany) in order to evaluate the effect of the MWCO on the rejection by
the membranes of sugars, organic acids and polyphenols. The results relating to the effect of the
MWCO on the rejection of sugars and flavonoids are depicted in Figure 13.5.

The results obtained indicated that the best separation of polyphenols and sugars occurred with
the membrane of 450 Da (higher rejection of flavonoids and moderate rejection of sugars). As a
consequence, the NF retentate can be considered as a source of bioactive compounds of potential
interest in the pharmaceutical industry, particularly given the recent statin-like active principles
that have been identified in bergamot juice (Di Donna et al., 2009).

Recently, different NF membranes in a spiral-wound configuration (NF PES10, N30F and
NF270), with different MWCOs and polymeric materials, were evaluated for the treatment of
clarified bergamot juice in terms of productivity and selectivity towards flavonoids, total phe-
nolic compounds, sugars, and total antioxidant activity (Conidi et al., 2014). In general, the NF
PES10 membrane, a PES membrane with a MWCO of 1,000 Da, showed the largest gap between
the rejection coefficients affecting TSS (mainly sugars) and phenolic compounds (Table 13.2).
The retentate fractions produced, characterized by high antioxidant activity, can therefore be
considered to be of interest in nutraceutical applications. For all the membranes investigated, an
increase in TMP from 0.4 to 1.6 MPa produced an increased rejection of total polyphenols.

13.4.4.3 Immobilization of β-cyclodextrins in polymeric membranes
β-cyclodextrins (β-CDs) are cyclic oligosaccharides consisting of seven α-D-glucose units, which
are 1,4-linked. These molecules assume a cone-like structure with a hydrophobic cavity able to
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Figure 13.5. Effect of nominal MWCO on the rejection of sugars and flavonoids by UF and NF membranes.

Table 13.2. Total antioxidant activity (TAA), total soluble solids (TSS), total polyphenols and associated
rejection rates (R) in bergamot juice treated with different NF membranes.

Total
Membrane TAA RTAA TSS RTSS polyphenols Rpolyphenols
type Sample [mM Trolox] [%] [◦Bx] [%] [mg L−1] [%]

NF PES10 F 8.6 ± 0.3 5.8 ± 0.2 660.2 ± 9.6
P 3.3 ± 0.1 80.2 3.85 ± 0.4 35.8 302.7 ± 5.4 71.6
R 16.7 ± 2.0 6.0 ± 0.8 1067 ± 10.1

N30F F 7.2 ± 0.4 6.0 ± 1.2 462.2 ± 9.35
P 3.7 ± 0.2 76.8 2.84 ± 0.5 64.9 294.4 ± 8.34 69.7
R 16 ± 1.1 8.1 ± 0.45 972.2 ± 17.34

NF 270 F 9.4 ± 0.1 4.06 ± 0.2 602.7 ± 15.45
P 2.1 ± 0.3 88.2 1.0 ± 0.05 87.1 207.2 ± 12.25 81.9
R 17.9 ± 1.3 7.8 ± 0.8 1148.1 ± 16.34

Legend: F, feed; P, permeate; R, retentate.

totally or partially encapsulate guest molecules through noncovalent bonds such as hydrogen
bonds, electrostatic interactions and van der Waals forces (Del Valle, 2004; Szejtli, 2004). The
hydroxyl groups are oriented on the external part of the structure, making it hydrophilic. The
immobilization of β-CD in polymeric materials can be exploited to trap organic pollutants or
to remove unwanted compounds from different sources (Kozlowski and Sliwa, 2008). Some
applications of membranes based on this material that have been investigated at laboratory scale
and are of potential interest in the citrus processing industry are discussed below.

13.4.4.3.1 Removal of pesticides from citrus essential oils
Citrus peel oils are rich in aroma and flavor components and, therefore, are generally used at
industrial level as flavoring additives in both food (bakery goods, soft drinks and citrus juices) and
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Table 13.3. Analysis of pesticides (imazalil, thiabendazole, o-phenylphenol and chlorpyrifos) in fractions
of citrus essential oils treated with hollow fiber membranes loaded with triacetyl-β-cyclodextrins.

Essential oil Imz Tbz Opp Clor
type Sample [µg L−1] [µg L−1] [µg L−1] [µg L−1]

Lemon F 798 470 2535 1050
P 401 240 2513 1044
R 2308 1545 3044 1437

Orange F 470 – 8500 –
P 220 – 8140 –
R 1830 – 8687 –

Legend: F, feed; P, permeate; R, retentate.

non-food (perfumes, soaps, cosmetics, etc.) products. Volatiles form 85% to 99% of the entire oil;
these consist of monoterpene and sesquiterpene hydrocarbons and their oxygenated derivatives,
as well as aliphatic aldehydes, alcohols and esters. A monocyclic terpene, D-limonene, constitutes
up to 68% of citrus essential oils. The non-volatile fraction, constituting between 1% and 15%
of the oil, is composed of hydrocarbons, sterols, fatty acids, waxes, carotenoids, coumarins,
psoralens and flavonoids (Tranchida et al., 2012).

Unfortunately, low but significant levels of pesticides can often be found in citrus peel oil too.
Indeed, these compounds build up preferentially on the peel and are concentrated in the essences
extracted from the flavedo.

Several legislations, including EU directives (Council directives 76/895/EEC, 86/362/EEC,
86/363/EEC and 90/642/EEC) and Swiss regulation (RS 817.021.23), have established maximum
residue limits (MRL) for pesticides in foodstuffs in order to ensure the protection of human
health from exposure to pesticide residues. Although the development of biodegradable pesticides
appears promising, the use of non-biodegradable pesticides is expected to continue in the near
future. Methods to reduce the level of pesticides in raw citrus peel oils, without modifying their
aroma and flavor characteristics, would therefore be desirable.

Essentially pesticide-free citrus oil can be obtained by mild distillation of raw citrus oil in
one or more short-path distillation columns, from which the essentially pesticide-free citrus oil
is collected as the distillant; all the pesticides from the feed material are collected in the residue
stream from the last column in the series (Muraldihara, 1996).

Recently, polyacrylonitrile (PAN) hollow fiber membranes, loaded with triacetyl-β-
cyclodextrins, were prepared and tested for the rejection of pesticides from mandarin, lemon
and orange essential oils (Cassano et al., 2013). The prepared membranes exhibited good stabil-
ity towards the treated essential oils and average permeate fluxes between 15 and 30 kg m−2 h−1

in the selected operating conditions. They enabled removal of about 49% of imazalil and thiaben-
dazole from lemon essential oil, and about 50% of imazalil from orange and mandarin essential
oils. No significant removal of o-phenylphenol or chlorpyrifos was observed in the permeate
stream of the process (Table 13.3). The regeneration of hollow fiber membranes with ethanol
did not modify the selectivity of the membranes towards the analyzed pesticides. Moreover, the
removal of the pesticides did not affect the organoleptic and physico-chemical characteristics of
the processed oils.

13.4.4.3.2 Debittering of citrus juices
The consumer acceptability of citrus juice is negatively affected by the presence of bitter com-
pounds such as limonin (a limonoid) and naringin (a flavonoid), which typically increase after
squeezing or heating (Stinco et al., 2013). Therefore, several techniques have been used to
decrease the concentration of bitter compounds in citrus juices, including biodegradation by
enzymes (Cavia-Saiz et al., 2011), UF (Todisco et al., 1998), molecularly imprinted polymeric
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membranes (Trotta et al., 2002), use of adsorbent resins (Kola et al., 2010; Liu and Gao, 2015)
and β-cyclodextrin polymers (Binello et al., 2008).

Mixed polymers with covalently linked cyclodextrin units can be obtained by condensation
with bifunctional or polyfunctional cross-linking agents such as aldehydes, ketones, isocyanates
and epoxides. These polymers are effective in removing limonin and naringin from orange and
grapefruit juices (Shaw et al., 1984). Flat-sheet membranes made of an amorphous polyether ether
ketone known as PEEK-WC and a β-CD derivative (O-octyloxycarbonyl-β-CD) were prepared
through the diffusion-induced phase separation method (Fontananova et al., 2004). The β-CD
derivative entrapped in the polymeric membrane was able to form inclusion complexes with
naringin. The amount of naringin retained was increased by increasing the amount of the β-CD
derivative entrapped in the membrane: membranes prepared with 7.5 wt% of β-CD derivative
retained 3.74 µgmol of naringin per gram of membrane.

The entrapment of the β-CD derivative in the polymeric membrane optimized its interaction
with naringin and increased the stability of the host/guest complex. Indeed, a low capacity of
the β-CD derivative to form a host/guest complex with naringin was observed when the β-CD
derivative was simply dispersed in an aqueous solution of naringin.

13.5 CONCLUDING REMARKS AND FUTURE TRENDS

Membrane operations represent useful approaches for the recovery of high added-value com-
pounds from citrus byproducts when compared with traditional separation systems. Promising
results obtained at laboratory scale indicate that the conventional industrial cycle of the citrus
juice industry can be redesigned through the introduction of these technologies, leading to several
advantages in terms of energy saving, product quality, simplification of depolluting processes,
and reductions in water consumption and disposal costs. In addition, the selection of proper
membrane-based recovery procedures offers interesting perspectives for the exploitation of citrus
byproducts in the provision of value-added natural antioxidants, antimicrobial agents, vitamins,
etc., of great interest in food, pharmaceutical and cosmetic applications.

The production of more selective and permeable membranes and improvements in process
engineering, including module and process design, as well as the development of molecularly
imprinted membranes with molecular recognition properties for target compounds, represent
research topics for future investigation that might provide a significant contribution to the
improvement of protocols for making the most of citrus fruits.
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CHAPTER 14

Integration of membrane bioreactors with nanofiltration
and reverse osmosis for wastewater reclamation and reuse

Nalan Kabay, Samuel Bunani, Taylan Ö. Pek, Gökhan Sert, Arash Arianfar,
Elmuntaser Eltayeb, Müşerref Arda, Özdemir Egemen & Mithat Yüksel

14.1 INTRODUCTION

According to the comprehensive assessment of water management in agriculture by the Interna-
tional Water Management Institute, one third of the world’s population faces some form of water
scarcity. The World Water Development Report by the UN predicted that population growth,
climate change, widespread mismanagement and increasing demand for energy could lead to
a major global water crisis. The UN’s Food and Agriculture Organization indicated that 1800
million people will be living in countries or regions with absolute water scarcity, and two thirds
of the world’s population could be living under water stress conditions by 2025. Thus, a range of
practical solutions are urgently needed for the sustainable protection of water resources and the
production of alternatives.

Due to the concerns regarding global warming and increasing fuel costs, alternative desalination
processes have been proposed for the production of safe water. Membrane processes, which are
said to be ‘green’ technologies, are preferred over thermal alternatives. Reverse osmosis (RO)
is the best-known desalination process among a range of membrane-based processes such as
electrodialysis and electrodeionization. In the case of RO, when pressure greater than osmotic
pressure is applied, the membrane allows the passage of water but rejects almost all the ions and
salts present, resulting in a concentrated retentate on the feed side of the membrane, and the
product (or permeate) on the other side of the membrane. Thus, the most permeable component
gets enriched in the permeate stream while the least permeable component gets enriched in the
retentate stream (Koltuniewicz and Drioli, 2008).

Advanced technologies in wastewater treatment have also become important due to the fact that
discharge standards became more strict and there is a need for water recovery and reuse. Recently,
membrane bioreactor (MBR) systems have been used for the treatment of municipal and industrial
wastewater. MBR technology is a treatment method in which a low-pressure membrane filtration is
integrated as the last stage of the system instead of a precipitation basin. Compared to the activated
sludge process, the MBR process is superior in a number of ways. First, the hydraulic retention
time in MBR systems is short due to the high concentration of suspended solids. Thus, the cost of
installation decreases due to the decrease in reactor volume. Second, the separation of biomass is
independent of the precipitation of activated sludge because it occurs by microfiltration (MF) or
ultrafiltration (UF). Thus, there is no need for a precipitation basin at the last stage and some of the
associated problems cannot occur. Third, because it is possible to work with much older sludges
in MBR systems, the amount of waste sludge in MBR systems is also much lower than that in
the conventional activated sludge process. In addition, MBR systems are also able to provide
disinfection as a result of membrane filtration with pore sizes as small as 0.01–0.1 µm. Overall,
MBR systems seem to be good alternatives for reusing treated wastewater as they produce a good
quality of water. However, the salinity of the water produced must be decreased in some cases
if the water is to be recovered and reused for irrigation and other processes. For this, advanced
membrane treatment processes such as nanofiltration (NF) and RO will be needed (Li et al., 2008).
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14.2 IMPORTANCE OF WASTEWATER RECLAMATION AND REUSE

Reuse of wastewater conserves fresh water resources and also contributes to environmental pro-
tection. Reclamation is the treatment and recovery of water to make it available for reuse (Asano
et al., 2007). According to the recent literature, wastewater recovery and reuse in industry is
no longer just an option but an absolute necessity, although solid waste generation and energy
expenditure are also taken into consideration at the same time. On the other hand, growing world-
wide water scarcity and stringent water development regulations to protect the environment are
two major challenges for water professionals when implementing the integrated management of
available and alternative water resources.

The necessary quality and level of treatment required for recycled water depends on the
following factors (Lazarova and Bahri, 2005):

• Water quality requirements and regulations.
• Degree of worker and public exposure.
• Type of distribution and irrigation systems.
• Soil characteristics.
• Any crops being irrigated.

Water pollution control efforts in many countries have made treated municipal and industrial
wastewaters suitable for economical augmentation of the existing water supply, when compared
to increasingly expensive and environmentally destructive new water resource developments that
include dams and reservoirs. The use of treated municipal wastewater is now considered to be a
beneficial, competitive and viable water source option (Lazarova and Bahri, 2005).

Reclaimed wastewater effluents constitute an alternative source of water for a wide variety
of applications, including landscape and agricultural irrigation, toilet flushing, industrial pro-
cessing, power plant cooling, the creation, restoration and maintenance of wetland habitat, and
groundwater recharge (Bunani et al., 2015a). Obviously, water quality refers to the characteristics
of a water supply that will influence its suitability for a specific use. For agricultural irrigation, for
instance, the chemical constituents of concern in reclaimed water are salts (i.e. salinity), sodium,
trace elements, excessive chlorine residuals and biological nutrients, together with any pathogens
that may be present (USEPA, 2004).

Salinity, which is the amount of salt dissolved in water, directly affects plant growth, gener-
ally has an adverse effect on agricultural crop performance, and can also affect soil properties.
Consequently, without knowledge of both soil and water salinity and correspondingly appropriate
management, long-term irrigated crop productivity can decrease. To evaluate the usability of a
water supply as agricultural irrigation water, salinity, reduced water infiltration, toxicity and the
effects related to a group of miscellaneous water constituents have to be assessed (Bunani, et al.,
2015a). Salinity is here considered in terms of electrical conductivity (ECw) and water infiltration
in terms of sodium adsorption ratio (SAR). The sodium hazard is assessed according to ECw,
SAR, residual sodium carbonate (RSC), soluble sodium percentage (SSP) and the exchangeable
sodium percentage (ESP). Other toxicity effects and miscellaneous water constituents are eval-
uated according to the content of ions such as sodium, chloride, nitrate and bicarbonate (Ayers,
1985).

Membrane-based technologies offer many advantages over conventional techniques for water
and wastewater treatment. These advantages are summarized as follows (Judd and Jefferson,
2003):

• They are energy-efficient processes since there is no phase change during separation.
• Processes can be operated continuously because no regeneration is needed during the process.
• Little or no addition of chemicals is required during operation.

The use of membrane technologies, especially for industrial wastewater reclamation and reuse,
has historically been limited due to the costs involved. However, significant improvements in
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the efficiencies and cost-effectiveness of membrane techniques, as well as increasing stresses on
freshwater supplies, have allowed the competitiveness of recycling treated wastewater to increase
over that of discharge (Judd and Jefferson, 2003). Today, membrane separation technologies form
a set of efficient tools for solving the problem of water shortage. Many of the advantages of
membrane separation processes are connected to strategies for intensification of water treatment,
decrease of chemicals consumption, reduction of waste production and reasonable use of energy.
Generally, these features of membrane technologies render them environmentally friendly meth-
ods, and their modularity and compactness allow them to be readily combined with existing
installations (Koltuniewicz and Drioli, 2008).

14.3 MEMBRANE BIOREACTOR (MBR) SYSTEMS

MBR technology was first introduced, to the Japanese market, in the 1970s. In the late 1970s,
commercial aerobic MBR processes first appeared in North America, and then in the 1980s in
Japan, before being introduced in Europe in the mid-1990s. MBR systems have been used in san-
itary and industrial applications since the 1990s. Globally, over 500 commercial MBR processes
are now in operation. More than 60% of the world’s MBR processes were installed in Japan, where
the number of commercial MBRs has increased. Most of these systems combine the membrane
separation process with an aerobic biological process. Approximately half of the commercial
MBRs are of the submerged type and the remainder are side-stream (Stephenson et al., 2006).

Nowadays, the use of MBR systems is popular all over the world, especially in Japan, for
industrial and domestic wastewater treatment and reuse. The Japanese government established an
investment program for the development of a water recycling process with a small footprint and a
high-quality water product. Japan’s Kubota Corporation was one of the companies that participated
in the program and it developed a submerged MBR system with flat-sheet membranes. In 1982,
US company Dorr-Oliver introduced the membrane anaerobic reactor system (MARS) for the
treatment of food industry wastewaters. The process used an external UF membrane with a high
loading of chemical oxygen demand (COD), achieving up to 99% removal. In the early 1980s,
two systems were developed in the UK with either UF or MF membranes: membrane aeration
bioreactors (MABRs) and extractive membrane bioreactors (EMBRs) were operated at pilot scale
(Stephenson et al., 2006).

Each commercial MBR achieves transmembrane pressure (TMP), the pressure needed for per-
meation, differently. Kubota’s MBR implements a hydrostatic head above the membrane unit,
which is submerged at depth, during normal operation. A combination of the hydrostatic head
and a vacuum applied to the permeate side of the membrane is used in the ZenoGem (Zenon
Environmental Inc., Ontario, Canada) MBR and the Kubota process during peak hydraulic load-
ing. Orelis (Salindres, France) and Wehrle-Werk (Emmendingen, Germany) MBR processes
throttle the pressure in the recirculation line to which the side-stream membrane unit is attached
(Stephenson et al., 2006).

In the biochemical stage of wastewater treatment, organic carbon and nutrients are removed
from wastewater by microbes. These microbes live and grow enmeshed in extracellular poly-
meric substances (EPS) that bind them into discrete microcolonies forming three-dimensional,
aggregated microbial structures called flocs.

The ability of microorganisms to form flocs is vital for the activated sludge treatment of
wastewater. The floc structure enables not only the adsorption of soluble substrates but also
the adsorption of the colloidal matter and macromolecules additionally found in wastewaters
(Liwarska-Bizukojc and Bizukojc, 2005; Shuler and Kargi, 2002). The diversity of the micro-
bial community in activated sludge is very large, containing prokaryotes (bacteria), eukaryotes
(protozoa, nematodes, rotifers) and viruses. In this complex microsystem, bacteria dominate the
microbial population and play a key role in the degradation process (Shuler and Kargi, 2002).

MBR technology with biochemical and sludge-separation stages integrated into one step
implies a continuous generation of new sludge through the consumption of an organic material
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Figure 14.1. Side-stream MBR configuration.

feed, while some sludge mass is decayed by endogenous respiration. Endogenous respiration
involves consumption of cell-internal substrates, which leads to a loss of activity and slightly
reduced biomass. It can be both aerobic and anoxic, although under anoxic conditions it is a
lot slower and protozoa, in particular, are considerably less active under denitrifying conditions
(slower predation) (Gujer et al., 1999).

14.3.1 Types of MBRs

MBRs combine membrane technology with biological reactors for the treatment of wastewaters.
MBRs are used for separation and retention of solids, bubble-less aeration within the bioreactor
and for extraction of the principal organic pollutants from industrial wastewaters. MBR processes
are often used as a substitute for sedimentation. They can also be used for the mass transfer of gases
(such systems are not to be confused with so-called ‘membrane aerators’, which is a term used for
some fine-bubble diffusers), usually oxygen for aerobic processes. Other uses of MBR processes
are the controlled transfer of nutrients into a bioreactor and the extraction of pollutants from
wastewaters that are untreatable by conventional biological processes (Stephenson et al., 2006).

Side-stream MBRs
The first MBRs were developed commercially by Dorr-Oliver in the late 1960s, combining
UF with a conventional activated sludge process (CASP), for application to shipboard sewage
treatment.

These systems were based on what have come to be known as ‘side-stream’ (sMBR)
configurations (Fig. 14.1) (Judd et al., 2006).

Immersed MBRs
The most widely implemented membranes in biomass rejection applications are immersed MBRs,
in which the membrane is immersed (or submerged) in the bioreactor (Fig. 14.2). The key advan-
tage of immersed MBRs is their low specific energy consumption. The energy demand of an
immersed MBR is lower by a factor of two in comparison to that of a side-stream MBR. Aeration
is a significant parameter in immersed MBR application and it has a large influence on hydraulic
and biological process performance. Aeration provides oxygen to biomass, increasing biodegrad-
ability, and it maintains solids in suspension. The following are the main factors that affect both
the design and operation of immersed MBRs (Judd et al., 2006):

• The membrane design and the sustaining of permeability.
• Feed water characteristics and pretreatment.
• Aeration of both the membrane and the bulk biomass.
• Sludge withdrawal and retention time.
• Bioactivity and nature of the biomass.
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Figure 14.2. Immersed MBR configuration.

These elements are clearly interrelated. The sludge withdrawal rate determines the retention
time, which obviously affects the biomass concentration. All of the biological and physical prop-
erties are affected by the biomass concentration. In all water treatment processes, feed water
properties have the biggest impact upon the design and operation of the process. Furthermore, for
immersed MBRs, membrane fouling is likely to have a significant effect on feed water chemistry
(Judd et al., 2006).

14.3.2 Advantages and disadvantages of MBR systems

It is clear that the combination of membrane processes with biological wastewater treatment
processes results in advantages that were once exclusive to the former; in particular, small foot-
print, process intensification, modularisation and retrofit potential (Stephenson et al., 2006). The
advantages of MBR systems also include their complete removal of solids from effluent, efflu-
ent disinfection, combined COD, solids and nutrient removal in a single unit, high loading rate
capability and low sludge production. However, MBRs also present some disadvantages, such as
aeration limitations, the need for membrane washing due to fouling, and high membrane costs.

14.3.3 Integration of MBR with RO/NF

Membrane technology is considered to offer the best technological prospect in the 21st century
for the development of wastewater treatment and reclamation systems. One of the most promis-
ing wastewater reclamation systems is a combination of MBR followed by either RO or NF,
termed MBR-RO or MBR-NF integrated membrane systems, because they have many advan-
tages compared with conventional systems, such as better treated water quality, smaller footprint,
lower sludge production and more convenient operation and maintenance (Halder and Kullmann,
2011).
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Table 14.1. Characteristics of NF and RO membranes used by Bunani et al. (2014) (Dow, 2013; GE, 2013).

MWCO Tmax pmax pH
Designation Manufacturer Polymer [Da] [◦C] [MPa] range

NF-270 Dow Filmtec PTFC 200–300 45 4.1 3–10
NF-90 Dow Filmtec PTFC 200 45 4.1 3–10
AK-BWRO GE Osmonics PTFC Dense 50 2.8 4–11
BW30-RO Dow Filmtec PTFC Dense 50 4.1 3–10

Legend: MWCO, molecular weight cut-off; PTFC, polyamide thin-film composite.

The RO process will remove most dissolved solids, so that water can be recycled into many
industrial processes or secondary uses, or even form an indirect part of a potable reuse scheme.
However, there are some major challenges for RO/NF systems operating on biologically treated
wastewater. Many RO/NF systems today use membrane filtration as a pretreatment to remove
suspended solids. The membrane system does an excellent job of providing water with low
levels of suspended solids to feed an RO/NF system. However, the membrane system requires
additional space and also does not sufficiently reduce the amount of dissolved contaminants
such as organics that are fed to the RO/NF system. To remove dissolved organics, a biological
wastewater treatment is required. However, instead of separating the biological treatment process
and the UF step, it has become state of the art to combine both processes in a MBR (Yang et al.,
2009).

NF is a pressure-driven membrane process that lies between UF and RO in terms of its ability
to reject molecular or ionic species. NF membranes usually provide good retention of small
organic molecules and inorganic salts, especially if multivalent ions are involved (Drioli and
Giorno, 2009).

NF membrane separation characteristics are principally based on the sieve effect. But most
commercial NF membranes are also charged, so ion rejection by NF membranes results from
the combination of electrostatic and steric interactions associated with charge shielding, Donnan
exclusion and the degree of ion hydration (Peeters et al., 1998; Pontalier et al., 1997). NF
membranes can be applied to the advanced treatment of the effluents from conventional biological
treatments or MBRs.

MBR systems can be broadly defined as systems integrating the biological degradation of
wastewaters with membrane filtration (Cicek et al., 1998). These systems have proven quite
effective in removing both organic and inorganic contaminants as well as biological entities from
wastewater. Since high or changing salinity presents a challenge for bio-treatment processes, a
MBR treatment system may not be adequate if the treated wastewater is expected to be reused
again. However, both NF and RO can remove salinity and various inorganic and organic species
in water. Bunani et al. (2014) studied the treatment of MBR effluent with two different NF
(NF-270 and NF-90) membranes and an RO membrane (AK-BWRO). Another study reported the
treatment of MBR effluent with BW30RO membrane (Sert, 2015). In both works, the reusability
for agricultural irrigation of the water produced was assessed.

The bio-treated wastewater was obtained from the ITOB-OSB (İzmir, Turkey) wastewater
treatment plant in which MBR technology with Kubota membranes was employed. The
characteristics of the NF/RO membranes used are summarized in Table 14.1.

The results of volumetric permeate flux tests revealed that in the tested NF membranes, the
NF-270 membrane exhibited the maximum flux of 128 L m−2 h−1 and the NF-90 membrane
gave a maximum flux of 42 L m−2 h−1. The AK-BWRO membrane showed an average flux of
31.4 L m−2 h−1 (Bunani et al., 2014, 2015b). The fluxes vs. time plots are shown in Figure 14.3.
The volumetric permeate flux results obtained were in good agreement with the membranes’
properties and MWCOs shown in Table 14.1.
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Figure 14.3. Permeate flux vs. time for used membranes (adapted from Bunani et al., 2014, 2015b).

Table 14.2. MBR-NF and MBR-RO membranes’product water quality (adapted from Bunani et al., 2015b).

Irrigation
NF-90 NF-270 AK-BWRO water

Feed values Permeate Permeate Permeate standards
Parameters (min–max) average average average (Ayers, 1985)

pH 8.21–8.60 6.87 8.28 7.17 6.0–8.50
Na+ [mg L−1] 1025–1110 76.1 559 43.7 0–920
Ca2+ [mg L−1] 149–165 0.06 32.9 1.07 0–400
Mg2+ [mg L−1] 34.0–39.6 <1.00 7.69 0.5 0–60.0
EC [µS cm−1] 6130–7960 500 3560 286 0–3000
Salinity [psu] 3.44–4.60 0.26 1.91 0.14 0–1.94a

SAR – 16.0 22.8 8.71 –

a(Solak, 2010)

The quality of the water product obtained from different NF membranes is summarized in
Table 14.2. As can be seen in that table, the NF-90 membrane produced better water quality than
the NF-270 membrane. Consequently, NF-90 delivered better rejection performance.

The difference in performance of the membranes observed here is attributable to the properties
of the membranes. Those properties are pore size, represented by MWCO, membrane surface
charge, hydrophobic/hydrophilic characteristics, and the structure or composition of the active
layer of the NF membranes. As the best-performing membrane, the product water quality obtained
with NF-90 was compared to an irrigation water standard to establish its reusability as agricultural
irrigation water. Table 14.2 reveals how well NF-90 product water quality fits with agricultural
irrigation standards.

Although MBR-RO effluent has a high quality, its use in agricultural irrigation presents infiltra-
tion hazards due to its lower salinity values (as measured by ECw) and SAR (see Tables 14.3, 14.4
and 14.5). To manage this problem, the combination of MBR-RO effluent with MBR effluent is
strongly indicated. Thus, the SAR and salinity values that result from different mixing ratios are
also shown in Tables 14.3 and 14.4, while the guidelines for interpreting irrigation water quality
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Table 14.3. Water quality obtained from NF-90 and AK-BWRO membranes using various combinations
of MBR and RO/NF effluents (adapted from Bunani et al., 2015b).

Membranes MBR effluent 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
proportion
MBR-RO 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
effluent
proportion

NF-90 SAR 16.0 16.4 16.7 17.1 17.4 17.8 18.1 18.5 18.8 19.2 19.5
(1.0 MPa) ECw 0.52 1.08 1.64 2.20 2.76 3.32 3.88 4.45 5.01 5.57 6.13

[dS m−1]
AK-BWRO SAR 8.71 9.85 11.0 12.1 13.2 14.4 15.6 16.7 17.8 19.0 20.1
(1.0 MPa) ECw 0.29 0.94 1.59 2.24 2.89 3.54 4.19 4.84 5.49 6.14 6.80

[dS m−1]

Table 14.4. Water quality obtained from NF-90 and BW30-RO membranes using various combinations
of MBR and RO/NF effluents (reproduced with permission from Sert, 2015).

Membranes MBR effluent 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
proportion
MBR-RO 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
effluent
proportion

NF-90 SAR 13.8 14.9 16.1 17.3 18.4 19.6 20.7 21.9 23.0 24.2 25.3
(1.0 MPa) ECw 0.38 0.96 1.54 2.12 2.70 3.29 3.87 4.45 5.03 5.61 6.19

[dS m−1]
BW30-RO SAR 14.0 15.2 16.3 17.5 18.7 19.9 21.0 22.2 234 24.6 25.7
(1.0 MPa) ECw 0.17 0.71 1.24 1.78 2.32 2.86 3.40 3.94 4.47 5.01 5.55

[dS m−1]

Table 14.5. Guideline for interpreting water quality for irrigation with regards to infiltration hazards
indicated by salinity and SAR values (Ministry of Environment and Forestry, 2010).

Degree of restriction on use

Slight to
Potential irrigation problem Units None moderate Severe

Salinity (affects crop water availability)

ECw [dS m−1] <0.7 0.7–3.0 >3.0

Infiltration (affects infiltration rate of water into the
soil; evaluate using ECw and SAR together)

SAR 0–3 ECw [dS m−1] >0.7 0.7–0.2 <0.2
3–6 >1.2 1.2–0.3 <0.3
6–12 >1.9 1.9–0.5 <0.5

12–20 >2.9 2.9–1.3 <1.3
20–40 >5.0 5.0–2.9 <2.9
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Figure 14.4. Diagram of infiltration rate of mixed water quality at different proportions of MBR and RO/NF
effluents as affected by SAR and salinity (laboratory-scale results) (adapted from Bunani et al., 2015b).

Figure 14.5. Diagram of infiltration rate of mixed water quality at different proportions of MBR and RO/NF
effluents as affected by SAR and salinity (field study results) (reproduced with permission from Sert, 2015).

with respect to the infiltration hazard are summarized inTable 14.5. The subdivision of infiltration
rate zone due to this combination is shown on Figures 14.4 and 14.5.

In the field work, the practicality of membrane separation methods such as NF and RO in the
reuse of wastewater treated with the MBR process was also investigated. To that end, tests were
carried out with the spiral-wound NF/RO systems that are installed at the wastewater treatment
facility where MBR technology is already used in an Organized Industrial Zone. On the basis of the
results of previous studies on NF-90 (Bunani et al., 2014) and BW30 membranes (Sert, 2015),
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Figure 14.6. Pilot-scale spiral-wound RO/NF membrane system (reproduced with permission from
Sert, 2015).

Table 14.6. Comparison of permeate characteristics for NF-90 and BW30-RO membranes (reproduced with
permission from Sert, 2015).

NF-90 BW30-RO
Feed Permeate Permeate

Parameters average average average

pH 7.57 6.52 6.15
Na+ [mg L−1] 1231 86.0 39.0
Ca2+ [mg L−1] 119 1.43 0.30
Mg2+ [mg L−1] 24.0 0.26 0.00
EC [µS cm−1] 6880 520 210
Salinity [psu] 3.72 0.00 0.00
SAR – 13.8 14.0

Dow Filmtec NF90-2540 NF and BW30-2540 RO membranes were used in the field with a
pilot-scale system.

In a batch system (Fig. 14.6), the results revealed that the average permeate flux of the NF-90
membrane was greater than that of the BW30 membrane. The permeate flux was measured as
44 L m−2 h−1 for the NF-90 membrane and 28 L m−2 h−1 for the BW30 membrane (Sert, 2015).
Permeate recovery increases with increasing permeate flux, and the permeate recovery of the
NF-90 membrane was greater than that of the BW30 membrane. However, the water quality
obtained from the integrated MBR-BWRO system is very high compared to that of the MBR-NF90
system (Table 14.6).

14.3.4 Fouling in integrated MBR-RO treatment system

In the combination of MBR and RO for water reuse, the protection of the RO system from
components that can cause fouling is critical. There are four categories of fouling that need to be
considered (Halder and Kullmann, 2011):

• Particles that might block the brine spacers of the RO.
• Fouling of the RO membranes by adsorption of soluble organics in the feed.
• Biofouling caused by bacteria.
• Inorganic fouling by the precipitation of salts.
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The rejection of particles is the biggest advantage of using a combination of biological treatment
with membrane filtration. Using UF on biologically treated water generates a permeate in which
suspended solids are less than 1 mg L−1 and particle size is below 0.1 µm.

Reducing the amount of soluble organics in the wastewater before RO is a second advantage
of coupling it with an MBR system. The combination of biological treatment and RO in the
integrated process of an MBR significantly increases the overall efficiency of biodegradation.

Biofouling is the most critical issue for RO. In combination, factors such as residence time,
higher temperatures and, sometimes, light have created ideal conditions to promote bio-growth.
Several parameters of system design and plant operation have proven to be effective in reducing
bio-growth (Halder and Kullmann, 2011):

• The pipework between MBR and buffer tank should be as short as possible without any dead
zones. Safety filters on the RO inlet can protect the RO but must be frequently changed or
cleaned.

• Chemical cleaning of the MBR membranes should be carried out frequently. A more frequent
dosing with low concentrations of chlorine prevents bio-growth in the permeate of the MBR
system.

• Inorganic fouling is a well-known problem for RO applications. Therefore, the use of
antiscalants is necessary. When treating industrial water with a large amount of dissolved
components, it is important to monitor pH changes in the MBR system. Increasing pH facil-
itates precipitation of less soluble salts such as calcium phosphate or calcium sulfate. The
denitrification process and the module aeration also increase the pH of the water, the latter as
a result of stripping out CO2. In such cases, it is recommended that a membrane module that
requires little aeration for air scouring is chosen (Halder and Kullmann, 2011).

14.4 APPLICATION OF NANOTECHNOLOGY FOR MEMBRANE TREATMENT
OF WASTEWATER

Several technical barriers exist that reduce the overall robustness of the MBR system:

• Fouling is a significant limiting factor in a wide range of MBR applications because it requires
additional technologies and involves extra costs for cleaning, maintenance and membrane
replacement.

• Filter-cake formation on MBR membranes reduces the overall performance of the system
over time.

Thus, although MBR systems have a high operating efficiency in terms of costs, maintenance
and quality when it comes to the treatment of wastewater containing high levels of biodegradable
organic compounds, they are inefficient with respect to waters with fouling problems. Therefore,
MBR systems can only be applied to wastewaters with reduced fouling tendencies or with the use
of intensive cleaning and/or membrane replacement regimes.

Developments in nanotechnology have also been very helpful for water and wastewater
treatment (Das et al., 2014). Many recent achievements in materials science have offered
new-generation membranes by incorporating nanoparticles and nanocomposites into membrane
structures (Goh et al., 2016). A high water flux and salt rejection ability have been obtained by
incorporating carbon nanotubes into desalination membranes. Ultra-fast water flux is achieved
through the highly accessible nanopores of graphene monolayers incorporated into membrane
structures, and antifouling properties are obtained with the use of graphene oxide. In addition,
biomimetic and bioinspired materials with a great efficiency for desalination have been considered
as potential membranes (Goh et al., 2016).

It was reported that zeolite nanoparticles mixed with polymer matrix to form a thin-film RO
membrane increased the water transport and salt retention ability of the resulting membranes.
Silica nanoparticles doped with RO polymer matrices used for desalination improved polymeric
networks, pore diameters and transport properties (Das et al., 2014).
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Kochkodan and Hilal (2015) published an extensive review paper on the preparation and prop-
erties of composite polymer membranes that have a great resistance to biofouling. They mentioned
that such resistance was conferred on membranes using interfacial polymerization, surface graft-
ing, coating with a polymeric protective layer, and the surface modification of polymer membranes
with nanoparticles.

Most recently, Galiano et al. (2015) published an exciting research paper on a novel surface
modification method based on polymerizable bicontinuous microemulsions (PBM). They implied
that such hydrophilic and antifouling coating materials were developed especially for wastew-
ater treatment applications. It was reported that the improved hydrophilicity, smoother surface,
channel-like structure and antimicrobial activity of the resulting PBM membranes make them
potential materials for use in MBR systems where antifouling and anti-biofouling properties
become very important (Galiano et al., 2015).

14.5 OTHER RECENT STUDIES OF NOVEL MBR SYSTEMS

Recently, some studies of novel high-retention (HR) MBR systems have also been published in the
literature (Luo et al., 2014). While traditional MBRs integrate low-pressure membrane filtration
processes such as MF or UF with activated sludge processes, HR-MBR systems are based on NF,
forward osmosis (FO), RO and membrane distillation. According to the literature, it is possible to
efficiently remove trace organic chemicals, especially hydrophilic and persistent ones, by using
HR-MBR systems. Hybrid UF-osmotic MBR was investigated by Holloway et al. (2015) in order
to obtain a high-quality RO permeate stream and nutrient-rich UF permeate stream from a single,
integrated stream.

14.6 CONCLUSIONS

In terms of quantity, quality and usage by a diverse range of sectors, water resources are, nowadays,
confronted by many problems. New and varied practical solutions are needed for the sustainable
protection of water resources as the ability to increase fresh water resources is currently limited
in terms of both technical and economic aspects. Many of our water resources have been polluted
and cannot be used as a result of wastewater discharges, especially from industrial zones, with
insufficient treatment. The use of advanced technologies in wastewater treatment have become
increasingly important due to the fact that discharge standards became more strict and there is a
need for water recovery and reuse. MBR systems have been extensively used for the treatment
of municipal and industrial wastewaters. However, membrane fouling is still a major operational
problem in MBR applications in the field. Thus, there is an urgent need to study membrane fouling
and find effective strategies for controlling it in MBRs (Wang et al., 2014). In addition, new
hybrid MBR systems should be developed for direct and indirect potable water reuse applications
(Holloway et al., 2015). The commercialization of high-retention, low-fouling MBR membranes
will be an important issue in the future.
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