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Introduction

The increasing environmental concern of our society has resulted in the need for
developing sustainable processes able to decrease waste production or, alternatively,
to valorize them for other use. This latter concept fits with the biorefinery strategy,
aiming to integrate different biomass conversion approaches to obtain fuels, power,
heat, and value-added chemicals from biomass. In particular, organic materials such
as compost, anaerobic digestate, and organic residues from mechanical-biological
treatment of urban wastes can be used as biomass to feed a biorefinery. This is the
innovative idea characterizing the project “Biomass Wastes as Renewable Source
of Energy and Chemicals for the Industry with Friendly Environmental Impact.
Optimizing use of Piemonte wastes bioenergy inventory,” financed in 2006 by the
Regione Piemonte (Italy), and coordinated by the Chemistry Department of the
Universita di Torino (Italy). From the humid fraction of urban wastes soluble bio-
organic substances (SBO) were isolated, whose chemical nature was demonstrated
very similar to natural organic matter, such as humic substances. SBO show inter-
esting physical and chemical properties, such as ability to decrease surface tension
of water, photo-chemical activity under sunlight, and chelating capability for met-
als. Hence, SBO are good candidates to be used, in alternative to petroleum derived
auxiliaries, in several fields such as textile industry, detergency, agriculture, polluted
soil washing, wastewater treatment, and material chemistry. The perspective to recy-
cle waste bio-based SBO in many processes would result in important economic
and ecological advantages for industry and society. SBO are obtained from a cheap
and easily available source, and their applications should be considered as green
processes, as they are based on the reuse of a waste, and imply lower fossils con-
sumption and lower concern for waste disposal.

With this background, the aim of this book is to provide information about
the use of SBO for different environmental purposes. This is the basis of a pro-
ject financed by the European Union in the Seventh Framework Program as
a Marie Curie action and entitled “Isolation, characterization and screening
of environmental applications of bio-organic substances obtained from urban
biomasses,” under the acronym of EnvironBOS, in which was exchanged the com-
plementary expertise of research groups from Universidad Politécnica de Valencia
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viii Introduction

(Spain), Universita degli Studi di Torino (Italy), Universidad Nacional de La Plata
(Argentina), and Universidade de Sao Paulo (Brasil). The purpose of this project
was to identify, among the potential applications of environmental interest, those
fields where the use of SBO appears more promising for application in the real
case at industrial scale, in order to focus on them in the future research. Therefore
the present book witnesses the fruitful collaboration of all the researchers involved
in the EnvironBOS project.

The synthesis of SBO is explained in detail in Chap. 1; their photochemical
activity and ability to generate reactive species is reported in Chap. 2; Chap. 3 is
devoted to report on their use in wastewater treatment, in particular as chemical
auxiliaries for photo-Fenton process at mild acidic conditions; Chap. 4 reports on
the synthesis and performance of different SBO-based materials, with particular
attention to their application in wastewater treatment. Lastly, Chap. 5 deals with
the mathematical tools to modeling and optimizing the processes involving SBO.
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Chapter 1

Soluble Bio-based Substances Obtained
from Urban Wastes: Isolation

and Characterization

A. Bianco Prevot, P. Avetta, S. Berto, P.G. Daniele, S. Tabasso,
D. Mainero and E. Montoneri

Abstract The organic fraction of urban wastes can be considered a cost effective
source of added value products for a wide number of uses. The present chapter
describes different possible strategies for the treatment of organic wastes, used at
the present time in many waste treatment plants. Subsequently the chapter deals
with the isolation process of soluble bio-based substances (SBO) from urban bio-
wastes at both laboratory and pilot plant scale. A detailed description of SBO com-
position and physical-chemical characterization is given.

Keywords Urban biowastes * Bio-based products + Aerobic digestion *+ Anaerobic
digestion - Biosurfactants *+ Characterization

1.1 Introduction

Nowadays one of the most relevant global challenges is to guarantee an economic
and social development environmentally sustainable. The Green chemistry policy
is one of the results obtained at this purpose. The United Nations defines green
growth as a policy which “emphasizes environmentally sustainable economic pro-
gress to foster low-carbon, socially inclusive development™ [1].

Waste management was early recognized as an important issue for a sustain-
able development in the European Union (EU) and great effort is currently done to
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URBAN AND INDUSTRIAL WASTE EU POLICY

REDUCE NOT CREATE WASTE

REUSE  REUSE OBJECTS AND MATERIALS BEFORE
RECYCLING OR DISCARDING

RECYCLE TRANSFORM AN OBJECT OR A MATERIAL INTO
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ﬂ
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Scheme 1.1 Schematic representation of the EU waste policy

optimize it. The first waste framework directive was established in 1975, followed
by a number of additional directives addressing specific waste streams.

The collection, the treatment and the disposal of solid urban wastes represent
one of the most relevant problems for all the developed societies and are increas-
ing in importance also for the developing ones. Indeed, up to now, the wealth
increase of a country has been closely related to an increase in waste production.
To manage urban wastes has become necessary as result of increasing population
urbanization and consumption habits. A sustainable green economy requires to
minimize wastes and to develop an adequate waste management system able to
satisfy economic, social and environmental needs.

The European regulation on waste management systems [2] indicates guide-
lines for the single State members, consisting mainly in reducing waste produc-
tion and then in reusing, recycling and recovering materials, in order to reduce the
volumes of refuses disposed in landfill facilities or burnt inside incinerators (see
Scheme 1.1).

In many European cities, glass, aluminum, paper and plastic materials are sep-
arately collected or sorted from the other wastes and then recycled according to
well established technologies. Paper and plastics are also burnt to recover energy.

On the contrary, the organic urban residues (for instance kitchen, fruit and
garden wastes) cannot be easily exploited or recycled because they contain high
amount of water and they are variable and not homogeneous in terms of composi-
tion. Although nowadays this aspect contributes to society a significant economic
burden for their management and/or disposal, concentration of wastes in urban
areas has in turn allowed the concentration of natural bio-organic matter in well
confined spaces, allowing the envisagement of the sustainable perspective for their
treatment, alternatively to landfills. At the present time, in Europe the so called
landfill directive (99/31/EC) has created the fundamental push to ban organic frac-
tion from landfill.
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In the present chapter the possibility of recovering and recycling chemical
energy from urban organic wastes is shown as well as the innovative approach to
develop a biorefinery fed with this kind of waste in order to obtain products of
potential technological and/or environmental interest.

1.2 Organic Fraction of Urban Wastes; Possible
Treatments for Energy and/or Material Recovery

The organic fraction of urban wastes is a complex mixture consisting of carbohy-
drates (mono-, olygo- and polysaccharides), lignin, proteins, fats, and other natural
biomolecules. These compounds contain chemical energy which can in principle be
recovered and recycled for further use by destructing or destructurating the waste
organic molecules.

Indeed, the production of thermal and electric energy exploiting the organic
matter of biomasses is one of the current strategies proposed to reduce dependence
on fossil fuels [3]. However current technologies have an important critical point
consisting in the low conversion of the biomass potential chemical energy. To con-
vert biomass chemical energy to heat and/or electricity, the approaches that can be
followed are:

(a) Incineration. Energy can be recovered by waste combustion in form of heat,
which can be used for generating electricity. However, the high water content
of the organic biowastes is a critical factor for their exploitation as fuel. For
this reason separately collected organic wastes are commonly not used as feed
for incineration facilities or are used in combination with other wastes, or alter-
natively after bio-drying treatments; but, in this case, the energy sale profits
usually do not compensate the overall process costs [4, 5]. Moreover, incinera-
tion plants often generate social concern because of the risk of releasing toxic
exhaust gases and fine dust particles; in addition the flue gas treatment pro-
cesses and equipment are very expensive.

(b) Anaerobic digestion. During this process part of the organic waste is trans-
formed in biogas by anaerobic microorganisms. The biogas produced is a
mixture consisting of methane (44-61 %), CO; (25-50 %) and, in lower con-
centration, steam, H»S, Hy and other gases [6]. A schematic representation of
the chemical reactions involved in biogas production from organic waste is
given in Scheme 1.2.

Although this technology may produce environmental benefits due to the reduc-
tion of waste volumes and to the decrease of fossil fuel consumption, its integra-
tion in waste treatment plants is limited by the low conversion of the wastes to
biogas. For example a typical anaerobic digestion process led to the biodegrada-
tion of about 60 % of cellulose and hemicellulose and to a negligible conversion
of lignin [8]. No more than 50 % of the starting organic matter is converted to the
desired fuel product and fermentation processes lead to organic N mineralization.
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Scheme 1.2 Chemical reactions involved in anaerobic transformation of organic waste to
biogas, intermediates and final products [7]

The main reason for the low yield of fermentation processes is that the avail-
able microorganisms metabolize mostly the carbohydrate fraction of biomasses,
whereas they are not able and/or are inhibited by the lignin fraction [9]. This
aspect poses the problem of disposing the residual organic matter for its environ-
mental impact [10]. For this reason the economical final balance for anaerobic
digestion is negative and the cost of the obtained fuel is greater than its value. At
the present time, the industrial practice in Europe to treat the digestate residue is
coupling the anaerobic digestion with the aerobic degradation in order to reach a
technical standard product [11].

(c) Aerobic biodegradation. In this process bio oxidation is promoted by insuf-
flating air through the waste biomass or by periodically turning the waste pile.
During the first days of the treatment, the most biodegradable organics are
mineralized giving as a result a stable biomass. The biomass temperature rises
up to 70 °C because of the microbial activity, thus in principle allowing the
pathogenic microorganisms elimination. Hence aerobic biodegradation could
represent an important element of environment protection when processing
municipal solid waste. However particular attention has to be paid to control
this aspect when aerobic degradation is applied to the treatment of sewage
sludge [12].
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The aerobic biodegradation can be optimized to evaporate the highest amount of
humidity (bio-drying). At aerobic biodegradation treatment times longer than two
weeks (maturation), the biomass temperature decreases and weight loss is negligi-
ble. Complex reactions take place, involving also lignin, yielding humic acid-like
substances. Taking into account the need to comply with precise law requirements,
the final matured product of aerobic biodegradation can be sold as compost, a
soil conditioner and fertilizer. Obviously, the revenue return for compost sale are
strictly related to its quality and to the market demand.

Combustion, anaerobic digestion and aerobic biodegradation allow recovering
part of the chemical energy present in the organic residual biomasses, as heat, fuel
or fertilizing agent, reducing at the same time the fraction of waste disposed in
landfill areas. However, these processes do not produce enough revenue compared
to the treatment costs. The greatest cost fraction is compensated by the tipping
fees paid to waste treatment companies directly by municipalities, and indirectly
by tax payers. Moreover, not all wastes are suitable to be treated by the above
techniques, and thus have to be disposed in landfill. Hence, the identification of
possible alternative technologies allowing processing different biomass types to
produce more remunerative products is desirable. Biofuel production plants could
become economically attractive if they were turned into biorefineries by coupling
the fuel production process to the treatment of the residual lignocellulosic fraction
in order to obtain marketable added value products. This depicts a “step beyond”
installations fed with biowaste to produce fuel, energy and chemicals. The present
chapter reports results supporting the feasibility of this scenario.

1.2.1 A Real Case of an Integrated Waste Treatment Facility
Plant: ACEA Pinerolese

The possibility to exploit urban biowastes (UBW) as source of chemicals to recy-
cle to the chemical industry is rather new [11]. The ultimate trend to optimize
the economy and reduce the environmental impact of waste treatment is to build
plants integrating the above described approaches. An example of integrated waste
treatment processes is the plant operated by ACEA Pinerolese in North West Italy.

The ACEA plant (Fig. 1.1) can be considered a case exemplifying the current
state of art in waste management technology. This installation treats biowastes
amount to about 50,000 tons year_l, collected from an area of 2,200 km? popu-
lated by 800,000 inhabitants distributed over 100 municipalities.

ACEA runs an installation designed to optimize energy and material recovery
through the concerted operation of different plant sections treating by anaerobic
(AN) and/or aerobic (AE) microbial digestion the three main types of UBW, i.e.:

1. the organic humid fraction recovered from town bins deputed to separate
source collection of solid urban refuse treated by AE and/or AN,

2. vegetable residues from home gardening and public park trimming treated by AE,

3. the sewage sludge obtained from municipal wastewaters treated by AE.
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Fig. 1.1 ACEA waste treatment facilities. Notes: Arrows indicate energy and material flow
among the four compost, AN digestion, wastewater treatment and landfill plant sections

In the plant are present four sections; two for the treatment of solid wastes by
AN and AE digestion, the third one for treating wastewaters (WWT) and the last
one being a landfill area equipped for biogas collection (LBG). The plant has two
safety flares in the AN and LBG sections respectively. The four plant sections are
interconnected to maximize biogas and compost yields from biowaste, thus mini-
mizing bio-refuse disposal to landfill. The key technological feature of the plant
is the configuration integrating the four AN, AE, WWT and LBG processes. In
essence, the bio-organic (humid) fraction of solid urban (FORSU) waste entering
the AN process is fermented to yield biogas and a solid digestate (FORSUD) con-
taining residual organic matter not converted to biogas.

The FORSUD material is mixed with green home gardening and park trim-
mings residues (GR) and/or with sewage sludge (SS) coming from the WWT
process. The bio-residues mix is then allowed to undergo fermentation under AE
conditions to yield compost.

Compared to the four AN, AE, WWT and LBG processes run in separate
plants, the integrated treatment plant allows the achievement of a number of desir-
able objectives:

production and/or recovery of renewable bio-fuel from AE and LBG processes
no FORSUD and less SS disposal to landfill

less plant surface area needed per treated biowaste ton

easier odour emission control

higher recovery of valuable energy and material

lower environmental impact.
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Table 1.1 Examples of biomasses that can be processed and/or produced at the ACEA plant

Biomass Source

ACEA FORSU TO Organic humid fraction of urban refuses obtained by separate source
collection sampled at the start of the aerobic or anaerobic processing
line

ACEA FORSUD Digestate of the FORSU anaerobic treatment

ACEA CVDFT110 Solid residue recovered after 110 days aerobic digestion of a mix
containing FORSUD, green wastes (V) and sewage sludge (F) in the
relative weight ratios 35/55/10

ACEA CVUTI110 Solid residue recovered after 110 days aerobic digestion of a mix
containing FORSU and green wastes (V) mix in the relative weight
ratio 33/67

ACSR FOS BIOXT28 | Urban refuses fraction 80- sieved, treated for 28 days in cement pool
by continuous air insufflation, daily up-side-down turning and water
wetting (if necessary) and finally sieved again to

ACSR CVU Solid residue recovered from 40/60 w/w FORSU/V mix treated as

BIOXT28 above for 28 days

ACSR CVU T90 Solid residue recovered from 40/60 w/w FORSU/V mix treated as
above for 28 days in cement pool and 60 more days in open yard

UB CV T270 Solid residue recovered after 270 days aerobic biodegradation of plant
residues

UB CV T360 Solid residue recovered after 360 days aerobic biodegradation of plant
residues

Yet, the process economy of the ACEA plant, as well as that of all other waste
management plants spread in the world, is not profitable due to operational costs
exceeding the market value of the energy and/or materials produced [13, 14].

The plant allows large operational flexibility to produce different types of com-
post depending on the nature and relative ratios of the bio-residues constituting the
AE phase feed. These different out coming biomasses (see Table 1.1) constitute
a very interesting starting material to be tested for the isolation of bio-based sub-
stances (SBO) and for evidencing possible existing correlation between the physi-
cal-chemical properties of the feeding biomass and those of the out coming SBO.

1.3 Isolation of Soluble Bio-based Substances (SBO)
from Urban Waste Sourced Biomass

The Department of Chemistry of the University of Torino, within the regional
Biochemenergy and national Agrienergia projects, and within the Miseicecrui and
the EnvironBOS international projects, has shown that the recalcitrant lignin-like
fraction of urban biowastes (UBW) is a cost-effective source of chemical auxiliaries
[11] that can find application in diversified fields (Fig. 1.2); e.g. in the formulation of
detergents-textile dyeing baths, emulsifiers [15], auxiliaries for soil/water remedia-
tion [16] and enhanced oil recovery [17], flocculants, dispersants and binding agents
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Fig. 1.2 Schematic representation of the isolation of soluble bio-based substances (SBO) from
organic wastes and of the different fields where SBO have been tested

for ceramics manufacture [11], nanostructured materials for chemical [18] and bio-
chemical catalysis [19], plastic materials [20], soil fertilizers and plant biostimulants
for agriculture [21, 22] and animal feed supplements [23, 24]. Such variety of appli-
cations is possible due to the fact that SBO is a mixture of molecules with molecular
weights comprised in a wide range over 5 kD which contain a variety of functional
groups (see virtual molecular fragments in Fig. 1.2 and in Sect. 1.4, Fig. 1.4).

Two patent applications for production processes and products have been
recently filed [25, 26]. According to the first patent, the MBW streams in the
ACEA plant are hydrolyzed in alkaline water to yield a liquid/solid mix which
is allowed to settle in order to separate the supernatant liquid hydrolyzate from
the insoluble residue (IOR). The recovered liquid phase is circulated through a
polysulfone ultrafiltration membrane with 5 kD molecular weight cut-off to yield
a retentate with 5-10 % dry matter content. The membrane retentate is dried at
60 °C to yield the final water soluble bio-based product (SBO).

The process is a modified version of the laboratory scale approach where,
instead of the hydrolyzed liquid phase ultrafiltration, the acidification of the solu-
tion at pH values lower than 1.5 encompasses the precipitation of organic products
that show high similarity with humic acid, as described later on.

The upgrade to pilot plant level has been performed thanks to Studio Chiono
& Associati in Rivarolo Canavese that made available the space to host the equip-
ment shown in Fig. 1.3.
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Fig. 1.3 Pilot plant for SBO isolation. Inset: SBO powder and its concentrated water solution

1.4 SBO Characterization

Investigation on the chemical nature of SBO has shown that these substances
bear chemical similarities with natural soil and water humic substances (HS).
Depending on the sourcing materials, the SBO have been found to be mixtures
of molecules differing in molecular weight (MW) from 67 to 463 kg mol~!, and
in the content of C-types and functional groups. They are described as likely mix-
tures of substances formed by long aliphatic carbon chains substituted by aromatic
rings and functional groups such as COOH, CON, C=0, PhOH, O-alkyl, O-aryl,
OCO, OMe, and NRR/, (R and R’=alkyl or H). These organic moieties derive
from fats, proteins, polysaccharides and lignin contained in the sourcing refuse
matter which is not completely mineralized by biodegradation. In Table 1.2 com-
positional data regarding three SBO are reported as an example.

Based on these data a tentative general SBO structure can be hypothesized
(Fig. 1.4), evidencing a relevant structural similarities between SBO and natural HS.

Data in Table 1.2 also evidence that a not negligible amount of mineral species
is present within SBO composition; however their presence cannot be considered
as a drawback since inorganic components can contribute to bring SBO peculiar
features, for instance: (i) iron and copper can induce some photoactivity; (ii) Si
could be useful as binder in templated synthesis of oxides and/or hybrid materials
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Table 1.2 Characterization data of three representatives SBO
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(@)

SBO pH Volatile solids, w/w %* C, wiw %* N, w/w %* C/N
FORSUD 6.4 84.6 45.07 £ 0.12 7.87 £0.12 5.73
CVDFT110 8.2 72.7 35.47 £0.09 4.34 +0.17 8.17
CVT230 8.2 72.1 38.25 £ 0.09 4.01 £0.03 9.54
(b) Mineral elements: Si, Fe, Al, Mg, Ca, K, Na as % w/w*, Cu, Ni, Zn, Cr, Pb, Hg as ppm?*
SBO FORSUD CVDFTI110 CVT230

Si 0.36 +0.03 0.92 +0.03 2.55 +£0.01
Fe 0.16 = 0.00 0.53 £0.02 0.77 £ 0.04
Al 0.78 £ 0.04 0.44 +0.02 0.49 +0.04
Mg 0.18 £ 0.01 0.49 £ 0.01 1.13 £ 0.06
Ca 1.32 £ 0.05 2.59 £0.03 6.07 £ 0.38
K 9.15 £ 0.06 5.49 +0.04 3.59 +£0.21
Na 0.39 £ 0.01 0.15 +£0.01 0.16 + 0.01
Cu 100 £ 1 216 £ 1 202 + 4

Ni 27+ 1 71+0 92+ 1

Zn 185+ 4 353+3 256 + 1

Cr 11+0 30+ 1 19+ 1

Pb 44 +2 75+ 1 85+1

Hg 0.23 £0.01 0.45 £0.02 0.15 +£0.02
(c) C types and functional groups® concentration as mole fraction of total organic C

SBO FORSUD CVDFTI110 CVT230
Af 0.43 0.31 0.37

NR 0.10 0.08 0.07

OMe 0.04 0.00 0.00

OR 0.10 0.20 0.14

0CO 0.03 0.07 0.04

Ph 0.10 0.16 0.13

PhOH 0.02 0.06 0.05

PhOY 0.01 0.02 0.02
COOH 0.07 0.09 0.12

CON 0.09 0.01 0.01

C=0 0.01 0.00 0.05

Af/Ar 33 1.3 1.8

LH 9.3 53 3.6

4Concentration values referred to dry matter: averages and standard deviation calculated over

triplicates

PLH = liphophilic to hydrophilic C ratio; liphophilic C = sum of aliphatic (Af), aromatic (Ph),
methoxy (OMe), amide (CON), ammine (NR), alkoxy (RO), phenoxy (PhOY) and anomeric
(OCO) C atoms; hydrophilic C = sum of carboxylic acid (COOH), phenol (PhOH) and ketone

(C=0)C
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Fig. 1.4 Virtual molecular fragment representing the relative ratios of C types and functional
groups. Reproduced with permission of John Wiley and Sons

and (iii) Na and K can act as melting agents. In any case the mineral content does
not exceed the values accepted for commercial compost used in agriculture.

Due to the complex chemical composition, the behavior of SBO in water solu-
tion cannot be understood as well as for synthetic single molecules. At low con-
centration, SBO have been found to behave as small surfactant molecules and this
aspect can be easily explained taking into account the presence of both hydrophilic
and hydrophobic moieties as reported in Table 1.2c. A water surface (y) tension
steep decrease can be observed upon increasing Csgo until a slope change occurs
to a more or less flat plateau at 1-2 g L~! Cspo (Fig. 1.5).

e CVD
A CVDF

¥ FORSUD

7, mNm’"

Cypral”

Fig. 1.5 Surface tension (mN m™') as a function of SBO concentration (g L-H[15]
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Table 1.3 Surfactant data of three representatives SBO

SBO —dy/dCspo® Ci°(gL™ yCspo1® (mN m~1) —dy»/dCspo®
FORSUD 2334+12 1099 48.85 0.92 +0.20
CVDF 3.14+£08 |3.11 61.76 1.0 £0.07
CVT230 50+05 |2.10 61.20 0.94 +0.12

aSlope values for two linear tracts (dyi/dCsgo, mMN L m~lg=1 i =1,2)
bConcentration (g L~") at which slope change occurs
“Surface tension value at slope change point

The FORSUD seems to lower water surface tension much more than the other
two SBO. To appreciate better these differences, each y—Cspo plot was divided
into two tracts which were analyzed by linear regression. Table 1.3 reports the
slope values extrapolated from each plot (dyi/dCsgo, mN L m~! g_l, i=1,2)
together with the concentration at which the slope change occurs and the
corresponding surface tension value (ycspoi)- The data allow a more quantitative
appreciation of the different behavior of the three investigated SBO. In essence,
FORSUD clearly gives the highest dy;/dCsgo and the lowest Cspo| and ycspo1
values, whereas CVT230 and CVDF do not seem to exhibit much difference one
from the other. Looking at the SBO composition reported in Table 1.2, FORSUD
shows the highest liphophilic to hydrophilic C ratio, mostly contributed by ali-
phatic C.

The SBO surface activity properties correlate with their power to enhance the
solubility of hydrophobic compounds in water. At 50-100 g L~! concentration
SBO behave more like water soluble polyelectrolytes; they are no longer soluble
in water and yield viscous gel-like phases separating from the bulk water phase.

The surfactant properties of SBO play a major role to determine their perfor-
mance as detergents or auxiliaries for textile dyeing. By virtue of their capacity
to lower water surface and interfacial tension they favor the water contact with
dirty surfaces. At the same time, they have capacity to form bigger aggregates or
to acquire pseudo-micellar conformation in the bulk water phase, and are capable
of enhancing the water solubility of hydrophobic materials. Therefore, they can
be used to help the transfer of hydrophobic substances from objects to be washed
into the water phase. This process has been demonstrated to be effective in wash-
ing solutions containing SBO as well as for washing solutions containing synthetic
surfactants. This feature opens the possibility to exploit SBO aqueous solutions
also for the remediation of soils contaminated by organics, through the so-called
soil washing approach.

The surfactant behavior of SBO can be also exploited in dyeing textiles. In this
case, SBO have been shown to be capable of binding water soluble or insoluble
dyes, and modulate their transfer kinetics to the surface of the fabric to be dyed, thus
yielding fabrics dyed as intensely and homogeneously as synthetic surfactants [11].

The capacity of the SBO molecules to acquire different conformation and/or
yield large macromolecular aggregates in solution has offered scope to investi-
gate these substances as templates for the synthesis of nanostructured materials.
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Also, their structural similarity with HS, and the properties of HS as photosensitiz-
ers and their role in soil fertility, has stimulated investigation of SBO for specific
applications in environmental remediation and agriculture. Details for specific
applications are reported in the above cited papers.

1.5 New Processes and Products Under Investigation

SBO obtained at laboratory scale were isolated in their acidic form; on the con-
trary, when the isolation process was implemented at pilot-plant scale, the acid-
ification step was substituted with an ultrafiltration step, exploiting the different
size of “humic like” and “fulvic like” components of SBO. In such a way, SBO
have been obtained as potassium salts, easier to be dissolved in water prior to their
use. Despite the two processes should yield products differing only for their acidic
or salt form, the pilot-plant derived SBO showed a peculiar behavior at pH lower
than 1.5. Indeed, at this pH, about 10 % in weight of SBO stayed in solution,
whereas 90 % precipitated. The fraction of SBO (hereinafter SBOs)) soluble at
pH < 1.5 showed peculiar properties as reported below.

The SBOg, deserved our attention because it was not previously character-
ized despite preliminary not published results indicate a stronger photosensitizing
effect compared to SBO itself. Particular attention was devoted to the presence and
evolution, upon irradiation with simulated solar light, of acidic functions, that can
in principle participate in iron ions coordination. Indeed, among many possible
application of SBO as photosensitizer in Advanced Oxidation Technologies [27],
SBO have been recognized as promising compounds to perform photo-Fenton pro-
cess at mild condition, because of their capability to maintain Fe(IIl) in solution
without lowering the pH below value about 4.5-5 [28].

Here we show the results of a potentiometric study devoted to identify and
quantify acidic functions before and after irradiation of SBOg, with simulated
solar light. pH-metric titrations were performed on CVT230s, and on CVDF;
derived from the treatment of 500 mg L~! solutions irradiated with simulated solar
light for 15 h. The titrant was KOH 0.1 mol L™!, the temperature was maintained
at 25 & 0.1 °C and the ionic strength was 0.1 mol L™! (medium: tetraethylam-
monium chloride). The titration curves obtained were compared with the curves
attained with not irradiated CVT230s, and CVDFg). It was found that the irradia-
tion process leads to increase of the acidity of the SBO solutions. This phenom-
enon was observed for both CVT230,, and CVDF; products, but is less marked
for CVDF,. The experimental curves were elaborated in order to attain a chemi-
cal model of the SBO aggregates suitable to explain their acid-base behavior. With
the software BSTAC [29] it was possible to calculate the concentration of proto-
genic sites and the relative protonation constants (Table 1.4). The literature dealing
with protonation of HS assumes that the total concentrations of COOH and PhOH
functional groups can be obtained as the sum of the concentration values for the
species with log K, < 8 for COOH and with logK, > 8 for PhOH [30]. In this
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Table 1.4 Chemical models, protonation constants and concentration of protogenic sites
obtained from the elaboration of titration data

SBO Protogenic site log * Conc. (mmol g~ 1)°

CVT230501 Hevtl 3.1+£0.1 0.91
Hevt2 6.0+£0.2 0.41
Hevt3 9.66 £ 0.06 0.93
Weighted standard deviation of the fit 3.20

CVT230501 Hevtl 1.96 £ 0.5 5.00

irradiated Hevt2 53402 0.39
Hevt3 9.53 £ 0.06 0.97
Weighted standard deviation of the fit 3.34

CVDFg Hcevdfl 24+£03 1.94
Hcvdf2 4740.1 0.64
Hevdf3 7.6+£0.2 0.41
Hevdf4 9.8 £0.1 0.77
Weighted standard deviation of the fit 2.88

CVDF Hevdfl 2.74+0.2 1.73

irradiated Hevdf2 4.640.1 0.77
Hcevdf3 7.1+£02 0.45
Hevdf4 9.7+0.1 0.98
Weighted standard deviation of the fit 2.38

2The protonation constants are expressed as log of ; = [AH ™ ™)/[A~"][HT]"

bDifferent numbers refer to different acidic monoprotic sites

¢+tStandard deviation

dWeight for each experimental point is given as w = 1/s% [29]

“The concentration of the protogenic sites are expressed with respect to the mass of the SBO
used to prepare the solution

case, the attribution of log K values to a specific functional group is not allowed
because, as shown in Table 1.2, all SBO present also amines or other nitrogen
functions. However, it is reasonable to suppose that the log K, < 7 can be attrib-
uted to —COOH groups. The total concentration of -COOH, calculated as the sum
of the concentrations of the species with a log K, < 7 obtained from the chemi-
cal model, results affected by the irradiation process only for CVT230g,. In this
case, the -COOH mmol g_1 concentrations are 1.3 £ 0.2 and 5.4 + 0.2 for the
CVT230g0 and CVT230s after irradiation, respectively. As for CVDFg, the irra-
diation process seems affect only the concentration of the less acidic species.

Based on these data it can be hypothesized that irradiation would not negatively
influence the capability of the SBOgo to promote Fenton like processes; neverthe-
less, further investigation is needed at this purpose.
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Chapter 2

Photogeneration of Reactive Oxygen Species
by SBO and Application in Waste-Water
Treatment

Luciano Carlos and Daniel O. Martire

Abstract Soluble bio-based substances (SBO) extracted from urban bio-wastes
have similar chemical properties to humic substances (HS) present in natural
waters and soils. Therefore, SBO are also expected to have photochemical prop-
erties similar to HS. In this chapter, a summary of the photochemistry of HS is
presented along with the recent advances related to the photogeneration of reactive
species upon irradiation of aqueous solutions of SBO and some examples of pol-
lutant degradation photo-induced by SBO.

Keywords Soluble bio-based substances (SBO) - Humic substances * Reactive
oxygen species (ROS) - Wastewater + Emerging pollutants * Solar processes °
Photo-Fenton

2.1 Introduction

Recently, urban bio-wastes have been shown as a potential cost-effective renewable
source of soluble bio-based substances (SBO) [1]. The organic fraction of these mate-
rials has similar chemical nature and properties to humic substances (HS) present in
natural waters and soils [2—4]. Therefore, SBO is expected to have photochemical
properties similar to HS, which represent the main fraction of chromophoric dissolved
organic matter (CDOM) that absorbs solar radiation. For this reason, a summary of the
photochemically mediated processes induced by HS is outlined below.
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2.2 Photochemistry of HS

The UV-vis absorption spectra of Pahokee Peak humic acid (Fig. 2.1) decreases
exponentially with increasing wavelength [5, 6], providing to aquatic organ-
isms protection from damaging UV radiation, and giving color to surface waters.
Spectra are often fit to Eq. 2.1, where a()) is the absorption coefficient at wave-
length A, a(Ap) is the absorption coefficient at a reference wavelength, and S is the
spectral slope parameter [7].

a(i) = a(ly) x e SU—%) 2.1)

Higher values of S indicate a more rapid decline and a lower absorption contribu-
tion in the visible wavelengths. The ratio at two different wavelengths, e.g. 465 and
665 nm (namely E4/E6 ratio) was also employed to characterize the spectra [8]. The
increase of molecular complexity of HS by formation of more extended and oxi-
dized aromatic systems is expected to decrease the E4/E6 due to the relative incre-
ment of the absorption coefficient in the red region of the visible spectrum [9].

Recently, a model of the optical properties of HS was proposed [10]. In this
model the absorption and emission spectra of HS arise from a very large num-
ber of absorbing and emitting states, where intramolecular electronic interactions
between donor—acceptor chromophores play an important role. These electronic
interactions between chromophores produce an array of photophysical and pho-
tochemical reaction channels. The relative importance of each channel varies with
the HS source and environmental conditions due to varying abundance of electron
donating and accepting groups and the effects of solution chemistry on excited-
state energies [11].

The absorption of light by aqueous HS leads to the formation of several reac-
tive species, as shown in Scheme 2.1.

The excited singlet states of HS (HS*) populated upon light absorption pro-
cess (reaction 1) decay by: (i) fluorescence and internal conversion to ground state

Fig. 2.1 UV-vis absorption 1.8
spectra of Pahokee peat 164 T PPHA
humic acid (20 mg L~") ' — CVT230
and SBO, namely CVT230 144
(20 mg L) in water at pH 2 4ol
7.0 <
g 1.0
g
o 0.8
3
2 0.6
<
0.4 4
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Scheme 2.1 Photogeneration of reactive species

(pathways not shown in Scheme 2.1), (ii) to yield radical cations (HS ™) and solvated
electrons e~ (aq.) (photoionization process 2), (iii) to charge-separated species
(HS+"'~) formed by donor—acceptor electron transfer (reaction 3) or (iv) through
intersystem crossing to the excited triplet states CHS*) (reaction 4).

Photoionization of aromatic groups of HS at excitation wavelengths from 250
to 400 nm leads to the formation of hydrated electrons e~ (aq.) [12, 13]. The quan-
tum yields of e~(aq.) generation is about 107> to 10~* over the wavelength range
from 300 to 400 nm [12, 14].

Triplet quantum yields are estimated to lie between 0.01 and 0.1 [15]. Reported
values of the energy of the excited triplet states of HS (*HS*) are over the range
180-250 kJ mol~! [16, 17]. Production of 'O, by HS occurs via energy transfer
from 3HS* to ground-state Oy (reaction 5). Other decay routes of HS* involve
electron transfer processes (reactions 6-9).

The quantum yield of 'O, formation lies in the range of 0.01-0.1, increases
with decreasing excitation wavelength in the visible and near-UV and depends on
the HS source and solution pH [18, 19].

Photogeneration of O™ is mainly related to the population of charge-transfer states
(HS* ™) from 'HS* and HS* (reactions 3 and 9) of HS and subsequent reduction
of oxygen to Oy (reaction 10) [19]. Hydrogen peroxide is produced by dismutation
of Oy~ (reaction 11) [20]. Quantum yields for H,O; production are also wavelength-
dependent and at ca. 350 nm range from 5 x 107 to 10~3 for different samples [11].

The photogeneration of hydroxyl radical (HO"), a highly reactive oxidant that
unselectively reacts at near diffusion-controlled rates with most organic sub-
strates, was widely investigated [21-23]. Although there is evidence for the
involvement of oxygen-dependent, oxygen-independent and hydrogen peroxide-
dependent pathways, the mechanism still remains unclear [21, 22]. Possible gen-
eration pathways include the photolysis of hydrogen peroxide (reaction 12) and
hydrogen abstraction from water by the excited triplet state of substituted ben-
zoquinones, which are components of HS (reaction 6). In the presence of iron,
HO' can also be formed through Fenton-like chemistry involving H,O, and a HS
photo-reductant [21, 24].
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The UV-visible absorption of HS is very sensitive to changes produced by
photolysis [25]. Bosio et al. [26] investigated the changes in the absorption spec-
tra of 0.1 g L™! solution of Aldrich Humic Acid upon irradiation with excitation
wavelengths A > 320 nm. From changes in the UV-visible spectra taken at dif-
ferent irradiation times and under various conditions it was possible to elucidate
the involvement of the photogenerated reactive oxygen species (ROS) in the pho-
todegradation of the humic acid. The observed changes increase with increas-
ing oxygen concentration in the solutions, in line with ROS involvement in the
photodegradation process. Experiments carried out with specific chemical probes
showed that the participation of !0, and HO' in the photodegradation of HS
seems to be more relevant than that of O3 . The effect of H,O, was found to be
negligible.

2.3 Photochemical Generation of ROS by SBO

Generation of ROS upon irradiation of HS solutions was discussed in the pre-
vious section. Because of the similar estimated molecular weights and the pH-
dependence of their solubility, SBO should be compared to humic rather than
to fulvic acids. The generation of ROS upon irradiation of two types of SBO,
namely AC8 and CVT230, has been investigated with the purpose of employing
these substances as photosensitizers in the degradation of organic contaminants
present in waste waters. To this aim in situ electronic paramagnetic resonance
(EPR) experiments using the spin trapping approach were performed [27, 28].
This method involves the addition of transient radical species to a diamagnetic
compound (spin trap), with the formation of a paramagnetic persistent radical
(spin-adduct). In general, the spin-adduct is more stable than the original free
radical and can be analyzed afterwards with EPR spectroscopy. The spin trap,
generally a nitrone or nitroso compound, must be stable under the reaction condi-
tions, undergo radical addition quickly in order to avoid further reactions of the
radicals before the trapping, and not suffer secondary. The compounds 4-oxo-
TMP (45 mM) and DMPO (17.4 mM) were employed as trapping agents for 'O,
and HO', respectively [29].

Irradiation experiments in the presence of various amount of SBO (concentra-
tion <2 g L~!) showed that the intensity of 4-oxo-TEMPO is proportional to AC8
concentration. Similar experiments performed with CVT230 in the concentra-
tion range up to 5 g L™! showed the same trend. However, the concentration of
the DMPO-OH adduct increases as SBO (either AC8 or CVT230) concentration
increases until a maximum value of about 20-50 mg L~!, and then decreases at
higher concentration of SBO. This behavior can be explained considering the com-
petition between production and scavenging of HO™ radicals. This result is in line
with reported changes in the UV-visible spectrum of SBO upon irradiation (see
next section).
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2.4 Photostability of SBO

The photostability of SBO in aqueous solution under steady-state irradiation
was followed by measuring its UV-visible spectrum concentration at different
irradiation times. Figure 2.2 shows the decrease in the UV-VIS absorbance of a
150 mg L=! AC8 solution upon irradiation (A > 340 nm). The inset of Fig. 2.2
shows the evolution of the absorbance at 280 nm. Several functional groups could
be responsible for the absorption around 280-300 nm, which arises from m to 7*
electron transitions occurring in phenolic arenes, benzoic acids, aniline deriva-
tives, polyenes and polycyclic aromatic hydrocarbons with two or more rings [30].
Moreover, the presence of aromatic moieties as major molecular components of
ACS8 was confirmed by '3C NMR spectroscopy [29]. Since irradiation was per-
formed with N > 340 nm, direct photolysis of chromophores absorbing at 280 nm
should be neglected. Thus, the AC8 photodegradation should arise from popula-
tion of excited states of other chromophores, which promote the formation of reac-
tive species able to react with aromatic moieties. As a result, the absorbance of
SBO at 280 nm decreases.

2.5 Application of SBO for the Photo-Degradation
of Pollutants in Waters

Based on the photochemical properties of SBO and their capacity of generating
reactive species, the application of these substances as photosensitizers in waste-
water treatment could constitute a very convenient and sustainable alternative to
the conventional treatments from both the economic and ecological point of view.
Moreover, the use of SBO for water detoxification may be considered a green
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process since it valorizes solid waste as a material of technological application.
Taking this into account, many studies were encouraged to elucidate the potential
applications of SBO employing UVB-UVA, simulated solar light and real solar
light as irradiation sources to degrade different kind of pollutants, such as dyes,
naphthalene sulfonates, chlorophenols, and emerging pollutants.

In this section, we have compiled different investigations of the degradation of
the pollutants specified above photo-induced by SBO.

2.5.1 Dye Degradation

Three commercial sulfonated azo-dyes, ethylorange (EO), Orange I (OI) and
Orange II (OIl) were photo-degradated under simulated solar irradiation in the
presence of SBO isolated from urban yard trimmings (cHAL3) and from a 1:1
(w/w) mix of food (humid) and green residues at the start of the aerobic diges-
tion process (cHALG6) [31]. Aqueous solutions of these azo-dyes at 5 mg L~!
concentration have been irradiated in the presence of variable amounts of cHAL3
and cHALG. Figure 2.3 shows that an increase in the SBO/EO ratio, yields higher
dye % abatement. In particular a complete removal of EO can be achieved with
cHALSG, indicating that SBO can be successfully used as photosensitizers. Also,
the results demonstrate that in all cases nearly quantitative dyes abatement can be
achieved with kinetics following a pseudo first-order law. On the other hand, the
comparison of dye abatement rate, solution bleaching and sulfate evolution (as
indicator of the dye mineralization) showed that the photobleaching is delayed
compared to the dye disappearance and the amount of sulfate is lower than the
stoichiometric value. These results can be associated with the formation and accu-
mulation of colored intermediates containing the sulfonic group.

The photodegradation of aqueous solutions of the cationic xanthenic dye crystal
violet (CV) was also studied. In this case, photochemical experiments were carried

Fig. 2.3 Dye % degradation
versus cHALi (i = 3 or 100 ~
6)/EO (w/w) ratio after 3 h
irradiation in Solarbox
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Table 2.1 Apparent SBO (mg L 1) Kapp (X 103 min—)
bleaching constant (kypp) as a 0.60 £ 0.05
function of SBO content : :

2.5 1.30 £ 0.06

5 3.10 £0.19

10 3.20 £+ 0.08

25 3.70 £0.13

50 2.84 £0.14

100 2.19 + 0.06

200 1.68 £ 0.04

out in a reactor equipped with a medium-pressure mercury arc lamp with a glass
jacket to cut-off the radiation with wavelengths shorter than 300 nm and with the spe-
cific SBO, referred to as CVT230, isolated from the alkaline hydrolyzate of urban
private gardening and public park trimming residue compost. The role of CVT230
on the photobleaching of CV in aqueous solution was investigated by recording the
absorption spectra of CV at different irradiation times. A noticeable decrease of the
CV absorbance at 532 nm was observed. The discoloration kinetics was fitted to a
pseudo-first order law and an apparent bleaching constant (k,pp) for each experi-
mental condition was calculated. The irradiation of CV solutions performed in the
absence and presence of different amounts of CVT230 clearly shows that SBO pro-
mote the indirect photochemical degradation of CV (Table 2.1). The results show
that SBO enhance the photobleaching of CV solutions with an optimal SBO concen-
tration of ca. 20 mg L~!. Mechanistic investigation based on chemical probes and
changes in the absorption spectrum of CV in the presence of SBO seems to indi-
cate that a complex formed between sensitizer and substrate plays a major role in the
process [32].

2.5.2 Naphthalene Sulfonates Degradation

Naphthalene sulfonates are widely employed in many industrial processes as dis-
persants, stabilizers, suspending and wetting agents, and intermediates for dye
synthesis. In this section, the removal efficiency of naphthalene sulfonates photo-
induced by SBO is discussed. Four different naphthalene sulfonates, 1-naphtha-
lenesulfonic sodium salt (1-NS), 2-naphthalenesulfonic sodium salt (2-NS),
1,5-naphthalenedisulfonic acid (1,5-NdS) and 2,6-naphthalenedisulfonic disodium
salt (2,6-NdS), have been used as substrates. The SBO used in this study, referred
to as AC8, was sourced from a UBW that was the product of the aerobic digestion
of a 2:1 food/green residue mixture aged for 110 days. The results showed that 4 h
irradiation of solutions containing 20 mg L~! of the probe substrates in the pres-
ence of 50-500 mg L~ ACS increases the degradation yield to 15-30 %. Also,
substrate and sulfate ion concentration were monitored at different irradiation
times. The results obtained for experiments with 150 mg L~' AC8 are shown in
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Fig. 2.4 Concentrations of naphthalene sulfonates (NS) and sulfates (mol LY versus irradia-
tion time (h) in the presence of 150 mg L~! AC8: data for 1-NS (filled square) and 2-NS (open
square) substrates and for the sulfates released from 1-NS (filled circle) or 2-NS (open circle)
degradation. From Ref. [30]. Reproduced with permission of Elsevier

Fig. 2.4. The data, based on substrate depletion, indicate that after 24 h irradiation,
65-80 % of substrate removal is obtained. In the presence of ACS8, photodegrada-
tion of the sulfonates seems to be slightly faster than that of the disulfonates. This
lesser reactivity of the latter might result from the lower electron density of the
aromatic nuclei and, thus, reduced electron availability for the electrophilic ROS.
Among several possible ROS species formed upon ACS irradiation, previous
work has provided evidence for the formation of HO' radicals and singlet oxygen
[29] (see Sect. 2.3). Irradiation experiments of 2-NS and 1,5-DNS in the pres-
ence of 2-propanol (0.01 M), an HO" radical scavenger [33], showed a significant
decrease in the percentage degradation for both substrates. These results confirm
the relevant role played by the HO" radicals in the photodegradation process [30].

2.5.3 Chlorophenols Degradation

2-chlorophenol (2-CP), 3-chlorophenol (3-CP) and 4-chlorophenol (4-CP) were
chosen as target substrates because of their environmental relevance. They belong
to a class of priority toxic pollutants listed by the US EPA; they are toxic, hardly
biodegradable and their removal from the environment is complex.

Photochemical experiments using a solarbox as irradiation source and in
the presence of CVT230 as SBO source were conducted. Aqueous solutions
of each chlorophenol (1 x 10~* M) were irradiated in the presence of CVT230
(500 mg L~"), at an initial pH = 9.4, value obtained by simply dissolving SBO
in water at the indicated concentration. A progressive degradation for all the sub-
strates up to their complete disappearance within 24 h of irradiation is obtained
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Fig. 2.5 Percentage of substrate degradation in the function of the irradiation time. [chlorophe-
nols]o = 1.0 x 10~*M; [CVT230]o = 500 mg L~!

(Fig. 2.5). Substrate degradation curves can be fitted to a pseudo-first order
degradation law. The reactivity order observed for the three substrates was
2-CP > 3-CP > 4-CP. On the other hand, the monitoring of chloride ion in this
experiment, revealed that a close relationship between the degradation of each
chlorophenol and the chloride ion formation [34]. After 24 h, the mineralization
of organic Cl is 70 % for 4-CP and nearly quantitative for 2-CP and 3-CP. These
results suggest that dechlorination occurs at the early stages of the reaction, and
formation of major amounts of chlorinated organic byproducts should not be
expected.

The pH showed to play a significant role in the degradation of chlorophe-
nols. Lower degradation rates were obtained in experiments performed at neutral
pH. This result can be discussed taking into account the acid/base properties of
chlorophenols (pKa values around 9-10). The bimolecular rate constants for the
reactions of singlet oxygen with the basic forms of chlorophenols are two orders
of magnitude higher than those corresponding to the acidic forms [35]. Instead,
the reactions of HO radical with chlorophenols are not significantly affected by
the dissociation of the substrates. This suggests that singlet oxygen might play a
major role in the photooxidation of chlorophenols under the studied experimental
conditions.

2.5.4 Emerging Pollutants Degradation

A solution containing a mixture of the six emerging pollutants (EP), namely
acetaminophen, caffeine, amoxicillin, carbamazepine, acetamiprid and clofibric
acid (5 mg L™! of each EP) was used as probe in the photochemical experiment.



26 L. Carlos and D.O. Martire

A solar simulator as irradiation source and different amounts of CVT230 (20 and
200 mg L~!) were used. It is important to mention that almost all the EPs were
significantly degraded in the absence of CVT230 by direct photolysis (except
for carbamazepine and caffeine which present low quantum efficiencies of con-
sume) [36]. The presence of the CVT230 in the experiments resulted in a signifi-
cant decrease in the photolysis rate of the pollutants, as shown by the calculated
pseudo-first order rate constants of each EP which were reduced up to 50 % in
the presence of 20 mg L~! of CVT230 and even 80 % with 200 mg L~!. This
behavior can be attributed to a light screening effect of the highly colored organ-
ics CVT230 over the direct photolysis of each EP. Despite these results, CVT230-
mediated photogeneration of reactive species that contribute to the indirect
photolysis of the EP should not be ruled out [37].

The addition of HO; to the reaction medium at pH 7 resulted in a faster pho-
todegradation of the EPs in the absence of CVT230 for almost all the EPs (except
for clofibric acid and acetamiprid). Moreover, the effect of H,O, addition is more
significant for those EPs more reluctant to direct photolysis. This can be explained
by considering two competitive photodegradation routes: direct photolysis and
reaction with HO radicals generated from the photolysis of H,O». Since a low rate
of production of HO radicals is expected from the absorption coefficients of H,O»
above 280 nm [38], the contribution of indirect mechanisms to the overall degra-
dation process is less significant for those EPs which show faster direct photolysis
(amoxicillin, acetamiprid and clofibric acid). A similar trend was observed in the
presence of 20 mg L~! of CVT230, although lower rates were obtained for each
EP, most probably due to the light screening effect and scavenging of HO radicals
by SBO. These results (in absence and presence of H,O,) indicate that SBO are
not effective as photosensitizers when pollutants have significant direct photolysis.
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Chapter 3
SBO in Water Detoxification: Photo-Fenton
Processes at Mild Conditions

J. Gomis, M. Mora, R. Vicente, R. Vercher, A.M. Amat and A. Arques

Abstract The implementation of a photo-Fenton process at mild acidic conditions
is a potential environmental application for SBOs. The Fenton reagent (sacrificial
amounts of hydrogen peroxide and catalytic iron salts) has been demonstrated as
an efficient method for the removal of toxic xenobiotics that is enhanced upon
irradiation; sunlight can be used for this purpose. In order to avoid precipitation
of iron at pH above 3, several strategies have been tested. One of them involves
formation of photoactive iron complexes. Humic substances have been employed
for this purpose, due to their ability to complex iron. Because of its similar chemi-
cal properties, SBO are candidates for this purpose. Experiments carried out with
different pollutants have shown that SBO are not good photocatalysts because of
the strong screen effect associated to their color, while they are useful to drive a
photo-Fenton at milder pH, as they are good complexing agents for iron. Doehlert
matrixes have been employed to determine that the pH range for efficient photo-
Fenton can be extended to values of ca. 5 and that optimal SBO concentration is
approximately 20 mg/L. Finally, SBO have demonstrated to be non toxic, scarcely
biodegradable and relatively resistant to oxidizing conditions.
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3.1 Introduction

Oxidative photochemical processes for wastewater treatment have been dem-
onstrated as a promising alternative to deal with those effluents which cannot be
treated by conventional means, such as those containing toxic or non-biodegrada-
ble compounds [1]. These processes are based in the generation “in situ” of highly
reactive species, such as hydroxyl radical or singlet oxygen. For this purpose, irra-
diation in the UV-vis range is required. In some cases, the presence of a photocata-
lyst is also needed [2].

The use of sunlight as irradiation source is especially attractive, because of the
economic and ecologic advantages that are involved [3, 4]. However, only radia-
tion with wavelengths above 300 nm reaches the Earth’s surface, meaning that it
is limited to those photocatalysts that are efficient in the UVA-visible range of the
spectrum. Among the systems that fulfill these conditions are some semiconductor
solids (in particular titanium dioxide) [5], photoactive organic molecules [6] and
processes based in the Fenton reagent [7].

The photo-Fenton process has been demonstrated to be among the most effi-
cient ones that can be driven under UVA-visible light. Briefly, it consists in a
combination of iron salts and hydrogen peroxide: iron cation catalyzes the
decomposition of the peroxide into more reactive species, mainly hydroxyl
radical (-OH), following a process that is greatly accelerated by irradiation.
Although the mechanism is very complex, it is still not completely elucidated
and might depend on the experimental conditions, it can be simplified in two
main reactions (Eqgs. 3.1-3.2):

Fe?t + H,0, — Fe’* + OH™ + -OH (3.1)

Fe(OH)** + hv — Fe?t + .OH (3.2)

The better performance of photo-Fenton when compared with dark Fenton
is mainly due to Eq. 3.2. In fact, Fe(OH)>* is decomposed, resulting in a pho-
toreduction of iron(IIl) to iron(Il) and the generation of further amounts of -OH.
The key role of Fe(OH)?T also explains the acidic pH required by photo-Fenton,
namely 2.8, because under this conditions, formation of the photo-active iron com-
plex is favoured. On the other hand, at higher pH values, iron can be predomi-
nantly found as oxide or hydroxide, which are not active for the photo-Fenton
process.

3.2 Towards Photo-Fenton at Mild pH Conditions

The highly acidic pH required by photo-Fenton is one of its major disadvantages,
as for most effluents acid addition is required, followed by a neutralization before it
can be discharged. Hence, modifications of the Fenton reagent and the photo-Fenton
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process to allow its implementation at milder pH conditions have deserved attention
from researchers, and different strategies have been followed for this purpose.

The use of the small fraction of iron that remains soluble at circumneutral
medium has been investigated to deal with pollutants at low concentrations, such
as xenobiotics at the outlet of wastewater treatment plants. These chemicals reach
concentrations which ranges from ng/L to a few ug/L. For this reason a short treat-
ment time, in which some iron might still remain is solution, should be enough
to treat this effluent. This strategy has been applied to treat real effluents [8, 9] or
aqueous samples spiked with those compounds [10].

Another possibility is the use of iron in heterogeneous phase. In this context,
zero valent iron has been employed at mild pH values. In this process, iron is oxi-
dized to form in situ iron cations, which, in turn, drive the (photo)-Fenton like pro-
cess [11]. Other ways to heterogeneous the process is supporting the iron cation
onto different solids such as zeolites [12] of films [13].

An alternative strategy, which has been more widely studied, consists in the
use of compounds able to prevent the formation of iron oxides or hydroxides,
commonly by forming photochemically active complexes. The ability of some
carboxylates, such as oxalate, to enhance the photo-Fenton process is well estab-
lished [14]. Recently, complexes between iron and organic ligands such as cit-
rate [15, 16], ethylenediamine-N,N’-disuccinic acid (EDDS) [17, 18] or EDTA
[19] have been demonstrated to be able to extend the pH range of photo-Fenton
until values above 5. In some cases, a modification of the mechanism has been
proposed under such conditions, attributing a key role in the process to other spe-
cies different to hydroxyl radical, such as superoxide [17, 20]. Despite the good
performance shown in some cases, this approach is not free of inconveniences,
namely the limited stability of the employed complexing agent and the potential
toxicity of those chemical auxiliaries.

Humic substances (HS) are also candidates for the implementation of photo-
Fenton at mild pH. HS are naturally occurring macromolecules which are mainly
originated from plant debris and are the most widely distributed organic materials
in the environment [21]. These substances contain functional groups that are able
to complex iron [22]. This ability has been successfully employed in the removal
of chemicals by dark Fenton process [23, 24], which has been extended to a pH
range of 5-8 [25]. A complex formed between iron and the humic substances has
been proposed as the key species driving the process.

Although the role of HS in photo-Fenton process has not been widely studied,
there is some information on its use in solar driven processes to remove pollutants
at low concentration at the outlet of a wastewater treatment plant [26]. A recent
paper published by our research group has demonstrated that these substances
show a positive effect on a solar-simulated photo-Fenton process at pH = 7.2
using a mixture of pharmaceuticals and pesticides (at an initial concentration of
5 mg/L each) as target effluent [10]. Table 3.1 shows the percentage of removal
achieved after 180 min of irradiation in a solar simulator with and without humic
substances. In the presence of HS, three pollutants were totally removed after
three hours of irradiation, more than 80 % removal was achieved for other two,
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T;b'ef-”-l ,Photodggfadaﬁm Pollutant With HS (%) Without HS (%)
‘ ;)Oﬁu?anmt:‘(tiurﬁigl Amorxicillin >99 77
concentration 5 mg/L each) Acetaminophen >99 49
under simulated sunlight Acetemiprid 46 24
Caffeine 82 36
Clofibric acid >99 93
Carbamazepine 90 53

and acetamiprid was the most reluctant, as only 46 % of photodegradation was
reached. The efficiency of the process without HS was significantly lower, as only
for clofibric acid removal was above 80 %. Nevertheless, those results are far away
those obtained at pH = 2.8, as under those conditions, the complete abatement of
all six pollutants was reached in a few minutes.

By contrast, when the concentration of those pollutants was lower (several
pg/L) HS played a negative role, most probably due to a competitive effect of
HS towards the target pollutants. This effect has already been observed by other
authors [27], showing that the actual effect of dissolved organic matter on the
photo-Fenton process might strongly depend on the experimental conditions, thus
explaining the discrepant results shown in literature.

Regarding to the mechanistic studies, results are not concluding, as expectable
for such a complex system. However, it has been reported that -OH radical might
not be the only species involved in the process and hence, other oxidizing species
might be responsible for the pollutants oxidation [28].

3.3 Photo-Fenton Process Based on SBOs: Decoloration
of Crystal Violet

Soluble bio-organic substances (SBO) extracted from the humid fraction of
organic solid wastes are an attractive alternative to HS. As described in Chap. 1,
the structure of these substances has been described to be similar to that of humic
acids and hence, chemical and physical characteristics are not expected to be very
different. In fact, results shown in Chap. 2 indicate that SBO, as happens with
HS, are able to generate reactive species upon UV/visible irradiation. However,
its actual applicability as photocatalyst for wastewater treatment is limited by its
dark colour, which results in an important screen effect which is detrimental for
the photocatalytic activity.

However, the functional groups present in the structure of SBO (e.g. car-
boxylic or amide) indicate that these substances are able to act as chelat-
ing agents for iron, what might be useful to apply photo-Fenton at neutral
conditions. As a matter of fact, SBO contain significant amount of iron in its
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CV CV+H202 CV + H202 CV + SBOCV + SBO +CV + SBO +
+ Fe(ll) H202 H202 +
Fe(ll)

k (min") x 103
w

Fig. 3.1 Pseudo-first order rate constant obtained in the decoloration of crystal violet solu-
tions (initial CV concentration = 10 mg/L) at neutral pH under medium pressure mercury
lamp irradiation (A > 300 nm) with or without the following chemicals: [H2O;] = 8.3 mg/L;
[Fe(Il)] = 5 mg/L; [SBO] = 100 mg/L

composition (0.1-0.8 %, ca. 0.7 % in the case of CVT230), and hence, they
might be expected to drive a photo-Fenton-like process, even without iron addi-
tion. In order to clarify this point, decoloration of crystal violet (CV), a cationic
dye, has been studied in the presence of SBO (CVT 230) [29]. Figure 3.1 shows
the pseudo first order rate constants measured for decoloration of CV, a cationic
dye, under different experimental conditions, combining SBO, Fe(II), H,O»
with CV at neutral pH.

Results indicate that although CV suffered some photolysis, it was very low
(k < 1073 min—1). Addition of H,O, or SBO resulted in some enhancement in the
process, with k slightly below 2 x 10~3 min~!; similar results were obtained with
the Fenton reagent in the absence of SBOs (CV + H;0;, + Fe(II)). On the other
hand, the combination of hydrogen peroxide and SBO was able to accelerate the
decoloration of CV; this might be attributable to a photo-Fenton-like process at
neutral pH in which the iron present in the SBO composition is involved. Addition
of extra amounts of iron (5 mg/L) to the SBO/H,O, mixture was still able to
increase the reaction rate, indicating that only the iron present in the SBO is not
able to drive an efficient photo-Fenton but these substances can stabilize iron in
the medium, forming photochemically active species, most probably SBO-Fe
complexes.

Regarding to the possible involvement of reactive species, experiments were
carried out with different chemical probes. 2-propanol, a scavenger of hydroxyl
radical, had a scarce effect on the decoloration rate of CV; this is in agreement
with an alternative species to -OH playing an important role in the process. On the
other hand, addition of phenol resulted in a decrease of the reaction rate; as phenol
inhibits processes involving ferryl ion, which might indicate that highly oxidized
iron species becomes more predominating under those conditions.
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3.4 Photo-Fenton Process Based on SBOs. Effect
of Operational Parameters

SBO-driven photo-Fenton processes were also tested using a target effluent con-
sisting of a mixture of six pollutants of environmental relevance, namely aceta-
minophen (analgesic), caffeine (stimulating agent), acetemiprid (insecticide),
clofibric acid (metabolite of clofibrate, also employed as herbicide), carbamaze-
pine (psychiatric drug) and amoxycillin (antibiotic) at a concentration of 5 mg/L
each [30]. Irradiations were performed with a solar simulator, whose emission
spectrum closely matches that of sunlight arriving at the Earth’s surface.

First, the effect of SBO was tested at two different pH values, namely 2.8 and
5.3. For this purpose the photo-Fenton process (5 mg/L of iron, 75 mg/L of H>O»)
was performed with and without SBO and the pseudo-first order rate constant was
calculated in both cases; the ratio between the rate constant obtained in the pres-
ence of SBO (kspo) and in its absence (kg); data are shown in Table 3.2.

Ratios were systematically well above 1 (ca. 8 in most cases) at the pH = 5.3
showing that the SBO was able to accelerate significantly the photo-Fenton pro-
cess, most probably due to its ability to increase the availability of photochemi-
cally active iron species by preventing formation of iron oxides or hydroxydes.
However, at pH = 2.8, ratios were slightly below 1, indicating that the role of
SBO was detrimental. At this pH, precipitation of iron does not occur and hence
the presence of SBO does not result in an extra generation of reactive species. On
the contrary, this organic substance competes with the pollutants for the oxidiz-
ing species and might also produce some screen effect, decreasing the amounts of
photons reaching the photocatalyst.

The effect of some operational variables, namely pH, SBO concentration and
iron concentration was investigated using an experimental design methodology
based on Doehler array [31]. The mixture of pollutants above described (5 mg/L
each) was irradiated with a solar simulator in the presence of SBO (between 15
and 25 mg/L), iron(IlT) (2-6 mg/L) at pH values in the range 3—7. The concen-
tration of hydrogen peroxide was half the stoichiometric amount required to min-
eralize the pollutants [32]. The response was the time required to decrease the
concentration of each pollutant to one half of the initial value (tso).

Table 3.2 Ratio between the pseudo-first order rate constant obtained for the photodegradation
of 6 pollutants in the presence of SBO (kspo) and in its absence (ko) at pH = 2.8 and 5.3

kspo/ko at pH = 2.8 kspo/ko at pH = 5.3
Acetaminophen 0.73 8.81
Caffeine 0.77 8.43
Amoxicillin 0.87 6.15
Acetamiprid 0.65 8.37
Carbamazepine 0.75 8.75
Clofibric acid 0.88 8.28
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A three dimensional surface response was obtained for each pollutant, which
can be observed in Eqgs. 3.3-3.8, where [Fe] and [SBO] are expressed as mg/L and
t509 1in min:

t509 (carbamazepine) = 248.38 — 40.37 - [Fe] — 8.52 - [SBO] — 51.39 - pH
+1.90 - [Fe]? 4 0.07 [Fe] [SBO] + 5.14 - [Fe] - pH
+0.43[SBOJ*> — 2.08 - [SBO] -pH + 10.28 - pH2 3.3)

t509 (acetominophen) = 318.33 — 5.36 - [Fe] — 22.79 - [SBO] — 32.82 - pH
+0.82 - [Fe]® + 0.30 [Fe] [SBO] + 0.50 [Fe] pH
+ 0.45[SBOJ?> + 0.71 - [SBO] - pH +3.64 - pH2 (3.4)

tso (amoxicillin) = 56.92 — 41.63 - [Fe] + 3.80 - [SBO] — 19.34 - pH + 1.28 - [Fe]?
+0.08 [Fe] [SBO] + 6.23 - [Fe] - pH + 0.36 [SBO]2
— 4.19-[SBO] - pH + 10.69 - pH> (3.5)

ts09 (acetamiprid) = 966.42 — 83.28 - [Fe] — 40.02 - [SBO] — 206.76 - pH
+1.19 - [Fe]*> 4+ 0.91 - [Fe] - [SBO] + 12.29 - [Fe] - pH
+0.69 - [SBOJ*> + 1.77 - [SBO] - pH + 18.59 - pH>  (3.0)

tso (clofibric acid) = 242.78 — 40.30 - [Fe] — 9.39 - [SBO] — 44.58 - pH
+ 1.4 - [Fe]? + 0.13 [Fe] [SBO] + 5.70 - [Fe] - pH
+0.44[SBOJ? — 2.06 - [SBO] - pH + 9.40 - pH2  (3.7)

tsos (caffeine) = 702.53 — 79.39 - [Fe] — 25.36 - [SBO] — 147.13 - pH
+2.02 - [Fe]? + 0.41 [Fe] [SBO] + 12.04 - [Fe] - pH
+0.50 - [SBOJ? + 0.65 [SBO] pH + 12.44 - pH? (caffeine) (3 8)

As expectable, pH was the most significant parameter. This effect can be better
appreciated by means of a 2D-plot which can be obtained by fixing one of the
three variables. Figure 3.2 shows, as an example, the contour lines obtained for
carbamazepine at a concentration of SBO of 15 mg/L. It can be observed that that
t509 did not change significantly in the pH range 3-5 (highlighted in yellow in the
figure) and iron concentration did not have a remarkable effect on the photo-Fen-
ton process. Similar plots can be obtained for the other pollutants. This involves
that SBO are useful auxiliaries to extend the photo-Fenton process until pH values
close to 5.

Interestingly, the contour plot obtained in some cases (e.g. carbamazepine
at high SBO concentration, namely 25 mg/L), shows a shift of the optimal pH
domain towards higher values (close or even above 4). This might indicate that
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Fig. 3.2 Contour plot for ts50% (min) obtained for the photo-Fenton degradation of carbamaz-
epine in the presence of 15 mg/L of SBO. The area where photo-Fenton is more efficient is high-
lighted in yellow

there is a modification of the photo-Fenton mechanism, where Fe(OH)2+, which
reaches its maximum concentration at pH = 2.8, is replaced as the key species,
most probably by a Fe-SBO complex, as reported above.

If the pH is fixed at the value of 5, the effect of iron and SBO concentration can
be studied. The concentration of iron in the studied range (2—-6 mg/L) had no sig-
nificant effect on the degradation rate. On the other hand, best results were reached
with SBO concentration slightly above 20 mg/L, beyond this point, SBO played a
negative role, either for the screen effect or as scavengers of the reactive species,
competing with the pollutants.

The type of SBO might also be of importance for the photo-Fenton process.
In order to check this point, the photo-Fenton process was driven with the mix-
ture of six pollutants. Three different types of SBO, depending on its origin, were
employed: (a) FORSUD, isolated from the urban waste organic fraction, mixed
with the digestate from an anaerobic reactor; (b) CVT230, obtained from trim-
ming residues aerated for 230 days and (c) CVDFT110, isolated from a mixture
35/55/10 (w/w/w) of FORSUD, trimming residues and urban sewage sludge mix,
aerated for 110 days (see Chap. 1 for more information). Some characteristics are
summarized in Table 3.3.

Table 3.3 Main characteristics of the SBOs employed in these studies

FORSUD CVDFT110 CVT230
Carbon (%, w/w) 45.1 35.5 38.2
Aliphatic carbon 43 31 37
Carboxylic 7 9 12
Lipophilic/hydrophilic ratio 9.3 53 3.6
Aliphatic/aromatic ratio 33 1.3 1.8
E,/E3 ratio 3.83 2.31 2.38
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Fig. 3.3 Percentage of photodegradation of six pollutants achieved after 5 min of a photo-Fen-
ton process in the presence of three different types of SBO

The photodegradation of all six pollutants was studied using all three types of
SBOs. The percentage of photodegradation reached after 5 min of photo-Fenton
treatment at pH = 5.2 was calculated for each pollutant and SBO (Fig. 3.3). It
can be observed that the order of reactivity of the pollutants did no depend on the
SBO that was employed. However, some quantitative differences can be observed
among the SBO: while CVDFT110 and CVT230 showed a similar performance,
that of FORSUD was clearly worse. Thus was attributed to differences in the com-
position, as in FORSUD, aliphatic carbon, which is not photochemically active
and unable to keep iron in solution; on the other hand, carboxylic group, able to
complex iron, is present at lower extent in FORSUD.

3.5 Biocompatibility and Stability of the SBO

Finally, for technical reasons, it is interesting to determine the toxicity, biodeg-
radability and stability of the SBOs. In order to check toxicity, three different
bioassays were performed, using bacteria (V. fischeri), algae (P. subcapitata) and
crystals (D. magna). The toxicity was very low in all cases at the concentrations
which were optimal in a photo-Fenton process (ca. 20 mg/L), as it was below 10
“for all essays and for every SBO at this concentration [32]. The biocompatibility
of these substances was very low, as indicated by the biological oxygen demand/
chemical oxygen demand ratio (BOD/COD), which was below 0.1, while the limit
for a good biodegradability is commonly considered to be ca. 0.4.

The effect of photochemical treatments on the SBOs was investigated. For
this purpose, they were irradiated in the presence of the stoichiometric amount of
H05 to mineralize these compounds. Once the sample was free of HyO», it was
analyzed Data obtained before and after irradiation are shown in Table 3.4. This
table shows that there was a moderate mineralization of the samples as shown by
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Tabl;3 '4. Ir}fadiation of . Before irradiation After irradiation
EVT 30 in the pre?encg o DOC (mg/L) 232 235
ydrogen peroxide: main
parameters before and after COD (mg/L) 95 63
irradiation BOD/COD 0.04 0.14
Surface tension 69 73
E,/E;3 ratio 2.38 3.89

DOC decrease (20-30 %), some oxidation, indicated by the variation of COD an
slight enhancement of the biodegradability shown by the BOD/COD ratio, surface
tension increased to reach values close to that of distilled water and the E,/Ej ratio
significantly increased. All these results are in agreement with a cleavage of the
starting SBO to release smaller, more oxidized and more hydrophilic substances.

3.6 Summary and Outlook

Advanced oxidation processes for wastewater treatment is a potential use of SBO
extracted from urban wastes. Despite the photo-activity of these substance, their
use as photocatalysts should be disregarded, as they are not able to enhance the
photodegradation of xenobiotics under simulated sunlight. On the other hand,
these substances might be useful to drive a photo-Fenton at mild acidic conditions
because of their ability to complex iron. However, before this technology can be
applied, more research is needed in order to check the performance of the pro-
cess under sunlight and to optimize operational parameters under real situations.
Economic evaluation is also required.

Gaining further insight into the mechanism of the process seems also interest-
ing, despite the complexity of the system. Determination of the nature of the com-
plex between SBO and iron or the key reactive species involved in the process, and
variation of the SBO composition during oxidation seems meaningful.

Finally, developing of SBO form different origins, less coloured and show-
ing an improved photochemical activity might also contribute to enhance their
applicability.
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Chapter 4

Effect of Humic Substances

and Bioorganic Substrates from Urban
Wastes in Nanostructured Materials
Applications and Synthesis

G. Magnacca, E. Laurenti and M.C. Gonzalez

Abstract Humic substances were widely studied for preparing materials to be
used for adsorption, photocatalysis and so on. Their parent soluble bio-organic
materials (SBO) have potentially similar applications which have to be evaluated.
The main advantage of the use of SBO substances concerns their low cost, but
they are appealing also for the development of a strategy of recycle and reuse of
wastes which needs to be followed worldwide. The application of SBO in materi-
als synthesis is promizing, since they can be used as synthesis intermediates but
also as active phases for developing adsorbing and/or photoactive materials usable
for environmental applications.

Keywords Material  synthesis *+ Physico-chemical characterization + Humic
substances * Adsorption * Photocatalysis

4.1 Introduction

Humic substances (HS) and their similar soluble bio-organic materials (SBO)
obtained from urban green wastes were suggested as efficient, cost-effective, and
environmentally friendly alternative to existing materials, particularly those used
in pollution treatment [1-3].
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In particular, HS are used as sorbents of different metals due to their large num-
ber of functional groups capable of binding metal ions. Their efficiency for the
removal of heavy metals strongly depends on the HS origin, as demonstrated in
recent studies with different HS samples: peat, aquatic, and industrial, tested as sor-
bents for the removal of zinc(II), iron(III), and bismuth(II)-oxides nanoparticles [1].

HS sorption on nanomaterials surface is also of importance and of actual
environmental concern. Because of their widespread application, manufactured
nanomaterials are being produced in very large quantities and thus require envi-
ronmental impact assessment to reduce environmental risks in case of their
releases and possible pollution. It is almost inevitable that they will end up in the
aquatic environment where they may adsorb HS.

4.2 HS-Adsorbed Nanomaterials

The HS-adsorbed nanomaterials may show different surface properties, fate,
transportation, and aggregation than those of the original nanoresidues. Also, the
nanomaterials stability is of significance in determining their bioavailability and
toxicity. The major mechanisms of adsorption by natural organic matter have been
proposed to involve [4] (i) anion exchange (electrostatic interaction), (ii) ligand
exchange, (iii) hydrophobic interaction, (iv) entropic effect, (v) hydrogen bonding,
and (vi) cation bridging. Changes in the form and microstructure of HA (humic
acids) depend on the pH, concentration, and ionic strength of the aqueous solu-
tions. At low pH and high ionic strength, HA aggregation through van der Waals
forces into spherical agglomerates is observed. On the other hand, in alkaline
solutions, HA acidic groups are dissociated and do not form aggregates due to
coulomb repulsion. Therefore, both, HA adsorption characteristics and substrate
surface chemistry and charge, strongly depend on pH. As a consequence, HA
adsorption on nanomaterials and its environmental impact cannot be generalized
due to a complex pH and material-dependent behavior.

Among the altered properties, aggregation is critical for characterizing trans-
portation of nanomaterials in the environment. For example, addition of HS to
aqueous suspensions of oxide and metallic nanomaterials such as ZnO, TiO»,
Fe,03, NiO, y-Al,O3, and Ag decreases the propensity of these nanoparticles to
aggregate because HS greatly increase the negative surface charge of the particles
[5, 6]. Interestingly, high HA adsorption by nanosized TiO; and y-Al,O3 could
be attributed to the electrostatic attraction and ligand exchange of HA phenolic
OH and COOH groups at the particles large positively-charged surfaces. On the
other hand, the low hydrophilic surface of negatively-charged nano-ZnO was sug-
gested to be responsible for HA adsorption. SiO, nanoparticles remain stable inde-
pendently of the presence of humic and fulvic acids at pH 5 and 25 °C because
of their high hydrophilicity and large number of negative surface charges which
limit the adsorption capacity of natural organic matter [7]. Adsorption of HA
decreases the micropore surface area of nano-oxides but not the external area due
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to micropore blockage. HA-coated nano-oxides could be more easily dispersed
and suspended and more stable in solution than uncoated ones because of their
enhanced electrostatic repulsion.

In acidic conditions, HA may behave as a surfactant forming composite mate-
rial to negatively-charged surfaces as montmorillonite. Protonated HA aggregates
incorporate negatively-charged silicate layers of Na-montmorillonite yielding
spherical aggregates with microstructural characteristics consisting of HA and
extremely thin fragments of montmorillonite [8]. The decreased intensity and
increased line broadening observed for the XRD patterns of these composites
support a disordering of the montmorillonite stacking sequence and its cleavage
into silicate layers. The electron diffraction (ED) patterns further support namont-
morillonite layer isolation as they show almost no observable diffraction pattern.
Formation of isolated silicate layers was attributed to the chelating ability of HA.
On the other hand, montmorillonite-HA composites formed at pH 12 are of similar
form and microstructure than that of alkali treated montmorillonite. TEM images
show that these composites look like thin ribbons or plates with turbostratic layer-
ing of the silicate layers [8].

A pH-dependent adsorption of HA on magnetite is also reported [9]. The isoe-
lectric point (IEP) of magnetite was observed at pH ~8, where large aggregates are
formed. Stable sols exist far from this pH value. As the magnetite surface becomes
negatively charged due to HA loading, its IEP is shifted to lower pHs. As a conse-
quence, HA-coated magnetite particles form stable colloidal dispersions in a wide
range of pH and salt tolerance is enhanced. In the acidic region, systems become
highly unstable due to heterocoagulation.

Buckminsterfullerene C60 is an example of carbon-containing materials with
diversity of potential applications, but also of unwanted environmental and health
effects. Poor solubility of C60 in natural waters is a major factor controlling envi-
ronmental transport and biological interactions. Adsorption of HA on buckmin-
sterfullerene of different origin is driven by hydrophobic interactions characterized
by high adsorption constants depending on the C60 and HA nature. Reported val-
ues are on the same order observed for HA and polycyclic aromatic hydrocarbons
[10, 11]. The hydrophobic interaction between fullerene C60 and HA is weakened
at low pH, resulting in a decrease of the binding constants.

Moreover, soil humic substances were reported to stabilize multi-walled carbon
nanotube (CNT) dispersions due to the surfactant nature of HS [12]. Experiments
dispersing CNT in solutions of dissolved Aldrich HA and water-extractable Catlin
soil HS demonstrated enhanced stability at 150 and 300 mg/L, respectively, and
decreased CNT mean particle diameter and dispersion (250 nm and 0.3 for Aldrich
HA and 450 nm and 0.35 for Catlin HS, respectively). Analogous trends were
observed with addition of the synthetic surfactants Brij 35, Triton X-405, and
SDS. Accordingly, HA affects the deposition kinetics of hydrophobic materials
as in the case of fullerene nanoparticles (C60) onto silica surfaces. In fact, C60
adsorption on bare and HA and alginate pre-coated silica surfaces was investigated
over a range of monovalent (NaCl) and divalent (CaCly) salt concentrations [13].
Aggregation of fullerene nanoparticles occurs at high electrolyte concentrations.
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Moreover, deposition of C60 on bare silica is controlled by electrostatic interac-
tions and van der Waals attractions, consistent with the classical particle deposi-
tion behavior. The presence of dissolved HA and alginate leads to significantly
slower deposition kinetics, as also observed by pre-coating the silica surfaces with
HA and alginate in the presence of NaCl. On the other hand, even at relatively
low (0.3 mM) CaCl, concentration, the deposition kinetics of fullerene nanoparti-
cles onto both humic acid- and alginate-coated surfaces is increased. Such behav-
ior was attributed to HA molecules undergoing complex formation with calcium
ions which reduce the charge and steric influences of the adsorbed macromolecu-
lar layers.

4.3 HS-Containing Nanomaterials as Metal Scavengers

On the other hand, HS may have an important effect on the environmental uses
of nanomaterials as metal scavengers. Nowadays, nanomaterials have been widely
used to remove heavy metals from water/wastewater due to their large surface
area and high reactivity. Since HS exist ubiquitously in aquatic environments
and, as discussed before, because of their variety of functional groups, they may
complex with metal ions and may be adsorbed on nanomaterials. These interac-
tions not only alter the environmental behavior of nanomaterials, but also influ-
ence the removal and transportation of heavy metals [14]. The effects of HS on the
removal and environmental behavior of heavy metal ions by nanomaterials depend
on material type, pH, ionic strength, coexistence of other substances, and on the
involvement of mechanisms as complex formation, adsorption, electrostatic force,
oxidation/reduction, catalysis, etc. In particular, humic and fulvic acids (HA and
FA, respectively) have been reported to affect the removal and mobility of heavy
metals by various nanomaterials and thereby potentially alter the fate, transporta-
tion and bioavailability of heavy metals in the environment. HA/FA may change
the surface properties, aggregation, transportation and toxicity of nanomateri-
als, and may bind metal ions by forming complexes on the mineral surface or in
solution. For example, when HA and arsenic are incubated together or introduced
sequentially with hematite, HA greatly reduced the sorption extent of both As(III)
and As(VI) on hematite due to arsenic ions complex formation with HA. Thus, HA
may promote mobility of arsenic in the environment. Generally, HA/FA influences
metal bioavailability by decreasing the amount of metal ion available for the biotic
ligand [14].

Liu and coauthors took advantage on HS efficiency for removing metals and
developed HA-coated Fe3Os nanoparticles (HA/FesO4 ~11 % w/w) for the
removal of toxic Hg(Il), Pb(II), Cd(Il), and Cu(Il) from water [15]. HA/Fe30q4
composites showed ~10 nm Fe3O4 cores and formed aggregates with average
hydrodynamic size of ~140 nm. Such particle suspensions were observed to be
stable in tap water, natural water, and acidic/basic solutions in the range from
0.1 M HCI to 2 M NaOH. Moreover, HA/Fe304 showed saturation magnetization
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of 79.6 emu/g which allows the magnetic separation of the particles from water
with low magnetic field gradients within a few minutes. Sorption of the heavy
metals to HA/Fe304 reached equilibrium in less than 15 min, and could be well
fitted to the Langmuir isotherm model yielding maximum adsorption capacities
of 46.3-97.7 mg/g. Leaching back of the adsorbed heavy metals was found to be
negligible.

HA are also capable of functioning as electron shuttle between cells and par-
ticles such as ferrihydrite [16]. In fact, microbial reduction of Fe(IlI) minerals
at neutral pH is faced by the problem of electron transfer from the cells to the
solid-phase electron acceptor. However, it was shown that Pahokee Peat HA in
the presence and absence of phosphate influences the rates of Fe(IIl) reduction
by Shewanella oneidensis MR-1 and the structure of the minerals formed. In gen-
eral, phosphate decreases the reduction rates by sorption to the ferrihydrite thus
blocking the surface sites. Addition of HA to 5 mM ferrihydrite solutions helped
to overcome this inhibiting effect due to HA electron shuttling capacity. In con-
trast, at higher ferrihydrite concentrations (30 mM), the addition of HA leads to a
decrease in the reduction rates due to ferrihydrite aggregation. In the presence of
phosphate the stimulation effect occurs until a minimum concentration (10 mg/1)
of dissolved HA is reached. Above dissolved HA concentrations of approximately
240 mg/1 the electron shuttling effect ceased. In the presence of HA, the reduced
Fe(III) mineral products yield magnetite materials of low crystallinity and smaller
grain size.

4.4 HS as Reactants for the Production of Nanomaterials

HS are used as reactants for the production of nanomaterials. Silver nanoparticles
(AgNP) were synthetized in Ag™—FA solutions under relevant environmental con-
ditions (temperature, pH, and UV light) [6]. An increase in temperature from 24 to
90 °C and pH from 6.1 to 9.0 of AgT—Suwannee River FA solutions accelerated
the appearance of the characteristic surface plasmon resonance of AgNPs. The rate
of AgNP formation via reduction of Ag* depended on the FA origin, which was
found to be related to the FA content of free radicals. The same order of AgNP
growth was seen upon UV light illumination of AgT™—FA and Ag™—HA mixtures in
moderately hard reconstituted water. The AgNP formed were observed to be sta-
ble for several months. Transmission electron microscopy and dynamic light scat-
tering measurements revealed bimodal particle size distributions of aged AgNP.
Particles formed by fulvic and humic acid fractions of natural organic matter in the
environment may be transported over significant distances and might also influ-
ence the overall bioavailability and ecotoxicity of AgNPs.

Organic—inorganic hybrid materials represent a creative alternative to design
new materials and compounds with improved or unusual features which allow the
development of innovative applications. Most of the hybrid materials that have
already entered the market are synthesized and processed by using conventional
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soft chemistry based routes [17] based on the copolymerisation of functional orga-
nosilanes, macromonomers, and metal alkoxides, the encapsulation of organic
components within sol-gel derived silica or metallic oxides, and the organic func-
tionalization of nanofillers, nanoclays, etc. Moreover, the organic template stabi-
lizes the microscopic structure of the material upon heat-drying; thus providing
a potential solution to the problem of structural changes inherent to sol-gel mate-
rials long after the completion of their synthesis. In particular, organic—inorganic
hybrid materials involving natural materials offer remarkable hydrodynamic, aero-
dynamic, wetting, and adhesive properties [18].

4.5 Bioorganic Substances for the Synthesis
of New Materials

Urban bio-wastes (UBW) have been shown to be a potential cost-effective renew-
able source of soluble humic-like substances known as bioorganic substances
(SBO) [19]. SBO produced in relatively large scale by alkaline hydrolysis of
UBW sampled from various process streams show promise as chemical aux-
iliaries for a number of technological applications in the chemical industry and
in environmental remediation [2, 3]. UBW-SBO are mixtures of substances with
molecular weights in the range (1-3) x 10° Da, formed by long aliphatic C chains
substituted by aromatic rings and COOH, NCO, C=0, PhOH, O-alkyl, O-aryl,
OCO, OMe, and alkyl amines functional groups. They have been suggested as an
interesting source of biosurfactants with diversified properties depending on the
nature of the waste and of its treatment process. Performance as classic surfactants
and as dispersants was suggested due to their capacity to yield micelles and con-
tent of macromolecules, respectively [3]. In that sense, they were tested as a dis-
persant of dyes in fabric dying and as detergents for fabric cleaning. Moreover,
SBO have been reported to show photosensitizing behavior as a consequence of
the photoproduction of reactive radicals and excited species [20, 21] and have
shown capacity as complexing agents of Fe(II/III) to drive photo-Fenton processes
under non acidic conditions [22]. Because of these properties, the use of SBO in
materials chemistry is wide and promising. As will be described further, they were
used as templates in the synthesis of nanomaterials to yield hydrophilic surfaces,
as coatings of magnetite nanoparticles for metal extraction, as templating agent-
binder of mesoporous silica, TiO, and perovskite to be removed by calcination,
and as immobilized catalyst over silica for waste water treatment.

Measurements of the SBO hydrodynamic diameter in solution indicated
the formation of 130-300 nm size aggregates with no significant dependence
on concentration and origin for SBO < 10 g L~!. High hydrodynamic diameter
values were suggested to be consistent with the macromolecular nature of these
substances, in agreement with molecular weight data. Hints of the formation of
large aggregates by intermolecular interactions may be found at 50-100 g L~!
SBO concentrations. Under these conditions SBO are no longer soluble in water
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yielding rather compact viscous gel-like phases separating from the bulk water
phase. Interestingly, chemical analyses indicated similar chemical composition of
the organic matter in the gel phase and in the remaining aqueous phase. Whereas
at concentrations <10 g L™! SBO perform similarly to molecule surfactants, at
concentrations >50 g L™! they behave like polyelectrolytes [23].

SBO sol-gel phases can hold relatively heavy objects which laid over the gel
surface with no appreciable sinking. In fact, SBO have also been reported [24] to
be efficient in the flocculation of alumina, zirconia and barium titanate. Addition
of 25-50 ppm SBO on 3 % alumina, zirconia and barium titanate suspensions
leads to particles settling within 5 h, leaving a clear supernatant. Zeta potential
measurements performed with zirconia in the presence of SBO indicates that the
zero charge point is shifted from pH 8 to around pH 6.6 as a consequence of the
strong interaction between the zirconia surface and the biosurfactant. Also, the
surface charge was reduced significantly in the presence of the biosurfactants at all
pH values. The reduction in charge was suggested to be the reason for the strong
flocculation tendency of the various types of oxides studied.

The capacity of SBO to yield molecular aggregates of variable conformation
and size in solution offered scope for investigating the use of SBO as templates
for tailoring the morphology of inorganic oxides of use in various technological
applications as catalysts, membranes, sensors and nano-electronics. SBO have
been found [24] to perform as template for fabricating silica powders with
4-40 nm pore size. Silica synthesized by sol-gel reaction in the presence of the
SBO showed morphology depending on the SBO concentration. In fact, silica syn-
thesized in the absence of SBO showed few small mesopores possessing width of
about 3 and 4 nm while the use of 3 g L~! SBO led to a sharp pore distribution
characterized by a mean pore size of 4 nm. Use of 10 g L~! SBO as template led
to a silica material with broad porous covering the 10-100 nm range and centered
at about 30—40 nm. The differences in pore size depending on concentration are
consistent with the concentration-dependent conformational changes of SBO in
solution (vide supra).

(a) Paramagnetic iron-containing hydroxyapatite nanoparticles

The use of Ca’" complexes of SBO-substrates from urban wastes as synthe-
sis precursors of paramagnetic iron-containing hydroxyapatite nanoparticles
(SBO-FeHAp) lead to significant changes in the particles morphology and sur-
face chemistry. Among the observed effects are: a reduction of the crystallinity of
hydroxyapatite domains, elongated and smaller particles with higher specific sur-
face area, reduced Ca?* content, formation of surface phosphated iron and iron
oxides, increased oxygen content at the surface, and an overall negative surface
charge at pH 7.0. Figure 4.1 shows the HRTEM images of pure hydroxyapatite
and SBO-FeHAp nanoparticles for comparison purposes.

Moreover, formation of magnetite seems responsible for the particle paramag-
netism. Such surface and structural modifications support the formation of stable
homogeneous aqueous suspensions of the particles, which show a reduction of the
size of the agglomerates when increasing the SBO content in the synthesis procedure.
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Fig. 4.1 HRTEM micrographs of pure hydroxyapatite nanoparticles (leff) and SBO-templated
paramagnetic iron-containing hydroxyapatite nanoparticles (right)

Testing of the SBO-templated particles as Cu>* ions scavengers from aqueous solu-
tions, indicates a significant improvement in the Cu>* adsorption capacity. Maximum
sorption values of 550-850 mg Cu®* per gram of particles suspended in an aqueous
solution at pH 7 were obtained, almost 10 times the maximum values observed for
pure hydroxyapatite nanoparticles suspensions under the same conditions [18]. Such
improvement is correlated with a negatively-charged surface, the presence of phos-
phate and Fe-OH surface groups. However, a second important effect appears to be
the agglomerates size, as agglomeration seems to severely reduce the effective sur-
face available for adsorption in aqueous suspensions. Undoubtly, these materials are
a potential, self-sustaining, environmentally friendly, and efficient material for Cu>*
removal and aqueous effluent remediation [18]. Figure 4.2 shows a schematic dia-
gram of the potential practical applications of the particles.

(b) SBO-functionalized magnetic nanoparticles

HA-stabilized magnetite nanoparticles were synthesized for their use as dyes
adsorbents [25]. Considering the large similarity between humic substances and
SBO, an analogous procedure was employed to prepare SBO-functionalized mag-
netic nanoparticles [26], as explained in Fig. 4.3. Sample, namely Fe304-SBO, can
be prepared adding a black solution of SBO to an alkaline solution of Fe?*/Fe3*
precursors, forming almost spherical particles of about 10-15 nm diameter cov-
ered by an amorphous organic phase.

The supernatant solution is quite clear at the end of the synthesis, indicat-
ing that almost all the black organic matter added is bonded to the formed parti-
cles. The solid materials can be easily separated from the synthesis medium by
means of a magnetic filtration. The analysis of the interference fringe patterns
and of XRD reflections confirms the presence of nanometric magnetite particles.
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Fig. 4.2 Convenient use of magnetic HAp nanoparticles for Cu>* sorption
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Fig. 4.3 Schematic representation of Fe304-SBO synthesis

The particles aggregation, the saturation magnetization, and the adsorbing prop-
erties were shown to be a function of SBO loading, as shown in Fig. 4.4. The
adsorbing capacity was tested using two cationic dyes differing in an aminic
group: Crystal violet (CV) and Malachite green (MG).
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The adsorption isotherms evidenced promising results and the concrete pos-
sibility of using the system for dyes (organics) removal from aqueous solution.
Moreover, preliminary tests, see Fig. 4.5, carried out irradiating SBO nanoparti-
cles suspended in CV aqueous solution (Hg source, filter 300 nm) indicate a pho-
toactivity of the system with a slow but consistent abatement of the dye. The shape
of the curve and experiments carried out in the dark/light suggest that the degrada-
tion reaction occurs after a preliminary adsorption step.

(¢c) SBO functionalized silica

SBO was covalently immobilized on the surface of amorphous silicas with dif-
ferent morphology activated with aminopropyl groups and using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in one-pot procedure with SBO
molecules following a protocol developed by Silva et al. [27] and extended
to SBO grafting by Testa et al. [28]. The materials contained ~34 % w/w of
organic matter were tested in order to verify the photoactivity of SBO mole-
cules after their chemical immobilization on siliceous supports. The aim of
this procedure is to obtain a heterogeneous photocatalyst active in pollutants
abatement.
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Fig. 4.5 VC degradation followed by UV-Vis spectroscopy at 583 nm. Black points: experiment
with light irradiation at t = 0. Red points: experiment with a preliminary adsorption step carried
out in the dark for 4 h before light irradiation

The morphologic characterization of powders are summarized in Table 4.1.

The data in Table 4.1 clearly suggest that the functionalization procedure
greatly affects the morphologic behavior of the starting silicas, in particular deal-
ing with HMS sample: the specific surface area decreases as well as the total mes-
oporosity. Nevertheless, preliminary irradiation experiments results obtained using
4-methylphenol as substrate in a solarbox (Xe lamp, filter 340 nm), indicate a
good activity of all the functionalized silicas towards 4-methylphenol abatement
versus a negligible substrate adsorption. Overall, the results suggest that the activ-
ity of the materials is not only due to the contact between powders and substrate
but also to reactive species produced by SBO molecules (Fig. 4.6).

The same test (methylphenol abatement in Solarbox) was carried out graft-
ing deashed SBO (i.e., treated in order to eliminate the inorganic residues) on the
amorphous silica: in this case the abatement improves by ca 10 %, indicating that
the removal of inorganic residues is beneficial for sample photoactivity.

Table 4.1 Surface area and total mesoporosity determined from Nj adsorption curves at 77 K
fitted to BET isotherms

Samples BET (m%g) BJH total mesoporosity (cm?/g)
Amorphous SiO; 514 1.73

Amorphous SiO; + SBO 137 0.07

Amorphous SiO; + deashed SBO 65 0.15

BA 755 2.40

SBA + SBO 79 0.14

HMS 997 1.51

HMS + SBO 5 Not measurable

SBA stands for SBA-15, HMS corresponds to hexagonal mesoporous silica
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Fig. 4.6 Abatement of 10 ppm of 4-methylphenol after irradiation in a solarbox (Xenon lamp,
1,500 W, filter at 340 nm) in the presence of 1,200 ppm SBO-functionalized silica (fop) and
amorphous silica functionalized with SBO (as is and deashed, bottom)

(d) Mesoporous siliceous monoliths

Mesoporous siliceous monoliths were prepared by using commercial silica nan-
oparticles and SBO as templating agent-binder to be removed by calcination at
450 °C [29]. The heterogeneous nature of SBO, which is composed by organic
matter with surfactant properties and by inorganic residues (alkaline and hearth-
alkaline salts, among others, and silica), allows to obtain handlable aggregates of
silica particles fused together (with the inorganic residues acting as glass frit bond-
ing components [30]) with mesoporosity brought about by surfactant molecules
aggregation and micellization (Fig. 4.7).

Monoliths were prepared starting from two different commercial silicas, one pyro-
genic and essentially hydrophobic (namely, A300 by Degussa), and one prepared
via precipitation in water and hydrophilic (namely, Sipernat 320 by Evonik). Aim of
the work was thought in the field of water remediation and was twofold: (i) to pre-
pare mesoporous siliceous monoliths with modulated hydrophilicity/hydrophobicity



4 Effect of Humic Substances and Bioorganic ... 53

3
H0

Stirring
Drying Calcination

MONOLITH

Stirring

Fig. 4.7 Schematic representation of monolith production, From left to right SBO stirred in
water, addition of silica powder to the mixture, suspension put in a Pyrex Petri dish for drying
and following calcination in oven at 450 °C for 3 h. The last bottom figure represent the monolith
before and after the calcination treatment

(considering various mixtures of the two starting silicas) to be used as adsorbing
materials towards hydrophilic or hydrophobic pollutants, and (ii) to prepare biocata-
Iytic handlable devices by means of enzyme covalent immobilization for pollutant
degradation.

Considering the latter application, the mesoporous monoliths were surface
functionalized using Soybean Peroxidase (SBP) [29] and Lipase from Candida
antarctica [31]. In both cases the enzymes were immobilized on aminopropyl-
functionalized monoliths using glutaraldehyde molecules as spacers (Fig. 4.8).

The covalent immobilization of SBP on hydrophobic A300-based monolith
failed, as indicated by experimental results carried out with DMAB/MBTH (at
pH = 5.4 in the presence of H>O,). SBP activates HyO, molecules allowing the
formation of a violet compound observable via UV-VIS spectroscopy at 590 nm.
The first reaction cycle occurs with a very limited reaction yield which decreases

Fig. 4.8 Hand-made spheres
of Sipernat 320-based SiO;:
the diameter of each sphere is
approximatively 0.5 cm
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to zero in the second reaction cycle, indicating that the enzyme is bonded to the
A300-monolith surface only via weak physical adsorption and suggesting that the
hydrophobic support is not suitable in covalently bonding SBP species.

The best results were obtained immobilizing SBP on hydrophilic Sipernat 320-
based monolith: for this system an activity percentage of 100 % (measured as %
decrease of absorbance at 590 nm) was reached in 3 h of reaction. Furthermore, the
system is stable and retains about 80 % of its initial activity after 20 reaction cycles.

On the other hand, lipase immobilization showed opposite results. When the
protein was immobilized on a Sipernat 320-based monolith, and tested with p-nitro-
phenyl dodecanoate (p-NPD) at pH = 7 monitoring the hydrolysis and the follow-
ing formation of p-nitrophenol spectrophotometrically, the results indicate that the
catalytic activity of this system is not relevant. Hydrolysis specific rate is very close
to zero value, probably because the active centers of the enzyme are closed to the
access of the substrate because of the hydrophilic nature of supporting monolith.

Good results were indeed obtained with p-NPD hydrolysis carried out with
immobilizing lipase on hydrophobic A300-based monoliths. The reaction yield is
fair and, above all, the immobilized enzyme results much more stable than free
enzyme after 7 days of storing in the dark at pH =7.5and T =4 °C.

The results above described indicate that the hydrophilicity/hydrophobic-
ity degree of the support (whose properties can be modulated through the choice
of the appropriate starting material) can affect both the enzyme immobilization
results and the catalytic activity of the biocatalyst (i.e., favoring or prejudicing
support-substrate interactions).

(e) Perovskite material

LaFeOs3 is a perovskite mixed oxide which can be used as photocatalyst activated
by visible light and/or as material for fuel cell electrodes thanks to the high mobil-
ity of oxygen species present in its framework.

The oxide was synthesized by an auto-combustion method [32] using soluble
bio-organic substances (SBO) extracted from composted urban wastes [19]. In this
synthesis SBO replaced the traditional citric acid, as fuel, templating and chelating
agents, while metal nitrates represented metal sources and oxidizers [33]. The syn-
thesis parameters (such as pH, fuel-to-metal cations ratio and reducers-to-oxidiz-
ers ratio) were optimized and SBO isolated from waste with different behaviours
were employed to test how they can affect the synthesis products. The morpho-
logic, structural and chemical characterization of the samples was carried out by
means of X-Ray Diffraction combined with Rietveld refinement, Scanning and
Transmission Electron Microscopies, gas-volumetric N, uptake at 77 K and FTIR
spectroscopy. All samples showed 5-10 m%/g of specific surface area and limited
mesoporosity, but a sonication treatment allows to largely increase these values
causing the opening of closed porosities formed during the auto-combustion pro-
cess [34, 35]. LaFeOs samples were used as photo-catalysts for the abatement of
two model contaminants: Crystal Violet, a cationic dye, and 4-methylphenol, a
representative phenolic compound that could be found in wastewaters. In the first
case, pollutant abatement reached 100 % of yield at suspension pH = 9.8, whereas
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Fig. 4.9 Abatement of crystal violet (/eff) and 4-methylphenol (right) with LaFeOs. Experi-
ments performed with 10 mg/L of substrate and 1,200 mg/L of photocatalyst in solarbox, with
xenon lamp and cut-off filter for wavelengths below 340 nm

the photo-degradation of 4-methylphenol was less efficient and greatly influenced
by pH, with abatment yield from 10 % at pH = 8 up to 33 % at pH = 12. The
analysis of the ¢ potential of the particles versus pH indicates that the different
reactivity is influenced by the different charge of the material surface and by the
subsequent approach of the substrates to the photocatalyst surface (Fig. 4.9).

(f) Mesoporous TiO»

Mesoporous TiO; was synthesized via sol-gel procedure using BOS as templating/
structure-directing agent and characterized by means of physico-chemical tech-
niques (TEM, XRD, adsorption of N; at 77 K, water adsorption microcalorimetry)
[36]. The aim of the work was to produce a high surface mesoporous photocata-
lysts, but the characterization results opened the way to further considerations con-
cerning SBO properties.

The TEM images and the relevant characterization data relative to TiO, materi-
als are reported in Fig. 4.10 and Table 4.2.

The analysis of the particle size evidenced by TEM images and calculated by
Scherrer equation from XRD signals indicates that SBO molecules affect the TiO;
particles formation and growth, since, as demonstrated in the literature for yeast
templated TiO; material [37], ionic moieties in the SBO molecules can behave like
nucleation sites towards ionic oxide formation. The gel formed in the presence of
high SBO concentration (sample TiO,-SBO50) is OH-reach with respect to the
non-templated one, giving an oxide with hydrophilic surface and extensive aggre-
gation of the primary particles. The latter property reflects on N, adsorption data
which show the decrease of the apparent specific surface area and of interparticle
porosity increasing SBO amount in synthesis procedure.

The comparison of the results obtained for TiO, and SiO, prepared in the
presence of SBO [24] indicates that the biosurfactant plays a different role when
used in the presence of TEOS (tetraethyl orthosilicate, SiO; precursor) and TIIP
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Fig. 4.10 TEM images relative to TiO; (left) and TiO»-SBOS50 (right) samples

Table 4.2 Morphological and structural features of TiO, samples as obtained from XRD and
gas-volumetric adsorption of Ny at 77 K

Samples XRD results Ny adsorption at 77 K
Crystalline phases | Particle Specific Larger pore | Pore volume
size from surface area | size from from BJH
Scherrer (m%/g) BJH (nm) (cm?/g)
(nm)
TiO, Anatase + brook- |18 88 21 0.45
ite
TiO,-SBO10 | Anatase 11 80 10 0.30
TiO,-SBO50 | Anatase 10 69 7 0.19

(Titanium tetraisopropoxide, TiO> precursor). In the first case SBO molecules act
as real templating agents forming silica with increasing porosity upon increasing
SBO amount in synthesis procedure. In the latter case SBO molecules interact
with Ti**+ species forming a large number of nucleation sites during TiO, forma-
tion, increasing the hydrophilicity and the aggregation of the oxide particles and
limiting, at the same time, their growth.
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Chapter 5
Mathematical Modeling for SBO
Applications

A.C.S.C. Teixeira, A.M. Lastre Acosta, A.S. Vianna Jr
and G.A.C. Le Roux

Abstract Modeling and simulation are recognized as extremely valuable tools for
developing new materials by increasing efficiently the knowledge on systems. The
mathematical tools and methods necessary to build a wide range of models are
presented here. Two case studies illustrate the different mathematical approaches
introduced: the SDZ photodegradation in SBO and the adsorption in SBO-
magnetite particles.

Keywords SBO - Modeling + Simulation + Parameter estimation *+ Photo-Fenton -
Photodegradation * Adsorption

5.1 Introduction

There is great variety of books and references that introduce mathematical mod-
eling for a wide range of different systems. In this chapter we would not dare to be
as ambitious as to give a new contribution to this traditional theme. Two interest-
ing applications involving SBO are presented and the theory necessary to under-
stand the methods used in both the applications is rapidly presented. A list of
references that can be useful in dealing with new problems is presented.
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A mathematical model is a collection of equations that are suited to represent
the quantitative relation between variables. Roughly, variables can be classified
into three different groups:

e independent (noted x);
e dependent (noted y);
e parameters (noted 0).

Independent variables are variables that can be set by the experimenter, such as
temperature, initial reactant concentration or catalyst concentration in a reaction,
for instance. Dependent variables are variables that correspond to the result of the
experiment, or in other words, that are the consequence of the experimental condi-
tions set. These variables correspond to what is aimed to be predicted. A model
can be expressed through the following mathematical notation [1]:

y=1(x,0) (5.1)

5.2 Fundamentals of Model Adaptation

A model is only valuable if it represents the reality as well as needed for the objec-
tive it is suited for [2]. In other terms, the objective of adjusting a mathematical
model to experimental data is to obtain a representation of the system as accurate
as possible and as useful for a particular application.

In order to perform this important task many different techniques are available
but the basis for model adaptation is to understand that the final model must fit the
data as good as possible, without overfit. The overfit is a pathology that must be
avoided because when it arises, some deterministic features of the model serve as
to represent random errors, making extrapolation uncertain.

On the other hand, if the model is too simple, it will be impossible to repre-
sent some features of the phenomenon. The built of such a mathematical model
is an iterative task, where models are proposed, adjusted to the experimental data
and modified until the utility requirement is reached. The iterative procedure could
point out also that more experimental data should be obtained in order to improve
the utility of the final model.

5.2.1 Strategies

In fitting the model a criterion must be assumed that measures the distance between
the model and the experimental data. Criteria are in general based on statistical
assumptions, as for maximum likelihood family, but the choice is very wide. The
simpler choice is the Euclidean distance, termed as the sum of the square of the dif-
ference between measured and predicted quantities [3, 4]. The estimator defined by
minimizing the former criterion is the well-known least square estimator.
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The problem is that if a model is too complex, in other words, if it possesses
too many parameters, the criterion can get very small, but predictions accuracy
would degrade and thus get much less reliable. This is what is called the overfit.

As far as the model gets more complex its potential overfit gets of great con-
cern. There are two ways to avoid overfit: by controlling the complexity of the
model (the parsimony principle, also called Ockham’s razor) or by using a strategy
based on prediction accuracy, whose aim is not to reach the best fit, but the best
prediction capability.

5.2.1.1 Models Linear in Parameters

In what is called surface response techniques, models that are linear in parameters
are used. Models linear in parameters are models in which the independent varia-
bles are postulated as the sum of the product of nonlinear parts, termed regressors,
and parameters, as in Eq. 5.2:

p

y=F£(x,0) =) 6iri(x) (5.2)

i=1

A polynomial is a model linear in parameters, where the regressors are products of
independent variables raised to integer powers. One of the great advantages of mod-
els linear in parameters is that the values of the parameters that minimize a sum of
squares criterion can be obtained analytically, without any iterative procedure.

Many experimental designs that make the procedure more efficient are avail-
able in literature. The most widely used is the factorial design where combina-
tions of the independent variables taken at their maximum and minimum are used,
and are optimal for linear regressors. For second order polynomials Box-Behnken
design, that makes use of the central point is mostly used, but the Doehlert design,
where some independent variables are taken at intermediate values (not maxi-
mal, nor minimal, nor central) is the more efficient as less experimental points are
needed in order to fit a model of second degree.

The goodness of fit is assessed by means of parity plots and correlation statistics,
like R2. After the model is adjusted, the parameters estimates are tested in order to
verify if their value is significantly different from zero. If not, they are removed from
the model following parsimony principle, thus serving to avoid model overfit.

Many commercial softwares perform this kind of analysis. Even most com-
mercial spreadsheet calculators can perform some of the tasks for surface response
analysis.

5.2.1.2 Models Nonlinear in Parameters

Models nonlinear in parameters cannot be expressed as in Eq. 5.2. The complexity
of the problem of fitting nonlinear models is increased because the solution becomes
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iterative. The solution cannot be obtained analytically, but only through an iterative
algorithm like Newton-Raphson or Levemberg-Marquardt. Many numerical envi-
ronments like Matlab or Scilab perform this kind of calculation.

The problem is that the convergence to a solution is not guaranteed, the exist-
ence of an unique solution cannot be proven a priori and pathologies like practical
unidentifiability [5] make more difficult to diagnose if the models are overfitted, or
if problems are due to numerical convergence issues, or to oversimplified models,
or even to gross experimental errors.

Solutions are difficult to obtain and a good amount of know-how is still neces-
sary in spite of the stage of development of the computational tools. The goodness
of fit is assessed as for linear models, and parameters estimates are analyzed in
terms of individual confidence intervals of the parameters because they are indi-
rectly an indicator of the overfit of the model.

5.2.1.3 Overparameterized Models

In cases where models based on first principles would be too complex, extremely
flexible models with an impressively large number of parameters are an alternative.
Artificial Neural Networks are a great example of this kind of models but some
categories of linear models, with a huge number of independent variables has also
become very frequent, and made useful through Pseudo Least Squares technique.

Feed-forward Artificial Neural Networks present a very large number of param-
eters that can be larger than the number of experimental data. This kind of model
is extremely flexible and is able to fit any phenomena, depending on the number of
neurons considered.

In order to make predictions reliable the objective of obtaining parameters that
make the model as close to the experimental data is left aside, instead, the capa-
bility of prediction is tested on a data set (Test Set) that is not used to adjust the
model (Learning Set). Thus, parameters are only updated as far as their prediction
is improved. Once the prediction in the Test Set is not improved anymore, param-
eters are not updated any further. This kind of approach is very good for interpola-
tion, but extrapolation, that is, predicting in conditions outside the Learning and
Test Sets domain, should be cautiously avoided.

5.3 Applications (Case Studies)

5.3.1 Application to an Advanced Oxidation Process
Enhanced with SBO

Large amounts of antibiotics have been detected in different aqueous matrices
throughout the world. However, some of these pharmaceutical products are not
eliminated completely by conventional biological and physicochemical-based
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treatments in sewage treatment plants. Among them, sulfadiazine is not readily
biodegradable and has been frequently detected in drinking water, surface water,
groundwater and wastewater from treatment plants [6].

Advanced oxidation processes (AOP) are highly promising for the remedia-
tion of contaminated aqueous systems; among them the photo-Fenton process
has been widely used. The change of pH has significant effects on the Fenton
reaction and the optimum is generally accepted to be around 3 [7]. At higher
pH, the system efficiency is decreased since iron ions precipitate as iron hydrox-
ide. This issue is a serious constraint for the employment of the photo-Fenton
process in full-scale operation. Therefore, iron complexation in the presence of
organic compounds seem promising for extending the optimum pH range, as
reported for humic acids [8].

Soluble bio-organic substances (SBO) obtained from urban bio-wastes have
been used as chemical auxiliaries in photochemical processes for environmental
remediation [8—10]. They contain a significant mineral portion, in particular iron.
For this reason, the photo-Fenton process might be driven with these compounds.
In the following paragraphs, we briefly discuss the use of response surface tech-
nique and neural network modeling for the study of the photo-Fenton degradation
of the antibiotic sulfadiazine (SDZ) in the presence of SBO CVT230 [8].

5.3.1.1 Doehlert Uniform Array Design for Three Variables
and Response Surface Model

A Doehlert uniform array design was used to investigate the effects of [Fe3t]y
(1-15 mg LY, [SBO]y (5-50 mg L~') and pH (3, 5 and 7) on SDZ photo-
degradation. The experiments were carried out at [SDZ]yp = 25 mg L~! and
[H202]p = 244 mg L, according to Table 5.1. In this study, 750 (half-life time, min)
was selected as the response variable.

Multiple regression analysis based on the least square method was performed
using Statgraphics® Centurion XVI software. The model for 50 is a second-order
polynomial equation with ten coefficients (Eq. 5.3) where X, X, and X3 are the
coded variables studied ([Fe3+]0, [SBO]Jp and pH, respectively). The results of the
regression analysis are listed in Table 5.2. The significance of each effect was eval-
uated based upon the F-test with P < 0.05. The determination coefficient, R2, was
equal to 0.995. According to the standardized Pareto chart, within the range of val-
ues of parameters studied, the effects of pH and SBO played the most important
roles on the half-life time (#59, min). The marked effect of pH is expected regard-
ing the efficiency of the Fenton reaction.

ts0 = bo + b1X1 + baXp + b3X3 + b1 X] + bnX;
+b33X3 + b1X1 Xy + bi3X1X3 + b Xo X3 (5.3)

The effects of Fe** and SBO on 75 at different pH values (3, 5 and 7) are shown
in the surface response contour plots (Fig. 5.1).
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Table 5.1 Doehlert design matrix for three factors and experimental values of 750*

Exp. [Xi X X; [Fe™]o (mg L) [[SBOJo (mgL~") |pH | 150 (min)
1 0 0 0 8 27.5 5 46.6
1A 0 0 0 8 27.5 5 51.2
1B 0 0 0 8 27.5 5 48.8
2 1 0 0 15 27.5 5 36.7
3 0.5 0.866 0 11.5 50.0 5 40.7
4 0.5 0.289 0.817 11.5 35.0 7 109.8
5 —1 0 0 1 27.5 5 51.0
6 —0.5 | —0.866 0 4.5 5.0 5 60.6
7 —0.5 —0.289 | —-0.817 4.5 20.0 3 5.8
8 0.5 | —0.866 0 11.5 5.0 5 39.8
9 0.5 —0.289 | —-0.817 11.5 20.0 3 5.6
10 0 0.577 | —-0.817 8 42.5 3 4.4
11 -0.5 0.866 0 4.5 50.0 5 334
12 —0.5 0.289 0.817 4.5 35.0 7 132.1
13 0 —0.577 0.817 8 12.5 7 152.6

aVariables X, X» and X3 represent the codified values of [Fe3* 1o, [SBO]p and pH, respectively

Table 5.2 Model

coefficients and estimated
effects of the factors on 759 by
multiple regression analysis

Coefficients Estimated effects

Mean 48.9 (b,) 48.9
Xi: Fe’t —8.1 (by) —16.2""
X,: SBO —10.5 (by) —18.1""
X;3: pH 77.3 (b3) 126.24™
X2 —5.0 (by1) —10.0"
X Xo 16.2 (by2) 2817
X X3 —19.3 (by3) —31.5"
X2 —5.3 (byy) —8.0m
X7 X3 —21.5 (b) —30.5""
X3 31.8 (b33) 42,5

“*Significant (P < 0.05), ™Non-significant

At pH 5 the region of minimum for 759 is expected for low and high levels of
Fe3T and SBO, respectively. The same situation is observed in the opposite case
(low SBO and high Fe* levels). A possible explanation for this behavior is related
to the fact that, when Fe> is at low concentrations, organic compounds present in
the SBO would be able to complex iron cations and as a result metal precipitation
would be avoided. By contrast, for Fe’>T at high concentrations, a large amount of
SBO would not be needed for the photo-Fenton process. At pH 7, the SBO was
able to enhance the photo-Fenton reaction but high levels of Fe3 and SBO are
needed to increase the efficiency of the process as shown in Fig. 5.1c. Contrary, at
pH 3 high levels of these variables are not advisable.
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Fig. 5.1 Contours of the estimated response surfaces for the half-life time (#50, min) at:
apH =3;b pH =5 and ¢ pH = 7; where Fe and SBO represent the codified factors

5.3.1.2 Artificial Neural Network Model

The results of the Doehlert design were used to fit an artificial neural network
(ANN) model with one hidden-layer feed-forward and sigmoidal response func-
tion, as presented in Fig. 5.2. The input variables were [Fe’*]y (1-15 mg L™"),
[SBO]Jp (5-50 mg LD, pH (3, 5 and 7) and [H2O5]p (61 and 244 mg LY. The
model predicts the removal of SDZ at a given irradiation time. Therefore, the out-
put variable was [SDZ]/[SDZ]o. All variables were normalized. The preliminary
fitting was carried out with the complete experimental data (300 input-output data
pairs) by varying the number of neurons in the hidden layer (NH) from 4 to 8 and
with a total of 10,000 iterations. As a result, outliers could be identified and elimi-
nated from the experimental data by comparing predicted values with experimen-
tal data. A fraction of ca. 25 % of the data pairs was used in the test set (TS).

The best configuration corresponds to a neural network with 7 neurons in the
hidden layer, as observed in Fig. 5.2a. The agreement between experimental and
calculated values is good for both data sets (Fig. 5.2b), with a = 0.999 and 0.993
and R?2 = 0.983 and 0.974 for the learning set (LS) and test set (TS), respectively.
Figure 5.2c shows the relative importance of the variables based on the holdback
input parameter randomization (HIPR) method proposed by [11]. As expected for the
photo-Fenton process, initial pH showed the largest effect upon the SDZ removal,
while [Fe3*t]o, [SBO]y and [H,O3]p had similar effects. Simulations of selected
experiments (experiments 6, 7 and 12 of the Doehlert design) were compared with
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Fig. 5.2 Artificial neural
network model fitting for the
photo-Fenton degradation
of SDZ in the presence of
SBO. In 4d, dotted lines
represent the predicted
time-concentration profiles
obtained with the NN model.
LS learning set; 75 test set
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experimental results (Fig. 5.2d), confirming the good agreement between model pre-
dictions and experimental data. The neural network technique was therefore capable
of extracting the information from experimental data and reproducing the behavior of
a complex system. In Fig. 5.2d an interesting issue, typical of non-phenomenological
models, can be observed: for experiment 12, at the end of the experiments the model
predicts that the concentration of SDZ would slightly increase.

5.3.2 Application to SBO-Magnetite Particles Adsorption

Two groups of experimental data were analyzed. First, the N> adsorption in SBO-
magnetite was studied. The second group of experimental data is the adsorption of
violet crystal in SBO-magnetite particles. The data was divided into four groups.
Each group was analyzed individually with the Langmuir and Freundlich equations.

5.3.2.1 Fundamentals of Adsorption and Kinetics

In general, adsorption is studied for heterogeneous kinetics and its fundamentals
are widely known. Brunauer et al. [12] proposed five types of adsorption isotherms:
(1) type 1: characterized by a monotonic approach to a limiting amount of adsorp-
tion, (2) type 2: it is a typical example of physical adsorption, and can occur by
capillary and pore condensation; (3) type 3: it has a monotonic approach but there
is not a final limit value, i.e., no saturation; (4) type 4: it is very similar to type 2,
but presents a limit value; (5) type 5: it is very similar to type 3, but presents a limit
value as well.
Type 1 can be modeled using the Langmuir approach:

VvinK Pa
v= "t (5.4)
1+ K Py

where vy, is the volume of the monolayer, P4 is the partial pressure of species A
and K is an equilibrium constant.
The Freundlich equation is:

Q. = KrC; (5.5
Another approach is the BET model:

X 1 n c—1
v(l —x)  vpe \ * (5.6)
However, Eq. (5.5) cannot be used to model multilayers. Hill [13] presents an
equation that may be used to estimate the number of layers:

_vmex[l—(n+ Dx" + nx" 1
T A0l + e+ Dx — cxnt] 5.7)
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Fig. 5.3 Quantity of N, adsorbed (cm?/g STP) versus pressure in BOS and magnetite
a BOS = 0.05 mg/L; b BOS = 0.5 mg/L

5.3.2.2 N, Adsorption in SBO-Magnetite—BET

Figure 5.3 presents the adsorption isotherm of N> in SBO-magnetite of three dif-
ferent compositions corresponding to different proportions of SBO (called 0.05,
0.1 and 0.5 mg of SBO). More results can be found elsewhere [14]. Isotherms are
of type 2, and the hysteresis effect points out to condensation into the pores.

The linear form of the BET equation can be used, since p/pg is less than 0.3.
The fit can be considered adequate, because the correlation coefficients are about
0.999 (Table 5.3). The surface area was also calculated from the fit of the line-
arized equation by linear regression. The values are very similar to the previous
ones [13]. The software used by the author is Microsoft Excel®.

The number of multilayers was estimated by adjusting Eq. (5.7). As this model
is nonlinear, a nonlinear regression algorithm was used. The ESTIMA program
was employed, and a likelihood function was minimized [15]. The results for
two adsorption curves can be appreciated in Fig. 5.3a, b. The algorithm used here
allows the estimation of the number of layers. It is about 95 for 0.05 mg particles,
between 61 and 84 for 0.1 mg, and about 81 for 0.5 mg.

5.3.2.3 Adsorption of Violet Crystal in SBO-Magnetite Particles

The original data was divided into four groups that can be viewed in Fig. 5.4. The
isotherms are type 1 and Langmuir and Freundlich equations are applied.

Table 5.3 Results of linear SBO C Vin R2 Sm?» |S@m?"
regression using the BET 05 123.06 | 7.867 099986 |342 |34
equation

0.1 15582 | 1247 099989 542 |55

0.01 173.58 14.22 0.99992 | 61.6 63
“Results of Allera [14]
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Fig. 5.4 Adsorption isotherms of violet crystal in SBO-Fe304: a 150 I, b 150 11, ¢ 150 IIL, d 1000

Table 5.4 Results for the Group KL ar R2
linear regression of the 1501 28,670 31,426 0.99993
Langmuir equation [14]
150 11 38,054 41,990 0.99984
150 1II 55,111 61,095 0.99999
1000 4,050 3,970 0.98785

The experimental data groups are fitted by the linearized Langmuir equation—
see correlations in Table 5.4, but could not be fitted by the Freundlich equation.
The Microsoft Excel® worksheet was used for this task and the correlation coef-
ficients are presented in Table 5.4.

The values obtained by nonlinear regression, calculated by the software
ESTIMA, for the Freundlich equation are shown in Table 5.5. In Table 5.6 the
results obtained by fitting the nonlinear form of Langmuir equation are presented.
The parameters are different from those calculated by linear regression (Table 5.4)
but their plots are very similar (Fig. 5.5). This may be a symptom of overparame-
terization of the Langmuir equation for the representation of a group of data alone.
The fit of a combination of groups of data was impossible with both the models,
which denotes that Langmuir and Freundlich models are inadequate for the repre-
sentation of the phenomenon, when considering all the data available.
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Table 5.5 Results of Group KL n R2
nonlinear regression of the
Freundlich equation 150 I 2.602 6.53 0.9575
150 I 2273 7.71 0.8376
150 I 2.247 7.73 0.8389
1000 68.11 1.63 0.9064
Table 5.6 Results of the non Group KL ar. R2
linear regression of Langmuir 1501 45555 50.791 09123
equation 2 ? :
150 I 40,489 45,662 0.9063
150 III 44,004 50,878 0.9028
1000 10,050 16,012 1.0000
Fig. 5.5 Comparison
0.9

between linear and non
linear parameter estimation.
Isotherms adsorption of 0.8 -
crystal violet in SBO-Fe304
(150 mg/L—group I)

o 071
]
0.6
= exp
Langmuir lin
05 1 —— Langmuir like
0.4

T T T T T T T 1
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Ce

The algorithm used here is able to estimate the number n of the N; layers
adsorbed in BOS and magnetite. The experimental data of violet crystal adsorp-
tion in Fe304 and BOS were fitted by the linearized Langmuir equation, but not
by the linearized Freundlich equation. The values of the violet crystal adsorption
on Fe304 and BOS estimated by nonlinear regression are different from those
calculated by the linear fit, but the plots are very similar, which may point out to
overparameterization of the Langmuir model for the representation of a data group
alone. Fitting the data altogether by a unique model was impossible, thus other
mechanisms should be studied for this purpose.

5.4 Conclusions

Mathematical modeling for SBO applications was introduced in this chapter.
An overview of the theoretical background was given in the introduction. Linear
regression was illustrated by the use of surface response technique and by the fit
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of linearized forms of adsorption models. Nonlinear regression was illustrated
by the application of BET, Langmuir and Freundlich models. The application of
Overparameterization models was exemplified by the application of an artificial
neural network model. The main concerns and characteristics of all the modeling
techniques could be exemplified by the case studies presented.
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