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  Pref ace   

    Genes Hydro 

 Society growth during the last century has almost entirely relied on the carbon econ-
omy, that is, the use of fossil fuels for energy and materials. The carbon economy 
has provided and will still provide many benefi ts. However, the increasing use of 

  Fig. 1    Water as a symbol of life. Colorado River, Picacho State Recreation Area, Winterhaven 
(Copyright: 2014 Eric Lichtfouse)       
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fossil fuels is partly responsible for the increase of atmospheric CO 2  concentrations 
and, in turn, global warming. There is therefore an urgent need for cleaner fuels 
based upon renewable materials and a carbon-neutral economy where each emitted 
CO 2  molecule is sequestered fast in plants, algae, soils, subsoils and sediments. 
Hydrogen is a potential clean energy because dihydrogen (H 2 ) combustion produces 
water, a safe medium. Remarkably, the term ‘hydrogen’ itself means ‘clean energy’ 
because it was coined by Antoine Lavoisier in 1783 from the Greek  genes  and  hydro  
‘that generates water’ (  http://en.wikipedia.org/wiki/Hydrogen    ) (Fig.  1 ).

   In the fi rst chapter, Nielsen describes the chemistry of dihydrogen production 
from biomass. Quin et al. review the photocatalytic reduction of CO 2  in Chap.   2    . 
The effects of higher atmospheric CO 2  on ecosystems and the techniques to seques-
ter in terrestrial biomass are presented by Singh et al. in Chap.   3    . El Ramady reviews 
the selenium cycle in ecosystems and describes the use of the plant giant reed for 
energy and remediation in Chap.   4    . Chemical, biological and physical processes to 
treat water are described by Tandon and Singh in Chap.   5    . Gunasekar and Ponnusami 
present ecological ways to dye textiles in Chap.   6    . 

 Thanks for reading 
 Eric Lichtfouse is the author of the bestselling textbook  Scientifi c Writing for 

Impact Factor Journals    

    Dijon ,  France         Eric     Lichtfouse   
    Aachen ,  Germany      Jan     Schwarzbauer   
    St Avold ,  France      Didier     Robert       

Preface

http://en.wikipedia.org/wiki/Hydrogen
http://dx.doi.org/10.1007/978-3-319-19375-5_2
http://dx.doi.org/10.1007/978-3-319-19375-5_3
http://dx.doi.org/10.1007/978-3-319-19375-5_4
http://dx.doi.org/10.1007/978-3-319-19375-5_5
http://dx.doi.org/10.1007/978-3-319-19375-5_6


vii

   Contents 

   1       Hydrogen Production by Homogeneous Catalysis: 
Alcohol Acceptorless Dehydrogenation ..................................................  1   
    Martin   Nielsen    

    2       Photocatalytic Reduction of Carbon Dioxide .........................................  61   
    Zu-zeng   Qin    ,     Tong-ming   Su    ,     Hong-bing   Ji    , 
and     Yue-xiu   Jiang    

    3       Carbon Sequestration in Terrestrial Ecosystems ...................................  99   
    Sanjeev   Kumar   Singh    ,     Prashant   R.   Thawale    , 
    Jitendra   K.   Sharma    ,     Ravindra   Kumar   Gautam    , 
    G.  P.   Kundargi    , and     Asha   Ashok   Juwarkar    

    4       Selenium Phytoremediation by Giant Reed ............................................  133   
    Hassan     R.     El-Ramady   ,    Neama     Abdalla   ,    Tarek     Alshaal   ,  
  Miklós     Fári   ,    József     Prokisch   ,    Elizabeth     A.     H.     Pilon-Smits   , 
and    Éva     Domokos-Szabolcsy    

    5       Redox Processes in Water Remediation Technologies ...........................  199   
    Praveen   Kumar   Tandon     and     Santosh   Bahadur   Singh    

    6       Eco-friendly Textile Dyeing Processes .....................................................  255   
    V.   Gunasekar     and     V.   Ponnusami     

    Index ................................................................................................................. 289  



1© Springer International Publishing Switzerland 2015 
E. Lichtfouse et al. (eds.), 
of Carbon and Pollutants, Environmental Chemistry for a Sustainable World 6, 
DOI 10.1007/978-3-319-19375-5_1

    Chapter 1   
 Hydrogen Production by Homogeneous 
Catalysis: Alcohol Acceptorless 
Dehydrogenation 
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   Abstract     The lifestyle in the modern western world is highly depending on the 
accessibility of energy and bulk chemicals. Energy is needed in the transportation 
sector, but also domestic and industrial consumptions of energy is comprehensive. 
Bulk chemicals are probably more important than people realize, and are fundamen-
tal for the thrive of almost all business fi elds. The latter include the industries of 
agriculture, food additives, pharmaceuticals, electronics, plastic, fragrances, and 
more. Today, the major source of both energy and bulk chemicals is fossil fuels, 
being responsible for more than 80 % of the energy supplies. The large amounts of 
CO 2  release owing to fossil fuel usage is believed to cause global warming on the 
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long term, a highly undesired environmental consequence. Hence, it is of critical 
importance that alternative sources are developed and implemented in the society. 
One suggested solution for the energy sector is the application of a  hydrogen econ-
omy , which transform the chemical energy in water and/or biomass into hydrogen. 
Considered as an energy carrier, hydrogen is then transported to the site of use 
where fuel cells convert its chemical energy into electricity. 

 Here, we review the progress in hydrogen production from biomass using homo-
geneous catalysis. Homogeneous catalysis has the advance of generally performing 
transformations at much milder conditions than traditional heterogeneous catalysis, 
and hence it constitutes a promising tool for future applications for a sustainable 
energy sector. In particular, only alcohol containing substances are covered. As 
such, alcohol acceptorless dehydrogenation (AAD) is the main topic of this review. 
Moreover, it is more easily investigated for eluding mechanistic property. 

 This review is divided up in four main chapters according to substrates. The fi rst 
chapter, Model Substrates, describes the development of alcohol acceptorless 
dehydrogenation using substrates that can be categorized as model substrates. 
This includes e.g. isopropanol. The second chapter, Substrates with Synthetic 
Applications, deals with synthetic applications of alcohol acceptorless dehydroge-
nation. The third chapter, Biorelevant Substrates, concentrates on the use of 
alcohols such as ethanol, which are biomass related. The topic is alcohol acceptorless 
dehydrogenation reactions for both H 2  production and the concurrent synthetic 
application. Finally, Chap.   4    , Substrates for H 2  Storage, is focusing on the use of 
alcohol acceptorless dehydrogenation of alcohols relevant as future H 2  storage 
 molecules. This is in particular methanol.  

  Keywords     Hydrogen   •   Sustainability   •   Alcohols   •   Acceptorless dehydrogenation   • 
  Homogeneous catalysis  

  List of Abbreviations 

   AAD    Alcohol acceptorless dehydrogenation   
  Ampy    Aminopyridine   
  A-PNP    Acridine-phosphine, nitrogen, phosphine   
  BINAP    2,2′-bis(diphenylphosphino)-1,1′-binaphthyl   
  Bipy    Bipyridine   
  COD    1,5-cyclooctadiene   
  Cp    Cyclopentadienyl   
  Cp*    Pentamethylcyclopentadienyl   
  Cyp    Cyclopentyl   
  DABCO    1,4-diazabicyclo[2.2.2]octane   
  Dbbb    1,4-Bis(diphenylphosphino)butane   
  Dbf    Dibenzofuran   
  Dme    Dimethoxyethane   
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  DPEN    1,2-diphenyl-1,2-ethylenediamine   
  Dppf    Bis(diphenylphosphino)ferrocene   
  Dppm    Bis(diphenylphosphino)methane   
  En    Ethylenediamine   
  MPV    Meerwein-Ponndorf-Verley   
  MS    Molecular sieves   
  N-ligand    Nitrogen ligand   
  OPP    Oppenauer oxidation   
  OTf    Trifl ate   
  PC  sp 3P    Phosphine, carbon ( sp 3-hybridized), phosphine   
  PCP    Phosphine, carbon, phosphine   
  P-ligand    Phospine ligand   
  PNN    Phosphine, nitrogen, nitrogen   
  PNP    Phosphine, nitrogen, phosphine   
  Ppb    Parts per billion   
  Ppm    Parts per million   
  TMEDA    Tetramethylethylenediamine   
  TOF    Turnover frequency   
  To M     Tris(4,4-dimethyl-2-oxazolinyl)phenylborate   
  TON    Turnover number   
  Tpy    Terpyridine   
  v/v    Volume/volume   
  wt.%    Weight%   

1.1           Introduction 

 Throughout history there has been a clear coherence between a continuous techno-
logical developing of our society and an increase in demand of energy and materi-
als. This accounts also for the foreseeable future. This will result in a number of 
undesired hazardous effects on the environment, the most pronounced of which is 
probably global warming due to severe amount of CO 2  release accompanied with 
the burning of fossil fuels. Moreover, many industries that are fundamental for the 
maintaining of our current lifestyle, including healthcare and food manufacturing, 
depend on the exploitation of oil for achieving readily available bulk chemicals. As 
it is generally accepted that most oil resources are going to be depleted probably 
within the next 50–100 years, it is of utmost importance that alternative and sustainable 
procedures for the bulk chemical syntheses are realized. 

 Several promising candidates already exist. For example, CO 2  can be regarded as 
a C1 source, and bioethanol and glycol as C2 sources. In a similar fashion, glycerol 
might be a C3 source, and lignin from starch a supply for aromatic compounds, and 
so on. Moreover, much research is already focusing on transforming e.g. bioethanol 
and sugar into either fuels or bulk chemicals. However, most of these technologies 
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are still in their infancy, and as such they do need considerable investigations before 
they are realizable on the market. 

 For the energy sector, the  hydrogen economy  is one of the more promising pro-
posed systems. It is based on the fact that the burning of hydrogen gives only water 
as byproduct, rendering it a very clean technique for energy consumption. Hydrogen 
can, in principle, be produced by water-splitting. Moreover, it benefi ts from the fact 
that biomass is generally very hydrogen-rich, and as such is an energy resource. 
Importantly, biomass is considered as a  renewable  source due to its reasonable life-
cycle timescale. The high hydrogen content of biomass is often related to a wealth 
of alcoholic functionalities, rendering alcohol acceptorless dehydrogenation (AAD) 
research fundamental in order to develop effi cient techniques for biomass based 
hydrogen economy. In the Fig.  1.1  below is illustrated the general idea behind the 
use of renewable resources combined with modern catalytic techniques to yield 
energy or chemicals for the industry.

   Alcohol acceptorless dehydrogenation is the production of hydrogen via hydro-
gen extrusion from an alcoholic functionality. Accordingly, a carbonyl unit is 
 concomitantly formed, which might be useful for the bulk chemicals industry (see 
e.g. Fig.  1.2 ). Preferably, a catalytic system carries out this type of reaction. In 
general, two main types of catalysis exist: heterogeneous and homogenous cataly-
sis. As the terms imply, heterogeneous catalysis is operating with a catalyst, which 
is in an  different phase than that of the reactants, whereas all is in one phase in 
homogeneous catalysis. In addition, biocatalysis, catalysis by enzymes, is often 
regarded as a type of itself, but it is strictly speaking a sublevel of heterogeneous 
catalysis. All three types of catalysis have been used to address the issue of hydrogen 
production. However, for simplicity, both heterogeneous and biocatalysis will not 
be discussed further in this review. Hence, alcohol acceptorless dehydrogenation by 
homogeneous catalysis is the main topic of this review. In addition, whereas many 
reviews describe alcohol acceptorless dehydrogenation promoted by heterogeneous 

  Fig. 1.1    Illustrated principle of transforming renewable biomass into products and energy       
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catalysis methods, very few exist for homogeneous catalysis and none is comprehensive 
with respect to the topic mentioned here (see    e.g. Friedrich and Schneider  2009 ; 
Johnson et al.  2010 ; Dobereiner and Crabtree  2010 ; Crabtree  2011 ; Marr  2012 ; 
Nova et al.  2010 ; Walton and Williams  2010 ). This renders such a report more 
timely.

1.2        Fundamentals of Alcohol Acceptorless Dehydrogenation 
by Homogeneous Catalysis 

 The essence of acceptorless dehydrogenation is the oxidation of a substrate with 
concurrent hydrogen evolution. Hence, a dehydrogenation of an alcohol results in a 
carbonyl unit and a H 2  molecule. Primary alcohols yield aldehydes, and secondary 
alcohols gives ketones, as shown in Fig.  1.2 . Aldehydes can then undergo another 
round of dehydrogenation to afford, for example, esters or amides. 
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  Fig. 1.2    Alcohols to carbonyl units via alcohol acceptorless dehydrogenation (AAD). Examples 
are given with formaldehyde, aldehydes in general, ketones, acids, esters, and primary amides. 
R-substituents constitute alkyl and aryl substituents       
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 The oxidation of a C─O single bond to a C═O double bond is thermodynami-
cally unfavorable. Therefore, traditionally, alcohol acceptorless dehydrogenation 
(AAD) has been accompanied by the reduction of a sacrifi cial reagent in order to 
drag the reaction towards full formation of the desired carbonyl product (Fig.  1.3 ). 
A typical sacrifi cial reagent is acetone. In this type of reaction system, the product 
is called the  Oppenauer product  and the reduced sacrifi cial reagent the  Meerwein-
Ponndorf- Verley   ( MPV )  product . Because the carbonyl is the desired product, the 
reaction is termed an  Oppenauer oxidation  ( OPP ). However, more generally used 
terms are  transfer hydrogenation  or  hydrogen borrowing chemistry .

   The overall mechanism of transfer hydrogenation reactions generally involves a 
delivery of a proton and a hydride from the alcohol to a metal complex, which then 
transfers them to the MPV reagent, or occurs via a intermediate where both the OPP 
and MPV reagents are simultaneously coordinated to a metal complex. Consistently, 
the proton arises from the O H  unit and the hydride from the C H  center from the 
OPP reagent, as shown in Fig.  1.4 . Likewise, a hydride coordinated to the metal 
complex reacts with the carbonyl at the carbon atom, and a proton with the forming 
alcohol oxygen atom of the MPV reagent.

   Two general mechanisms for the hydride transfer between an alcohol and a 
defi ned organometallic complex exist. Example  A  in Fig.  1.4  shows the  inner sphere  
mechanism, in which a RO-M covalent bond is initially formed via an oxidative 
insertion of the metal into the O─H bond. This is followed by a  β - hydride  elimination , 
which leads to the oxidation of the alcohol to the carbonyl and formation of a metal-
dihydride (a metal-dihydride is not always the actual resulting complex, but that is 
beyond the scope of this review). The latter step requires a free site on the metal  cis  
to the coordinated alcohol in order to proceed. Nevertheless, there are many exam-
ples of AAD reaction steps using a complex with no vacant  cis  sites. In such  situation, 
the other mechanism,  outer sphere dehydrogenation  (Fig.  1.4 , Example  B ), is likely 
to occur. In this mechanism, no prior ligation of the substrate takes place. Instead, a 
transient pre-coordination via hydrogen bonds between the CH and the metal, and 
OH and a ligand lone pair donor, facilitates the dehydrogenation. Hence, contrary to 
the inner sphere mechanism, where both hydrogen atoms are placed on the metal, the 
outer sphere mechanism utilizes the ligand for the storage of one the hydrogen atoms. 

 For the reduction of the sacrifi cial agent, the mechanisms are the same. As such, 
if a given metal complex dehydrogenates an alcohol through e.g. an outer sphere 

R1 R1
R2 R2

O
H

H
O O

H

H
O

MPVOPP

  Fig. 1.3    Oppenauer oxidation using acetone as the sacrifi cial agent.  OPP  = Oppenauer oxidation 
(product).  MPV  = Meerwein-Ponndorf-Verley (product). Two hydrogen atoms are extruded from 
the  red-colored  alcohol and given to the  blue-colored  carbonyl substrate (acetone in this example). 
R-substituents constitute alkyl and aryl substituents       
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mechanism, the corresponding hydrogenation of an carbonyl is carried via the same 
outer sphere mechanism as well. This is the case for transfer hydrogenation; how-
ever, for alcohol  acceptorless  dehydrogenation there is no sacrifi cial agent. For such 
a system to proceed effi ciently, the dihydride metal complex must be suffi ciently 
labile in order to simply release the two hydrogen atoms as a H 2  molecule (Fig.  1.5 ). 
Because the dihydride metal complexes are usually relatively stable and alcohol 
oxidation to a carbonyl with no concomitant sacrifi cial carbonyl reduction is an 
endergonic process, there is a historical prevalence for the transfer hydrogenation. 
However, the alcohol acceptorless dehydrogenation process presents a number of 
important advances, which renders it interesting to develop. The atom economy is 
much better due to the fact that no sacrifi cial agent is used. This is also most likely 
to provide a much easier product purifi cation. A more subtle advantage in this regard 
is that any possible undesired side reactions between the sacrifi cial agent (or its 
MPV product) and the substrate or product is avoided. In addition, along with 
carbon- based product formation H 2  is generated, which is a highly valuable product 
in itself. As discussed earlier, this can be envisioned to be part of a future energy 
system based on the hydrogen economy.

   Overall, there are four classes of alcohols that are relevant for alcohol acceptorless 
dehydrogenation reactions with respect to either organic product formation and/or 
H 2  production: model substrates for H 2  production, biorelevant substrates for 
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Example A - inner sphere mechanism
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  Fig. 1.4    Alcohol acceptorless dehydrogenation (AAD) by a defi ned metal complex. In  Example 
A , an inner sphere mechanism is shown. Here, a precoordination of the alcohol oxygen atom to the 
metal (M) occurs. In  Example B , an outer sphere mechanism is shown. Here, no precoordination 
occurs. R-substituents constitute alkyl and aryl substituents. L n  constitutes ligands       
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organic product formation and H 2  production, H 2  storage relevant alcohols, and sub-
strates with synthetic applications for organic production (Fig.  1.6 ).

   The model substrates constitute a class of alcohols that are themselves not impor-
tant for H 2  production but are very useful for testing new catalytic systems. Each of 
them represents a simplifi ed substrate compared to biorelevant substrates or  complex 
product precursors. Isopropanol constitutes the simplest model substrate as it is the 
smallest symmetric secondary alcohol possible, leading to the easily handled 
 acetone when dehydrogenated. This is advantageous for several reasons; Using a 
secondary alcohol/ketone system allows for a more easy dehydrogenation from a 
thermodynamic point-of-view. Obtaining a ketone product avoids potential 
problems related to aldehydes because of the lower reactivity of the former. Thus, 
less undesired side-reactions and catalyst inactivation are achieved. In addition, the 
small size of isopropanol circumvent most reactivity issues related to steric clash 
between substrate and catalyst. In turn, these facts also result in a much easier 
analytical processing of the reaction mixture. 

 Moving from isopropanol towards sorbitol, the substrate gradually becomes 
more complex. RCH 2 CH 2 OH represents higher alcohols than ethanol, which are 
useful substrates for testing primary alcohols which are higher boiling than ethanol. 
This is often necessary due to the high temperature needed for catalyst activity of 
known catalysts. However, even though this alcohol type is placed in this class, it 
will often be discussed in the chapter of substrates with synthetic applications 
because of a generally higher focus on the products in reports of this type. Ethylene 
glycol and 1,4-butanediol both constitutes diols, which model different situations in 
biorelevant polyols. Ethylene glycol represents a situation where possible substrate 
chelation to the catalyst metal might be responsible for catalyst deactivation. In 
addition, having a hydroxy unit on the α-position to the alcohol to be dehydrogenated 
inherently changes both its steric and electronic properties. Moreover, polymerization 
is a possibility/risk. Polymerization is not a concern with 1,4-butanediol where 

R1 R2 R1 R2

O
H

H O

OO
H
H

H2

Transfer hydrogenation

Alcohol dehydrogenation

LnM LnMH2

  Fig. 1.5    Difference between 
transfer hydrogenation 
and alcohols acceptorless 
dehydrogenation (AAD). 
In transfer hydrogenation 
( upper reaction ), a carbonyl 
substrate takes the hydrogen 
atoms produced from 
dehydrogenating the alcohol. 
In AAD ( lower reaction ), 
these hydrogen atoms are 
liberated as H 2 . 
R-substituents constitute 
alkyl and aryl substituents       
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lactonization is much more favorable. Indeed, this ring-closing feature is the very 
reason for studying this substrate. Investigation into factors affecting the extent of 
lactonization may be of importance for further studies with biorelevant polyols. 

 Moreover, until recently most modern published research has been focusing on these 
substrates, showing the diffi culty in obtaining effective systems with the more compli-
cated biorelevant substrates. It should be mentioned again that some of these model 
substrates are also represented in the class of substrates with synthetic applications. 

 The class of biorelevant substrates includes alcohols that can be extracted from 
biomass in considerable amounts and used for organic product formation and/or H 2  
production. The best scenario is, of course, that the organic product left after H 2  
formation is a useful material for the chemical industry. The simplest alcohol of this 
class is ethanol, which is termed bioethanol if it originates from biomass. In order 
to be of interest from an energy production point-of-view, bioethanol should be 
available without the need for severe purifi cation processes, such as numerous 
distillations. This complicates the catalytic system since especially water may be a 
severe impurity. 

Model substrates - for modelling H2 production

Biorelevant substrates - for organic product formation and H2 production

Substrates for H2 storage

Substrates with synthetic applications - for organic product formation

All organic alcohols not derived from biomass, but relevant for organic product synthesis

polymeric carbohydrates
such as cellulose

OH

OH

OH OH
OH OH OH

OH OH
OH

OHOH

HO HO HORPh

HO
HO

HO

OH
OH

OH

O

OH

OH

MeOH

glucose

sorbitol

  Fig. 1.6    Classes of relevant alcohols and some examples of each class. The four classes are 
divided according to biorelevance and application       
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 Glycerol is obtained from biomass by saponifi cation of fats. Containing three 
alcohol units, it has a higher H 2  content that ethanol. However, it also renders it 
more complicated and several organic products can be envisioned to be formed 
simultaneously. Unfortunately, especially ethanol is already highly used in major 
industries such as the fuel, beverage and chemical industries, rendering it a less 
interesting candidate for a future energy system. Finally, carbohydrates, with 
 glucose representing the most abundant monosaccharide, are the most abundant 
substrates, which at the same time have the highest H 2  content. Because of its abun-
dance, especially cellulose, which today is mainly burned when used for energy 
generation, is very interesting to develop as dehydrogenation system. However, this 
is also the far most diffi cult substrate to handle due to its poor solubility, if any, in 
most organic solvents and water and because it is an extremely complex type of 
molecule with steric/electronic effects to be considered on both the micro- and 
macro scale. Current research is still a long way from realizing effective catalytic 
dehydrogenation systems of carbohydrates, let alone cellulose. 

 A small, but important, class comprises the alcohols relevant for H 2  storage. The 
most important is methanol, but also ethanol is of interest. The idea behind using 
them as H 2  storage molecules is connected to water splitting at power plants and the 
subsequent transport of the resulting H 2 . Water is divided into H 2  and O 2 , and then 
H 2  is stored as e.g. methanol via hydrogenation of CO 2 . After transport, the H 2  is 
released again and is used in a H 2  fuel cell for electricity generation. 

 The last class is a more loosely defi ned class; the alcohols not derived from 
biomass, but which are useful in the chemical industry when dehydrogenated. 

 The next chapter will discuss the various accomplishments within alcohol 
acceptorless dehydrogenation using homogeneous catalysis from the late 1960s 
until today. The chapter is divided in subchapters related to the four classes of alcohols 
for dehydrogenation. When appropriate and scholarly relevant, the mechanism will 
be briefl y discussed.  

1.3     Alcohol Acceptorless Dehydrogenation 
by Homogenous Catalysis 

1.3.1     Model Substrates 

 When the community refers to the pioneers of alcohol acceptorless dehydrogena-
tion (AAD) by homogeneous catalysis, Charman is rarely mentioned despite the 
fact he was the fi rst to study this reaction type. Already in the late 1960s, he reported 
work on acceptorless dehydrogenation reactions of refl uxing isopropanol using rho-
dium chloride as catalyst (Charman  1966 ,  1967 . See also Strohmeier et al.  1977 ). 
The reaction was proposed to involve a hydride transfer from the alcohol α-carbon 
atom to the rhodium complex as depicted in Fig.  1.7 . Concurrently, a chloride reacts 
with the alcohol proton to form HCl. The resulting rhodium hydride complex is then 
protonated by HCl to give back the initial rhodium complex while generating H 2 . 
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Unfortunately, the rate of dehydrogenation decreased as precipitation of rhodium 
takes place during the reaction course. This was explained by the lower reaction 
scheme in Fig.  1.7 , in which the rhodium hydride complex decomposes to afford 
rhodium metal. This was later circumvented by addition of tin(II) chloride (tin/
rhodium 6:1), which replaces and stabilizes the rhodium hydride complex against 
decomposition (Charman  1970 . See also Shinoda et al.  1978 ). To this end, product 
inhibition was observed from build-up of acetone; however, upon its removal by 
distillation, the initial rate was restored. This setup has since become known as 
Charman’s system.

   At this point, publications within this fi eld were still scarce, and the next reports 
were in the mid 1970s when Robinson described that the ruthenium complex 
[Ru(OCOCF 3 ) 2 (CO)(PPh 3 ) 2 ] is able to dehydrogenate a range of both primary and 
secondary alcohol under refl uxing conditions with optimal activity in the presence 
of 12 equivalents of trifl uoroacetic acid to the catalyst (Dobson and Robinson  1975 , 
 1977 ). In fact, out of 17 alcohols tested only methanol and  t -butyl alcohol proved 
unreactive towards dehydrogenation using the method. The former was argued to be 
of too low boiling point to allow for the catalytic cycle to proceed, and the latter was 
judged unreactive because of the lack of a hydride atom on the alcohol α-carbon 
atom. The remaining 15 alcohols all evolved H 2  and yielded the corresponding alde-
hyde or ketone. As for the Charman’s system, a reduction in reaction rate was 
observed over the course of the reaction due to product inhibition, which could be 
restored by distilling off of the carbonyl compound. Likewise, addition of a carbonyl 
led to the expected suppression of H 2  evolution. The initial turnover frequencies 
(TOF, defi ned as mole of H 2  produced per mole of catalyst per hour, with the typical 
unit of h −1 ) for the primary alcohols were found to be in the range of 27 h −1  for ethanol 
to 8172 h −1  for benzyl alcohol, with the variation in activities assigned to different 
boiling points of the alcohols. Thus, Robinson shows for the time the use of a biorelevant 
substrate, ethanol, for H 2  production. This will be addressed in more detail in the 
chapter of biorelevant substrates. Interestingly, both more and less than 12 equiva-
lents of the trifl uoroacetic acid additive resulted in inferior activities. 

 A mechanism comprising a system where trifl uoroacetic acid is continuously 
coordinating and leaving the ruthenium complex was proposed (Fig.  1.8 , with etha-
nol used as alcohol). First, ethanol coordinates to  A  to form complex  B , which then 

OH O
HCl

HCl H2

2Rh0 6Cl- 3HCl

[RhCl6]3-

[RhCl6]3-

[RhCl6]3-

[HRhCl5]3-

[HRhCl5]3-

3[HRhCl5]3-

  Fig. 1.7    First described alcohol acceptorless dehydrogenation (AAD) using homogeneous catalysis. 
A rhodium complex was employed to dehydrogenate isopropanol to yield acetone and H 2        
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undergoes a tautomerization leading to  C . A similar structure to complex  B  was 
found in a crystal structure obtained by methanol solvating complex  A . The com-
plex  C  is then suggested to lose a trifl uoroacetic acid ligand followed by a  β -hydride 
elimination step to make complex  D . Then a sequence of ethanal loss, reverse Berry 
pseudorotation on the d 6  fi ve-coordinate square-pyramidal complex  E , leading to  F , 
followed by a rechelation of the trifl uoroacetic carboxylate results in the observed 
hydride complex  G . The next steps may occur via a number of mechanisms. One of 
them involves a trifl uoroacetic acid mediated protonation of the hydride, which 
causes the complex to release a H 2  molecule. Then, a trifl uoroacetic carboxylate 
coordinates to the complex with retention of the stereochemistry, which leads to 
complex  H  where the triphenylphosphine ligands (L) stay  trans  to each other. 
Dechelation of the trifl uoroacetic carboxylate leads to  I , which then undergoes a 
second reverse Berry pseudorotation to form  J . Finally, a rechelation of a trifl uoro-
acetic carboxylate regenerates complex  A , completing the catalytic cycle.

 

  Fig. 1.8    Proposed catalytic cycle for the [Ru(OCOCF 3 ) 2 (CO)(PPh 3 ) 2 ] alcohol acceptorless dehy-
drogenation (AAD). Shown with EtOH as substrate       
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   Overall, the observed additive effect can be explained assuming that with 12 
equivalents trifl uoroacetic acid, step  G  to  H  is the rate-determining step (rds). Thus, 
more trifl uoroacetic acid means a faster transformation of complex  G  to  H . However, 
at higher acid concentrations, step  C  to  D  becomes the rds. This means that more 
trifl uoroacetic acid halts the formation of complex  D . 

 Not disputing the mechanism, the groups of Garrou (Jung and Garrou  1982 ) and 
Ziółkowski (Rybak and Ziółkowski  1981 ) reported activities for this reaction type 
to be seven and six times, respectively,  less  than that Robinson reported. As such, 
this may be an illustration of the technical requirements for the precise measure-
ments for this type of reactions. 

 Already in 1981, H 2  production from isopropanol at 21 °C was shown feasible by 
using a combination of Wilkinson complex [RhCl(PPh 3 ) 3 ] and irradiation (Arakawa 
and Sugi  1981 ). Thus, by applying irradiation from a high pressure Hg lamp (USHIO 
UM 102, 100 W) to a isopropanol solution containing [RhCl(PPh 3 ) 3 ] at 21 °C in a 
N 2  atm, a TOF of 138 h −1  could be achieved. An even higher rate could be achieved 
when preparing the system in the presence of O 2  with a turnover frequency up to 
670 h −1 . The role of O 2  was not explained. 

 The use of irradiation allowed for a turnover frequency of up to 6410 h −1  by using 
663 ppb (0.0000663 mol%) of [RhCl{P(OPh) 3 } 3 ] and a medium pressure 125 W Hg 
lamp at 21 °C (Griggs and Smith  1984 ). Even though low catalyst loading has been 
employed, this result was still very good at that time. A drawback of the system is 
the use of the intense, UV containing irradiation source. 

 In addition to the above described investigations on irradiation assisted AAD, 
there are other similar reports on the same topic (Moriyama et al.  1982 ; Irie et al. 
 1983 ; Roundhill  1985 ; Yamamoto et al.  1985 ; Yamakawa et al.  1986 ,  1987 ; Li et al. 
 1989 ; Nomura et al.  1989a ,  b ). Except the Roundhill ( 1985 ) and Nomura et al. 
( 1989a ) papers, all publications report on the use of rhodium based complexes and 
will not as such be further discussed as they in general do not present great improve-
ments compared to the two reports just described. 

 The Roundhill ( 1985 ) paper shows that the excited platinum based complex 
[Pt 2 (μ-P 2 O 5 H 2 ) 4 ] 4−,*  was able to dehydrogenate isopropanol as well. As soon as the 
light source was removed, dehydrogenation activity ceased. Moreover, a turnover 
number (TON, defi ned as mole of H 2  produced per mole of catalyst) exceeding 400 
was obtained after 3 h of reaction time. 

 The Nomura et al. ( 1989a ) report shows irradiation assisted methanol dehydro-
genation using a iridium/tin based complexes system. This will be discussed more 
in detail in the chapter of H 2  storage. 

 In addition to using a rhodium based complex, the Yamamoto et al. ( 1985 ) report 
also uses a palladium based complex. The publication employs methanol as substrate; 
hence, this paper will be discussed more in detail in the chapter of H 2  storage. 

 The utilization of irradiation for AAD reactions has the advantage that the sun 
can, in principle, be used as light source for these reactions. Thus, a future AAD 
system employing sunlight as the only energy input can be envisioned. It should be 
noted that, in general, UV light is employed in the report mentioned above. However, 
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a few publications do address the use of visible light for performing AAD reactions 
(see e.g. Moriyama et al.  1982 ; Li et al.  1989 ). An example hereof is the Li et al. 
 1989  report, where a H 2  production was about one third for a system using an opti-
cal 480 nm cutoff fi lter compared to a system with an optical 320 nm cutoff fi lter. 

 Returning to AAD without the use of irradiation assistance, Saito showed in 
1983 that the presence of eight equivalents of triphenylphosphine ligands to 
[Rh 2 (OAc) 4 ] would not only enhance isopropanol dehydrogenation activity, but be 
necessary in order to achieve any activity (Shinoda et al.  1983 ). An even further 
increase in turnover activity was accomplished by adding acetic acid. Thus, employ-
ing a catalytic setup comprised of [Rh 2 (OAc) 4 ] with 8 equivalents of triphenylphos-
phine and 20 equivalents of acetic acid in refl uxing isopropanol affords a system 
that forms acetone and releases H 2  corresponding to a turnover frequency of 32.8 h −1 . 
A very high catalyst stability was shown, with reaction times of more than 80 h after 
which the system was still active. Moreover, spectral analysis suggested that a 
 dinuclear [Rh 2 (PPh 3 ) 6 ] species was obtained, and that it represented a structure 
close to the catalytic active complex. 

 In 1985, Shvo reported an example of ester formation from primary alcohols 
using the means of AAD (Blum and Shvo  1985 ). Having H 2  as the only product 
besides the ester, this report represented a technique for value-adding chemical 
reactions by forming useful compounds as side products. For the making of the 
catalyst, a mixture of the mononuclear species  I  and the related dimer  II  was 
 prepared by reaction of tolane and [Ru 3 (CO) 12 ] (Blum and Shvo  1984a ,  b , Fig.  1.9 ). 
With benzyl alcohol (R = Ph), a turnover number of 450 could be achieved. A turn-
over number of 250 was obtained with 1-pentanol (R = butyl). In addition, it was 
shown with a few examples that this catalytic system would also dehydrogenate 
secondary alcohol to yield ketones. Thus, cyclohexanol afforded cyclohexanone 
with a turnover number of 240 and a turnover number of 558 was achieved when 
using 2-octanol to produce 2-octanone.

   For the case of primary AAD reactions to yield esters, it is important to stress out 
that even though two H 2  molecules are formed per molecule of ester prepared, it is 
only  one  molecule of H 2  per alcohol reacted. As such, it can be regarded as one 
alcohol is undergoing two dehydrogenation steps by mediation of another alcohol, 
which is staying at the same oxidation level. Moreover, catalytic systems for  primary 
alcohols to esters with a more general scope belong to the group of substrates with 
synthetic applications, and will therefore be discussed there. 

Ru(CO)3 Ru(CO)2
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PhPh
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O
Ph
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R OH
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  Fig. 1.9    Esters formation and H 2  generation from alcohols using  I / II  as catalysts. Turnover num-
bers up to 558 were achieved       
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 In the late 1980s, the group of Cole-Hamilton reported an improved system for 
AAD of a range of both primary and secondary alcohols (Morton and Cole-Hamilton 
 1987 , see also Morton et al.  1987 ). Using the complex [Rh(2,2′-bipyridyl) 2 ]Cl in a 
0.25–1.0 M NaOH/alcohol mixture, they showed the fi rst example of a catalytic 
system capable of thermally catalyzing the AAD of not only the model substrates 
isopropanol, butane-2,3-diol, and the biorelevant ethanol, but also methanol, which 
is relevant for H 2  storage purposes. The two latter cases will be discussed in later 
chapters. Moreover, for both isopropanol and butane-2,3-diol, unprecedented activi-
ties of 115 h −1  were achieved. Again, high temperatures of 120 °C and 140 °C, 
respectively, were necessary in order to achieve this level of activity. Even though 
butane-2,3-diol is merely a model substrate, it represents a simplifi ed version of 
substrates containing multiple alcohol units. A biorelevant example of such a 
 situation is obviously carbohydrates. 

 A year later, Cole-Hamilton also reported on the hydrogen production from alco-
holic substrates using ruthenium complexes as catalysts and use of an irradiation 
source for further activation (Morton and Cole-Hamilton  1988 ). The reaction was 
carried out by employing a combination of [RuH 2 (N 2 )(PPh 3 ) 3 ] and irradiation and 
performing the reaction at 150 °C in the presence of 0.1–0.5 mM NaOH, which led 
to an activity for isopropanol dehydrogenation of 238.1 h −1 . This was a slight 
improvement to their 1987 publication. 1-Butanol also proved a feasible substrate 
and resulted in a turnover frequency of 458.0 h −1  with [RuH 2 (N 2 )(PPh 3 ) 3 ] as catalyst. 
Interestingly, irradiation turned out to be disadvantageous for 1-butanol; in addition, 
the best choice of catalyst for this substrate showed to be [RuH 2 (PPh 3 ) 4 ] ,  which led 
to an activity of 526.5 h −1 . Employing butane-2,3-diol resulted in a turnover 
 frequency of 217.5 h −1 , which was again a slight improvement to their 1987 publica-
tion. For this substrate, using [RuH 2 (N 2 )(PPh 3 ) 3 ] without irradiation led to the best 
result. Finally, glycol proved to be the substrate leading to the most active system 
with an optimized turnover frequency of 1,185.3 h −1  using the same conditions as 
for isopropanol. This showed the potential of this catalytic system for employing 
more biorelevant substrates such as ethanol and glycerol for AAD. Moreover, 
 alcohol substrates belonging to other categories of this review were examined and 
showed good activities. This includes methanol, ethanol, and glycerol. These 
 substrates will be covered in other sections. 

 The mechanism illustrated in Fig.  1.10  was proposed for [RuH 2 (N 2 )(PPh 3 ) 3 ] at 
catalyst. Thus, fi rst an initial activation of the catalyst is occurring by extrusion of 
the N 2  to form the active species [RuH 2 (PPh 3 ) 3 ]. Hereafter, a deprotonated form of 
the alcohol ( - OCHRR′) coordinates to [RuH 2 (PPh 3 ) 3 ] leading to [RuH 2 (OCHRR′)
(PPh 3 ) 3 ] − , which then undergoes  β -hydride elimination to afford [RuH 3 (PPh 3 ) 3 ] −  and 
RR′C═O. Then, another alcohol unit protonates this anionic complex to give 
[RuH 2 H 2 (PPh 3 ) 3 ]. Finally, upon extrusion of H 2 , [RuH 2 (PPh 3 ) 3 ] is reformed, ready 
for a new catalytic round. By scrutinizing the mechanism, it becomes evident that 
this catalytic system for AAD performs via the inner sphere mechanism.

   In the mid 1990s, Saito reported that the Wilkinson complex [RhCl(PPh 3 ) 3 ] 
would show catalytic activity for AAD in the presence of triethylamine instead of 
irradiation (Matsubara and Saito  1994 ). Even though isopropanol was the only 

1 Hydrogen Production by Homogeneous Catalysis: Alcohol Acceptorless…



16

 substrate submitted to the various test reaction conditions, the effect of  triethylamine 
showed a clear dependence on this additive for activity. Hence, with only 
[RhCl(PPh 3 ) 3 ], merely traces of H 2  were generated from refl uxing isopropanol. 
Contrary, an activity of 2.75 h −1  was achieved when adding 15 equivalents of 
 triethylamine and an extra, fourth equivalent of triphenylphosphine. This report also 
showed early examples of mechanistic investigations with the aid of computational 
chemistry (EHMO calculations). A catalytic cycle based on a inner sphere mecha-
nism comparable to Fig.  1.10  was suggested, and the calculations supported the 
 proposed rate-determining step: the dissociative H 2  evolution step. 

 Approximately a decade later, Hulshof reported a system similar to the Robinson 
system, which is capable of performing AAD on secondary alcohols to yield ketone 
compounds (Ligthart et al.  2003 ). Employing 1 mol% of [RuH 2 (CO)(PPh 3 ) 3 ] 
together with 18 equivalents of trifl uoroacetic acid at 130 °C catalyzes such a 
 transformation for a range of substrates (Fig.  1.11 ). Hence, yields of >80 % were 
observed for sterically non-demanding aliphatic alcohols whereas applying benzyl 
substituted alcohols led to a slightly poorer result, with 59 % yield when using 
1-phenylethanol. The sterically more demanding alcohols had an even more 

[RuH2(N2)(PPh3)3]

[RuH2(OCHRR')(PPh3)3]

[RuH2(PPh3)3]

H2

OCHRR'

RR'C=O
OCHRR'

HOCRR'
[RuH3(PPh3)3]

[RuH2H2(PPh3)3]

N2N2

  Fig. 1.10    Proposed 
mechanism for the [RuH 2 (N 2 )
(PPh 3 ) 3 ] catalyzed alcohol 
acceptorless dehydrogenation 
(AAD). R-substituents 
represent alkyl substituents in 
this example       
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  Fig. 1.11    Ketone formation from a range of secondary alcohols via alcohol acceptorless dehydro-
genation (AAD) using [RuH 2 (CO)(PPh 3 ) 3 ] as catalyst. A turnover number exceeding 200 was 
achieved. The H 2  produced along with the ketone product is not shown       
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 detrimental effect on the yield. A yield as low as 34 % was obtained in the case of 
4- t butylcyclohexanol. This infl uence on the yield of the steric nature of the substrate 
is limiting the scope of the system. In the case of 2-octanol, a turnover number 
exceeding 200 was achieved. Moreover, the catalytic system was recycled three 
times without signifi cant loss in catalytic activity. Naturally, this enhances the 
 synthetic applicability of the system.

   In 2004, the group of Milstein published the fi rst of many reports on AAD with 
synthetic purposes using ruthenium(II) based complexes containing non-innocent 
pincer type ligands (Zhang et al.  2004 . See also Milstein  2010 ; Gunanathan and 
Milstein ( 2011 ) for reviews on this catalyst type). Thus, employing catalytic 
amounts of the complex [RuH(PNP)Cl(N 2 )] allowed for the formation of a small 
range of ketones using simple secondary alcoholic substrates (Fig.  1.12 ). Yields 
ranging from 64 % to 91 % and turnover numbers in the early hundreds were gener-
ally obtained. For this system, a turnover number up to 924 was achieved when 
using ca. 500 ppm (part per million, defi ned as μmol/mol, usually as a catalyst to 
substrate relation. 500 ppm equals 0.05 mol%) of the catalyst in isopropanol. 
Moreover, this achievement took 70 h to reach the point by which a yield of 23.5 % 
was obtained.

   A proposed catalytic cycle involving an inner sphere mechanism for the hydride 
abstraction from the alcohol and a [Ru(II)]/[Ru(0)] sequence was proposed 
(Fig.  1.13 ). First, the chloride is replaced by an alkoxide leading to complex  A . A 
β-hydride elimination of the coordinated alcohol and subsequent detachment of the 
corresponding ketone then forms the complex  B  and the ketone product. Reductive 
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  Fig. 1.12    Alcohol acceptorless dehydrogenation (AAD) of a range of secondary alcohols using 
[RuH(PNP)Cl(N 2 )] as catalyst.  PNP  = phosphine, nitrogen, phosphine (ligand).  Upper value  is 
yield and  lower value  is turnover number. The H 2  produced along with the ketone product is not 
shown       
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elimination of H 2  leads to complex  C , which upon oxidative insertion into the O─H 
bond of a new alcohol forms  A  and marks the beginning of a new catalytic cycle.

   A year later, Milstein described an improved version of this catalyst type, the 
[RuH(PNN)(CO)] complexes  A  and  B  depicted in Fig.  1.14 , which promote the 
formation of esters from high boiling (≥115 °C) primary alcohols (Zhang et al. 
 2005 . See also Zhang et al.  2007 ). Even though only a few model substrates were 
shown to undergo this transformation, it is an important step towards reliable 
 processes for more general systems for the conversion of primary alcohols to esters. 
As such, several applications will be described using the type of catalyst containing 
a PNP/PNN pincer ligand and a carbon monoxide ligand (vide infra). Interestingly, 
when using catalyst  A , no base additive is necessary.

   Importantly, complex  A  is formed as a result of HCl elimination from complex 
 B , where the proton is taken from PNN backbone. As such, there is no net change in 
the oxidation state of the ruthenium atom throughout the catalytic cycle. The 
reversed hydrogen shuffl e is seen when complex  A  is submitted to a H 2  atm leading 
to  C . In this case, the deprotonated PNN ligand backbone is re-protonated while a 
hydride is attaching to the ruthenium metal. Interestingly, the dihydride complex  C  
is losing a H 2  molecule even at room temperature    (Fig.  1.15 ).

   Also in 2005, Hartwig reported that  γ -butyrolactone can be synthesized by the 
cyclization of 1,4-butanediol via an acceptorless dehydrogenation mechanism 
(Fig.  1.16 , Zhao and Hartwig  2005 ). Eighteen different ruthenium and iridium 
 complexes were investigated. Hereof,  cis -[(PMe 3 ) 2 RuCl 2 (en)] (en = ethylenedi-
amine) was found to be the most active. The cyclization reaction was performed at 
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205 °C, which is the boiling point of  γ -butyrolactone, the lowest boiling molecule 
in the mixture. A catalyst loading of 58 ppm (0.0058 mol%) was able to transform 
the 1,4-butanediol to  γ -butyrolactone in 48 h. This corresponds to an impressive 
turnover number of 17,000, an unprecedented value at that time. Moreover, the 
 studies on 1,4-butanediol are important for possible future developments of 
 dehydrogenation methods for more complex systems such as e.g. carbohydrates or 
in complex synthetic situations.

   The same year, the group of Williams used an in situ system of 2.5 mol% of 
[RuCl 2 ( p cymene)] 2  with four equivalents of PPh 3  and 15 mol% of LiOH in refl uxing 
toluene under a fl ow of Ar to achieve full dehydrogenation conversion of 
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  Fig. 1.14    Ester formation from primary alcohols using [RuH(PNN)(CO)] complexes via alcohol 
acceptorless dehydrogenation (AAD).  PNN  = phosphine, nitrogen, nitrogen (ligand). High yields 
were shown for all three products. Values below products are yields       
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  Fig. 1.16    Cyclization of 1,4-butanediol to  γ -butyrolactone using  cis -[(PMe 3 ) 2 RuCl 2 (en)] as cata-
lyst.  En  = ethylenediamine. A turnover number of 17,000 was achieved       
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1- phenylethanol (Adair and Williams  2005 ). In addition, it was shown that the 
 reaction system was independent on the electronic character of the aryl component. 
Hence, both  p -F and  p -MeO reached full conversion. The scope was expanded to 
other substrates as well, such as the bisaryl substrate benzhydrol. Moreover, Grubbs’ 
catalyst was demonstrated to be equally active in AAD as the in situ system 
 developed in this report. Unfortunately, primary alcohols failed to be dehydrogenated 
under the given reaction conditions, limiting the substrate scope. 

 Still in 2005, Beller published the fi rst report where the infl uence of the  phosphine 
properties on the AAD activity was examined (Junge and Beller  2005 ). Several dif-
ferent  phosphine ligands (P-ligands) were mixed with 315 ppm (0.0315 mol%) of 
the ruthenium precursor [RuCl 3  ·  x H 2 O] to a refl uxing 0.8 M NaO i Pr/ i PrOH or 
NaOH/ i PrOH solution. In detail, two equivalents of the P-ligands compared to 
[RuCl 3  ·  x H 2 O] were added to the mixture (P/Ru 2:1). Figure  1.17  shows some 
 representative results of these investigations. Thus employing simply PPh 3  led to an 
activity of 66 h −1  after 2 h (TOF(2 h)), which decreases to an overall 42 h −1  after 6 h 
of reaction time. Using the more electron-rich PCy 3  led to an increased TOF(2 h) of 
101 h −1 . Again, a decrease in activity is observed after 6 h (57 h −1 ). P t Bu 3 , which is 
more sterically demanding than both PPh 3  and PCy 3 , leading to an inferior result 
with TOF(2 h) of merely 53 h −1 . This shows that bulkiness has a detrimental effect 
on catalytic activity. Nevertheless, employing BuPAd 2 , which is less sterically 
demanding than P t Bu 3  but more than PCy 3 , gives an activity similar to that for PCy 3 . 
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  Fig. 1.17    Investigations on the activity of a range phosphines with [RuCl 3  ·  x H 2 O]. With the 
CataCXium® PtB ligand, the best results were obtained.  TOF  = turnover frequency       
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When Cyclohexyl JohnPhos is used, a slightly higher activity of 114 h −1  after 2 h is 
measured. Finally, employing the CataCXium® PCy or PtB leads to the highest 
activities observed in these investigations. Thus, with CataCXium® PtB, the best 
TOF(2 h) of 155 h −1  and TOF(6 h) of 78 h −1  were found. In general, minor amounts 
of Guerbet products (≤6 %) were identifi ed along with acetone, the main organic 
product. It should be noted that Cole-Hamilton reported a system that showed a 
higher activity than this ( vide supra , Morton and Cole-Hamilton  1988 ); however, 
those reactions were performed at 150 °C, whereas the method developed by Beller 
was conducted at 90 °C.

   The group of Hulshof reported in 2006 an improved version of their own  catalytic 
system (van Buijtenen et al.  2006 ). When [RuH 2 (CO)(PPh 3 ) 3 ] was treated with 
 tetrafl uorosuccinic acid followed by partial exchange of the PPh 3  ligands with 
bis(diphenylphosphino)ferrocene (dppf), the formation of the dimeric complex 
[Ru( μ OCOC 2 F 4 OCO(CO)(H 2 O)(PPh 3 )] 2  was achieved. This led to a better catalytic 
system able to dehydrogenate 1-phenylethanol without the need of adding any 
associated additives. Moreover, a turnover number up to 651 was realized, approxi-
mately three times higher than what the previous Hulshof system reached (Ligthart 
et al.  2003 ). Unfortunately, when employing the chiral ligand ( S )-BINAP instead of 
dppf in order to obtain enantioselection, effectively a resolution, no selectivity 
higher than 4 % was observed. 

 In 2007, Beller showed that nitrogen containing ligands (N-ligands) also have an 
infl uence on activity (Junge et al.  2007 ). Using [RuCl 2 ( p cymene)] 2  without adding 
further ligands showed an inherent activity of TOF 192 h −1 ; however, this could be 
considerably improved when applying N-ligands as well (Fig.  1.18 ). As for the 
previous report by Beller, the reactions were performed in refl uxing 0.8 M 
NaO i Pr/ i PrOH. A N/Ru ratio of 1:1 was used. Thus, when employing a tridentate 
ligand, the actual nitrogen to Ru ratio is of 3:1, and such a ratio is 2:1 for bidentate 
ligands. In general, tertiary amines lead to better results than secondary and primary 
amines do. As such, the ligands affording the highest catalyst activities are tetra-
methylethylenediamine (TMEDA,  IV ) and its derivatives  V  and  IX  as well as  XVII , 
 III  and  XII . Interestingly, some ligands, such as the terpyridine ligand (tpy,  XV ), 
showed an inhibiting effect.

   Optimizing the reaction with TMEDA ( IV ) and [RuCl 2 ( p cymene)] 2  led to the 
fi ndings that at a N/Ru ratio of 10:1 a TOF(2 h) of 519 h −1  was obtained. The TOF(6 h) 
was 317 h −1 . This was at that time the highest activity observed for isopropanol 
without using irradiation. The system proved to be active even after 11 days, at 
which point 71 mmol H 2  had been produced corresponding to a turnover number 
of 17,215. Moreover, that amount of H 2  corresponds to a potential electrical energy 
of 4.8 Wh. It should be noted that ethanol was tested for activity as well; however, 
almost no H 2  was produced. 

 In 2011, Beller published a catalytic system, which represents the state-of-the-art 
in activity and stability for AAD of both the model substrate isopropanol and the 
biorelevant ethanol (Nielsen et al.  2011 ). In addition to the high activity, it also 
showed an ability to perform at unprecedented mild conditions. The reaction condi-
tions were simply refl uxing alcohol (90 °C applied temperature) with no additives. 

1 Hydrogen Production by Homogeneous Catalysis: Alcohol Acceptorless…



22

Thus, using the PNP pincer ligand  B  together with the ruthenium complex precursor 
[RuH 2 (CO)(PPh 3 ) 3 ]  II  as an in situ system afforded a maximum turnover frequency 
(TOF(max)) for isopropanol dehydrogenation of 14,145 h −1  (Fig.  1.19 ). In addition, 
a turnover number exceeding 40,000 was accomplished in only 12 h. Using ligand 
 A ,  C , and  D  all afforded much lower activities with turnover frequencies ranging 
from no activity (ligand  C ) to less than half of what ligand  B  provides (ligand  A ). 
Hence,  A  probably showed too little electron donating character from the phospho-
rous units due to the  P -aryl substituents as compared to the  P - i Pr substituents in  B . 
Ligand  C  is probably too sterically demanding, as might  D  also be; however,  D  is 
very different from  A – C  and therefore such a conclusion should be taken with care. 
Varying the ruthenium precursor, using  I  instead of  II  meant a change from a dihydride 
to a chlorohydride. This had the effect that the reaction would no longer perform 
without the addition of stoichiometric amount of base. Hence, the chloride needs to 
be removed before catalytic activity is seen. Using the precursor  III  resulted in 
complete halting of activity, showing the importance of the CO ligand.

   A catalytic cycle was proposed, which commences with the formation of  complex 
 IIBH   2   in Fig.  1.20 . This complex is capable of extruding a H 2  molecule by reaction 
of one of the Ru-hydrides with the amine proton. This yields amide  IIB  as the 
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 complex active for AAD. As shown in the transition state, this step follows an outer 
sphere mechanism. This was an early example of employing a catalytic system that 
follows an outer sphere mechanism for the dehydrogenation step. Moreover, the 
superiority in H 2  production of this catalyst might be partly explained by the presence 
of an non-innocent ligand combined with the outer sphere mechanism. An advan-
tage of the latter compared to the inner sphere mechanism is that prior coordination 
and (subsequent) enabling of a vacant  cis  site on the metal is unnecessary.

   As stated above, this report also showed results using ethanol for dehydrogenation. 
As this substrate is a biorelevant compound, it will be discussed in that chapter. 

 Also in 2011, Gusev showed that 0.1 mol% of the PNP coordinated osmium 
complex [OsH 2 (PNP)(CO)] is able to convert the three alcohols hexanol, isoamyl 
alcohol, and benzyl alcohol to their corresponding esters in 88–93 % yields in 2–8 h 
(Bertoli et al.  2011 ). A drawback is the high temperature of 130–205 °C used in this 
system. The ruthenium based counterpart [RuH 2 (PNP)(CO)] also proved successful 
with isoamyl alcohol as substrate. 

1.3.1.1     Conclusion for the Model Substrates Chapter 

 The fi eld of alcohol acceptorless dehydrogenation (AAD) using homogeneous 
catalysis was spawned using model substrates, hereof especially isopropanol. In 
the beginning, activities were generally low (<100 h −1 ) and harsh conditions were 
applied. Activities exceeding 10,000 h −1  and stabilities of more than 40,000 turnover 
numbers have since been achieved. Mainly ruthenium and rhodium complexes have 
been employed on the model substrates.   

1.3.2     Substrates with Synthetic Applications 

 In 1981, the group of Murahashi showed that the ruthenium complex [RuH 2 (PPh 3 ) 4 ] 
is capable of forming esters from primary alcohols using acceptorless dehydrogenative 
conditions (Murahashi et al.  1981 ). This was the fi rst example of the synthetic 
 valuable route of primary alcohols to esters by the use of alcohol acceptorless 
 dehydrogenation (AAD). Thus, reacting a variety of primary alcohols led to their 
corresponding esters with conversions ranging from 52 % to 88 % (Fig.  1.21 ). As 
will become apparent throughout this chapter, many examples of this reaction have 
since been witnessed.

   As described earlier, Shvo reported another system for alcohol dehydrogenative 
ester synthesis in 1985 (Blum and Shvo  1985 ). In 1987, Murahashi showed that 
more complex esters and lactones could be obtained using a similar procedure to 
that stated in Fig.  1.21  (Murahashi et al.  1987 ). Some examples of products formed 
in this report are shown in Fig.  1.22 . Both esters and lactones were formed. Thus, a 
perfume ester and an amine-containing ester could be obtained. In addition, lactoni-
zation or esterifi cation could be selectively achieved, which was demonstrated with 
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  Fig. 1.21    First example of alcohols to ester by acceptorless dehydrogenative methods. The value 
below each alcohol shows the conversion. In general conversions were in the range of 52–88 %, 
see values below the substrates       
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1,5-pentanediol as substrate; when submitting it to the usual reaction conditions, the 
lactone would be primarily formed whereas the ester formation would prevail when 
adding one equivalent of MeCN. This was explained by a strong coordination of the 
MeCN to the ruthenium complex.

   The mechanism was suggested to follow a path where an intermediate aldehyde 
would be formed from one AAD step and to include a hemiacetal coordinating to 
the ruthenium complex. The hemiacetal is suggested to be formed by reaction of the 
aldehyde intermediate with another alcohol. A second AAD step then transforms 
this hemiacetal to the ester product. 

 From this point on, the H 2  release accompanying the synthesis of a given product 
will be considered as implicit and will not in most cases be shown. 

 The same year, the group of Lu showed the fi rst example of AAD of secondary 
alcohols using an iridium complex (Lin et al.  1987 ). As shown in Fig.  1.23 , 
1–2 mol% of the [IrH 5 ( i Pr 3 P) 2 ] complex suffi ced to afford simple ketone products 
 1 – 7  in 50–100 % yields. Thus, employing the simple cyclohexanol yielded cyclo-
hexanone  1  in 100 % yield. 2-Butanol also afforded the corresponding 2-butanone 
 6  in a quantitative yield. On the contrary, when employing 2-octanol only 50 % of 
2-octanone  7  was isolated. However, it should be noted that all the quantitative 
yields ( 1 ,  2 ,  5 ,  6 ) were reported by the use of GC analysis, whereas the rest ( 3 ,  4 ,  7 ) 
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  Fig. 1.23    Acceptorless dehydrogenation of simple secondary alcohols using the [IrH 5 ( i Pr 3 P) 2 ] 
complex. Values below the products are yields. A turnover number of 150 could be achieved. The 
H 2  produced along with the ketone is not shown       
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were isolated yields. This might explain the lower yield of  7 . Moreover, a turnover 
number of 150 could be achieved using cyclohexanol as substrate.

   In addition, much more complex alcohols also proved feasible as substrates. As 
shown in Fig.  1.24 , submitting several steroidal alcohols to these dehydrogenation 
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  Fig. 1.24    Steroidal alcohols as substrates for the acceptorless dehydrogenation process using the 
[IrH 5 ( i Pr 3 P) 2 ] complex. The H 2  produced along with the product is not shown       
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conditions afforded a range of ketone adducts in up to high yields. Thus, employing 
the alcohol  I , two ketone products  8  and  9  were obtained. However, only product  8 , 
which was isolated in 52 % yield, is resulting from the AAD process. Product  9  is 
merely a result of a tautomerization through an isomerization of the allylic alcohol 
to the ketone adduct. The same products were observed when using steroidal  alcohol 
 II  as substrate, with the alkene unit moved one carbon-atom one position further 
away from the alcohol functionality. A more pronounced favoring of  8  with 83 % of 
 8  and as little as 8 % yield of  9  was observed with this substrate. This can probably 
be explained by a decrease in the rate of the tautomerization reaction. A similar 
trend with the formation of both a dehydrogenation and a tautomerization product 
was found when submitting diol  III  to the reaction conditions. Hence, product  10 , 
which arises from the dehydrogenation process, was isolated in 45 % yield and the 
tautomerization product  11  in 38 %. It should be noted, though, that product  11  is 
also a result of a dehydrogenation mechanism on the other ketone unit. The steroidal 
alcohol substrate diol  IV , again with the alkene unit moved one carbon-atom one 
position further away from the alcohol functionality, afforded  10  in 83 % yield. 
Finally, substrate  V  afforded  12  in 81 % yield.

   An inner sphere like mechanism was proposed and is depicted in Fig.  1.25 . The 
fi rst step is a reductive elimination where an extrusion of a H 2  molecule from the 
[IrH 5 ( i Pr 3 P) 2 ] complex affords the trihydride  A . Hereafter, an oxidative addition of 
the O H  bond of the secondary alcohol to the iridium leads to  B , which then reduc-
tively loses another H 2  molecule to give  C . A β-hydride elimination of the bound 
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alcohol then forms the trihydride complex  D  with the ketone product still coordinating. 
Finally, detachment of the ketone leads to complex  A , which closes the catalytic 
cycle.

   In 1990, Shinoda et al. demonstrated methyl acetate production from methanol 
using AAD conditions (Shinoda and Yamakawa  1990 . See also Shinoda et al.  1997 ; 
Robles-Dutenhefner et al.  2000 ; Filho et al.  2007 ). Even though methanol is primar-
ily studied as a H 2  storage material, the synthetic use of it in this report and the 
unlikelihood of a feasible reverse hydrogenation reaction of the product back to 
methanol renders this study relevant in this chapter. Thus, applying the bimetallic 
[Ru(SnCl 3 ) 5 PPh 3 ] complex to a 1:1 v/v mixture of methanol and MeNO 2  at 65 °C 
led to a turnover number of methyl acetate formation of 15.7 after 100 h of reaction 
time. This could be further improved to approximately 120 after 40 h by using a 
system of [CpRu(PPh 3 ) 2 (SnF 3 )] complex in a 1:1 mixture of methanol/MeCN at 
140 °C (Robles-Dutenhefner et al.  2000 ). Moreover, even though these activities are 
not very impressive, the reaction itself constitutes an interesting aspect of the use of 
methanol for the synthesis of industrially important acetic acid derivatives under 
mild conditions by use of homogeneous catalysis. Moreover, it represents an 
 alternative route to the Monsanto process. 

 The mechanism for the acetic acid derivative formation from methanol was 
 proposed to occur via a vital migration step where methyl formate is rearranged to 
acetic acid (Shinoda et al.  1997 ). 

 Approximately 10 years later, Fujita and Yamaguchi presented another iridium 
based complex, which was able to dehydrogenate amino alcohols leading to indoles 
(Fujita et al.  2002b ). Both electron defi cient and electron rich aryl components, and 
R 2 /R 3  as proton or methyl substituents, were well tolerated leading to indoles in 
68–99 % yields (Fig.  1.26 ). It should be noted, though, that even though an alde-
hyde is the (proposed) intermediate (see e.g. Fujita et al.  2002a  for more informa-
tion), arising from the dehydrogenation of the alcohol, the subsequent condensation 
with the amine to form the indole represents a thermodynamic pull of the reaction.

   A few years later, the group of Park disclosed a catalytic system, which was 
based on the heterogenization of the Shvo catalyst (Choi et al.  2004 . For a review on 
Scho’s catalyst, see e.g. Karvembu et al.  2005 ). Since this report in principle refers 
to heterogeneous catalysis, not much attention will be addressed to this accomplish-
ment. However, as the basic principles of immobilization of a homogeneous catalyst 
is of synthetic great interest, the means of the heterogenization process are briefl y 
described here. Thus, a handle for the immobilization was accomplished by func-
tionalization of one of the phenyl substituents of the Shvo catalyst. Subsequent 
immobilization with tetramethyl orthosilicate led to the heterogenized catalyst 
[Ru]-SiO 2  as shown in Fig.  1.27 .

   A range of both primary and secondary alcohols proved feasible substrates with 
this system. Thus, linear and cyclic aliphatic as well as benzylic secondary alcohols 
could be dehydrogenated to the corresponding ketones in ≥97 % yields. In addition, 
the lactone 3 H -isobenzofuran-1-one could be formed in 96 % yield from the pri-
mary alcohol 1,2-benzenedimethanol. However, simpler primary alcohols that are 
not able to benefi t from thermodynamic pull and product stability by lactone forma-
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tion proved less successful. As such, employing simply benzyl alcohol as substrate 
led to a inferior yield of merely 41 %. 

 Fujita and Yamaguchi later developed an enhanced version of an iridium based 
catalyst (Fujita et al.  2007 , see also Royer et al.  2010 ). With this catalyst, a high 
substrate tolerance was demonstrated. A wide range of benzylic and aliphatic secon-
vdary alcohols were shown to be successfully transformed to their corresponding 
ketones in 75–97 % yields when employing 0.2–1.0 mol% of the [Cp*Ir] complex 
shown in Fig.  1.28 . Moreover, when employing 250 ppm (0.025 mol%) of the catalyst 
in refl uxing xylene, a TON of 2120 could be achieved after 100 h of reaction time. 
Comparing these results with their previous fi ndings with [Cp*IrCl 2 ] 2  (Fujita et al. 
 2002b ), both lower catalyst loading and less activated substrates were tolerated.
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  Fig. 1.26    [Cp*IrCl 2 ] 2  catalyzed indole synthesis from amino alcohols using alcohol acceptorless 
dehydrogenation (AAD). Cp* = pentamethylcyclopentadienyl. The R-substituents are either 
hydrogen or methyl. The value range below the product is yields. The H 2  produced along with the 
ketone is not shown       
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   A mechanism involving an active role of the 2-hydroxypyridine ligand in the cata-
lytic cycle was proposed (Fig.  1.29 ). The fi rst step is coordination of the alcohol to the 
complex. This is then followed by a β-hydride elimination and subsequent detachment 
of the product ketone to yield a hydride iridium complex. A H 2  molecule is then 
extruded by reaction of the metal hydride with the hydroxy proton of the 2-hydroxypyr-
idine ligand leading to a 2-hydroxypyrdininate chelated complex. Therefore, no 
change of oxidation state of the iridium metal is occurring. Subsequent coordination 
of a new alcohol unit then leads to a new catalytic cycle. The presence of the 
2-hydroxypyrdininate chelated complex was indirectly verifi ed by synthesizing it by 
a different route and then analyzing it with respect to structure and catalytic activity.

   A more detailed mechanistic insight into this reaction was gained by a comprehen-
sive computational work by the Wang group (Li et al.  2011a ). The main conclusion 
was that the alcohol oxidation part of the catalytic cycle occurs via an outer sphere 
mechanism instead of the proposed inner sphere mechanism shown in Fig.  1.29 . 

 The fi rst example of amide synthesis using a primary alcohol and an amine as 
direct precursors by the use of AAD techniques was introduced by Milstein 
(Gunanathan et al.  2007 ). An equivalent amount of high boiling alcohols were 
mixed with primary amines in refl uxing toluene with 0.1 mol% of the previously 
described [RuH(PNN)(CO)] complex (Zhang et al.  2005 , see Figs.  1.14  and  1.15  for 
its structure) to provide the corresponding amides in 70–99 % yields within 7–12 h 
(Fig.  1.30 ). The synthetic applicability of this type of reaction is high because it 

Ir
N

OH

Cl

Cl

R2

R2

R2

R2

H2

R1

R1

R1

R1

OH

N

OH

[Ir] O

N

OH

[Ir] H

N

O

[Ir]

O

OH

  Fig. 1.29    Proposed catalytic 
cycle for the alcohol 
acceptorless dehydrogenation 
(AAD) process using the 
[Cp*Ir] complex shown in 
Fig.  1.28  and this fi gure. Cp* = 
pentamethylcyclopentadienyl       

 

1 Hydrogen Production by Homogeneous Catalysis: Alcohol Acceptorless…



32

represents a very atom economic route to amides from two highly stable substrates. 
Since most amides to be formed in concrete syntheses probably are of high molecular 
weights, it is less compromising that only high boiling alcohols are employed in this 
catalytic system. Aliphatic amines have a higher reactivity profi le than aryl amines, 
which is seen by the observation that aniline showed an inferior result with merely 
58 % yield. In addition, only primary amines proved active. This was exploited to 
selectively acylate the primary amine units of diethylenetriamine in 88 % yield.

   The mechanism is proposed to be similar to that for the ester synthesis from 
primary alcohols. Moreover, submitting a primary amine to a solution containing an 
ester and the catalyst did not provide any amide. This showed that the ester is not an 
intermediate of the amide production. Therefore, an aldehyde is fi rst formed via the 
usual AAD mechanism, which is then reacting with the amine to form a hemiaminal 
intermediate. This intermediate is then dehydrogenated to yield the amide product. 
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 An alternative system for the direct synthesis of amides from primary alcohols 
and amines was presented by Madsen in 2008 (Nordstrøm et al.  2008 ). Employing 
a combination of 5 mol% of [Ru(COD)Cl 2 ], one equivalents to ruthenium of the 
 N -heterocyclic carbene precursor pictured in the fi gure and PCyp 3 •HBF 4 , and 
20 mol% of KO t Bu in refl uxing toluene allowed for the synthesis of a wide range of 
amides (Fig.  1.31 ). Thus, the simple amides arising from primary alkyl and benzyl 
alcohols and primary alkyl amines were formed in 78–100 % yields. Importantly, 
when employing an amine containing an enantioenriched α-stereocenter, the corre-
sponding amide is formed without any erosion of the enantiomeric excess (70 % 
yield). Similarly, when employing an alcohol containing an enantioenriched 
α-stereocenter, the corresponding amide is formed without any erosion of the 
 enantiomeric excess (60 % yield). It was also shown that when submitting an 1,4-
amino alcohol to the same reaction conditions, the lactam would form (65 % yield) 
rather than the intermolecular amide product. Moreover, when employing an amino 
 alcohol where the amine is secondary, no acylation is observed of this amine. Hence, 
amide formation is only formed at the alcohol unit in combination with a primary 
amine (90 % yield). In addition, tertiary amides could be formed by using a secondary 
amine as substrate albeit with the use of more harsh conditions of 163 °C in mesity-
lene. The same is true for the formation of  N -aryl amides; however, for this product 
the yield was still low (21 %), though. It should be noted that when an alcohol 
 containing an alkene unit was used, the double bond was hydrogenated. This lowers 
the synthetic applicability of the system.

   A mechanism similar to that of the Milstein proposal was suggested with an 
initial aldehyde intermediate formation followed by a fi nal amide creation. 
Interestingly, when mixing an aldehyde with the amine all amine was consumed to 
form the corresponding imine. Adding water to this imine did not push the reaction 
towards the formation of the amide. Importantly, no imine was ever observed during 
the reactions where alcohols are used. This suggests that the produced aldehyde 
intermediate stays coordinated to the ruthenium metal, which is then attacked by the 
amine leading to the hemiaminal intermediate. A second dehydrogenation process 
then forms the fi nal amide product. 

 Moreover, this report constitutes the fi rst example of the use of carbene ligands 
for AAD. Since carbenes are inherently more stable than phosphines, they represent 
a promising future ligand scaffold to investigate for the development of more active 
and stable AAD metal complexes. 

 The group of Hong went even further and developed an entirely phosphine free 
ruthenium based catalyst system for the amide synthesis from alcohols and amines 
(Ghosh et al.  2009 ). This was accomplished by using carbene ligands. Hence, using 
two equivalents of the bromide equivalent of the carbene precursor shown in 
Fig.  1.31  to 2.5 mol% of either [RuCl 2 ( p cymene)] 2  or [RuCl 2 (benzene)] 2  in com-
bination with six equivalents of NaH and two equivalents of either pyridine or 
acetonitrile in refl uxing toluene for 36 h led to a wide range of amide products in 
19–99 % yields with the majority in >60 % yield (Fig.  1.32 ). Products of the same 
type as shown in Figs.  1.30  and  1.31  were produced as well as more sterically hin-
dered  N -benzylpivalamide albeit with a severely lowered yield (19 %). Importantly, 
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tertiary amides arising from both cyclic and non-cyclic secondary amines were 
 successfully prepared with yields ranging from 69 % to 90 %. However, a single 
example proved unfeasible; the more sterically hindered non-cyclic dibenzylamine 
proved unreactive under the given reaction conditions. Like the Madsen procedure, 
when employing an alcohol containing an alkene unit, the double bond was hydro-
genated. Nevertheless, this procedure generally shows a more versatile synthetic 
scope than both the Milstein and Madsen procedures. The fact that no phosphine 
ligands are used renders this system even more attractive.

   When applying an amine and an aldehyde instead of the alcohol, both amide and 
imine formation was found. Moreover, compared to the reaction with an alcohol, a 
lower conversion to the amide was observed. This partly support the mechanism 
proposed by Madsen where the aldehyde intermediate stays coordinated to the 
ruthenium metal ( vide supra ). 

 The in situ catalytic system illustrated in Fig.  1.32  was later further developed to 
afford the defi ned molecular, carbene ligand containing, complex  1  shown in 
Fig.  1.33  (Zhang et al.  2010b . See also Dam et al.  2010 ). A scope similar to that 
provided by the in situ system was found. Moreover, the defi ned complex could 
replace several of the additives necessary for high activity in the in situ system so 
that only KO t Bu was needed besides  1  to obtain conversion. When no base additive 
was employed no conversion was observed.

   Interestingly, the defi ned complex  1  showed some slight different mechanistic 
aspects. Thus, even though the overall mechanistic picture for the catalytic cycle 
equals that of the in situ system, it is for example possible to form the amide from 
an amine and an aldehyde in 78 % yield when adding two equivalents of an alcohol 
to the catalyst as an additive. 
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 Several publications on this topic have since appeared (see Ghosh and Hong 
 2010 ; Muthaiah et al.  2010 ; Gnanaprakasam et al.  2011 ; Prades et al.  2011 ; Schley 
et al.  2011 ; Gargir et al.  2012 ; Prechtl et al.  2012 . See also Chen and Hong  2011 ; 
Pattabiraman and Bode  2011 ; Allen and Williams  2011  for reviews on amide 
 syntheses). In these reports, the advancements are more noticeably from a practical 
point-of-view, such as the use of the readily available RuCl 3  and  N -heterocyclic 
carbenes (Ghosh and Hong  2010 ) or expanding the scope to use aldehydes as well 
as alcohols (Muthaiah et al.  2010 ). The Hong group also succeeded in expanding 
the synthetic scope to include sterically hindered tertiary amides as possible  products 
(Chen et al.  2011 ). Thus, submitting hexanol and dibenzylamine to refl uxing  toluene 
containing 5 mol% of a modifi ed  N -heterocyclic based ruthenium complex and 
35 mol% KO t Bu led to the formation of the corresponding amide in 60 % after 24 h 
(Fig.  1.34 ).

   Recently, Guan and subsequently Milstein showed that polyamides can effectively 
be synthesized using the techniques of AAD (Zeng and Guan  2011 ; Gnanaprakasam 
et al.  2012 , respectively). Moreover, both procedures rely on the use of the Milstein 
catalyst depicted in Fig.  1.15 ; in the Milstein publication, an analogue of this 
 complex, where the amine-“arm” in exchanged with a pyridine, is also employed. In 
this way, polyamide formation with a number-averaged molecular weight  M  n  up to 
ca 30 kDa could be achieved. This atom economical approach to polyamides repre-
sents an attractive type of system for a possible future benign synthesis of this very 
important class of polymers. 

 In 2010, the Hong group also paid attention to the formation of imides via appli-
cation of alcohol dehydrogenative conditions to mixtures of primary amines and 
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appropriate diols leading to cyclic imides (Zhang et al.  2010a , Fig.  1.35 . See also 
Muthaiah and Hong  2011  for a review on cyclic imide synthesis). Generally, decent 
to high yields between 50 % and 88 % were obtained; however, in a few instances 
lower yields were observed. An example is provided by the sterically more demanding 
1-phenylethylamine, which led to the lowest yield reported of 36 %.
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  Fig. 1.33    Amide formation from alcohol and amine via alcohol acceptorless dehydrogenation 
(AAD) using the defi ned complex  1  as catalyst. The R-substituents are mainly aliphatic. An 
exception is the use of aniline, which, however, resulted in poor yields. The value range below the 
product is yields. The H 2  produced along with the amide is not shown       

OH + NH

Ru
Cl
ClN

N

(5 mol%)
N

O

60%

Toluene
KOt Bu (35 mol%)

reflux, 24 h

  Fig. 1.34    Formation of sterically hindered tertiary amide using catalytic acceptorless dehy-
drogenative conditions. A yield og 60 % was achieved. The H 2  produced along with the amide 
is not shown       

NN

Br

Carbene
precursor

HO
OH + NH2

Toluene
reflux, 24 h

R2

R1

N

O

O

n

n=1,2

R3
 =alkyl, arylmethyl

R3

R1

R2

R3

n

23 examples
36-88%R1

 = R2
 = H, aryl, alkyl

[RuH2PPh4](5 mol%)
Carbene precursor(5 mol%)

NaH (20 mol%)
MeCN (5 mol%)

  Fig. 1.35    Cyclic imide formation using an in situ ruthenium catalytic system via alcohol acceptor-
less dehydrogenation. The value range below the product is yields. The H 2  produced along with the 
imide is not shown       

 

 

 

M. Nielsen



37

   Another type of product possibly arising from the dehydrogenative coupling of 
an alcohol and an amine is the imine. Being somewhat more diffi cult to handle, the 
fi rst example of imine formation was reported only recently. Thus, in 2010, the 
Milstein group showed that employing 0.2 mol% of the [RuH(PNP)(CO)] complex 
was suffi cient to convert a range of mixtures of a primary alcohol and amine to the 
corresponding aldimines in 57–92 % yields as shown in Fig.  1.36  (Gnanaprakasam 
et al.  2010b ). The scope of alcohol substrates includes both alkyl and benzyl based 
primary alcohols. Both electron defi cient and electron rich aryls of the benzyl moiety 
are tolerated. When attempting to expand the synthetic scope to include secondary 
alcohols, a low yield was obtained; hence, when employing cyclohexanol, the corre-
sponding ketimine was formed in merely 20 % yield. In addition, besides two examples 
with 2-aminoheptane, only amine substrates containing an α-methylene were employed. 
It should be mentioned, though, that the two examples with 2- aminoheptane pro-
vided the corresponding imine in 84 % and 86 % yields, respectively.

   Since this preliminary report, several other publications on this topic have 
appeared. Both osmium (Esteruelas et al.  2011 ) and ruthenium (Prades et al.  2011 ; 
He et al.  2012 ; Maggi and Madsen  2012 ) have been utilized for this task. 

 In the case of osmium, the group of Esteruelas used 0.2 mol% of the defi ned 
complex [OsH 4 {dbf(P i Pr 2 )}] in combination with 1.0 mol% of KOH to convert a 
range of primary alcohols and primary amines to the corresponding imines 
(Fig.  1.37 , Esteruelas et al.  2011 ). Following this procedure, both alkyl and aryl 
amines were easily converted to imines. Several examples with cyclohexylamine 
were presented with yields ranging from 65 % to 94 %. Furthermore, both aniline 
and  o ,  p , and  m- toluidine were shown to be smoothly converted to the correspond-
ing imine in 55–98 % yields. In addition, both alkyl and benzyl alcohols were 
 tolerated. Moreover, besides a single peculiar outlier, which gives 37 % yield, all the 
products were formed in >50 % yields. An attempt to expand the scope to include 
ketimines was unsuccessful with only 30 % of the imine produced when mixing 
cyclohexanol and dodecylamine.

   The mechanism for the catalytic cycle was proposed as depicted in Fig.  1.38 . The 
fi rst step is the formation of the 18 electron species  A  by extrusion of one H 2  
 molecule and coordination of the alcohol. A second H 2  liberation then forms the 16 
electron complex  B , which upon β-hydride elimination leads to the 18 electron 
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  Fig. 1.36    Milstein approach to imine formation using a Milstein ruthenium complex via alcohol 
acceptorless dehydrogenation (AAD).  PNP  = phosphine, nitrogen, phosphine (ligand). The value 
range below the product is yields. R 1 -substituent constitutes alkyl and benzyl groups. R 2 -substituent 
is an alkyl group. The H 2  produced along with the imine is not shown       
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complex  C . Detachment of the aldehyde then allows for the amine to condensate 
with it to yield the imine product. The resulting 16 electron species  D  then reacts 
with a new molecule of alcohol to begin a new round of the catalytic cycle. The role 
of the base is to activate the alcohol as well as facilitate the reaction of the amine 
with the aldehyde by increasing the nucleophilicity of the medium. This is to protect 
against catalyst deactivation, which is generally more pronounced for osmium than 
for ruthenium complexes.
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  Fig. 1.38    Proposed mechanism for the catalytic cycle of osmium catalyzed acceptorless dehydro-
genative imine formation from alcohols and amines.  Dbf  = dibenzofuran. R-substituents as in 
Fig.  1.37        
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   The Madsen group employed the  N -heterocyclic carbene based ruthenium 
 complex  1  shown in Fig.  1.39  to convert a range of mixtures of arylmethylalcohols 
and up to highly sterically hindered primary amines to imines in 33–80 % yields 
(Maggi and Madsen  2012 ). Thus, employing  t octylamine as amine part, a range of 
benzaldimines were successfully synthesized. The examples shown in the fi gure 
were produced from 80 % of the non-substituted aryl product down to 37 % and 
48 % of the more challenging  o -hydroxybenzene and  p -nitrobenzene products, 
respectively. Varying the amine, adamantoyl was tolerated and provided the corre-
sponding imine product in 70 % yield. Importantly, when applying an enantioen-
riched chiral amine, the imine was synthesized with no sign of racemization. Finally, 
increasing the steric hindrance even more slowed the reaction to the point where 
tritylamine did not provide any imine product after 52 h of reaction time.

   The  N -heterocyclic carbene based ruthenium complex  1  shown in Fig.  1.39  
has also been shown by Madsen to be feasible in ester synthesis (Sølvhøj and 
Madsen  2011 ). 

 Very recently, the group of Schomaker showed the fi rst example of the production 
of α,β-unsaturated imines by use of AAD techniques (Rigoli et al.  2012 ). It was 
accomplished by applying a mixture of an allylic alcohol and an amine. Moreover, 
it was the fi rst example of application of an unsaturated alcohol for this type of 
 reaction in which no reduction of the alkene unit with the H 2  produced from the 
AAD step took place – which is in effect a transfer hydrogenation reaction. Thus, 
employing 1 mol% of the Milstein PNN catalyst (see e.g. Fig.  1.30  for its structure) 
in refl uxing toluene for 24 h allowed for the synthesis of a range of α,β-unsaturated 
imines in 22–83 % yields. 

 A few computational and experimental studies have shed light on the underlying 
mechanism which explains why one system preferably forms e.g. the imine and 
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another the amide, whereas a third system tends to perform hydrogen-borrowing 
chemistry (for reviews on this topic, see e.g. Zassinovich et al.  1992 ; Hamid 
et al.  2007 ; Watson et al.  2011 ) to yield the alkylated amine instead. The groups of 
Crabtree and Eisenstein have suggested the mechanistic rationale presented in 
Fig.  1.40  based on experimental-theoretical studies using the  cis -[RuCl 2 (dppb)
(2- aminomethylpyridine)] complex as catalyst. As seen in the fi gure, the initial 
 oxidation of the alcohol to an aldehyde followed by attack of the amine to induce 
hemiaminal formation is a common motif for both amide and alkylated amine 
 synthesis. Thus, the hemiaminal can then either be further oxidized to yield the 
amide or dehydrated to the imine and then reduced to the amine. Extensive studies 
were performed to clarify which factors are decisive to steer the reaction towards a 
 certain product. A general conclusion is that the crucial difference between the two 
synthetic pathways is whether the hemiaminal stays coordinated to the ruthenium 
center or not. Thus, oxidation of the hemiaminal occurs when it stays coordinated to 
the metal, whereas dehydration and reduction leading to the amine alkylation 
product is the main route when it is liberated from the complex.

   The Wang group has performed computational studies on the origin of the 
selectivity of the amide product over the ester and imine alternatives (Li et al. 
 2011b ). Without going too deep into the mechanistic aspects and considerations, 
some conclusions will still be presented here. Thus, it was concluded that the hemi-
aminal versus hemiacetal formation was determining whether an amide or ester, 
respectively, would be synthesized. Hence, the amide will be synthesized in the 
presence of an amine because hemiaminal formation is both kinetically and thermo-
dynamically favorable compared to hemiacetal formation. The amide versus imine 
formation is determined by the competition between dehydrogenation and dehydration 
of the hemiaminal. 

 Returning from nitrogen-containing oxidation products back to ketone products, 
the Baratta group showed in 2011 that  trans -[RuCl 2 (dppf)(en)] and  trans -[OsCl 2 (dppf)
(en)] are capable of preparing a range of steroids from the corresponding alcohols 
under dehydrogenative conditions (Baratta et al.  2011 ) (Fig.  1.41 ). High conversions 
of the steroids (80 % to >98 %) were generally achieved even in the presence of 
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other reducible moieties, such as a ketone or alkene unit. Combined with the fi nding 
by the Lu group almost 25 years ago (Lin et al.  1987 , see e.g. Fig.  1.24 ), these 
 procedures are the only two examples of the synthetic use of AAD on such complex 
substrates. Moreover, together with the groups of Esterueals (Esteruelas et al.  2011 ) 
and Gusev (Bertoli et al.  2011 ), this report constitutes the fi rst example of the use of 
an osmium complex for AAD.

   In 2009, Milstein showed that primary alcohols could be oxidized to the alde-
hyde state, where they then reacted with another alcohol to form the acetal product 
instead of further being oxidized to the ester (Gunanathan et al.  2009 . See also 
Kossoy et al.  2012 ). Thus, when employing 0.1 mol% of [RuHCl(A-PNP)(CO)] in 
a neat high boiling aliphatic primary alcohol, a high yield could be obtained 
(Fig.  1.42 ). However, as much as this represents a great synthetic advancement by 
means of expanding the general synthetic scope of AAD to include (protected) alde-
hyde formation, the scope of this specifi c system is nevertheless relatively limited.

   For the mechanism, it was suggested that the hemiacetal intermediate undergoes 
dehydration to the corresponding enol ether, which then reacts with a third alcohol 
to yield the acetal product. This is furthermore corroborated by the facts that enol 
ether is an observable intermediate and that benzyl alcohol, which cannot form the 
enol ether, fails in yielding any acetal product. 
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 For the synthesis of unprotected aldehydes, the groups of Fujita and Yamaguchi 
(Fujita et al.  2011 ), and Peris and Albrecht (Prades et al.  2011 ) have recently 
 disclosed the fi rst AAD systems capable of effectively performing this task. From a 
mechanistic point-of-view, it is interesting to be able to halt the normal ester synthesis 
at the aldehyde level. Obviously, it holds great synthetic value as well. 

 For Fujita and Yamaguchi, employing the [Cp*Ir] complex shown in Fig.  1.43  
allowed for the synthesis of a range of both aryl and alkyl aldehydes in 46–95 % 
yields (Fujita et al.  2011 ). Moreover, both electron rich and electron deficient 
as well as the sterically more demanding  o -methyl substituted aryl components 
were tolerated.

   To account for the aldehyde selectivity, the mechanism for the catalytic cycle 
was proposed as shown in Fig.  1.44 . Thus, an initial coordination of the alcohol 
forms intermediate  A , which after a β-hydride elimination forms the aldehyde and 
hydride complex  B . A H 2  molecule is then liberated by reaction of the hydride with 
the O H  proton of the ligand, which leads to  C . Complex  A  is then regenerated by 
reaction of  C  with a new alcohol molecule. In general, it would be interesting to 
shed more light on the aldehyde versus ester selectivity, e.g. by experimental and/or 
computational studies.

   For Peris and Albrect, of the tested primary alcohols (benzyl alcohol, 2- phenylethanol, 
and 1-octanol) only benzyl alcohol was oxidized (Prades et al.  2011 ). Moreover, 
5 mol% of a  N -heterocyclic carbene based ruthenium complex in refl uxing toluene 
suffi ced to yield >95 % benzaldehyde after 16 h. 

 For a study on the reversible C─C binding between an aldehyde unit – arising 
from AAD – and the phosphine, nitrogen, phosphine (PNP) pincer ligand of the 
Milstein [RuH(PNP)(CO)] complex (see Fig.  1.36  for the structure of the complex), 
see Montag et al.  2012 . 

 Very recently, Fujita and Yamaguchi were able to produce both aldehydes and 
ketones in aqueous media by using a water soluble [Cp*Ir] complex as catalyst 
(Kawahara et al.  2012 , Fig.  1.45 . See also Maenaka et al.  2012 ). A range of 
 arylaldehydes were produced in 77–94 % yields by using 1.5–3.0 mol% of the 
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  Fig. 1.42    Acetal synthesis via alcohol acceptorless dehydrogenation (AAD) using [RuHCl(A- 
PNP)(CO)] as catalyst.  A-PNP  = acridine-phosphine, nitrogen, phosphine (ligand). The values 
stated are yields. The H 2  produced along with the acetal is not shown       
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[Cp*Ir] complex as catalyst in refl uxing water. Interestingly, because the catalyst is 
water soluble, the products and catalyst were separated by a simple phase separa-
tion. Both aliphatic as well as benzyl secondary alcohols were smoothly converted 
to the ketones in 80–98 % yields by using 1.0–3.0 mol% of the catalyst. In addition, 
a turnover number of 2550 was achieved when 200 ppm (0.02 mol%) catalyst for 
the conversion of 1-(4-methoxyphenyl)ethanol to 1-(4-methoxyphenyl)ethanone 
were used. For the same substrate, it was shown that when using 1.0 mol% of the 
catalyst the ketone could be synthesized in 98 % yield after the fi rst run and still in 
94 % yield after the eighth run. This, combined with the fact that no additives 
are necessary and that catalyst/product separation is possible via a simple phase 
separation, demonstrates the synthetic potential of this catalytic system.

   From a synthetic point-of-view, it would be interesting to be able to distinguish 
between primary and secondary alcohols when aiming for ester formation. Thus, it 
would widen the synthetic applicability of the tools of AAD techniques if a catalytic 
system would treat a mixture of a primary and secondary alcohol in the following 
way: allows for the selective initial oxidation of the primary alcohol to the alde-
hyde followed by hemiacetal formation only by reaction of the aldehyde with 
the secondary alcohol, which then fi nally is oxidized to the selective cross-dehydro-
genative ester product. 

R1 R1OH
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ClHO
[Cp*Ir] complex (2 mol%)
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O
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  Fig. 1.43    Aldehyde synthesis via alcohol acceptorless dehydrogenation (AAD) catalyzed by the 
[Cp*Ir] complex shown in the fi gure. Cp* = pentamethylcyclopentadienyl.  a Performed in refl uxing 
toluene with NaOH (5 mol%) as base additive. The values below the products are yields. The H 2  
produced along with the aldehyde is not shown       
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 Such a cross-dehydrogenative coupling protocol of primary and secondary alco-
hols was reported by the group of Milstein (Srimani et al.  2012 ). Thus, a range of 
both aliphatic and benzylic primary alcohols were successfully coupled with both 
linear and cyclic aliphatic secondary alcohols in the presence of 1 mol% of 
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  Fig. 1.44    Proposed catalytic 
cycle for the aldehyde 
synthesis from alcohols via 
alcohol acceptorless 
dehydrogenation (AAD). The 
R 1 -substituent is alkyl or aryl       
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[RuH(Bipy-PNN)(CO)]. After 24–38 h of reaction time, yields ranging from 46 % 
to 99 % were obtained (Fig.  1.46 ).

   To account for the selective cross-dehydrogenative coupling, it was speculated 
whether any ester formation via self coupling of the primary alcohol would  simply 
be converted to the desired product via transesterifi cation. This proposal was 
based on previous fi ndings by this group, where the [RuH(PNN)(CO)] complex 
(see e.g. Fig.  1.30  for its structure) was showed to catalyze the acylation of 
 secondary alcohols using esters arising from primary alcohols as acyl source 
(Gnanaprakasam et al.  2010a ). 

 Ester synthesis has also been recently achieved using other ruthenium based 
complexes (Zhang et al.  2011 ; He et al.  2012 ; Prechtl et al.  2012 ; Shahane et al. 
 2012 ) as well as an iridium based complex (Musa et al.  2011 ). 

 The iridium based complex, developed by the Gelman group, is build up by a 
phosphine, carbon ( sp 3-hybridized), phosphine (PC sp 3P) pincer ligand (Musa et al. 
 2011 , Fig.  1.47 ). Employing 0.1 mol% of this complex allowed for the synthesis of 
ketones, esters, and lactones as shown in the fi gure. For the ketone synthesis, neutral 
and refl uxing  p -xylene suffi ced whereas when applying primary alcohols for the 
ester and lactone syntheses, 5 mol% of Cs 2 CO 3  as additive was necessary to  promote 
reactivity. Using these conditions, ketones were formed in 84–94 % yields, esters in 
88–98 % yields, and lactones in 96–99 % yields. Thus, even though a limited range 
of substrates were employed (12 in total) high to excellent yields could be achieved 
in all categories rendering this system attractive from a synthetic point-of- view. 
Moreover, when applying 100 ppm (0.01 mol%) for the conversion of 1,4-butane-
diol to  γ -butyrolactone, a turnover number of 3600, or 36 % yield, could be achieved 
after 48 h of reaction time.

   The syntheses of a range of aromatic heterocycles have recently been disclosed. 
Thus, approximately 10 years after the report on indole synthesis by Fujita et al. 
( 2002b ), Madsen published the synthesis of quinolines from anilines and 1,3-diols by 
use of a ruthenium catalyst (Monrad and Madsen  2011 ). As seen in Fig.  1.48 , yields 
ranging from poor to moderate (20–61 %) were obtained. Within this range of yield, 
both electron rich and electron poor as well as  o ,  m , and  p -substituted anilines were 
tolerated. Moreover, the reaction was only shown with aliphatic alcohols.

N
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R2 R3 R2R1

R3

OH +
Toluene
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24-38 h
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O[RuH(Bipy-PNN)(CO)]
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OH N P
Ru

CO
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[RuH(Bipy-PNN)(CO)]
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  Fig. 1.46    Cross-dehydrogenative coupling of primary and secondary alcohols via alcohol acceptorless 
dehydrogenation (AAD) catalyzed by [RuH(Bipy- PNN)(CO)].  Bipy-PNN  = bipyridine- phosphine, 
nitrogen, nitrogen (ligand). R 1 -substituents are alkyl and benzyl groups. R 2 - and R 3  are aliphatic. 
The value range below the product is yields. The H 2  produced along with the ester is not shown       
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   Crabtree showed that pyrroles can be formed by mixing 2,5-hexanediol with a 
primary amine and adding 1.5 mol% of  1  and 10.9 mol% of NaOOCH (Schley et al. 
 2011 , Fig.  1.49 ). Only two examples were provided of which both showed merely 
moderate results with yields ranging from 45 % to 48 % rendering the synthetic 
applicability of this procedure somewhat restricted.

   The same year, Milstein reported on a self coupling reaction of β-amino alcohols 
leading to pyrazines in 35–53 % yields (Gnanaprakasam et al.  2011 ). This poor to 
moderate result was achieved using 1 mol% of [RuH(PNP)(CO)] in vigorously 
refl uxing toluene for 16 h (Fig.  1.50 ). The R substituent was tolerated both when 
alkyl or phenyl. Moreover, only four examples were provided, limiting the possibility 
for a clear picture of synthetic scope of this reaction.
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  Fig. 1.47    Ketone, ester, and lactone syntheses via alcohol acceptorless dehydrogenation (AAD) by 
use of [Ir(PC sp 3P)Cl] as catalyst. PC  sp 3P = phosphine, carbon ( sp 3-hybridized), phosphine (ligand). 
The values below the products are yields. The H 2  produced along with the products are not shown       
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  Fig. 1.48    Quinoline synthesis from anilines and 1,3-diols via alcohol acceptorless dehydrogena-
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ated. Only shown with aliphatic alcohols. The value range below the product is yields. The H 2  
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   Very recently, the Sadow group reported a catalytic system capable of 
 dehydrogenating a primary alcohol and subsequently decarbonylate the aldehyde 
intermediate using a single catalyst and irradiation (Ho et al.  2012 ). The same 
process was achieved by Cole-Hamilton by using a rhodium based complex and a 
500 W tungsten- halogen lamp at 150 °C (Morton et al.  1989 ). Indeed, a rhodium 
based complex is also used by Sadow; however, only room temperature is applied. 
Thus, when employing 10 mol% of [To M Rh(CO) 2 ] (To M  = tris(4,4-dimethyl-
2-oxazolinyl)phenylborate) and a 450 W medium pressure Hg lamp in benzene at 
room temperature for 24–72 h dehydrogenation/decarbonylation products could be 
formed in 81–99 % yields from a range of primary alcohols. Out of 15 examples, 3 
resulted in no conversion. Those were the  p -CO 2 Me,  p -NO 2 , and  p -Cl-benzyl alcohols. 
Curiously, with  p -F-benzyl alcohol a yield of  p -F-toluene of 95 % was obtained. 
Moreover, the synthetic scope includes both aliphatic and benzylic primary alcohols. 

1.3.2.1     Conclusion for the Substrates with Synthetic 
Applications Chapter 

 The synthetic applications of alcohol acceptorless dehydrogenation (AAD) 
techniques have broaden considerably since the seminal works of e.g. Charman, 
Robinson, Saito, and Cole-Hamilton. Thus, a wide range of products can nowadays 
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  Fig. 1.49    Pyrrole synthesis from 2,5-hexanediol and primary amines via alcohol acceptorless 
dehydrogenation (AAD) catalyzed by  1 . The value range below the product is yields. The H 2  
produced along with the prryole is not shown       

N

PtBu2

PtBu2

Ru

H

CO

[RuH(PNP)(CO)]

OH

R
N

N

R

R

[RuH(PNP)(CO)]
(1 mol%)

35-53%
4 examples

R = alkyl, Ph

H2N Toluene
165 °C, 24 h

  Fig. 1.50    Pyrazine formation from β-amino alcohols via alcohol acceptorless dehydrogenation 
(AAD) using [RuH(PNP)(CO)] as catalyst.  PNP  = phosphine, nitrogen, phosphine (ligand). The 
value range below the product is yields. The H 2  produced along with the pyrazine is not shown       

 

 

1 Hydrogen Production by Homogeneous Catalysis: Alcohol Acceptorless…



48

be synthesized using this type of catalytic system. They include for example: 
 aldehydes, acetals, ketones, esters, amides, polyamides, imides, imines, indoles, 
pyrroles, pyrazines, and dehydrogenation/decarbonylation products. Therefore the 
future in this fi eld looks very promising. Some of the next goals to achieve will for 
example be to achieve the same transformations at very mild circumstances such as 
under neutral conditions at room temperature using very small amounts of the catalyst.   

1.3.3     Biorelevant Substrates 

 The fi rst example of applying the tools of alcohol acceptorless dehydrogenation 
(AAD) to biorelevant substrates was given by Robinson (Dobson and Robinson 
 1975 ,  1977 ). An initial TOF of 27 h −1  was obtained by dehydrogenating boiling 
ethanol. However, as discussed above, there seemed to be a dispute with other 
groups regarding the actual activity. As such, the group of Ziółkowski (Rybak and 
Ziółkowski  1981 ) reported that for the same reaction they achieved an activity 
approximately 10 times lower than what Robinson reported. 

 The group of Cole-Hamilton was the next to show a catalytic system feasible for 
ethanol dehydrogenation (Morton and Cole-Hamilton  1987 ,  1988 ; Morton et al. 
 1989 ), of which the catalytic systems of Morton and Cole-Hamilton  1987  and Morton 
and Cole-Hamilton  1988  reports are discussed in the chapter of model substrates. 

 Thus, when employing ethanol a turnover frequency after 2 h (TOF(2 h)) value 
up to 210.2 h −1  could be achieved (Morton and Cole-Hamilton  1988 ; Morton et al. 
 1989 ), representing a near ten-fold increase in activity compared to the Robinson 
system. It should still be noted, though, that 150 °C and NaOH as base additive were 
employed. 

 As noted earlier, in the 1989 paper they were moderately successful to perform 
decarbonylation as a subsequent step to the dehydrogenation (Morton et al.  1989 ). 
However, only partial decarbonylation compared to the dehydrogenation occurred. 

 In the 1988 paper, glycerol was successful as substrate as well (Morton and Cole- 
Hamilton  1988 ). Glycerol, which mainly comes from triglycerides, is an interesting 
biorelevant substrate because of its abundance. For the fi rst time, a system proved 
feasible for extruding H 2  from this substrate, which is much more complicated than 
ethanol. Nevertheless, the maximum turnover frequency was 37.6 h −1  with respect 
to H 2  evolution, which should be considered a good result for this triol. In this 
respect, it is important to realize that the more alcoholic unit that are present in a 
substrate the more diverse types of products may be formed as a result of the AAD 
and subsequent alteration of the molecule. Because of this, the risks of creating 
undesired products that acts as catalyst deactivators in the given catalytic system are 
inherently higher when employing substrates dense with alcohol units. 

 More than 20 years later, Beller demonstrated that considerably higher turnover 
frequencies can be obtained under much milder conditions when using a PNP  pincer 
ligand containing  P - i Pr substituents together with the ruthenium complex precursor 
[RuH 2 (CO)(PPh 3 ) 3 ] as an in situ system (Nielsen et al.  2011 , see Figs.  1.19  and  1.20  
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for structures). Thus, simply heating neutral, additive-free, neat ethanol to refl ux 
and adding 3.1 ppm (0.00031 mol%) of a stoichiometric mixture of the PNP ligand 
and [RuH 2 (CO)(PPh 3 ) 3 ] leads to a very active system with a TOF(2 h) of 1483 h −1 . 
This is more than a seven-fold improvement compared to the Cole- Hamilton  system. 
Thus, this report constitutes the fi rst example of H 2  production below 100 °C from 
not only primary alcohols, which are thermodynamically less favorable than 
 secondary alcohols with respect to oxidation to aldehyde and ketone, respectively; 
but also from a biorelevant substrate. The organic products were a mixture of acet-
aldehyde and ethyl acetate. It should be pointed out, though, that even though this 
system employs a biorelevant substrate, it requires that the ethanol is dry and, as 
such, it still does not fully resemble bioethanol. In order to achieve this, a fi rst step 
would be to develop a system that performs in aqueous ethanol. As a note, this cata-
lytic system was also discussed with isopropanol as substrate in the model substrate 
chapter (see Nielsen et al.  2011 , Figs.  1.19  and  1.20 ). 

 A year later, Beller showed that the industrial bulk chemical ethyl acetate can be 
selectively formed from ethanol using AAD techniques (Nielsen et al.  2012 ). From 
a perspective of a future sustainable chemical industry, this process is particular 
interesting because it in principle allows for the replacement of the current 
petrochemical based ethyl acetate production with a biomass based process, which 
produces energy rich H 2  as the only byproduct. 

 Employing 50–500 ppm (0.005–0.05 mol%) of the [RuHCl(PNP)(CO)] complex 
in neat, heated ethanol containing 0.6–1.3 mol% NaOEt allowed for yields of ethyl 
acetate ranging from 70 % to 81 % (Fig.  1.51 ). With 500 ppm catalyst, 1.3 mol% 
NaOEt was used and with 50 ppm catalyst, 0.6 mol% NaOEt was used. Both refl ux 
conditions (90 °C applied temperature) and 70 °C were used with 500 ppm catalyst 
(Entries 1 and 2, respectively, in the table). Yields and turnover numbers of 
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  Fig. 1.51    Synthesis of ethyl acetate from ethanol via alcohol acceptorless dehydrogenation 
(AAD) using [RuHCl(PNP)(CO)] as catalyst.  PNP  = phosphine, nitrogen, phosphine (ligand). 
 TON  = turnover number. The H 2  produced along with the ester is not shown       
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81 %/1620 and 70 %/1400, respectively, were obtained. The latter result shows that 
the system is active even below the boiling point of ethanol. Moreover, it was, in 
addition, demonstrated that the system is still active at 60 °C, although with a lower 
conversion rate. Finally, it was shown that lowering the catalyst loading to as little 
as 50 ppm was still enough for achieving a good yield with a concurrent resulting 
high turnover number of 15,400 (Entry 3). Moreover, these results were found 
working on bulk scale with more than 170 mmol ethanol as substrate, which renders 
this system attractive from a synthetic point-of-view.

   Almost at the same time of the Nielsen et al. ( 2012 ) publication, the Gusev group 
reported on similar fi ndings (Spasyuk and Gusev  2012 ; Spasyuk et al.  2012 ). 
The best result was achieved using 50 ppm of the [RuCl 2 (PNN)(PPh 3 )] complex in 
 combination with 1 mol% NaOEt in refl uxing ethanol (Fig.  1.52 ). With this system, 
0.2 mol of ethanol was successfully transformed to ethyl acetate in 85 % conversion 
after 40 h of reaction time.

1.3.3.1       Conclusion for the Biorelevant Substrates Chapter 

 It is clear that even though the fi rst examples of H 2  production from biorelevant 
substrates are now more than 30 years old, this fi eld is still very much in its infancy. 
The fact that a time-span of more than 20 years exists between the Cole-Hamilton 
and Beller reports illustrates very well that this topic might have been abandoned for 
a long period. However, the promising results recently published by the groups of 
Beller and Gusev might also spark a rebirth of this very important area of research.   

1.3.4     Substrates for H 2  Storage 

 This chapter will focus on the release of H 2  from alcohol containing molecules that 
are relevant for H 2  storage. Currently, the most prominent candidate for this is meth-
anol but ethanol might also turn out to be a promising choice. As a note, the turnover 
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frequencies are, unless otherwise noted, given by the amount of H 2  produced. As for 
the majority of the previous fi gures, H 2  will not be shown as a product since it is an 
omnipresent product in all the fi gures. 

 The fi rst example of H 2  production from methanol was given simultaneously by 
the Maitlis group (Smith et al.  1985 ) and the Saito group (Shinoda et al.  1985 ). They 
both use a ruthenium(II) based complex, and they observe similar types of products 
(Fig.  1.53 ). Moreover, comparable results with respect to activity are achieved. 
Thus, Saito employs a mixture of 101 ppb (0.0000101 mol%) of [Ru(OAc)
Cl(PEtPh 2 ) 3 ] and two equivalents of acetic acid (AcOH) to the catalyst in refl uxing 
methanol, which led to a TON of 34.0 after 90 h (Shinoda et al.  1985 ). A mixture of 
formaldehyde, dimethoxymethane, methyl formate, and other unidentifi ed products 
was obtained. Interestingly, methyl formate as the ester product is formed as well. 
Maitlis uses 320 ppm (0.032 mol%) of [RuCl 2 (PPh 3 ) 3 ] at 150 °C to achieve a TON 
of 65 after 18 h (Smith et al.  1985 ). Only dimethoxymethane and methyl formate 
were reported as organic products.

   Approximately 10 years later, Shinoda et al. performed some mechanistic studies 
on the Maitlis system (Yang et al.  1996 ). This report will not be further discussed 
here since it focused mainly on the kinetic aspects of the reaction, a topic beyond 
the scope of this review. 

 Also in 1985, Satio et al. reported on a irradiation assisted catalytic system for 
methanol dehydrogenation (Yamamoto et al.  1985 . See also Takahashi et al.  1985 ). 
Both  cis -[Rh 2 Cl 2 (CO) 2 (dppm) 2 ] and [PdCl 2 (dppm) 2 ] were shown to be active in 
refl uxing methanol in the presence of irradiation from a high pressure Hg lamp 
(400 W). Thus, with  cis -[Rh 2 Cl 2 (CO) 2 (dppm) 2 ], a turnover frequency up to 130 h −1  
could be achieved. For [PdCl 2 (dppm) 2 ], the value was slightly higher, 156 h −1 . No 
activity was observed without irradiation, which limits the implementation of the 
system as a H 2  carrier. 

 A few years later, Cole-Hamilton reported both a rhodium based system (Morton 
and Cole-Hamilton  1987 ) and a ruthenium based system (Morton and Cole- Hamilton 
 1988 ) for methanol dehydrogenation. The catalytic systems were discussed in detail 
in the chapter for model substrates and will therefore not be addressed again here. 
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the products are not shown.  TON  = turnover number.  TOF  = turnover frequency       

 

1 Hydrogen Production by Homogeneous Catalysis: Alcohol Acceptorless…



52

For the rhodium system, using [Rh(bipy) 2 ]Cl in methanol containing 1.0 M NaOH 
at 120 °C allowed for a rate of H 2  production of 7 h −1  (Morton and Cole-Hamilton 
 1987 ). In the case of ruthenium, [RuH 2 (PPh 3 ) 4 ] in methanol containing 0.1-0.5 mM 
NaOH at 150 °C yielded H 2  with a turnover frequency of 7.5 h −1  (Morton and 
Cole-Hamilton  1988 ). This was further improved to 37.3 h −1  when irradiating the 
system. 

 Also in 1988, Saito et al. proposed a mechanistic cycle for their system presented 
in    Fig.  1.54  (Itagaki et al.  1988 . See also Itagaki et al.  1987 ,  1993 ). Starting with 
complex  A , a methanol molecule is displacing one of the coordination sites of the 
chelating acetate to give complex  B . Extrusion of acetic acid then gives  C , which 
has a vacant  cis  site on the ruthenium metal allowing for a β-hydride elimination. 
The transition state for this step is shown as  D . The resulting hydride complex  E  
then liberates formaldehyde and a H 2  molecule. The latter is assisted by acetic acid, 
which then re-coordinates to the ruthenium metal to regenerate complex  A .

   The year after, Saito et al. showed that a turnover frequency of 2.77 h −1  can be 
reached using a 2:30:54 ratio of a mixture of [IrCl 3 ]•3H 2 O/[SnCl 2 ]•2H 2 O/LiCl in 
refl uxing methanol and irradiate with light from a 400 W high pressure Hg lamp 
(Nomura et al.  1989a . See also Makita et al.  1993 ). As was the case in most of the 
other catalytic systems taking advantage of irradiation assistance, no activity was 
observed when the light source was removed. Moreover, even though this report 
states that iridium is also a feasible metal candidate for methanol dehydrogenation, 
the activity is still very low considering the fact that intensive irradiation is necessary 
for achieving any activity. 

 In 1991, the Saito group reported that with [RuCl 3 ]•3H 2 O in methanol containing 
20.0 wt% of NaOMe at 79.0 °C, a turnover frequency of 1.23 h −1  could be achieved 
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(Fujii and Saito  1991 ). It was furthermore shown that at lower NaOMe concentra-
tions (0.0–10.0 wt%), an incremental effect of adding three equivalents of AgBF 4  to 
the catalyst was observed. Hence, with e.g. 2.5 wt% NaOMe an increase from a rate 
of 0.01 h −1  without AgBF 4  to 0.04 h −1  with AgBF 4  was observed. However, with 
20.0 wt% a detrimental effect was found. At this wt.%, a turnover frequency of 
1.10 h −1  was observed when AgBF 4  was added, which should be compared to the 
1.23 h −1 . In general, the rates in this report are all low considering that methanol 
dehydrogenation is a known technique with state-of-the-art activities exceeding 
7 h −1  without irradiation at this point. 

 Almost 20 years later, the groups of Bolm and Bühl independently performed 
some mechanistic studies on methanol dehydrogenation using the Cole-Hamilton 
system with the [RuH 2 N 2 (PPh 3 ) 3 ] complex as catalyst (Johansson et al.  2010 ; 
Sieffert and Bühl  2010 , respectively). It is beyond the scope of this review to give 
detailed descriptions of their fi ndings. However, the concluding fi ndings are 
presented here. 

 The Bolm 2010 report investigates the Cole-Hamilton system by using the 
[Ru(MeO)H 2 (PMe 3 ) 3 ] −  complex as starting point (Johansson et al.  2010 ). This complex 
is generated by reaction of a methoxide ion with the [RuH 2 N 2 (PMe 3 ) 3 ] complex, which 
represent a simpler version of the complex Cole-Hamilton utilized, [RuH 2 N 2 (PPh 3 ) 3 ]. 
It was found that the resting state is the trihydride complex [RuH 3 (CH 2 ═O)
(PMe 3 ) 3 ] − , and that H 2  release is occurring via formaldehyde release followed by 
intermolecular proton transfer from a methanol molecule and subsequent H 2  libera-
tion. Hereafter, a methoxide ion coordination followed by β-hydride elimination 
regenerates the resting state. 

 The “real” [RuH 2 N 2 (PPh 3 ) 3 ] complex was studied in the Bühl 2010 report 
(Sieffert and Bühl  2010 ). It was found that the higher steric demand of a PPh 3  ligand 
compared to e.g. a PH 3  provokes higher kinetic barriers. In addition, the role of the 
base additive seems to be three-fold: to (1) facilitate substrate coordination; (2) 
catalyze intramolecular proton transfer; and (3) regulate the amount of coordinated 
hydrogen atoms. Moreover, it was found that all four mechanistic pathways investigated 
were close to each other with respect to overall activation free energies suggesting 
that they are all participation in the reaction. A reaction with several mechanistic 
pathways might be kinetically benefi cial for the catalytic reaction (Schneider et al. 
 2009 ), which may explain the effi ciency of this system. 

 Almost simultaneously, Beller (Nielsen et al.  2013 ) and the groups of Trincado 
and Grützmacher (Rodríguez-Lugo et al.  2013 ) reported on an aqueous-phase 
 methanol reforming-like reaction system based on homogeneous catalysis. Methanol 
reforming is the conversion of methanol and water to three molecules of H 2  and one 
molecule of CO 2 . Aqueous-phase refers to the fact that it is performed in liquid 
water (as opposed to e.g. steam). Both terms refers to heterogeneous catalysis, 
explaining why the two reports are only resembling aqueous-phase methanol 
reforming even though they describe the same overall reaction. 

 The group of Beller employed a complex analogous with the [RuHCl(PNP)
(CO)] complex shown in Fig.  1.51 , but with P i Pr 2  substituents instead of the PPh 2  
(complex IIBH 2  in Fig.  1.20 ). Heating to 65–95 °C and adding up to 8 M of MOH 
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(M = Na or K) in a MeOH/H 2 O solution, they succeeded with the fi rst example of a 
homogeneously catalyzed H 2  liberation from MeOH where all the hydrogen atoms 
are extruded from the alcohol. The system proved very effi cient and robust with a 
maximum turnover frequency of 4700 h −1  and a turnover number exceeding 350,000. 
Moreover, the reaction showed to be active still after more than 3 weeks (23 days). 
Production of H 2  was shown in solutions containing MeOH/H 2 O ratios from 10:0 to 
1:9, which is an important feature for practical applications. However, the high 
 alkalinity is a drawback of this system. Based on CO 2 , a yield up to 43 % was 
obtained. It should be noted that full investigations in order to optimize the yield 
was not performed, though. 

 The groups of Trincado and Grützmacher employed a newly developed 
ruthenium- based complex (Fig.  1.55 ), which allowed for approximately 80 % con-
version after 10 h when using 0.5 mol% of the catalyst giving an average turnover 
frequency of 48 h −1 . Unlike the Beller system, neutral conditions could be used, 
which enhances the practical applications. However, the high catalyst loading and 
slow reactivity are drawbacks of this system.

   Recently, the Gusev group showed that the catalytic system depicted in Fig.  1.52 , 
which shows ethanol dehydrogenation to ethyl acetate, is also capable of hydroge-
nating ethyl acetate to yield ethanol will full conversion (Spasyuk and Gusev  2012 ). 
Even though the two opposite directed reaction were performed individually and 
separately and therefore does not show a true cycle of e.g. ethyl acetate to ethanol 
and back, it still highlights the possibility of developing a catalytic system for H 2  
storage using the ethanol/ethyl acetate cycle. 

1.3.4.1     Conclusion for the Substrates for H 2  Storage Chapter 

 Since the fi rst examples of methanol acceptorless dehydrogenation given by Maitlis 
and Saito in 1985, especially Saito has contributed to the development of this fi eld. 
However, before AAD of methanol by homogeneous catalysis can be considered a 
true opportunity for the general society, improvements need to be accomplished. 
The recent developments by Beller and the groups of Trincado and Grützmacher 
show indicate that a practical methanol dehydrogenation system might soon be 
developed. Moreover, the use of the ethanol/ethyl acetate cycle as a means of H 2  
storage will probably be addressed in the near future.   

Ru
N N

H

K(dme)2

  Fig. 1.55    Ruthenium- 
complex developed by the 
groups of Trincado and 
Grützmacher.  Dme  = 
dimethoxyethane       

 

M. Nielsen



55

1.3.5     Conclusion 

 Being almost 50 years old, the fi eld of alcohol acceptorless dehydrogenation (AAD) 
by homogeneous catalysis has witnessed many exciting developments during the 
years. From a synthetic point-of-view, the technique can nowadays be used to 
 synthesize a large variety of functional groups. This includes e.g. aldehydes, acetals, 
ketones, esters, amides, polyamides, imides, imines, indoles, pyrroles, pyrazines, 
and dehydrogenation/decarbonylation products. For the production of H 2 , the fi eld 
has recently moved away from only using model substrates to also include effective 
systems with biorelevant substrates. In this regards, both glycerol and especially 
ethanol have been shown to be feasible substrates for H 2  via AAD by homogeneous 
catalysis. Finally, the use of AAD by homogeneous catalysis seems to an area of 
research, which is promising for a future H 2  storage system. This has recently been 
exemplifi ed by two almost simultaneously published reports on aqueous methanol 
reforming-type reactions by using homogeneous catalysis. 

 The recently addressed problems and issues can be described as focusing on 
developing proof-of-concepts to show that homogeneous catalysis can be effi ciently 
used to extrude hydrogen from organic substrates. Since this has nowadays been 
widely demonstrated for several types of transformation reactions, the near future 
should bring about more application-oriented developments. Thus, within the 
 coming years we might start to see reports on more industry-oriented catalytic 
 systems. An example hereof could be effi cient aqueous methanol reforming type 
systems with less of the drawbacks the current systems hold. Another example 
could be the development of H 2  generation from very abundant – but also very com-
plex – biomass such as monomeric carbohydrates, cellulose or even lignocellulose. 
Finally, synthetic applications in the fi ne chemicals industry using AAD might start 
to emerge in the near future.      
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   Abstract     Reduction is an effective way to convert carbon dioxide (CO 2 ), a greenhouse 
gas, into compounds that can be further used for materials and energy. Here we 
discuss the emission and utilization of CO 2 . Then we review the photocatalytic 
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 conversion of CO 2  with emphasis on the use of TiO 2 , modifi ed TiO 2  and non- 
titanium metal oxides. Finally, the challenges and prospects for further development 
of CO 2  photocatalytic reduction are presented.  

  Keywords     CO 2  sequestration   •   CO 2  photocatalytic reduction   •   Fossil fuel CO 2    • 
  Coal plant   •   Atmospheric CO 2    •   CH 4    •   CH 3 OH   •   TiO 2    •   Semiconductor  

2.1         Introduction 

2.1.1      About CO 2  

2.1.1.1     Molecular Structure of CO 2  

 CO 2  is a typical symmetrical linear molecule, as show in Fig.  2.1 . In a CO 2   molecular, 
C atom bond with oxygen atoms by a sp hybrid orbital. And two sp hybrid orbitals 
of C atom combine with two oxygen and form two δ bond. The p orbital do not join 
the hybridization on the C atom cut the sp hybrid orbital at right angles, and overlap 
the p orbital on the two O atoms shoulder to shoulder from the side, which form two 
three-center and four-electron delocalization π bond. And the distance between C 
atom and O atom (116.3 pm) which is between the bond length of C=O (122 pm) 
and C≡O (110 pm), will be shorten, and make the C–O bond in CO 2  molecular have 
some character of a triple bond (Greenwood and Earnshaw  1997 ).

   Carbon dioxide, CO 2 , is a linear molecule with a total of 16 bonding electrons in its 
valence shell. In carbon dioxide the carbon 2s (−19.4 eV), carbon 2p (−10.7 eV), and 
oxygen 2p (−15.9 eV) energies associated with the atomic orbitals are in  proximity 
whereas the oxygen 2s energy (−32.4 eV) is different (Jean et al.  1993 ). Carbon and each 
oxygen atom will have a 2s atomic orbital and a 2p atomic orbital, where the p orbital is 
divided into px, py, and pz. With these derived atomic orbitals, symmetry labels are 
deduced with respect to rotation about the principal axis which generates a phase 
change, pi bond (π) or generates no phase change, known as a sigma bond (σ) 
(Housecroft and Sharpe  2012 ). Symmetry labels are further defi ned by whether the 
atomic orbital maintains its original character after an inversion about its center atom; if 
the atomic orbital does retain its original character it is defi ned gerade, g, or if the atomic 
orbital does not maintain its original character, ungerade, u. The fi nal symmetry-labeled 
atomic orbital is now known as an irreducible representation. According to the 

  Fig. 2.1    Molecular model of CO 2        
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 photoelectron spectroscopy experiment, the ground state electronic confi guration of 
CO 2  is (1σ s ) 2 (1σ u ) 2 (2σ g ) 2 (2σ u ) 2 (1π u ) 4 (1π g ) 4 (2π u ) 0 , in which, (1σ s ) 2 (1σ u ) 2 (1π u ) 2  is a bond-
ing orbital, and (2σ g ) 2 (2σ u ) 2 (1π g ) 2  is a nonbonding orbital (He  2013 ). 

 The molecular structure of CO 2  decide that CO 2  is a weak electron donor and a 
strong electron acceptor. on the one hand, the fi rst ionization potential of CO 2  
(13.97 eV) was signifi cantly greater than that of CS 2  and N 2 O, etc., which have the 
same electronic confi guration with CO 2 , and lead to the CO 2  diffi cultly give  electron; 
on the other hand, CO 2  has a lower level empty orbital (1π u ) and a higher electron 
affi nity energy (38 eV), which relatively easy to accept electrons. From the above 
analysis, the effective was of active the CO 2  molecular is using an appropriate way 
to input electron, or capture electron from the other molecular in the reaction 
 process, that is CO 2  can be utilized as an oxidant.  

2.1.1.2     Source of CO 2  

 In the millions years, CO 2  was released into the atmosphere through a variety of 
ways. On one hand, through a respiration, the organism oxidative decompose the 
sugar in the cell and release CO 2 ; on the other hand, burning fossil fuels (such as 
coal, fossil oil, natural gas, etc.) has been become the primary source of CO 2  since 
the industrial revolution, and the global carbon dioxide emissions from burning 
 fossil fuels will rise to a record 36 billion tonnes this year (Garside  2013 ). In 
addition, the eruption of volcano, and organic waste degradation are also the basic 
sources of CO 2  in atmosphere.  

2.1.1.3     Activation of CO 2  

 CO 2  is a kind of non-polar molecule with two polarities center, in which the  carbonyl 
group has electrophilicity, and easily react to electron donor while oxygen in carbon 
dioxide can be used as nucleophilic sites. However, since C in the CO 2  exhibit the 
highest oxidation state, the CO 2  itself is chemically stable, and the standard Gibbs 
free energy (Δ G   ) of CO 2  is −394.39 kJ·mol -1  (Dean  1998 ), which means CO 2  is a 
kind of inert molecular and is diffi cult for activation. To react to other molecular, 
the kinetics inertia and thermodynamics energy barrier should be overcome, which 
generally requires employing high-temperature (Balucan and Dlugogorski  2012 ), 
high-pressure (Wang et al.  2009 ; Jin et al.  2010 ; Zhang et al.  2010 ; Liu et al.  2013c ) 
and using catalysts (Li et al.  2006 ; Krogman et al.  2011 ; Yin et al.  2011 ; Drees et al. 
 2012 ; Ashley and O’Hare  2013 ), including coordinating activation (Huff et al.  2012 ; 
Vogt et al.  2012 ), Lewis acid–base synergistic activation (Omae  2006 ; Sakakura 
et al.  2007 ; Ashley et al.  2009 ; Mömming et al.  2009 ), photoelectric activation (Jing 
et al.  2013 ; Li et al.  2013c ), biological enzyme catalytic activation (Glueck et al. 
 2010 ; Kumar et al.  2010 ), and plasma activation (Li et al.  2006 ; Mahammadunnisa 
et al.  2013 ).   
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2.1.2     Present Situation of CO 2  

 The problems of Energy and environmental are two major issues for the human 
existence. The continuously increasing of the concentration of CO 2  in atmosphere 
lead to the global warming and the increasing of disastrous weather year by year. 
Therefore, how to reduce emissions of CO 2 , and control and utilization from the 
source, have become global focuses. 

 In 2009, the Copenhagen Accord ( 2009 ) make a clear limiting global warming, 
which make the effective control and the effi cient utilize of CO 2  become urgently 
consider and resolve problems by the scientists. 

 CO 2  emission reduction is an effective mean to control the global warming. 
Currently, CO 2  emission reduction technologies include: (1) Carbon dioxide  capture 
and storage (CCS) is one of the techniques that could be used to reduce CO 2   emissions 
from human activities (de Coninck  2013 ; Engels  2013 ; Li et al.  2013a ;  Anonymous ), 
and the main ways include geological storage, ocean storage, mineral storage, as 
show in Fig.  2.2 , and the capture and storage of CO 2  are expected to be an effective 
means of reducing atmospheric CO 2  concentration. (2) Chemical conversion and uti-
lization of CO 2 . As an important C1 resource, CO 2  can be used in urea, methanol, 

  Fig. 2.2    Terrestrial and geological sequestration of carbon dioxide emissions from a coal-fi red 
plant ( Hardin and Payne )       
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soda, and carbonated beverage. If CO 2  can be used as a carbon source for producing 
of high value products, the purpose of CO 2  emission reduction and effi cient use can 
be achieved. (3) Biological CO 2  fi xation (Otsuki  2001 ; Guadalupe-Medina et al. 
 2013 ; Yu et al.  2013 ). Photosynthesis can be used to convert the CO 2  into organics 
and storage by plants, and if the forest area is large enough, the biological fi xation 
may also become an effective way to reduce atmospheric CO 2  concentration.

   The CO 2  concentration in the atmosphere will be reduced in theory use the 
above-described technique, and reach the aim of slowing the global warming. 
However, there are still some problems in the practical applications. (1) The CO 2  
store underground will result in wasting resources, and CO 2  leakage may occur. If 
CO 2  dissolved into the deep ocean, the seawater will acidifi cate and the marine 
environment will be affected. And the mineral process of CO 2  is expensive and with 
a potential hazard of the environment (de Coninck  2013 ; Engels  2013 ; Li et al. 
 2013a ). (2) As describing in the Sect.  2.1.1 , CO 2  is a typical linear molecule, CO 2  
itself is chemically stable and diffi cult for activation. The convert and utilize of CO 2  
requires employing demanding condition, and the conversion amount of CO 2  is 
negligible. (3) Although the biological CO 2  fi xation method is feasible, however, 
the total global forest area is limited and the forest resources distribution is uneven, 
and the most important is the world forest area still on the decline (Adams  2012 ). In 
summary, the existing CO 2  emission reduction technology in the application 
process requires a lot of energy, but there are security risks, it is diffi cult to achieve 
under current conditions. 

 Among the above methods, photocatalytic activation, which can utilize the solar 
excitation of the semiconducting photocatalyst to produce photo-generated 
electron–hole pairs, and induce oxidation-reduction reaction of CO 2  to synthetic 
valuable hydrocarbons, such as CH 4 , CH 3 OH, HCHO, and HCOOH, etc. Due to the 
future energy source of the sunlight, reaction at ambient temperature and pressure, 
the raw materials was obtained simply and easily, and directing use of solar energy 
without consuming auxiliary energy, is seen as the most promising activation 
methods of CO 2  (Li et al.  2011b ; Wu et al.  2011 ), and which can truly implement 
the recycling of the carbon materials.   

2.2     Mechanism of the Photocatalytic Reduction of CO 2  

 Photocatalytic reduction of CO 2  is based on the simulation of plant photosynthesis. 
Green photosynthetic CO 2  fi xation is the start for the synthesis of organic com-
pounds, which is the foundation of human existence, also is the reference for the 
artifi cial photosynthesis of the reduction of CO 2  (Palmisano et al.  2010 ; Hoffmann 
et al.  2011 ). The study about the photoreduction of CO 2  was started by Halmann 
( 1978 ), he used semiconductor  p -GaP as photocatalyst to reduce CO 2  water solution 
as CH 3 OH. Inoue et al. ( 1979 ) developed the reduction process of CO 2  using TiO 2 , 
CdS, GaP, ZnO and SiC powder as photocatalysts, and proposed the reaction 
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mechanism of CO 2  photoreduction. Subsequently, Halmann et al. ( 1983 ) used SrTiO 3  
as photocatalyst to reduce CO 2  solution, and obtained HCOOH, HCHO and CH 3 OH. 

 Since CO 2  cannot absorb the visible and ultraviolet light with the wavelength 
between 200 and 900 nm, complete the process of the artifi cial photo-reduction syn-
thesis CO 2  need an appropriate photocatalysts. Since 1970s, Fujishima and Honda 
( 1972 ) found that TiO 2  photocatalysis, a large number of studies have shown that the 
semiconductor materials, such as metal oxides (TiO 2 , ZnO, ZrO, WO 3 , CdO) and 
metal sulfi des (CdS, ZnS), exhibited photocatalytic activity. Photocatalytic oxidation 
reaction is a oxidation-reduction process which using photo-energy as driving force, 
and the excitation and transfer of the electron are very similar to the photosynthesis. 
Therefore, artifi cial photosynthesis CO 2  reduction is essentially a oxidation-reduction 
process under the photo induced, which include two basic processes: CO 2  absorb on 
the reaction sites on the photocatalytic materials, and the conversion process and 
reaction between CO 2  and the photo-generated electron–hole. 

 Therefore, in a photocatalytic reaction process, to excite and separate the electron–
hole pairs, the energy of incident light must be equal or greater that the band gap of 
the photocatalyst, and the energy of these photogenerated carriers depends on the 
position of the conduction band and the valence band of the photocatalysts. As 
shown in Fig.  2.3 , when the semiconductor photocatalysts are irradiation by the 
light with energy equal or greater that the band gap of themselves, the electrons in 
the photocatalyst crystal are excited from the valence band to the conduction band, 
and generate free electrons and holes at the conduction band and valence band, and 
transfer from the inside of the semiconductor photocatalysts to the surface (Inoue 
et al.  1979 ; Wu et al.  2011 ).

   Photo-generated electrons exhibit strong reducing ability, and with the existence 
of H 2 O, and the depending on the difference of reduction potential and the number 

  Fig. 2.3    Schematic 
illustration for photoreduction 
of CO 2  into hydrocarbon 
fuels (Inoue et al.  1979 )       
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of electrons transferred, CO 2  is reduced to hydrocarbons, such as HCHO, HCOOH, 
CH 3 OH, CH 3 OH, and CH 4 . In the other hands, the photo-generated holes exhibit 
strong oxidizing ability, which can get electrons and release O 2 , as show in Scheme 2.1. 

 In summary, as long as the band gap energy of the synthesized photocatalyst 
match the photo energy, the position of the conduction band match the position of 
the valence band, the photocatalyst can be used to simulate the photosynthesis of 
plants to reduce CO 2  to hydrocarbons.  

2.3     Photocatalytic CO 2  Reduction by TiO 2  

2.3.1     TiO 2  as the Photocatalyst 

 From the innovation study of Fujishima and Honda ( 1972 ), TiO 2 , which can be 
photo-excited by the photons of wavelength shorter than 380 nm, has been playing 
an important role in the photocatalytic reactions for environmental pollutant degra-
dation and direct splitting of water to obtain H 2 . TiO 2  has three kind of existing 
forms, brookite, rutile, anatase, however, only pure TiO 2  in the anatase form can be 
used as photocatalyst with high effi ciency, high stability and durability, and without 
deactivation, photocorrosion and toxicity. 

 However, when using TiO 2  as the photocatalysts for CO 2  reduction under the 
ultra-violet light irradiation, the selectivity of the product was far away from the 
product of TiO 2  photocatalytic degraded of pollutant organics. The products of 
 photocatalytic CO 2  reduction include one or more of CH 4 , CH 3 OH, CO, HCOOH, 
and H 2 , and the later was only CO 2  and H 2 O as products. Therefore, in using TiO 2  as 
the photocatalysts for CO 2  reduction, the structure or the form of the catalysts 
should be controled to control the selectivity of the photocatalytic process. 

 Chen successfully prepared the self-organized TiO 2  nanotube arrays were by 
electrochemical anodization of Ti foils in 1 M (NH 4 ) 2 SO 4  electrolyte containing 
0.5 wt% NH 4 F at 20 V and 30 °C for 2 h (Ping et al.  2013 ). The as-prepared TNAs 
possessed a self-organized regular nanotubular structure with a length of >1.5 μm, 
an average pore diameter of 80 nm, and an average wall thickness of 15 nm. After 
the thermal treatment at 450 °C in air for 3 h, the as-prepared amorphous TNAs 
were transformed to crystalline anatase phase. Compared to the commercial TiO 2  
nanoparticles (P25, Degussa), the band gap of the annealed TNAs decreased by 
approximately 0.2 eV, indicating the red-shifted absorption edge and the enhanced 
photocatalytic activities of TNAs. The photocatalytic activities of the annealed 
TNAs were evaluated by photocatalytic reduction of CO 2  with H 2 O under Xenon 
lamp illumination. Photocatalytic measurements revealed that CO 2  were photo-
catalytically reduced to hydrocarbons, predominately methanol and ethanol, and 
the production rates of methanol and ethanol were calculated to be 10 and 
9 nmol · cm −2  · h −1 , respectively. 

 Mahmodi et al. ( 2013a ) fi xed TiO 2  on the stainless steel mesh network for pho-
tocatalytic reduction of CO 2  gas under direct UV irradiation. Conversion results 
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showed that photoreduction of CO 2  in the presence of TiO 2  photocatalyst with H 2 O 
reductant had highest conversion. The conversion products in the presence of CH 4  
as reductant can be formate and acetate derivatives, whereas the conversion 
products in the presence of H 2  can be assigned to the production of methane and 
formic derivatives. 

 Wang reported for the fi rst time that a hierarchically mesostructured TiO 2 / 
graphitic carbon composite photocatalyst with a high content of nanocrystalline 
TiO 2  (Wang et al.  2013b ). The meso-TiO 2  exhibited a higher photocatalytic activity 
compared to commercial P25, which may be ascribed to its high specifi c surface 
area and mesostructure. Meanwhile the activity of the TiO 2 /SiO 2  composite was 
very close to that of the meso-TiO 2 , but both were lower than that of the TiO 2 /GC 
composite. It can be seen that the CH 4  and CO yields for the TiO 2 /GC composite are 
up to 8.2 and 53.6 μmol·g −1  cat., respectively, after an irradiation time of 320 min. 

 Zhao synthesized pure phase anatase, brookite, and mixed-phase anatase–brook-
ite catalysts with a controllable brookite fraction and studied the effect of TiO 2  
phase fractions and nanostructures on CO 2  photoreduction, including the optimum 
phase composition for CO 2  photoreduction (Zhao et al.  2013 ). B 100  had the lowest 
activity among all the catalysts, with a CO production rate at 0.07 μmol·h −1 . A 100  had 
a CO production rate at 0.12 μmol h −1 , higher than that of B 100 . The bicrystalline 
samples with dominating anatase phase (A 96 B 4  and A 75 B 25 ) or equal anatase–brookite 
content (A 50 B 50 ) were the most active ones, having a CO production rate from 0.16 
to 0.21 μmol h −1 . The activity of A 75 B 25  was nearly twice as high as that of A 100  and 
three times as high as that of B 100 . Further increasing the brookite content (i.e., 
brookite-rich A 37 B 63 ) led to a lower CO production rate at 0.12 μmol·h −1 . Commercial 
TiO 2  P25 was also tested as comparison; it had a CO production rate of 0.13 μmol·h −1 , 
lower than the anatase-rich bicrystalline anatase–brookite samples, which demon-
strate that the anatase-rich bicrystalline anatase–brookite mixtures are superior to 
single crystalline anatase or brookite and anatase–rutile mixtures (i.e., P25). 
Considering that pure anatase A 100  had the largest specifi c surface area and the 
smallest band gap, the higher activity of bicrystalline anatase–brookite is very likely 
ascribed to the interactions between the anatase and brookite nanocrystals. This 
interaction between anatase and brookite seems to be more effective than that 
between anatase and rutile (as in P25). In addition, it is reasonable to fi nd that 
anatase- rich A–B mixtures are more active than brookite-rich A–B mixtures since 
pure anatase is more active than pure brookite. 

 Merajin et al. ( 2013 ) used nano TiO 2  particles coated on stainless steel webnet 
for direct conversion of CO 2  and CH 4  concurrently with a photocatalytic reaction 
system. Examination of the photocatalytic activities of TiO 2  on three different 
meshes of webnets demonstrated signifi cantly higher yield for TiO 2  on 120 mesh 
than TiO 2  on 60 and 200 mesh webnets. In addition, the experiment results have 
shown that fabricated catalyst exposed to initial ratios of 45 %CO 2 :45 %CH 4 :10 %He 
as gaseous feed components had the highest effi ciency and under these experimental 
conditions, the conversions of 27.9 % for CO 2  and 33.4 % for CH 4  were obtained. 

 Xu et al. ( 2013 ) prepared a anatase TiO 2  single crystals with marked photocatalytic 
activity via a facile and effective method. This TiO 2  is composed of TiO 2  ultrathin 
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nanosheets (2 nm in thickness) with 95 % of exposed {100} facet, which is considered 
to be the active facet for photocatalytic reaction. More importantly, due to this high 
ratio, the TiO 2  nanosheets showed marked photocatalytic activity, about fi ve times 
higher activity in both H 2  evolution and CO 2  reduction than the reference sample, 
TiO 2  cuboids with 53 % of exposed {100} facet. For the TiO 2  nanosheets, both the 
higher percentage of exposed {100} facets and larger surface area can offer more 
surface active sites in the photocatalytic reaction. On the other hand, the superior 
electronic band structure which results from the higher percentage of {100} facet is 
also benefi cial for the higher activity. 

 Rutile TiO 2  nanoparticle modifi ed anatase TiO 2  nanorods (TiO 2 -RMA) with 
{010} facets exposing structure were one-pot synthesized by Wang et al. ( 2012b ), 
and they found that high photocatalytic reduction CO 2  conversion on TiO 2 -RMA 
than pure anatase TiO 2  nanorods. The total yield of CH 4  of TiO 2 -RMA obtained in 
the experiment after 8 h of continuous irradiation was 18.9 μmol·g -1 . In comparison, 
TiO 2 -A shows low photocatalytic activity toward methane production 10.3 μmol·g -1  
after 8 h UV light irradiation. 

 CO 2  photoreduction with water vapor has been studied on three TiO 2  nanocrystal 
polymorphs (anatase, rutile, and brookite) that were engineered with defect-free and 
oxygen-defi cient surfaces (Liu et al.  2012a ), respectively. It was demonstrated that 
helium pretreatment of the as-prepared TiO 2  at a moderate temperature resulted in 
the creation of surface oxygen vacancies (V O ) and Ti 3+  sites on anatase and brookite 
but not on rutile. The production of CO and CH 4  from CO 2  photoreduction 
was remarkably enhanced on defective anatase and brookite TiO 2  (up to tenfold 
enhancement) as compared to the defect-free surfaces. Defective brookite was 
photocatalytically more active than anatase and rutile, probably because of a lower 
formation energy of V O  on brookite. The results from in situ diffuse refl ectance 
infrared Fourier transform spectroscopy (DRIFTS) analyses suggested that (1) 
defect-free TiO 2  was not active for CO 2  photoreduction since no CO 2  −  is generated, 
and (2) CO 2  photoreduction to CO possibly underwent different reaction pathways 
on oxygen-defi cient anatase and brookite via different intermediates, e.g., CO 2  −  on 
anatase; CO 2  −  and HCOOH on brookite. 

 Truong et al. ( 2012 ) report the controlled synthesis of TiO 2  NPs with various 
phases and morphologies for photocatalytic reduction of CO 2  to CH 3 OH. Particularly, 
they propose a hydrothermal method using a novel titanium oxalate complex to 
 synthesize TiO 2  catalysts with tunable crystalline structure and morphology. The 
oxalic acid ligand possess unique symmetry structure and rich coordination properties, 
assisting the control of nucleation and morphology to yield TiO 2  catalysts contain-
ing anatase, rutile, or brookite phase. Upon UV–vis light (λ > 300 nm) irradiation, 
the anatase TiO 2  afforded CH 3 OH yield comparable to that of P25. The CH 3 OH 
yield afforded by rutile TiO 2  is signifi cantly higher than that by anatase. Above all, 
the anatase–brookite exhibited remarkable photoactivity with 0.590 μmol·g −1 ·h −1  
CH 3 OH yield that is 3.4 times higher than that by P25 or anatase catalyst. 

 Rodriguez et al. ( 2012 ) found that although the brookite (210) surface provided 
energetically similar CO 2  interactions as compared to the anatase (101) surface, the 
brookite surface had negligible charge transfer to the CO 2  molecule, which suggests 
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that unmodifi ed brookite is not a suitable catalyst for the reduction of CO 2 . However, 
the results also suggest that modifi cation of the brookite surface through the 
creation of oxygen vacancies may lead to enhancements in CO 2  reduction. 

 Sorescu et al. ( 2012 ) found that the coadsorbed H 2 O (OH) species slightly increase 
the CO 2  adsorption energies, primarily through formation of hydrogen bonds, and 
create new binding confi gurations that are not present on the anhydrous surface. 
Proton transfer reactions to CO 2  with formation of bicarbonate and carbonic acid 
species were investigated and found to have barriers in the range 6.1–12.8 kcal·mol -1 , 
with reactions involving participation of two or more water molecules or OH groups 
having lower barriers than reactions involving a single adsorbed water molecule or 
OH group. The reactions to form the most stable adsorbed formate and bicarbonate 
species are exothermic relative to the unreacted adsorbed CO 2  and H 2 O (OH) spe-
cies, with formation of the bicarbonate species being favored. These results are con-
sistent with single crystal measurements which have identifi ed formation of 
bicarbonate-type species following coadsorption of CO 2  and water on rutile (110). 

 Transient absorption and electron paramagnetic resonance (EPR) spectroscopies 
were used to study reactions of photogenerated electrons and holes on TiO 2  with 
methanol, formaldehyde, and formic acid: compounds that, together with methane, 
have been observed in the photocatalytic reduction of CO 2  (Dimitrijevic et al.  2011 ). 
The ultrafast dynamics of hole scavenging was found to be an order of magnitude 
faster on the surface of TiO 2  than in the corresponding homogeneous systems. 
Additionally, the equilibrium constant for the reaction of photogenerated electrons 
in TiO 2  with adsorbed CO 2  was estimated to be less than 3.2 M −1 , regardless of the 
presence of hole scavengers and product molecules. Formic acid serves as both the 
hole and the electron acceptor, yielding the protonated radical anions (OC•OH), and 
formyl radicals, respectively. For methanol and formaldehyde only photooxidation, 
but no one-electron photoreduction, was observed by EPR spectroscopy; these mol-
ecules are either reduced in a two-electron process or act only as hole scavengers.  

2.3.2     Modifi ed TiO 2  

2.3.2.1     Metal Doping or Modifi ed TiO 2  

 Matějová et al. ( 2013 ) prepared gold-enriched TiO 2  and TiO 2 -ZrO 2  and their parent 
counterparts by using the sol–gel process controlled within the reverse micelles 
environment, followed by impregnation in AuCl 3  solution. The performance of pho-
tocatalysts illuminated by UV-lamp with the wavelength maximum at 254 nm was 
decreasing in the order TiO 2 -ZrO 2  > Au/TiO 2 -ZrO 2  > TiO 2  > Au/TiO 2  > TiO 2  Evonic 
P25. Comparison of CH 4  yields over all examined photocatalysts is plotted as a 
function of time in Fig.  2.4 .

   Tahir and Amin ( 2013a ) investigated a microchannel monolith photoreactor for 
photocatalytic CO 2  reduction with H 2 O in gaseous phase using TiO 2  and indium 
doped TiO 2  nanoparticles. CO and CH 4  were the main products with maximum 
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yield rates being 962 and 55.40 μmol g cat  −1  h −1 , respectively and selectivity being 
94.39 % and 5.44 %, respectively. The performance of the photoreactor for CO 
production was in the order of In/TiO 2 -monolith (962 μmol g cat  −1  h −1 ) > TiO 2 - 
monolith (43 μmol g cat  −1  h −1 ) > TiO 2 -SS cell (5.2 μmol g cat  −1  h −1 ). More importantly, 
the quantum effi ciency in microchannel monolith reactor was much higher (0.10 %) 
than that of the cell type reactor (0.0005 %) and previously reported internally 
 illuminated monolith reactor (0.012 %). The signifi cantly improved quantum effi -
ciency indicated photon energy was effi ciently utilized in the microchannel mono-
lith  reactor. They also used montmorillonite modified TiO 2  nanocomposites for 
photocatalytic reduction of CO 2 , and the highest yield rates produced were 441.5 
and 103 μmol g cat −1  h −1  for CH 4  and CO, respectively under UV light irradiations 
at 20 wt% MMT loading, reactor pressure of 0.20 bars and 393 K reaction tempera-
ture (Tahir and Amin  2013b ; Tahir and Amin  2013c ). 

 Yazdanpour and Sharifnia ( 2013 ) used a copper phthalocyanine (CuPc) modifi ed 
titanium dioxide (CuPc/TiO 2 ) photocatalyst that was coated on stainless steel mesh 
to direct photoconversion of CO 2  and methane in an appropriate gasphase batch 
reactor under visible light. The conversion of 14 % and 18 % for CO 2  and CH 4  under 
modifi ed TiO 2  and visible light, respectively. However, the conversions of CO 2  and 
CH 4  under unmodifi ed TiO 2  and visible light were zero, approximately. 

 Tan et al. ( 2013 ) used reduced graphene oxide (rGO)-TiO 2  hybrid nanocrystals 
for photocatalytic reduction of CO 2 . Anatase TiO 2  particles with an average diam-
eter of 12 nm were uniformly dispersed on the rGO sheet. The prepared rGO-TiO 2  
nanocomposites exhibited superior photocatalytic activity (0.135 μmol g cat  −1  h −1 ) in 
the reduction of CO 2  over graphite oxide and pure anatase. The intimate contact 
between TiO 2  and rGO was proposed to accelerate the transfer of photogenerated 
electrons on TiO 2  to rGO, leading to an effective charge anti-recombination and thus 
enhancing the photocatalytic activity. 

  Fig. 2.4    Dependence of 
methane yields on time over 
different catalysts (lamp 
254 nm) (Matějová et al. 
 2013 )       
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 Wang et al. ( 2013c ) reported a new approach to prepare ordered mesoporous 
CeO 2 -TiO 2  composites with 2D hexagonal structure and varied compositions based 
on the nanocasting route. It was found that the induced CeO 2  signifi cantly enhanced 
the photoactivity of ordered mesoporous TiO 2 . The Mes-TiO 2  exhibits decreased  E  g  
value (2.81 eV) with respect to that of commercial P25 (3.10 eV), which is consistent 
with the DRS result. Moreover, the optical band gap energies of the Mes-CeTi- 0.5, 
Mes-CeTi-1.0, and Mes-CeTi-2.0 (2.16, 2.20, and 2.25 eV, respectively) display 
obvious red-shifts compared to that of Mes-TiO 2  (2.83 eV) and Mes-CeO 2  (2.61 eV). 
The results of this study therefore indicate that the enhanced ability to absorb 
 visible-light of these ordered mesoporous CeO 2 -TiO 2  composites makes them a 
promising photocatalyst for solar-driven applications. It can be seen that the yields 
of CO and CH 4  are increased with the irradiation time for all photocatalysts, and 
three ordered mesoporous CeO 2 -TiO 2  composites exhibit higher photocatalytic 
activity than Mes-TiO 2  as well as Mes-CeO 2 , suggesting that CeO 2  addition can 
enhance the photocatalytic effi ciency of pure mesoporous TiO 2 . Moreover, the 
ordered mesoporous CeO 2 -TiO 2  composites show a much higher level of activity 
than that of commercial P25. 

 Kočí et al. ( 2011 ) studied the effect of wavelength (254, 365, and 400 nm) on the 
photocatalytic reactivity of Ag/TiO 2  exemplifi ed by the photoreduction of CO 2  by 
water, the results show in Fig.  2.5 . Data at 5 h were measured but these were below the 
limit of detection (12 μg·L -1  or 0.38 μmol·g -1 ). The yields of methanol for the shorter 
radiation wavelength were higher and comparable with the yield of methane.

   Zhang et al. ( 2013 ) fabricated Au/Pt nanoparticle-decorated TiO 2  composite 
nanofi bers with different molar ratios of Au and Pt. The Au/Pt/TiO 2  NFs exhibit 
remarkably improved photocatalytic activities for not only hydrogen generation but 
also CO 2  reduction as compared to the TiO 2  NFs with only single metal decoration 
(Pt/TiO 2  and Au/TiO 2  NFs). These enhanced photocatalytic activities through 
codecoration of Au and Pt NPs are attributed to the synergy of electron-sink  function 
of Pt NPs and Au SPR effect that improves charge separation of photoexcited TiO 2 . 
Their studies demonstrate that through rational design of composite nanostructures 

  Fig. 2.5    Time dependence of CH 4  ( a ) and CH 3 OH ( b ) yields over the pure TiO 2  and Ag/TiO 2  
catalysts irradiated by lamps with various wavelength (Kočí et al.  2011 )       
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one can utilize a high-energy photon (blue or UV region) in the solar spectrum to 
generate charge carriers for photocatalytic reactions, and meanwhile, the visible 
light in the solar spectrum can be synergically used for SPR excitation to enhance 
the charge separation and photocatalytic effi ciency as well. 

 Bazzo and Urakawa ( 2013 ) studied the dynamic nature of continuous photocatalytic 
reduction of gaseous CO 2  in the presence of water vapor by using Pt/TiO 2  as catalyst 
under UV irradiation at 353 and 423 K in the absence of sacrifi cial electron donors. 
The former is active at the lower temperature and only for H 2  production, whereas 
the latter dominates for CH 4  production. The transient activity was recovered during 
dark time, i.e., the light is off, in the reaction mixture, with the magnitude of  recovery 
proportionally increasing with the duration of the dark time. Higher temperature 
was found to be more effective for the recovery. 

 Collado et al. ( 2013 ) studied the effect of silver on the catalytic activity of Ag/
TiO 2  and Ag/ZnO systems for the CO 2  photoreduction using water vapour as 
 electron donor. Focusing on TiO 2 -based catalysts, analysis of reaction products for 
bare TiO 2 -anatase mainly showed H 2 , CO, CH 4  and C 2 H 6  (selectivity towards these 
products is about 98 %), as well as minor amounts of other hydrocarbons. Deposition 
of silver on TiO 2  surface leads to a decrease in CO production followed by an 
enhancement of CH 4 , C 2 H 6  and C 3 H 7  yields. 

 Cu/TiO 2  (P25) nanoparticle catalysts were prepared by a simple precipitation 
and calcination method (Liu et al.  2013a ). The as-prepared Cu/TiO 2  sample was 
dominated by Cu 2+  species. Thermal pretreatment of the as-prepared samples in He 
and H 2  atmosphere resulted in the transition to a surface dominated by Cu +  and 
mixed Cu + /Cu 0 , respectively. These thermal pretreatments in reducing atmospheres 
also induced the formation of defect sites such as oxygen vacancies and Ti 3+ . The 
various Cu/TiO 2  catalysts were tested in CO 2  photoreduction with water vapor under 
simulated solar irradiation, and their activities were in the order of as-prepared 
(unpretreated) < He-pretreated < H 2 -pretreated. Compared with unpretreated TiO 2  
(P25), the H 2 -pretreated Cu/TiO 2  demonstrated a 10-fold and 189-fold enhancement 
in the production of CO and CH 4 , respectively. This signifi cant enhancement was 
mainly attributed to the synergy of the following two factors: (1) the formation of 
surface defect sites promoting CO 2  adsorption and subsequent charge transfer to the 
adsorbed CO 2 ; (2) the existence of Cu + /Cu 0  couples that facilitate electron and hole 
trapping at different sites. 

 When prepared the fabrication of TiO 2 -graphene hybrid nanosheets for photo-
catalytic reduction of CO 2 ; Tu et al. ( 2013 ) found that the Ti 3+  sites on the surface 
can serve as sites for trapping photogenerated electrons to prevent recombination of 
electron–hole pairs. The high photocatalytic activity of G-TiO 2  hybrid is confi rmed 
by photocatalytic conversion of CO 2  to valuable hydrocarbons (CH 4  and C 2 H 6 ) 
in the presence of water vapor. The synergistic effect of the surface-Ti 3+  sites and 
graphene favors the generation of C 2 H 6 , and the yield of the C 2 H 6  increases with the 
content of incorporated graphene. 

 Ong et al. ( 2013 ) demonstrate that CNT@Ni/TiO 2  nanocomposites were active 
in the photoreduction of CO 2  into methane (CH 4 ) under visible light irradiation. The 
nanocomposites were synthesized via co-precipitation followed by chemical vapor 
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deposition at 750 °C. Our results showed that the band gap of the nanocomposites 
was 2.22 eV, leading to high absorption of visible light. The photocatalytic results 
exhibited the highest CH 4  yield of 0.145 μmol g catalyst  −1  h −1  using CNT@Ni/TiO 2  
nanocomposites compared with Ni/TiO 2  and pure anatase TiO 2  owing to the 
synergistic combination of the CNTs and TiO 2 . 

 Xie et al. ( 2013 ) found that the photocatalytic activity in the reduction of CO 2  
with H 2 O to CH 4  was signifi cantly enhanced by simply adding MgO to TiO 2  loaded 
with Pt. A positive correlation between CH 4  formation activity and basicity was 
observed. The interface between TiO 2 , Pt and MgO in the trinary nanocomposite 
played a crucial role in CO 2  photocatalytic reduction.  

2.3.2.2     Dye Sensitized TiO 2  

 To promote the separation, transfer, and renewing of photo-excited electrons, a 
bifunctionalized TiO 2  fi lm was designed to possess a dye-sensitized zone and a 
catalysis zone with a strategy by Qin et al. ( 2013 ). The TiO 2  fi lm was fabricated by 
adopting a non-conducting glass sheet instead of conducting glass. The top half was 
coated with dye-sensitized TiO 2  fi lm, in which 300 μM  cis -Ru(dcbpy) 2 (NCS) 2  
(N719) as dye sensitizer (Qin et al.  2011 ), and another half was covered with purity 
TiO 2  fi lm. The dye-sensitized zone was composed of dye-sensitized TiO 2  fi lm, elec-
trolyte, and counter electrode. The catalysis zone had active sites to catalyze CO 2  
reduction reactions. Electrons injected from dyes into conduction bands of TiO 2  in 
the dye-sensitized zone can diffuse to the catalysis zone along the network of TiO 2  
nanoparticles. The CO 2  reduction experiment was conducted in the H-type reactor. 
The formation of HCOOH, HCHO, and CH 3 OH is observed with yields of 0.0835, 
0.1292, and 0.1781 mmol · cm −2 , respectively, after visible light illumination for 5 h. 

 The photosensitized semiconductor catalysts – TiO 2  nanotubes – were modifi ed 
by functionalized supramolecular sensitizers (Wang et al.  2012a ): zinc(II)/copper(II)/
cobalt(II) porphyrin-ruthenium(II) polypyridly complexes and photocatalytic activity 
of the modifi ed TiO 2  nanotubes were investigated through the reduction of CO 2  
aqueous solution as a probe reaction under UV–vis light. The diverse photoreduc-
tion properties of the catalysts resulted from the different polypyridly derivatives: 
2,2′-bipyridyl, 1,10-phenanthroline, and 2,2′-bipyridyl- 4,4′-dicarboxylate. The 
 different central coordinated metal ions in the porphyrin ring infl uenced the photo-
catalytic effi ciency of the sensitized-TiO 2  system at the same time. 

 Oftadeh et al. ( 2012 ) used a spin coating-assisted sol–gel method for fabrication 
of nanocrystalline anatase TiO 2  thin fi lms on ITO glass substrates and followed by 
rapid thermal annealing for application as the work electrode for dye-sensitized 
solar cells (DSSC). They found that a fi ve time spin-coated TiO 2  electrode with 
applying sealant and sensitization time of 24 h in N3 dye under illumination 
of 100 W cm −2  tungsten lamp give the optimum power conversion effi ciency (η) of 
6.61 %. The increases in thickness of TiO 2  fi lms by increasing the numbers of coated 
layers can improve adsorption of the N3 dye through TiO 2  layers to increase the 
open-circuit voltage (V oc ). However, short-circuit photocurrents (J sc ) of DSSCs with 
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a one-coated layer of TiO 2  fi lms are smaller than those of DSSCs with fi ve- coated 
layer of TiO 2  fi lms. It could be due to the fact that the increased thickness of TiO 2  
thin fi lms also resulted in a decrease in the transmittance of TiO 2  thin fi lms. 

 Wang et al. ( 2011 ) investigate the sensitization of TiO 2  catalysts using PbS quan-
tum dots (QDs) which lead to the size dependent photocatalytic reduction of CO 2  at 
frequencies ranging from the violet to the orange-red edge of the electromagnetic 
spectrum (λ ~420 to 610 nm). They found that all of the PbS QD sensitized TiO 2  
catalysts are at least ~3 times as active as the Cu co-catalysts loaded commercial 
Evonik Aeroxide® TiO 2  P25 under the same reaction conditions. In particular, the 
4 nm PbS QD sensitized Cu/TiO 2  catalyst shows the highest CO 2  conversion yield 
of 1.71 μmol g −1  h −1  (0.82 μmol g −1  h −1 CO, 0.58 μmol g −1  h −1 CH 4 , and 
0.31 μmol g −1  h −1 C 2 H 6 ), which is >5 times the CO 2  reduction products generation 
rate of Cu/TiO 2  without the use of the sensitizers. 

 Ozcan et al. ( 2007a ) used Perylene diimide based organic sensitizers capable of 
electron generation under illumination to initiate gas phase photo reduction  reactions 
on TiO 2  thin and thick fi lm surfaces. For comparison [Ru(Bpy) 3 ] 2+  dye sensitizers 
were also studied. The photo reduction of CO 2  was carried out under static  conditions 
in the gas phase. TiO 2  fi lms were coated on hollow glass beads via a sol–gel proce-
dure. Pt was incorporated on the fi lms either by adding the precursor salt in the sol, 
Pt(in), or by wet impregnation of calcined fi lm with an aqueous solution of the 
precursor salt, Pt(on). Organic sensitizers were incorporated on the fi lms by wet 
impregnation of the fi lm from an aqueous solution. Under UV illumination, the 
methane yields of platinized TiO 2  thin fi lms decreased in the following order: Pt(on)· 
TiO 2  > Pt(in) · TiO 2  > TiO 2 . The presence of organic sensitizers inhibited the  catalytic 
activity of pure and platinized TiO 2  thick fi lms under UV illumination. They also 
prepared the TiO 2  thin and thick fi lms promoted with platinum and organic sensitiz-
ers including novel perylene diimide dyes (PDI) and tested for  carbon dioxide 
reduction with water under visible light (Ozcan et al.  2007b ). TiO 2  fi lms were pre-
pared by a dip coating sol–gel technique. Pt was incorporated on TiO 2  surface by 
wet impregnation [Pt(on).TiO 2 ], or in the TiO 2  fi lm [Pt(in).TiO 2 ] by  adding the pre-
cursor in the sol. When tris (2,2′-bipyridyl) ruthenium(II) chloride hexahydrate was 
used as sensitizer, in addition to visible light activity towards methane production, 
H 2  evolution was also observed. Perylene diimide derivatives used in this study have 
shown light harvesting capability similar to the tris (2,2′-bipyridyl) ruthenium(II) 
chloride hexahydrate. 

 Nguyen et al. ( 2008 ) employed metal doped TiO 2  catalyst sensitized with 
Ru II (2,2′-bipyridyl-4,4′-dicarboxylate) 2 -(NCS) 2  (N3 dye) to photoreduce CO 2  with 
H 2 O under concentrated natural sunlight to fuels in an optical-fi ber photoreactor. 
Production rate of methane of 0.617 µmol·g cat  -1 ·h -1  is measured on N3-dye-Cu(0.5 
wt%)-Fe(0.5 wt%)/TiO 2  coated on optical fi ber with the average concentrated solar 
light intensity of 20  mW·cm -2 . Full absorption of visible light of N3-dye along with 
 effi cient charge transfer in N3 dye–TiO 2  system give rise to the superior photore-
duction of the resulting dye adsorbed catalyst.    
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2.4     Photocatalytic CO 2  Reduction Using Non-titanium 
Metal Oxides 

 Titanium dioxide (TiO 2 ) is the most widely used photocatalyst in the fi eld of renewable 
energies for the production of solar fuels. However, there are some limitations in 
CO 2  reduction, such as, the lack of photoresponse under visible-light irradiation, the 
low fl at-band potential of electrons in the conduction band of TiO 2  which is much 
lower than the potential required to reduce CO 2  to CO 2  −  and a lack of reproducibility. 
For those reasons, it is necessary to explore the new high activity photocatalyst 
other than TiO 2  for CO 2  photoreduction. The photocatalysis technique based on the 
new photocatalysts and solar light has attracted tremendous attention as one of the 
potential and promising avenues to solve energy and environmental issues facing 
mankind due to its potential applications. Actually, the development of new photo-
catalysts could enhance our understanding on searching for an effi cient CO 2  reduction 
photocatalyst. Hence, in this aspect, it is still of great interest and importance to 
develop new active photocatalysts for CO 2  reduction. Developing a photocatalyst 
system for the conversion of solar energy to electric energy or chemical energy is a 
topic of great interest with fundamental and practical importance. Many new materials 
are known to function as an effective photocatalyst for the photocatalytic reduction 
of CO 2 , which can use the visible light. In the last few years, many new photocatalyst 
have been discovered and used in the CO 2  reduction. 

2.4.1     Metal Oxides 

 In the recent years, ZnO has attracted more and more attention owing to its low cost. 
Among various semiconductor metal oxides, ZnO presents itself as one of the 
promising photocatalyst for the photocatalytic degradation of organic dyes and 
chemicals due to its direct and wide band gap (3.37 eV), large exciton binding 
energy (60 meV), semiconducting, piezoelectric and pyroelectric properties and so 
on. Moreover, the band gap and degradation mechanism of ZnO is similar to that of 
TiO 2  (Umar et al.  2011 ). 

 It was reported that ZnO was used to reduce CO 2  and many methods have been 
used to improve the photocatalytic activity of ZnO, for example, the ZnO was 
 calcinated which will increase the absorption of UV–vis light, reduce the agglom-
eration and form the uniform structure of ZnO. The mesh structure provides a large 
surface area for photocatalyst, the calcinated ZnO semiconductor was coated on 
stainless steel and used for photocatalytic conversion of CO 2  in the presence of 
methane as the reductant under the mild conditions. The maximum conversion 
(11.9 %) of CO 2  was achieved in CO 2  ratio of 10 %, UV light power of 250 W, total 
pressure of 30 psi and 8 g ZnO coated on mesh (Mahmodi et al.  2013b ). In addition 
to this, Cu addition as a co-catalyst over mesoporous ZnO may lead to a decrease 
of the electrons-holes recombination rate, which will enhance the photocatalytic 
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properties of the ZnO semiconductor, and the CO 2  was reduced to H 2 , CH 4 , CO and 
CH 3 OH (Núñez et al.  2013 ). 

 The graphene-WO 3  (GW) nanobelt composites was obtained by a facile in situ 
hydrothermal method and was used for photocatalytic reduction of CO 2  into 
hydrocarbon fuels. It can be found from Fig.  2.6  that the elevated CB minimum of 
the GW is higher than the redox potential of CH 4 /CO 2  at −0.24 eV, which indicated 
that the photoreduction of CO 2  by the photoexcited electrons from the GW is 
thermodynamically possible, and this will contribute to the high photocatalytic 
activity toward reduction of CO 2  into hydrocarbon fuels under visible-light irradia-
tion (Wang et al.  2013a ). After this research, a reduced graphene modifi ed Ta 2 O 5  
photocatalyst (Ta 2 O 5 -rG) was prepared using a one-step hydrothermal method 
and was tested for the photocatalytic reduction of CO 2  to CH 3 OH and H 2 . The 
reduced graphene was found to be important in achieving high CH 3 OH yields for 
this multi-electron reduction process for its electron transfer and collecting charac-
teristics and the NiO x -Ta 2 O 5   - rG containing 1 % graphene displayed the highest 
selectivity for the production of CH 3 OH. It was found that the reduction-oxidation 
pretreated method was important to enhance the photocatalytic activity of NiO x -
Ta 2 O 5 -rG (Lv et al.  2013 ). From these researches, it can be known that graphene was 
used to modify some photocatalyst and improve their photocatalytic activity. 
Recently, graphene oxides was synthesized by the modifi ed Hummer’s method 
and was applied for photocatalytic conversion of CO 2  to CH 3 OH. When under 
300-W halogen lamp irradiation and graphene oxides was used as the photocatalyst, 
the CH 3 OH conversion rate was 0.172 μmol·g cat  -1 ·h -1 , which was much higher than 
that of TiO 2  (Hsu et al.  2013 ).

  Fig. 2.6    The determined 
valence band and conduction 
band edges of WO 3  and 
graphene-WO 3  versus NHE 
(pH = 7) (Wang et al.  2013a )       
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   Ordered mesoporous Fe-doped CeO 2  was synthesized through a nanocasting 
route using ordered mesoporous SBA-15 as the template and was used for the 
photocatalytic reduction of CO 2  with H 2 O under simulated solar irradiation. It was 
shown in Fig.  2.7 , compared to CeO 2 , the Fe-doped samples can effectively extend 
the spectral response from UV to visible area for the catalysts, In addition to this, 
the band gap of the CeO 2  was decreased from 2.73 to 1.50 eV when 30 % Fe was 
doped to the CeO 2 , which exhibited an enhanced photocatalytic performance in the 
reduction of CO 2  with H 2 O (Wang et al.  2014 ). It was found that the Fe species with 
a suitable doping concentration can enter the lattice structure of CeO 2 , by doping 
suitable amount of Fe, the Fe-doped CeO 2  catalysts exhibited high specifi c surface 
area and hierarchical porosity which will enhance the photocatalytic performance in 
the reduction of CO 2 , and the high photocatalytic activity was also attribute to the 
high content of the surface chemisorbed oxygen species.

   Metal and nonmetal may have a synergistic effect when co-doping to photocatalyst 
material and increase the photocatalytic activity of the photocatalyst. For example, 
the optical response of LaCoO 3  was red-shifted to the visible-light region when co-
doped with C and Fe. LaCoO 3  co-doped with C and Fe had higher photocatalytic 
activities than those doped solely with Fe or C-doped LaCoO 3  under visible light, 
which is accounted for a synergistic effect of C and Fe co-doping. When C-LaCo 0.95 -
Fe 0.05 O 3  was used as the photocatalyst for the photocatalytic reduction of CO 2 , the 
yield of formic acid reaching 128 μmol·g cat  -1 ·h -1  (Jia et al.  2009 ). These results show 
that load a cocatalyst on the surface of photocatalyst can change the photocatalytic 
activity of photocatalyst. 

 The InNbO 4  was prepared by the solid-state reaction method, and NiO-InNbO 4  
and Co 3 O 4 -InNbO 4  were pretreated by reduction at 500 °C for 2 h and subsequent 
oxidation at 200 °C for 1 h. The photocatalytic activity of 1.0 wt% Co 3 O 4 -InNbO 4  
was lower than that of 1.0 wt% NiO-InNbO 4 , which was due to the redox property 
of cobalt cations. After pretreatment, the 0.5 wt% NiO-InNbO 4  gave the highest 

  Fig. 2.7    ( a ) UV–visdiffuse refl ectance spectra (DRS) and ( b ) the optical absorption edges of the 
Mes-CeO 2 , Mes-FeCe-5, Mes-FeCe-10, Mes-FeCe-20, and Mes-FeCe-30 (Wang et al.  2014 )       
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yield of CH 3 OH for reduction of CO 2  (Lee et al.  2012 ). The above results show that 
load a cocatalyst on the surface of photocatalyst as an electron acceptor can enhance 
the photocatalytic activity of the catalyst. And the performance of the photocatalyst 
will be different after load with different kinds of co-catalyst. 

 Ag cocatalyst-loaded ALa 4  Ti 4 O 15  (A = Ca, Sr, and Ba) photocatalysts was 
 prepared and used for CO 2  reduction to form CO and HCOOH by bubbling CO 2  gas 
into the aqueous suspension of the photocatalyst powder without any sacrifi cial 
reagents. The result shows that water reacted as an electron donor in the reaction of 
CO 2  reduction and that BaLa 4 Ti 4 O 15  with anisotropic structure showed higher 
 photocatalytic activity for CO 2  reduction than SrLa 4 Ti 4 O 15  and CaLa 4 Ti 4 O 15 . It was 
found that the loading method of the Ag cocatalyst has a great effect on the photo-
catalytic activity of the ALa 4 Ti 4 O 15 , and the liquid phase chemical reduction was the 
best method to load fi ne Ag particles. CO was the main reduction product on the 
optimized Ag/BaLa 4 Ti 4 O 15  photocatalyst, the high activity of it is due to separated 
reaction sites of reduction from oxidation, and specifi c loading of the Ag cocatalyst 
on the edge (Iizuka et al.  2011 ). 

 Pristine and Ag-loaded SrTiO 3  nanocrystal photocatalysts had been prepared via 
hydrothermal synthesis method and was used for the reduction of CO 2  in CH 3 OH to 
HC(O)OCH 3 . After loading with Ag, the absorption edge of SrTiO 3  was evidently 
extended up to visible light and the photocatalytic activity was further enhanced 
via extending life-span of the electron–hole pairs by using Ag particle as electron 
acceptor. The result shows that loading 7 wt% Ag on SrTiO 3  with hydrothermal 
synthesis at 150 °C and 22 h was found to exhibit the highest photocatalytic activity 
in HC(O)OCH 3  formation rate of 3,006 μmol·g cat  -1 ·h -1 , which was more remarkable 
than that of pristine SrTiO 3  (Sui et al.  2012 ). 

 InTaO 4  (band gap = 2.7 eV) catalyst was prepared by a solid-state reaction 
method and NiO was added as a cocatalyst by incipient-wetness impregnation, 
which treated by reduction-oxidation process. CH 3 OH was produced by reducing 
CO 2  under visible light illumination. The reduction-oxidation pretreatment of 
InTaO 4  with NiO cocatalyst resulted a higher CH 3 OH yield than those without 
 pretreatment. The highest CH 3 OH yield was 1.394 μmol·g cat  -1 ·h -1  (Pan and Chen 
 2007 ). In addition to effi cient photocatalytic of the photocatalyst, photo reactors is 
also very important in the photocatalysis applications. An optical-fi ber photo reac-
tor, comprised of ~216 NiO/InTaO 4 -coated fi bers, was designed to transmit and 
spread light uniformly inside the reactor. The rate of CH 3 OH production was 
11.1 μmol·g cat  -1 ·h -1  with light intensity of 327 mW·cm -2  at 25 °C. Increasing the reac-
tion temperature to 75 °C, the production rate was increased to 21.0 μmol·g cat  -1 ·h -1  

(Wang et al.  2010 ). ATaO 3  (A = Li, Na, K) were synthesized by a conventional solid 
state reaction and were used for the reduction of CO 2  in the presence of H 2 . Only CO 
was generated over all samples under photoirradiation (Teramura et al.  2010 ). 
Figure  2.8  shows that the photocatalytic activity was higher in the order correspond-
ing to KTaO 3 , NaTaO 3  and LiTaO 3 (LiTaO 3  > NaTaO 3  > KTaO 3 ) which was consis-
tent with that of the  E  g (optical gap) values. The calcination temperature has a great 
effect on the photocatalytic activity of LiTaO 3 . After 24 h of photoirradiation, the 
highest amount of evolved CO reached 0.42 μmol·g -1  over LiTaO 3. 
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   The visible-light responsive photocatalyst BiVO 4  was synthesized and was used 
for photocatalytic reduction of carbon dioxide in water to form C 2 H 5 OH. Figure  2.9  
shows that the photoreduction over monoclinic BiVO 4  is more effective than over 
tetragonal BiVO 4 , and monoclinic BiVO 4  become strongly enhanced under 300 W 
Xe-arc lamp irradiation without UV cutoff fi lter, this most likely due to that the 
local environment around the Bi 3+  ion is more strongly asymmetric in the mono-
clinic phase than in the tetragonal phase, so that the Bi 3+  ion has a stronger lone pair 
character in the monoclinic phase and hence has a stronger tendency to form a Bi-O 
bond with CO 3  2− , which will lead to a more effi cient transfer of photogenerated 

  Fig. 2.8    Amount of evolved 
CO gas for the photocatalytic 
reduction of CO 2  in the 
presence of H 2  as a reductant 
over ATaO 3  (A = Li, Na, K) 
after 24 h of photoirradiation 
(Teramura et al.  2010 )       

  Fig. 2.9    Photocatalytic 
C 2 H 5 OH evolution under 
300 W Xe-arc lamp 
irradiation without UV cutoff 
fi lter (Liu et al.  2009 )       
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electrons from the V 3d-block bands to the anchored CO 3  2−  in the case of monoclinic 
BiVO 4  (Liu et al.  2009 ). Then, lamellar BiVO 4  was prepared through a surfactant- 
assisted hydrothermal process, and CH 3 OH can be selectively produced from a 
 suspension containing the obtained BiVO 4  and CO 2 /NaOH solution under 
full  spectrum or visible-light irradiation. It was found that the CH 3 OH yield can be 
 signifi cantly enhanced by adding NaOH solution in the BiVO 4  suspension due to the 
NaOH solution can dissolve more CO 2  and the OH- serves as a stronger hole- 
scavenger as compared to water. Under full spectrum or visible light irradiation, the 
CH 3 OH yield rate was 5.52 μmol·h -1  and 3.76 μmol·h-1, respectively (Mao et al. 
 2012 ). In order to investigate the effect of preparation parameters on photoactivity 
of BiVO 4 , a series of BiVO 4  was synthesized by hydrothermal method. The results 
show that the optimal parameters for monoclinic scheelite BiVO 4  preparation was 
that the pH was 7.0, hydrothermal temperature was 195 °C, and time was 6 h. 
Photocatalytic CH 4  evolution by CO 2  reduction can take place on the monoclinic 
scheelite BiVO 4  under visible light irradiation. CH 4  evolution reached 145 μg·g cat  

-1  
after 5 h irradiation with the catalyst dosage of 0.15 g in 200 mL mixed solution 
with 0.1 mol NaOH and 0.1 mol Na 2 SO 3  (Chen et al.  2012 ). Recently, an ultra-thin 
and super-long Na 2 V 6 O 16  · xH 2 O nanoribbon of 5 nm thickness and ~500 μm length 
was synthesized by hydrothermal method and was tested for reduction of CO 2  to 
CH 4  in the presence of water vapor under visible light irradiation. The results show 
that Na 2 V 6 O 16  · xH 2 O nanoribbon exhibited promising photocatalytic activity for 
reduction of CO 2  to CH 4  (Feng et al.  2014 ).

   NaNbO 3  had been successfully developed as a photocatalyst for CO 2  reduction. 
Compared with bulk NaNbO 3  samples, NaNbO 3  nanowires exhibited a much higher 
photocatalytic activity for CH 4  production, which was possibly due to its crystallin-
ity, surface-to-volume ratio and anisotropic aspect. This is the fi rst example that 
CO 2  conversion into CH 4  proceeded on the semiconductor nanowire photocatalyst 
(Shi et al.  2011 ). Subsequently, alkali niobates ANbO 3  (A = Na, K) were evaluated 
by photoreduction of CO 2  into CH 4 . Both NaNbO 3  and KNbO 3  are indirect band- 
gap semiconductors with NbO 6  octahedra and the band gap of KNbO 3  is 3.1 eV, 
which is slightly narrower than that of NaNbO 3 (3.4 eV). It can be found that the 
mobilities of both charge carriers were higher in KNbO 3  than those of NaNbO 3  by 
band structure calculation. It was observed from Fig.  2.10  that KNbO 3 (rate of CH 4  
evolution = 7.0 ppm·h -1 ) displayed a higher photocatalytic activity of CO 2  reduction 
in contrast to that of NaNbO 3  (rate of CH 4  evolution = 2.3 ppm·h -1 ), which was 
attributed to the higher mobile charge carriers and better light absorption in the 
KNbO 3  case (Shi and Zou  2012 ). Different preparation method have a great effect 
on the photocatalytic activity of the photocatalyst. KNb 3 O 8  and HNb 3 O 8  nanobelts 
possess larger surface area values than the counterparts prepared by the solid state 
reaction. Catalysts with larger surface area values usually could provide more reac-
tion active sites. Compared with the enhancement in surface area value, greater 
times enhancement in the activity was observed for both KNb 3 O 8  and HNb 3 O 8  pre-
pared by hydrothermal synthesis (Li et al.  2012c ). Besides, the HNb 3 O 8  solid acid 
sample exhibited higher activity than the HNb 3 O 8  potassium salt. The rate of CH 4  
formation over HNb 3 O 8  reaches 3.58 μmol·g cat  -1 ·h -1 , the data were two times that 
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(1.71 μmol·g cat  -1 ·h -1 ) achieved over KNb 3 O 8 . This indicated that the sample mor-
phology and the protonic acidity of HNb 3 O 8  play important roles in the photocata-
lytic reduction of CO 2  to CH 4  (Li et al.  2012c ).

   SiO 2 -pillared HNb 3 O 8  was prepared and used for CO 2  photoreduction to CH 4 . 
Compared to non-pillared HNb 3 O 8 , the SiO 2 -pillared sample has notably expanded 
interlayer distance, much greater surface area value, and six times higher photocata-
lytic activity as a consequence. Besides, Pt loading obvious promoted the activity 
for CO 2  photoreduction, and the optimum loading amount of Pt for SiO  2  - HNb 3 O 8   
was 0.4 wt%. It was found that higher water content is favorable for the photocata-
lytic reduction of CO 2  over the present SiO 2 -HNb 3 O 8  sample. Because of the unique 
adsorption ability to water molecules, the activity of silica-pillared HNb 3 O 8  
increased more remarkably with elevated water content than the mostly investigated 
TiO 2  photocatalyst (Li et al.  2012b ). In order to study the effect of  crystallographic 
symmetry on the electronic structure and photocatalytic activity in the perovskite 
structure, cubic and orthorhombic NaNbO 3  were synthesized and used for CO 2  pho-
toreduction in gas phase. Compared the two phases of NaNbO 3 , the bang gap of the 
cubic NaNbO 3 (3.29 eV) was narrower than that of the  orthorhombic 
NaNbO 3 (3.45 eV), which was caused by the variant octahedral ligand fi eld. 
Furthermore, the high symmetry in cubic NaNbO 3  results in its unique  electronic 
structure that is benefi cial for the electron excitation and transfer, which will con-
tribute to its higher photocatalytic activity for CO 2  photoreduction in the gas phase, 
the CH 4  evolution rate over cubic NaNbO 3 (0.486 μmol·h -1 ) is twice that over the 
orthorhombic NaNbO 3 (0.245 μmol·h -1 ). The above result shows that the crystal 
structure of the perovskite semiconductor toward a higher symmetry can improve 
the photoelectron excitation and transfer and then enhance the photocatalytic effi -

  Fig. 2.10    Amount of evolved CH 4  gas for the photocatalytic reduction of CO 2  over Pt-NaNbO 3  
and Pt-KNbO 3  (Shi and Zou  2012 )       

 

Z.-z. Qin et al.



83

ciency of the photocatalyst (Li et al.  2012a ). Recently, cubic and orthorhombic 
NaNbO 3  was synthesized at 600 °C via a surface coordination modulation using 
organic and inorganic starting reagents and was used in photocatalytic CO 2  reduction. 
Figure  2.11  shows that the NaNbO 3  prepared with organic ligands shows higher 
activity than that prepared with inorganic ligands because of the phase difference 
and the NaNbO 3  oxidized at 500 °C has the best photocatalytic performances in CO 2  
reduction due to its cubic crystal structure and higher surface area which were 
obtained from the lower temperature oxidation of the organic ligand coordinated 
precursor (Li et al.  2013b ). This work indicated that surface chemical modulation 
via a coordination effect is able to control the crystal structure of an inorganic 
 material and lower the formation temperature to obtain the product with larger sur-
face area for a higher photocatalytic effi ciency.

   Ultrathin and uniform Bi 2 WO 6  platelike nanocrystallites have been successfully 
prepared in the presence of oleylamine using hydrothermal route and were found to 
induce CO 2  fi xation under visible light illumination. The ultrathin geometry of 
the Bi 2 WO 6  nanoplates promotes charge carriers to move rapidly from the interior 
to the surface to participate in the photoreduction reaction and favor an improved 
separation of the photo-generated electron and hole and the lower electron–hole 
recombination rate which will enhance the photocatalytic activity in the photocata-
lytic reduction of CO 2  (Zhou et al.  2011 ). Soon afterwards, Bi 2 WO 6  hierarchical 
hollow architectures was synthesized by an anion exchange route, which involves 
the microscale Kirkendall effect from BiOBr microspheres as precursor templates 
under hydrothermal treatments. Bi 2 WO 6  was used for the photocatalytic conversion 
of CO 2  into CH 3 OH under visible light and the result shows that Bi 2 WO 6  display 
effi cient visible light CO 2  photocatalytic conversion into CH 3 OH in solution 
without any co-catalyst which may be due to the large surface area and high CO 2  
adsorption capacity of the catalyst (Cheng et al.  2012 ). 

 Mesoporous material is potentially an effective photocatalyst for the photoreduc-
tion of CO 2 . Mesoporous ZnGa 2 O 4  was prepared and tested for reduction of CO 2 . 

  Fig. 2.11    ( a ) Photocatalytic H 2  evolution from aqueous methanol solution and ( b ) CH 4  evolution 
in gaseous phase reaction over NaNbO 3 -inorganic and NaNbO 3 -organic with 0.5 wt% Pt loading 
(Li et al.  2013b )       
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When RuO 2  was applied as co-catalyst, the mesoporous ZnGa 2 O 4  shows high 
 photocatalytic activity for converting CO 2  into CH 4  under light irradiation, which 
was due to its strong gas adsorption and large specifi c surface area (Yan et al.  2010 ). 
CuGaO 2  and CuGa 1-x Fe x O 2  were prepared and used for the reduction of CO 2  to 
CO. The results show that the electronic structure can be altered and the band gap 
energy was reduced from 3.75 or 2.55 eV to 1.5 eV by substitution of Fe for Ga in 
CuGaO 2 . CuGa 1-x Fe x O 2  was formed by alloying at the B-site with Fe, which will 
create new features in the visible and near-infrared region of the optical spectra 
(Lekse et al.  2012 ). 

 Single-crystalline Zn 2 GeO 4  nanobelts were synthesized in a binary ethylene-
diamine/water solvent system using a solvothermal route which was proved to 
greatly promote the photocatalytic activity toward reduction of CO 2  into CH 4  in 
the presence of water vapor (Liu et al.  2010 ). In order to improve the photoactiv-
ity of Zn 2 GeO 4 , a RT ion-exchange route was developed to synthesize Zn 2 GeO 4  
with crystalline pore-walls which achieved enhanced activity in CO 2  photoreduc-
tion (Zhang et al.  2011 ). After these research, single crystalline Zn 2 GeO 4  and 
In 2 Ge 2 O 7  nanowire mats were prepared on a largescale on SiO 2 /Si substrate via a 
simple chemical vapor deposition method and then the Zn 2 GeO 4  and In 2 Ge 2 O 7  
nanowire mats based photodetectors was constructed on rigid and fl exible sub-
strates, respectively. The results show that Both the rigid and fl exible photo-
detectors exhibited excellent photoconductive performance in terms of high 
sensitivity to the UV light, excellent stability and reproducibility, and fast 
response and recovery time (Liu et al.  2012d ). Highly crystalline indium germi-
nate hybrid subnanowire (In 2 Ge 2 O 7 (En)) was synthesized using a solvothermal 
route and was used to photocatalytic reduction of CO 2  into CO in the presence of 
water vapor. The result shows that the ultrathin nanowires exhibited ultraviolet 
photoluminescence emissions, very strong two-dimensional quantum confi ne-
ment effects and photocatalytic performance in the conversion of CO 2  to CO (Liu 
et al.  2012b ). After that, higher-order, sheaf-like, hyper-branched Zn 2 GeO 4  nano-
architectures were successfully synthesized using a solvothermal route which are 
composed of numerous closely packed nanorods. Nitridation of the resulting 
Zn 2 GeO 4  superstructures under NH 3  fl ow produce a yellow Zn 1.7 GeN 1.8 O solid 
solution that inherits the bundle shape. When loaded with co-catalysts, 
Zn 1.7 GeN 1.8 O gives high conversion rates of CO 2  into CH 4  (Liu et al.  2012c ). 
ZIF-8 nanoparticles were successfully grown on the surfaces of Zn 2 GeO 4  
nanorods to obtain the Zn 2 GeO 4 /ZIF-8 hybrid nanorods. The Zn 2 GeO 4 /ZIF-8 
nanocomposite inherited both high CO 2  adsorption capacity of ZIF-8 nanoparti-
cles and high crystallinity of Zn 2 GeO 4  nanorod. Zn 2 GeO 4 /ZIF-8 hybrid nanorods 
containing 25 wt% ZIF-8 exhibit 3.8 times higher dissolved CO 2  adsorption 
capacity than the bare Zn 2 GeO 4  nanorods, resulting in a 62 % enhancement in 
photocatalytic conversion of CO 2  into CH 3 OH. This is attributed to the strong 
CO 2  adsorption property of ZIF-8 as well as a better light response compared to 
the bare Zn 2 GeO 4  nanorods (Liu et al.  2013b ).  
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2.4.2     Metal Sulfi des 

 In recent years, metal sulfi des, particularly ZnS and CdS, have been intensively 
studied as active photocatalysts in virtue of their unique catalytic functions. ZnS is 
a hopeful photocatalyst for degradation of organic pollutants, photoreduction of 
CO 2  and H 2  production because of the rapid generation of electron–hole pairs by 
photoexcitation and highly negative reduction potentials of excited electrons (Chen 
et al.  2013b ). 

 ZnS nanoparticles were prepared and deposited on montmorillonite (MMT) in 
the presence of cetyltrimethylammonium and was tested for photocatalytic  reduction 
of CO 2  under UV light. The result shows that ZnS nanoparticles was adsorbed on 
the outer surface of MMT with the diameters ranging from 3 to 5 nm. Compared to 
commercial TiO 2  photocatalyst, the prepared ZnS-MMT nanocomposite exhibited 
the 5~6-fold higher effi ciency of the photocatalytic CO 2  reduction, the main 
 products of the CO 2  reduction was CH 4 , CH 3 OH and CO, and a high amount of 
generated H 2  was observed as well (Kozák et al.  2010 ). Then, the effect of a reaction 
media (the aqueous solutions of NaOH, NH 3 H 2 O and their mixtures with Na 2 SO 3 ) 
on CO 2  photocatalytic reduction yields over ZnS nanoparticles deposited on 
montmorillonite (ZnS-MMT) was investigated (Reli et al.  2012 ). It was found out 
that aqueous NaOH was a better reaction medium than aqueous NH 3 H 2 O in both gas 
and liquid phases which caused higher yields of the photocatalytic reduction of 
CO 2 . This due to NaOH is a stronger base than NH 3 H 2 O and the solubility of CO 2  is 
higher in NaOH. After addition of Na 2 SO 3  a decrement of CH 4  and CO in the gas 
phase and an increment of CH 3 OH in the liquid phase were observed. This effect 
was likely caused by the primary oxidation of sulphite to sulphate, which blocked 
up the oxidation of generated CH 3 OH back to CO 2 . The main product of the 
photocatalytic reduction of CO 2  was CH 4  and the highest yields of CH 4  were 
obtained in 0.2 mol·L -1  NaOH solutions. 

 After that, a series of ZnS photocatalysts were prepared via simple precipitation, 
ion-exchange and hydrothermal methods, respectively. ZnS nanoparticles 
 synthesized via hydrothermal method for 24 h showed higher photocatalytic activity 
than those prepared by precipitation or ion-exchange method due to the fi ne crystal-
line structure. Furthermore, doping of Ni 2+  could further enhance the activity of ZnS 
for photocatalytic reduction CO 2 , which could be attributed to that the Ni 2+  doping 
facilitated the separation of photo-generated electron–hole pairs and reduced their 
recombination probability (Chen et al.  2013b ). Figure  2.12  shows that when the Ni 
doping amount was 0.3 wt%, the formation rate of methyl formate was the highest 
for 121.4 μmol·g cat  -1 ·h -1 .

   CdS nanoparticles were precipitated by the reaction of cadmium acetate with 
sodium sulphide in the presence of cetyltrimethylammonium (CTA) and deposited 
on montmorillonite (MMT), which contained 6 wt% of CdS and 30 wt% of 
CTA. Cetyltrimethylammonim was added for their stabilization and intercalated in 
the MMT interlayer which acted as a binder among CdS and MMT particles  forming 
their agglomerates with size from 100 to 500 nm. It was found that CdS nanoparticles 
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were anchored on the surface of MMT particles and CTA was intercalated into MMT 
and adsorbed on its external surface. The CdS-MMT was used for the photoreduc-
tion of CO 2  dissolved in NaOH solutions. The experimental result shows that the 
yields of originating gas products can be arranged in the order: H 2  > CH 4  > CO. Amounts 
of these products were four to eightfolds higher than those obtained with TiO 2  (Praus 
et al.  2011 ). Although some metallic compound can absorb visible light and was 
used to photocatalytic reduction of CO 2 , their low effi ciency limits its practical 
applications. Modifi cation of photocatalyst can enhance its photocatalytic activity 
and visible light response. For instance, Bi 2 S 3   modifi cation can enhance the photo-
catalytic activity and visible light response of CdS. When these photocatalysts was 
used for reducing CO 2  to CH 3 OH under visible light irradiation, the highest yields 
of CH 3 OH over CdS, Bi 2 S 3  and Bi 2 S 3 /CdS photocatalysts under visible light irra-
diation were 201, 314 and 613 μmol·g -1 , respectively (Li et al.  2011c ). Reduced gra-
phene oxide (RGO)-CdS nanorod composites were successfully prepared by a 
one-step microwave-hydrothermal method in ethanolamine- water solution and was 
used in photocatalytic reduction of CO 2  (Yu et al.  2014 ). It was observed from 
Fig.  2.13  that the optimized RGO-CdS nanorod composite photocatalyst exhibited the 
highest CH 4  production rate of 2.51 μmol·g cat  -1 ·h -1  at the RGO content of 0.5 wt%, 
which exceeded the rate observed on pure CdS nanorods by more than ten times and 
was better than that of the optimized Pt-CdS nanorod composite photocatalyst under 
the same reaction conditions. The high photocatalytic activity of RGO-CdS was 
ascribed to the deposition of CdS nanorods on RGO sheets, which act as an electron 

  Fig. 2.12    Photocatalytic methyl formate production performance of various Ni-doped ZnS (Chen 
et al.  2013b )       
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acceptor and transporter and effi ciently separate the photo-generated charge carriers. 
Furthermore, the introduction of RGO can enhance adsorption and activation of CO 2  
molecules, which speeds up the  photocatalytic reduction reaction of CO 2  to CH 4 . 
Different shape of Bi 2 S 3 , including nanoparticles, and urchin-like, micro-spheres 
hierarchical nanostructures, have been successfully fabricated using a facile and 
template-free solvothermal method and was tested on the reduction of CO 2  in CH 3 OH 
(Chen et al.  2013a ). It was found that both the sulfur sources and solvents greatly 
affected the morphologies of the as-prepared Bi 2 S 3  and the photocatalytic perfor-
mances were greatly dependent on the morphologies of the samples. Compared with 
Bi 2 S 3  nanoparticles, the hierarchical architectures exhibited higher activity for photo-
catalytic reduction of CO 2  to HC(O)OCH 3  in CH 3 OH, and Bi 2 S 3  micro-spheres 
showed the highest activity, which was attributed to their special hierarchical struc-
ture, good permeability and high light-harvesting capacity.

   Cu x Ag y In z Zn k S m  solid solutions, customized with RuO 2  or Rh 1.32 Cr 0.66 O 3  co- 
catalyst was prepared and was used for photocatalytic CO 2  reduction to CH 3 OH 
under visible light (Liu et al.  2011 ). Due to a small band gap of <2 eV, Cu x Ag y In z Zn k S m  
photocatalysts have an obvious advantage over bare ZnS(>3.4 eV), manifested in 
improved catalytic activities due to photoabsorption under visible range. When 
Cu x Ag y In z Zn k S m  was used as photocatalyst, the CH 3 OH formation rate was 
8.97 μmol·g cat  -1 ·h -1  on average, and then further increase to 16.64 μmol·g cat  -1 ·h -1  or 
10.98 μmol·g cat  -1 ·h -1  when using RuO 2  or Rh 1.32 Cr 0.66 O 3  as co-catalyst, respectively. 

  Fig. 2.13    Comparison of the photocatalytic CH 4 -production rate of the G0, G0.1, G0.25, G0.5, 
G1.0, G2.0, N0.5, P0.5 and RGO samples under visible-light irradiation (Yu et al.  2014 )       

 

2 Photocatalytic Reduction of Carbon Dioxide



88

This will attribute to that the RuO 2  or Rh 1.32 Cr 0.66 O 3  facilitated the generation and 
migration of photoinduced electrons and holes and lead to more utilization of  visible 
light. The maximum CH 3 OH yield observed was about 118.5 μmol·g cat  -1 ·h -1  in the 
presence of RuO 2 /Cu 0.30 Ag 0.07 In 0.34 Zn 1.31 S 2  under H 2  effect. Although the RuO 2 /
Cu 0.30 Ag 0.07 In 0.34 Zn 1.31 S 2  shows high activity for the photocatalytic CO 2  reduction to 
CH 3 OH under visible light, the exact photocatalytic mechanism between photocatalyst 
and co-catalyst needed more studies before applying to the industry. 

 Cu 2 ZnSnS 4 (CZTS) sulfi de semiconductor, which consists of abundantly  available 
and relatively cheap elements. It has a direct bandgap of 1.5 eV, which is narrower 
than those of ZnS and CdS, and a large optical absorption coeffi cient in the order of 
10 4  cm −18 . It has been demonstrated that CO 2  can be reduced to HCOOH with high 
selectivity (80 %) utilizing a sulfi de semiconductor modifi ed with a MCE polymer 
under visible light irradiation. Furthermore, the activity was also enhanced by the 
insertion of Se into CZTS presumably due to enhanced carrier mobility (Arai et al. 
 2011 ). This work will in favor of CO 2  photo-recycling systems that utilize H 2 O as 
both an electron donor and a proton source. 

 Chalcopyrite p-CuInS 2  thin fi lm was used as a photocathode photoelectrochemical 
reduction reaction of CO 2  to CH 3 OH. With pyridinium ion as the co-catalyst, the 
photoelectrochemical reduction of CO 2  to CH 3 OH can occur at the overpotential of 
20 mV with the faradaic effi ciency of 97 % (Yuan and Hao  2013 ). After that, micro-
spheric CdIn 2 S 4  photocatalysts were prepared by hydrothermal synthesis and using 
three different sulfur sources, which resulted in different band gaps and potential 
energies on CB and VB. Among them, CdIn 2 S 4  prepared from L-cysteine possessed 
the perfect spheric morphology, larger surface area and stronger absorbility to 
 visible light. The HC(O)OCH 3  was the only product of photocatalytically convers-
ing CO 2  in CH 3 OH over the CdIn 2 S 4  micro-spheres synthesized from thioacetamide 
and thiourea (Jiang et al.  2014 ).  

2.4.3     Other Photocatalysts 

 The inclusion of metal has a great effect on the photocatalytic activity of the 
 photocatalyst. The [Zn 1.5 Cu 1.5 Ga(OH) 8 ] 2  + (CO 3 ) 2  ·  m H 2 O was prepared and applied as 
photocatalysts to convert gaseous CO 2  to CH 3 OH or CO under UV-visible light. The 
inclusion of Cu sites in the LDH layers improved the CH 3 OH selectivity. Specifi c 
interaction of Cu sites with CO 2  was spectroscopically suggested to enable coupling 
with protons and photo-generated electrons to form CH 3 OH (Ahmed et al.  2011 ). 
And then [Zn 1.5 Cu 1.5 Ga(OH) 8 ] 2  + (CO 3 ) 2  ·  m H 2 O was improved by replacing interlayer 
carbonate anions, and the CH 3 OH selectivity was increased to 88 mol% (Ahmed 
et al.  2012 ). Noble metals act as a co-catalysts loaded on the photocatalyst can also 
improve the photocatalytic activity of catalyst. By loading Pt, Pd, and Au onto 
Zn-Cr LDH, the performance of Zn-Cr LDH was enhanced and the CO 2  was photo-
catalytic conversion to CO under UV irradiation (Katsumata et al.  2013 ). However, 

Z.-z. Qin et al.



89

these photocatalyst is too complex and noble metals was too expensive which was 
diffi cult to use in the practical application. Looking for a simple and effi cient 
 photocatalyst is necessary in the future. 

 Novel Ti-KIT-6 materials with different Si/Ti ratios (200, 100 and 50) have been 
synthesized, characterized and applied for the photocatalytic reduction of CO 2  to 
CH 4  under UV light irradiation. Figure  2.14  shows that Ti-KIT-6 (Si/Ti = 100) 
showed higher CH 4  formation than Ti-KIT-6 (Si/Ti = 200, 50) and the Degussa P25 
TiO 2 , and the Ti-KIT-6 (calcined) materials were superior in activity than the 
Ti-KIT-6 (dried) materials. This owing to the greater number of OH group in the 
Ti-KIT-6 (Si/Ti = 100) (Hussain et al.  2013 ).

   The Cu 2 O modifi cation can enhance the photocatalytic performance of SiC NPs, 
and the largest yields of CH 3 OH on SiC, Cu 2 O and Cu 2 O/SiC photocatalysts under 
visible light irradiation were 153, 104 and 191 μmol·g -1 , respectively (Li et al.  2011a ). 

 Ag@AgBr/carbon nanotubes (CNT) nanocomposites was prepared by the 
deposition- precipitation method (Abou Asi et al.  2013 ). The deposition of Ag@
AgBr nanoparticles on CNT and this arrangement was able to promote the separa-
tion of charge in order to achieve effi cient photoreduction of CO 2  under visible light 
irradiation. And the length of CNT have a great effect on the photocatalytic activity 
of the Ag@AgBr/CNT. Figure  2.15  shows that the longer CNT in Ag@AgBr/CNT 
were more effi cient in transporting charges than that of the shorter length CNT, 
which agreed with the observed trend of photocatalytic reduction of CO 2  under 

  Fig. 2.14    CH 4  formation comparison by photocatalytic reduction of CO 2  and water by Ti basis 
with commercial degussa P25 (Hussain et al.  2013 )       
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 visible light irradiation (Ag@AgBr/CNT-L > Ag@AgBr/CNT-M > Ag@AgBr/
CNT-S > Ag@AgBr). CH 4 , CO, CH 3 OH and C 2 H 5 OH were obtained via the photo-
catalytic reduction of CO 2 , and the reduction process favored under neutral and 
weak alkaline conditions. Ag@AgBr/CNT can maintain the high stability in fi ve 
repeated uses.

   Mononuclear iridium(III) terpyridine(tpy) 2-phenylpyridine(ppy) complex 
[Ir(tpy)(ppy)Cl] + ([Irppy]) was prepared and was used to selectively reduce CO 2  to 
CO under visible light at 480 nm without additional photo-sensitizers such as in the 
case for Re complexes. When the [Ir-Meppy] was used as the photocatalyst, the 
TN CO  value was 50, and the quantum yield  ϕ  CO  of [IrMeppy] was 0.21, which was 
the best reported value in homogeneous photocatalytic systems using low-energy 
visible light at wavelengths such as 480 nm. The reaction mechanism shows that the 
[Ir-ppy] was transformed into [Ir(tpy)(ppy)H] during the photocatalytic reaction; 
that is, [Ir(tpy)(ppy)H] is the active photocatalyst. The one-electron-reduced species 
of [Ir(tpy)(ppy)H] can react with CO 2  and [Ir(tpy)(ppy)H] can probably donate 
 electrons to the CO 2  adduct. Finally, the [Ir(tpy)(ppy)H] gradually changed to a 
deactivated product, such as an Ir dimer (Sato et al.  2013 ). All this result shows that 
advanced artifi cial photosynthetic system should be possible by constructing a 
semiconductor/Ir complex photocatalyst. 

 Two kinds of graphitic carbon nitride (g-C 3 N 4 ) were synthesized by the pyrolysis 
of urea and melamine, respectively and was used to reduce CO 2  to organic fuels 
under visible light. The product derived from the urea (denoted as u-g-C 3 N 4 ) shows 

  Fig. 2.15    Yield of photocatalytic products of Ag@AgBr and Ag@AgBr/CNT nanocomposites 
with different CNT length under visible-light irradiation for 5 h in pH 8.5 aqueous media (Abou 
Asi et al.  2013 )       
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a mesoporous fl ake-like structure with a larger surface area and higher photoactivity 
for the CO 2  reduction than the non-porous fl aky product obtained from melamine. 
Compared with m-g-C 3 N 4 , the u-g-C 3 N 4  has a larger surface area and higher 
 photocurrent in suspension and shows a better performance in the present photo-
catalytic CO 2  reduction system, which due to that the OH −  in the aqueous solution 
can act as a hole-scavenger. Moreover, using the u-g-C 3 N 4  results in the formation 
of a mixture containing CH 3 OH and C 2 H 5 OH, while using m-g-C 3 N 4  only leads to 
the selective formation of C 2 H 5 OH, which is possibly due to the differences in the 
crystallinity and microstructure of u-g-C 3 N 4  and m-g-C 3 N 4  (Mao et al.  2013 ).   

2.5     Conclusion 

 The technologies of emission-reduction and conversion of CO 2  have signifi cance 
for the protection of the environment, promote of the sustainable development of 
the economic and social, and the photocatalytic reduction of CO 2  provides a new 
way for emission-reduction of this kind of greenhouse gas. Artifi cial converting 
green house gases, such as CO 2 , to fuel can reduce the emission of CO 2 , and convert 
it to alkanes, alcohols or other useful organic substances, and led to achieving of 
carbon recycling. However, CO 2  is a kind of inert gas, less prone to react, which 
result in the research and development of CO 2  will face with many problems. 

 In recent years, with the development of the photocatalyst of TiO 2  and modifi ed 
TiO 2 , many new photocatalyst containing no titanium was synthesized and shown 
high photocatalytic activity for CO 2  reduction under UV light or visible light 
 irradiation. The photocatalytic reduction of CO 2  has been made a major break-
through. However, the lower utilization of solar energy, poor adsorption  performance 
of photocatalytic catalyst to the CO 2 , poor light stability of the photocatalyst, the 
potential of conduct band and value band do not match the reactants, the separation 
effi ciency of electron–hole pair as well as insuffi cient consideration of activation of 
CO 2  are still exist, which lead to the hydrocarbon from CO 2  reduction remain very 
low. And it is still necessary to improve the response of visible light and the photo-
catalytic activity before the photocatalyst was applied to the industry. With the 
development of the new reaction system and effi cient photocatalyst; the adjustment 
between the physical parameters of the light absorption, gas adsorption, activation 
of CO 2  and the basic behavior of photogenerated carriers; the design of multi-func-
tional integrated the nanoscale photocatalytic material; the effi cient utilization of 
solar energy, appropriate adsorption and desorption of CO 2  on the catalyst and the 
eventual establishment of the effi cient gas conversion system of photoreduction, the 
large-scale commercial application of the conversion of CO 2  to utilized chemicals is 
not a dream.     
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Abstract Global climate change has already had observable effects on the envi-
ronment. For instance glaciers have shrunk, ice on rivers and lakes is breaking up 
earlier, lands are deteriorating, plant and animal ranges have shifted and trees are 
flowering sooner. Carbon emission is considered as the strongest factor for global 
warming. Removing atmospheric carbon and storing it in the terrestrial biosphere 
is one of the cost-effective options, to compensate greenhouse gas emissions. 
Millions of acres of abandoned mine land throughout the world, if restored and 
converted into vegetative land, would solve global warming and would remediate 
degraded wastelands. Reclamation of mining wastelands using an integrated 
 biotechnological approach (IBA) has resulted in the improvement in the physico-
chemical properties of the soil. The findings presented in this chapter may help 
the industries to achieve clean development mechanism status through afforestation 
of degraded lands as per the guidelines of United Nations Framework Convention 
on Climate Change.

Keywords Climate change • Greenhouse gas • Global warming • Mine land •
Integrated biotechnological approach • Soil organic carbon • Eddy covariance
system

3.1  Introduction

Climate change is defined as a “change of climate which is attributed to human 
activity that alters the composition of the global atmosphere” (UNFCC 1997). The 
nature and causes of these changes have been comprehensively chronicled in a 
 variety of recent reports, such as those by the Intergovernmental Panel on Climate 
Change (IPCC) and the U.S. Climate Change Science Program (CCSP). Analysis of 
air bubbles trapped in an Antarctic ice core extending back 800,000 years  documents 
the Earth’s changing carbon dioxide concentration (IPCC 2001).
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The global warming of the past 50 years is primarily due to human-induced 
increase in heat-trapping gases. Human “fingerprints” also have been identified in 
many other aspects of the climate system, including changes in ocean heat content, 
precipitation, atmospheric moisture, and Arctic sea ice. This conclusion rests on mul-
tiple lines of evidence. Like the warming “signal” that has gradually emerged from 
the “noise” of natural climate variability, the scientific evidence for a human influ-
ence on global climate has accumulated over the past several decades, from many 
hundreds of studies. The Earth's atmosphere contains carbon dioxide (CO2) and other 
greenhouse gases (GHGs) that act as a protective layer, causing the planet to be 
warmer than it would otherwise be. If the level of CO2 rises, mean global  temperatures 
are also expected to rise as increasing amounts of solar radiation are trapped inside 
the “greenhouse.” The level of CO2 in the atmosphere is determined by a continuous 
flow among the stores of carbon in the atmosphere, the ocean, the earth's biological 
systems, and its geological materials. As long as the amount of carbon flowing into 
the atmosphere and out (in the form of plant material and  dissolved carbon) are in 
balance, the level of carbon in the atmosphere remains constant (Bangroo et al. 
2011). Table 3.1 presents abundance, sources and lifetime of selected greenhouse 
gases in the atmosphere. Climate variations can be classified into two categories:

Table 3.1 Abundance, sources and lifetime of selected greenhouse gases in the atmosphere 
(Source: IPCC 2007)

Parameters
Carbon dioxide 
(CO2) Methane (CH4)

Nitrous oxide 
(N2O)

Chlorofluorocarbons 
(CFCs)

Sources Decay of 
organic matter, 
forest fires, 
eruption of 
volcanoes, 
burning of 
fossil fuels, 
deforestation 
and land use 
changes

Wetlands, 
organic decay, 
termites, natural 
gas and oil 
extraction, 
biomass 
burning, rice 
cultivation, 
cattle and refuse 
landfills

Soils, 
nitrogenous 
fertilizers, 
burning of 
biomass and 
fossil fuels

Old conditioners, 
refrigerators and as 
by-products of some 
chemical processes

Average 
concentration 
100 years ago 
(ppbV)

290,000 900 270 0

Current 
concentration 
(ppbV)

380,000 1,774 319 3–5

Projected 
concentration in 
the year 2030 
(ppbV)

400,000–
500,000

2,800–3,000 400–500 3–6

Global warming 
potential 
(100 years 
relative to CO2)

1 25 298 4,750–10,900
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 (a) Natural climate variations

• Internally and externally induced climate variability
• Global and hemispheric variability

 (b) Human-induced climate variations

• Anthropogenic perturbation of the atmospheric composition
• Enhanced greenhouse effect
• The effect of aerosols
• Land-use changes or land degradation

In India, carbon dioxide emitted into the atmosphere at the tune of 260 million 
tonnes which is the 3 % of global emissions and it is predicted that it will increase 
at the rate of 5.5 % annually. Accumulation of green house gases in the atmosphere 
leads to global warming vis-a-vis climate change. For example, an average fossil- 
fuel burning power plant releases about 300 kg of CO2 into the atmosphere each 
second. This gas accumulates and contributes to the global warming. With the 
 climate change scenario the different technologies for carbon sequestration are 
being exploited to combat green house gases. Several approaches are being 
experimented to sequester CO2, Japan is experimenting with injecting CO2 into 
ocean. European countries are considering injecting into aquifers. The most  effective 
capture and storage method and the cost-effective approach is through terrestrial 
ecosystems which can be modified using proper technology back-up. By adapting 
integrated biotechnological approach, the cost to sequester a ton of carbon/acre of 
land can be minimized and carbon sequestration efficiency/ acre can be increased to 
a greater extent.

The various carbon sequestration technologies to reduce GHG emissions include 
advanced sequestration, value added sequestration, non CO2 GHGs, extensive 
 forestations of degraded and wastelands and organic farming, and efficiency and 
renewable (Fig. 3.1). Alongside improved efficiency and low carbon fuels, carbon 
sequestration is a third option for greenhouse gas mitigation. It entails the capture 
and storage of carbon dioxide and other greenhouse gases that would otherwise be 
emitted to the atmosphere. The greenhouse gases can be captured at the point of 
emission, or they can be removed from the air. The captured gases can be stored in 
underground reservoirs, dissolved in deep oceans, converted to rock-like solid 
materials, or absorbed by trees, grasses, soils, or algae.

Strong evidence is emerging that indicates greenhouse gas emissions are linked 
to potential climate change impacts. Figure 3.2 shows that the concentration of 
 carbon dioxide in the atmosphere has increased rapidly in recent decades, and the 
increase correlates to the industrialization of the world. In 1992, the United States 
and 160 other countries ratified the Rio Treaty which calls for “…stabilization of 
greenhouse gas concentrations in the atmosphere at a level that would prevent 
dangerous anthropogenic interference with the climate system.” An appropriate 
level of greenhouse gases in the atmosphere is still open to debate, but even modest 
stabilization scenarios eventually require a reduction in worldwide greenhouse gas 
emissions of 50–90 % below current levels.
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3.2  Global Carbon Cycle

The Global Carbon Cycle is illustrated in Fig. 3.3. The large arrows represent 
 natural paths of carbon exchange and the small arrows represent the human or 
anthropogenic contributions to the carbon cycle.

The flow of carbon is measured in billions of metric tons (gigatons). The  locations 
where carbon gets stored are called “sinks”. These carbons “sinks” are huge and 
immense. The atmosphere contains about 750 billion metric tons of carbon dioxide, 
the ground contains about 2,190 billion metric tons of carbon dioxide, and the 
oceans contain about 40,000 billion metric tons of carbon dioxide.

The arrows show the yearly exchange between these sinks. Plants and soils 
“give” about 60.0 billion metric tons of carbon dioxide to the atmosphere and “take” 
about 61.3 billion metric tons of carbon dioxide. The difference is the ability of 

Fig. 3.1 Schematic representation of terrestrial and geological sequestration of carbon dioxide emis-
sions from a coal-fired power plant. Carbon sequestration is a process of capturing waste carbon 
dioxide (CO2) from large point sources, such as fossil fuel power plants, transporting it to a storage 
site, and depositing it where it will not enter the atmosphere. Captured CO2 can be sequestered in or 
below the ocean as well as in geologic sinks such as deep saline formations, depleted oil and gas 
reservoirs, and unminable coal seams. Sequestration in deep saline formations or in oil and gas res-
ervoirs is achieved by a combination of three mechanisms: displacement of the in situ fluids by CO2, 
dissolution of CO2 into the fluids, and chemical reaction of CO2 with minerals present in the forma-
tion to form stable, solid compounds like carbonates (Source: Wikimedia Commons)
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green plants to “fix” carbon by photosynthesis. The ocean absorbs 92 billion metric 
tons of carbon dioxide, which is slightly more than the 90 billion metric tons of 
carbon dioxide that is absorbed by the water. These are the main “fluxes” or flows 
of carbon that occur in nature.

The anthropogenic flux of carbon comes from two major sources. The larger of 
the two is from the burning of fossil fuels for electricity and cement production at 
5.5 billion metric tons of carbon dioxide per year that is released to the atmosphere. 
The smaller of the two is the exchange or carbon dioxide for developed land that 
results in 1.6 billion metric tons of carbon dioxide being released to the atmosphere 
and 0.5 billion metric tons of carbon dioxide being absorbed by the land.

3.2.1  Potential Annual Rates of Carbon Sequestration  
(in Kilograms Carbon/Hectare) Using Various  
Land Management Practices

The Table 3.2 summarizes the results of a number of quantitative analyses of how 
these and several other “Best Management Practices” could enhance soil carbon 
sequestration (Follet et al. 2001; Lal et al. 1998).

Fig. 3.2 Changes in the atmospheric carbon dioxide (CO2) concentration. The concentration of 
CO2 in earth’s atmosphere determines its contribution to the greenhouse effect and the rates of 
plant and algal photosynthesis. The concentration has increased markedly in the twenty-first cen-
tury, at a rate of 2.0 ppm/year during 2000–2009 and faster since then. It was 280 ppm in pre- 
industrial times, and has risen to 392 ppm (Source: Wikimedia Commons)
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Fig. 3.3 Global carbon cycle in the environment (in Gigatons). The atmosphere contains about 
750 billion metric tons of carbon dioxide, the ground contains about 2,190 billion metric tons of 
carbon dioxide, and the oceans contain about 40,000 billion metric tons of carbon dioxide. The 
anthropogenic flux of carbon comes from two major sources. The larger of the two is from the 
burning of fossil fuels for electricity and cement production at 5.5 billion metric tons of carbon 
dioxide per year that is released to the atmosphere (Source: Wikimedia Commons)

Table 3.2 Potential annual rates of carbon sequestration (in kilograms carbon/hectare) using 
various land management practices

Land management practices
Carbon sequestration (in kilograms 
carbon/hectares)

Improved rangeland applications 50–150

Improved pastureland management
Commercial fertilizer applications 100–200

Manure applications 200–500

Use of improved plant species 100–300

Improved grazing management 300–1,300

Nitrogen fertilization of Mountain Meadows 100–200

Restoration of eroded soils 50–200

Restoration of mined lands 1,000–3,000

Conversion of cropland to pasture 400–1,200

Conversion of cropland to natural vegetation 600–900

Conversion from conventional to conservation tillage
No tillage 500

Mulch tillage 500

Ridge tillage 500
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3.2.2  Effect of Elevated CO2 on Ecosystems  
and Climate Change

Global change factors, particularly increases in atmospheric CO2 concentration and 
temperature, changes in the mean and variance of regional precipitation, and land- 
use changes, are predicted to have profound effects on ecosystems functioning in 
the future. There is evidence that some global change factors are already affecting 
current ecosystems. For example, there is strong evidence that plants have already 
responded to the 25 % increase in atmospheric CO2 concentration that has occurred 
since the onset the industrial revolution (Woodward 1987; Overdieck et al. 1988; 
Dippery et al. 1995; Duquesnay et al. 1998). Furthermore, atmospheric CO2 
 concentration are projected to double from the current concentration of 350–
700 ppm within the next 80 years, which will further stimulate ecosystem responses. 
In contrast to non-uniform water availability and temperature among ecosystems, 
CO2 concentrations are similar among ecosystems as a result of thorough atmospheric 
mixing (Schlesinger 1997). In addition, similar increases in CO2 are expected to 
occur in all ecosystems, making this change unique among global change factors.

Because the predicted increase in atmospheric CO2 concentration may affect 
 biological processes at many levels of organization (Mooney et al. 1999), it is 
important to continue studying the direct effect of increasing CO2 at levels ranging 
from the molecular to the global. Physiological and ecological controls on carbon 
sequestration in ecosystem were reviewed more than a decade ago by Strain (1985). 
That reviewed include both primary physiological and ecological controls on 
carbon sequestration. Here we update those areas and also include a section on 
molecular controls on carbon sequestration (Table 3.3), because many advances 
have been made in this area since the mid-1980s.

3.2.3  Molecular Physiological Controls on Carbon 
Sequestration

3.2.3.1  Primary Molecular and Physiological Responses

Effects of elevated CO2 on C3 photosynthetic rates have been the subject of many 
CO2 enrichment studies and have been reported in hundreds of papers. Most of 
these studies show that photosynthetic rate is increased following initial exposure 
to elevated CO2 (hours to days). However, many studies report that high photosyn-
thetic rates are maintained over long time periods and substantial reductions in 
photosynthesis (down regulation) may occur within days to weeks after initial 
exposure to elevated CO2 (Long et al. 1993; Sims et al. 1998). Therefore  short-term 
measurement of photosynthetic rate may over estimate the potential for carbon 
assimilation of plant subjected to long-term exposure to elevated CO2 (Oechel and 
Strain 1985)
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Table 3.3 Molecular, physiological and ecological controls on carbon sequestering in ecosystem 
(Modified from Strain (1985))

I. Molecular and physiological controls on carbon sequestering
A. Molecular responses

1. Gene transcription
B. Primary physiological responses

1. Photosynthesis
2. Photorespiration
3. Dark respiration
4. Stomatal regulation

C. Secondary physiological responses

1. Photosynthate concentration
2. Photosynthate translocation
3. Plant water status (a) Transpiration

(b) Tissue water potential
(c) Water –use efficiency
(d) Leaf temperature

D. Tertiary whole plant responses

1. Growth rate (a) Mass
(b) Height
(c) Leaf area
(d) Node formation

2. Growth form (a) Height
(b) Branch number
(c) Leaf area and number
(d) Root architecture
(e) Root versus shoot mass
(f) Leaf specific mass

3. Reproduction (a) Flower number and size
(b) Fruit number and size
(c) Nectar production
(d) Seed size and number
(e) Seed germination

4. Phenology (development rate) (a) Time to germinate
(b) Time to reproduction
(c) Time to leaf senescence
(d) Time to whole –plant senescence

II. Ecological controls on carbon sequestering
A. Primary organism interaction

1. Plant-plant (a) Competition
2. Plant-animal (a) Herbivory

(b) Pollination
(c) Shelter

3. Plant – microbes (a) Disease
(b) Decomposition
(c) Symbiosis
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At the physiological level, down regulation of photosynthesis is most often 
related to reduced sink strength (process that consume photosynthate, Stitt 1991) 
and low nutrient availability. The consequences of which reduced sink strength 
resulted in reduction in leaf photosynthetic rate and carbohydrate storage. In Pinus 
taeda L. photosynthetic down regulation in response to elevated CO2 is also com-
mon in habitat characterized by nutrient poor soils, (particularly nitrogen) that affect 
production of photosynthetic enzyme. Li et al. (2000) reported that Florida scrub 
oak species in a nutrient limited system showed initial increase in photosynthetic 
rate in response to elevated CO2 and later exhibited photosynthetic down regulation 
that varied among species. We note that photosynthetic down regulation does not 
always reduce photosynthesis to current rates. For example, Tissue et al. (1999) 
observed strong responses of photosynthetic down regulation in Pinus ponderosa 
Dougl. ex Laws, but photosynthetic rates were still 53 % higher in plants grown at 
elevated CO2 for six years relative to plants grown at ambient CO2. Photosynthetic 
down regulation may also be maintained over long time scales by selection, as 
indicated by reduced photosynthetic capacity of Nardus stricta L. growing near a 
CO2 spring (that has emitted CO2 for hundreds to thousands of years) relative to 
plants of the same species growing at a distance form the spring (Cook et al. 1998).

3.2.3.2  Tertiary Whole: Plant Responses

It is well known that elevated CO2 stimulates biomass production of C3 plants, and 
plants with indeterminate growth show higher growth enhancement in response to 
elevated CO2 than plants with determinate growth, presumably because of differences 
in sink strength, and plants often show higher growth responses to elevated CO2 
when other resources such as nutrients and water are not limiting. With respect to 
light, however, higher relative growth enhancements than under high light conditions 
because elevated CO2 increases the quantum yield (photosynthetic carbon gain per 
photons absorbed) of C3 species (Long and Drake 1991; Ehleringer et al. 1997). 
However, Lewis et al. (2001) point out that increases in irradiance may increase, 
decrease, or have no effect on the growth of plants under elevated CO2 conditions.

Initial stimulations in growth in response to elevated CO2 may diminish over 
time, possibly because of down regulation of photosynthesis or modification in bio-
mass allocation and phenology. For example, Jach and Culemans (1999) observed 
that 3 year old Pinus sylvestris l. seedling showed enhanced relative growth rates 
during the first season of exposure to elevated CO2, but showed similar growth rates 
to control plants during the second season. Similarly, Tissue et al. (1997b) reported 
that, after 4 year of exposure to elevated CO2 in open top chambers, Pinus taeda 
plants exhibited 90 % more biomass than control plants grown at the current  ambient 
CO2 concentration. However, the greater final biomass production was attributed to 
the large increase in growth and leaf area that occurred during the first season that 
compounded growth responses over time. This study indicates that long term 
 measurement of growth in response to elevated CO2 are necessary for predicting the 
potential for carbon sequestration by terrestrial forest ecosystem.
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The rate of height growth and branching increasing in some tree species exposed 
to elevated CO2. Increased height growth by some genotype and species may give 
certain individual competitive advantage over others if light is limiting resource. 
Furthermore, as leaf number increases, leaf area index also increases, resulting in 
higher carbon assimilation on an ecosystem level. Jach and Ceulemans (1999) 
found evidence for these responses in Pinus sylvestris seedlings grown at elevated 
CO2 and they predict that the increase in leaf area index would result in more rapid 
canopy closure. These results indicate that change in growth form in response to 
elevated CO2 may have substantial effect on light interception.

Plants are generally predicted to allocate biomass to structures that are involved 
in the uptake of limiting resources. Therefore, relative limitations in nitrogen and 
other soil nutrients at elevated CO2 were initially predicted to increase the allocation 
of biomass to roots. In the early CO2 studies, conclusion about allocation of biomass 
were often based on measurement of root to shoot ratio (root biomass/shoot 
 biomass); however, this measurement only relate information on growth form at one 
point in time and does not include information on allocation of biomass overtime. 
Plants grown at different CO2 concentration and even plants with in the same CO2 
treatment are likely to differ in size and this may result in differences in root to shoot 
ratio that are independent of the effects of CO2 treatment, and are only related to 
shifts in allometry during development. To remove the effects of plant size when 
testing for effects of CO2 on biomass allocation, allometric statistical techniques 
(primarily analysis of covariance) can be used. The majority of studies based on the 
allometric technique have shown that elevated CO2 rarely alters the allocation of 
biomass between roots and shoots when size effects are removed (Gebauer et al. 
1996; Tissue et al. 1997b).

Most elevated CO2 studies on reproductive output have been conducted on herba-
ceous species because the mechanisms underlying these responses are probably 
similar in tree species, although they may occur over a longer life cycle. Reproductive 
output is associated with fitness (more so than any of the previously discussed mea-
surements) and may influence the effects of elevated CO2 on long-term evolutionary 
processes. Change in reproduction in response to elevated CO2 are important for 
quantifying effects on crop yields, for determining changes in fitness of genotypes in 
natural system, and for predicting changes in species composition that may be mani-
fested though differences in reproduction. Most studies have shown that elevated 
CO2 increases reproductive output (flower number, fruit number, seed production)

3.2.4  Ecological Controls on Carbon Sequestering

3.2.4.1  Primary Organism Interaction

It is important to understand the effects of elevated CO2 on plant -plant interac-
tions, because the plants grown as individual are likely to show different responses 
to elevated CO2 compared with plant grown in competition (Bazzaz et al. 1995). 
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Bazzaz and McConnaughay (1992) pointed out that CO2 may not be a direct 
 limiting resource. Because of its gaseous state and high diffusion capacity, except 
within dense canopies where CO2 draw down can be substantial. However, it 
should be noted that CO2 may have been a limiting resource for some C3 species 
before the industrial revolution (125 years ago, 23 % lower CO2 concentration), 
which span the lifetime of some extent trees. Because relatively few studies have 
focused on the competitive interactions of trees, most information on elevated 
effects on  competition must be abstracted from studies with herbaceous species. 
However, one of the study demonstrated that seedlings of a perennial grass species 
[C3, Calamagrostis epigejos L. (Roth)] may become more competitive against 
Picea abies L. (Karst) seedlings at elevated CO2 as a result of higher absolute 
growth rates of the grass relative to the tree (Gloser 1996). Most competition stud-
ies have demonstrated that C3 species have an advantage over C4 species with 
increasing CO2, although exceptions have been reported (Owenby et al. 1993). 
Furthermore, the effects of elevated CO2 on competition vary greatly depending 
on the ecosystem under consideration in estuarine marsh systems, C3 and C4 spe-
cies occur in close proximity and elevated CO2 was shown to alter species compo-
sition and biomass production in favor of C3 species (Curtis et al. 1989). However, 
in a dry, tall grass prairie system, a dominant C4 species was favored over a domi-
nant C3 species in response to elevated CO2 (Owensby et al. 1993) because of 
higher drought tolerance in the C4 species relative to the C3 species. Therefore, 
predictions regarding the effects of elevated CO2 on competitive interactions of C3 
and C4  species must be made in an ecosystem context.

Couteaux et al. (1999) synthesized results from published studies of elevated 
CO2 quality of live plant tissue and litter. The authors found that leaf materials from 
many species showed decreased nitrogen concentration following short term 
exposure to elevated CO2, whereas the effects of elevated CO2 in lignin concentration 
were more variable among species. However trees exposed to elevated CO2 over-
long time scales (at a CO2 spring) did not differ in their nitrogen concentration from 
trees growing at current ambient CO2 (at a distance from the CO2 spring). Studies 
on litter quality also revealed high variation in the effects of elevated CO2 on decom-
position as indicated by measurements of carbon mineralization. Norby and Cotrufo 
(1998) summarized recent studies on the effects of elevated CO2 on decomposition 
in various ecosystems (forest, grasslands, salt marshes, and agricultural systems) 
and concluded that litter chemistry is rarely altered by elevated CO2, and decompo-
sition rates are often unaffected. One explanation to account for this discrepancy is 
that live leaf material and litter vary in their chemical composition as a result of 
translocation of nutrients away from senescing leaves near the end of the growing 
season. Furthermore, retention of nutrients from senescing leaves at the end of the 
growing season is predicted to enhance growth responses to elevated CO2 because 
nutrients will remain in vegetation rather than possibly being immobilized by 
microbes on the forest floor (Johnson 1999).
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3.2.5  Effect of Elevated CO2 on Beneficial Microorganisms

Symbiotic relationships between plants and mycorrhizal fungi and nitrogen fixing 
bacteria may be enhanced by elevated CO2. Mycorrhizal fungi in association with 
plant roots occur in over 80 % of plant species and increase the uptake of soil 
 nutrients, mainly phosphorus (Sage 1995). Production of higher amounts of carbo-
hydrates by leaves exposed to elevated CO2 may offset the costs (approximately 
10–20 % of photosynthate) associated with maintenance of mycorrhizal fungi. For 
example, in Pinus echinata, Mill and Quercus alba L. grown on unfertilized forest 
soil, elevated CO2 enhanced both root growth and mycorrhizal colonization, which 
presumably contributed to higher nutrient uptake (Norby et al. 1987). Increase in 
root production and mycorrhizal colonization may increase nutrient uptake, reduc-
ing relative differences in carbon and nitrogen concentration that may be increased 
by elevated CO2. Thomas et al. (1991) found that seedlings of a nitrogen fixing tree, 
Gliricidia sepium (Jacq) Kunth ex Walp., that were supplied with nitrogen in soil
showed greater activity of nitrogen fixing bacteria (Rhizobium) and higher nodule 
production in elevated CO2 than in current ambient CO2. This response contributed 
to increased foliar nitrogen concentration. Furthermore, Tissue et al. (1997a) 
showed that foliar carbon compounds were supplied to nodules at a faster rate under 
elevated CO2 conditions that stimulated the activity of nitrogenase and increased 
nitrogen uptake by plants.

3.2.6  Options to Enhance, Maintain and Manage Biological 
Carbon Reservoirs and Geo-engineering

Land is used to raise crops, graze animal, harvest timber and fuel, collect and store 
water, create the by-way of travel and the foundations of commerce, mine minerals 
and materials, dispose of our wastes, recreate people’s bodies and souls, house the 
monuments of history and culture, and provide habitat for humans and the occupants 
of the earth. Can, land, and water, also be managed to retain more carbon, and 
thereby mitigate the increasing concentration of atmospheric carbon dioxide (CO2).

Previous assessments (e.g., IPCC 1996) tended to focus on ecological processes 
and potentials, and treated economics social factors as constraints (A). A slightly 
different viewpoint considers the three dimensions as mutually reinforcing and 
seeks to maximize the overlaps (B). The atmosphere now contains about 760 billion 
tones (giga-tonnes = Gt) of carbon as CO2, an amount that has increased by an 
 average of 3.3 ± 0.2 Gtc each year through out 1990s, mostly from combustion of 
fossil fuels (IPCC 2000a). Atmospheric C represents only a fraction (~30 %) of the 
C in terrestrial ecosystem; vegetation contains nearly 500 GtC while soil contain 
another 2,000 GtC in organic matter detritus (Schimel 1995; WBGU 1998) as cited 
in Intergovernmental panel Climate Change (IPCC) Special Report on Land Use 
Change and Forestry (LULUCF) (IPCC 2000a).
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The Second Assessment Report (SAR) of the IPCC (1996) suggested that 
700 Mha of forestland might be available for carbon conservation globally- 138 Mha 
for slowed tropical deforestation, 217 Mha for regeneration of tropical forests, and 
345 Mha for plantations and agroforestry. The IPCC suggested that by 2050 this 
area could provide a cumulative mitigation impact of 60–87 Gt C, of which 
45–72 GtC in the tropics. Towards the end of this time interval, mitigation impact 
could approach maximum rate of 2.2 GtC/y. The cost of mitigation (excluding land 
and other transaction costs) was envisioned to be about 2–8 US $/tC. The SAR 
(IPCC 1996) further suggested land that, over the next 50 years, an additional 0.4 
and 0.8 GtC could be sequestered per year in agricultural soils, with the adoption of 
appropriate management practices. In addition, the issue of “leakage” (where 
actions at one site influence actions elsewhere, the problem not considered by the 
SAR) is examined. This report considered forest, grassland, cropland and wetlands, 
and where possible examines all C pool with them. Carbon mitigation is evaluated 
as one of many services provided by ecosystems. Objective of this chapter are to 
review progress made since the IPCC-SAR, and to evaluate the prospect for storing 
more carbon in ways that ensure the continued provision of other goods and services 
from the varied and finite resources. The Kyoto protocol (UNFCCC 1997) provides 
a broader scientific view of the prospects and problems of land management for 
carbon sequestration.

3.3  Role of Carbonic Anhydrase in CO2 Sequestration 
in Terrestrial Ecosystems

Plants use oxygen for producing energy, and also release carbon dioxide. Green 
plants can convert water and carbon dioxide into sugars in the presence of sunlight. 
This process, photosynthesis, uses carbon dioxide from the atmosphere. Gaseous 
carbon dioxide is stored in plants as bicarbonate ion. In both land and water plants, 
carbonic anhydrase play a role in converting bicarbonate ions back to carbon dioxide 
for photosynthesis and enzyme plays a role is the calcification of corals. Seawater 
calcium reacts with the bicarbonate produced by carbonic anhydrase from the coral 
polyps, forming calcium carbonate. This is deposited as the hard exterior of corals.

Carbonic anhydrase is an enzyme that assists rapid inter-conversion of carbon 
dioxide and water in to carbonic acid, protons and bicarbonate ions. This enzyme 
was first identified in 1933, in red blood cells of cows. Since then, it has been found 
to be abundant in all mammalian tissues, plants, algae and bacteria. This ancient 
enzyme has three distinct classes (called alpha, beta and gamma carbonic anhydrase). 
Members of these different classes share very little sequence or structural similarity, 
yet they all perform the same function and require a zinc ion at the active site. 
Carbonic anhydrase from mammals belong to the alpha class, while the enzyme 
from methane- producing bacteria that grow in hot spring forms the gamma class. 
Thus it is apparent that these enzyme classes have evolved independently to create 
a similar enzyme active site. PDB entries 1ca2, 1ddz and 1thj, shown here from top 
to bottom are examples of the alpha, beta ad gamma carbonic anhydrase enzymes 
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respectively. The alpha enzyme is a monomer, while the gamma enzyme is trimeric. 
Although the beta enzyme shown here is dimmer, there are four zinc ions bound to 
the structure indicating four possible enzyme active sites. Other members of this 
class form tetramers, hexamers or octamers, suggesting that dimmer is probably a 
building block for this class.

Mammalian carbonic anhydrase occur in about ten slightly different forms 
depending upon the tissue or cellular compartment they are located in. These 
 isozymes have some sequence variations leading to specific differences in their 
activity. Thus isozymes found in some muscle fibers have low enzyme activity com-
pared to that secreted by salivary glands. While most carbonic anhydrase isozymes 
are soluble and secreted, some are bound to the membranes of specific epithelial 
cells. A bio-mimetic approach is being developed where human carbonic anhydrase 
is over expressed in E. Coli for its application in the control of CO2 emission from 
power plants, as well as for pH maintenance in sewage plants.

3.3.1  Carbonic Anhydrase

Carbonic anhydrase catalyses the reaction:

 CO +H O H CO2 2 2 3→  

They are widespread in nature, being found in animals, plants, and certain bacteria 
facilitating transport of CO2 and are involved in the transfer and accumulation of H+ 
and HCO3‾. In chloroplast of plant cells their role may be related to photosynthetic 
fixation of CO2. Mammalian carbonic anhydrase are of several forms differing in 
enzymatic properties, amino acid sequences and inhibitor binding. In erythrocyte, 
there is usually present both a high activity and allow activity form. The pH rate 
profile and pH binding curve indicate that the same group with pka of approxi-
mately seven is involved in both forms. All the iso-enzymes have a molecular weight 
of approximately 30,000 and contain one zinc atom per molecule. Although some 
authors report six carbonic anhydrases in horse and in red blood cells, most interest 
has been focused on high and low activity types. Bovine erythrocytes contain two 
electrophoretically separable forms designated A and B in order of mobility. Both 
have a high order of activity similar to the human variant “C”. The outstanding 
characteristics of carbonic anhydrase are its very high turnover number. It was 
found that cobalt-substituted enzyme is dependent upon the state of oxidation of the 
metal. This indicates that the activity is related to the ionization of a group close to 
the zinc.

The HCO3
− is dominant, and this difference is suggested to be caused by 

 differences in uptake mechanisms for CO2 and HCO3¯. Uptake of CO2 is a diffusive 
process, where HCO3¯ is an active process, which involves uptake/transport systems 
in the cell membranes. The plant acclimated to the DIC regime for growth by 
reductions in carboxylation efficiency and bicarbonate affinity, but enhanced 
photosynthetic capacity at elevated DIC.
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3.3.2  Carbon Metabolism in Developing Soya Bean Root 
Nodules: The Role of Carbonic Anhydrase

A full-length cDNA clone encoding carbonic anhydrase (CA) was isolated from a 
soyabean nodule cDNA library. In-situ hybridization and immunolocalization were 
performed in order to assess the location of CA transcripts and protein in developing 
soyabean nodules. CA transcripts and protein were present at high levels in all cell 
types of young nodules, whereas in mature nodules they were absent from the central 
tissue and were concentrated in cortical cells. The results suggested that, in the 
earlier stages of nodule development, CA might facilitate the recycling of CO2 while 
at later stages it may facilitate the diffusion of CO2 out of the nodule system. In paral-
lel, sucrose metabolism was investigated by examination of the temporal and spatial 
transcript accumulation of sucrose synthase (SS) and phosphoenolpyruvate carbox-
ylase (PEPC) genes, within situ hybridization. In young nodules, high levels of SS 
gene transcripts were found in the central tissue as well as in the parenchymatous 
cells and the vascular bundles. High levels of expression of PEPC gene transcripts 
were found in mature nodules, in almost all cell types, while in young nodules lower 
levels of transcripts were detected, with the majority of them located in parenchyma-
teous cells and the pericycles of vascular bundles. These data suggest that breakdown 
of sucrose may take place in different sites during nodule development.

3.3.3  Effect of CO2 Concentration on Carbonic  
Anhydrase and Ribulose 1,5-Bio-Phosphate  
Carboxylase/Oxygenase Expression in Pea

The effect of external CO2 concentration on the expression of carbonic anhydrase 
(CA) and ribulose 1,5- bis-phosphate carboxylase/oxygenase (Rubisco) was exam-
ined in pea (Pisum sativum cv Little Marvel) leaves. Enzyme activities and their 
transcript levels were reduced in plants grown at 1,000 mu L/L CO2 compared with 
plants grown in ambient air. CA activity was significantly higher than that observed 
in air- grown plants. Transfer of plants from 1,000 mu L/L to air levels of CO2 
resulted in a rapid increase in both ca and rbcS transcript abundance in fully 
expanded leaves, followed by an increase in enzyme activity.

3.4  Carbon Sequestration in Terrestrial Ecosystems

The terrestrial carbon sequestration is the natural solution to stored massive amounts 
of carbon.

Carbon sequestration in terrestrial ecosystems can be defined as the net removal 
of CO2 from the atmosphere into long-lived pools of carbon. The pools can be living, 
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aboveground biomass (e.g., trees), products with a long, useful life created from 
biomass (e.g., lumber), living biomass in soils (e.g., roots and microorganisms), or 
recalcitrant organic and inorganic carbon in soils and deeper subsurface environ-
ments. It is important to emphasize that increasing photosynthetic carbon fixation 
alone is not enough. This carbon must be fixed into long-lived pools. Otherwise, one 
may be simply altering the size of fluxes in the carbon cycle, but not increasing 
carbon sequestration.

3.4.1  Capture and Storage of Carbon in Terrestrial Ecosystems

Terrestrial ecosystems that include both soil and vegetation are widely recognized as 
a major biological “scrubber” for CO2. Terrestrial sequestration is defined as either 
the net removal of CO2 from the atmosphere or the prevention of CO2 emissions from 
leaving terrestrial ecosystems. Sequestration can be enhanced in four ways: reversing 
land use patterns; increasing the photosynthetic carbon fixation of trees and other 
vegetation; and creating energy offsets using biomass for fuels and other products. 
The terrestrial biosphere is estimated to sequester large amounts of carbon, about two 
billion tons (2 Gt) of carbon annually. The total amount of carbon stored in soils and 
vegetation throughout the world is estimated to be about 2,000 Gt ± 500.

3.4.2  Concurrent Benefits

Terrestrial sequestration also offers significant additional benefits including:

• Creating wildlife habitat and green space
• Preventing soil erosion and stream sedimentation
• Boosting local and regional economies
• Reclaiming poorly managed lands
• Increasing recreational value of lands

3.4.3  Land Use, Land-Use Change and Carbon Cycling 
in Terrestrial Ecosystem

Terrestrial ecosystems provide an active mechanism (photosynthesis) for biological 
removal of CO2 from the atmosphere. They act as reservoir of photo synthetically 
fixed C by storing it various form in plant tissue, in dead organic material and in 
soils. Terrestrial ecosystem also provide a flow of harvestable product that not only 
contain carbon but also compete in the market place with fossil fuel, and with other 
materials for construction (such as cement), and for other purposes (such as plastics) 
that also have implication for the global carbon cycle.

3 Carbon Sequestration in Terrestrial Ecosystems



116

Human activities have changed terrestrial carbon pools. The largest changes 
occurred with the conversion of natural ecosystems to arable lands. Such disruption 
typically results in a large reduction of vegetation biomass and a loss of about 30 % 
of the C in the surface one meter of soil (Davidson and Ackermann 1993; Anderson 
1995; Houghton 1995a; Kolchugina et al. 1995).

Globally, conversion to arable agriculture has resulted in soil C losses of about 
50 GtC (Harrison et al. 1993; Scharpenseel and Becker-Heidmann 1994; Houghton 
1995a; Cole et al. 1996; Paustian et al. 2000), and total emissions of C from land use 
change, including that from biomass loss, have amounted to about 122 ± 40 GtC 
(Houghton 1995b; Schimel 1995). Most of the soil C losses occur within a few 
years of decades of conversion so that in temperate zone, where there little expan-
sion of agricultural lands now, losses of C have largely abated (Cole et al. 1993; 
Anderson 1995; Janzen et al. 1998; Larionova et al. 1998). Tropical areas, however, 
remain an important source of CO2 because of widespread clearing of new lands and 
reduced duration of “fallow” periods in shifting agriculture systems (Paustian et al. 
1997; Scholes and van Breemen 1997; Mosier 1998).

The competition for land varies among countries and within a country. Land –use and 
forestry policies for C management may be most successful when climate mitigation is 
considered alongside other needs for land including agriculture, forestry, agroforestry, 
biodiversity, soil and water conservation, and recreation. Forest fire, for example, 
are controlled, in many parts of the world, not as measure for C mitigation, but simply 
because fire threatens areas of human settlement and the habitats of living organisms.

Similarly, biodiversity and landscape considerations have motivated protection 
of old-growth stands in temperate, boreal, and tropical rain forest from commercial 
logging. In many cases such decision have prevented C release into the atmosphere, 
even though C mitigation was not the initial intent (Harmon et al. 1990). The impact 
of harvest restrictions on C pool in old-growth forests may be affected by “leakage”. 
If one ecosystem is protected but timber demand remains constant, logging may 
simply be shifted to another, similar ecosystem elsewhere, perhaps to a country 
where conservation priority are lower. Table 3.4 provides the present estimates of 
the carbon stocks in terrestrial ecosystem.

3.4.4  Global Carbon Stocks and Flows

The global carbon cycle consists of various stocks of carbon in the earth system and 
a flow of carbon between these stocks is illustrated in Fig. 3.4.

3.5  Carbon Sequestration Through Reforestation

Carbon sequestration through reforestation is one of several strategies which 
industrial companies are turning in an effort to reduce the accumulation of carbon 
dioxide in the atmosphere, which has been linked to global climate change. Healthy, 
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Table 3.4 Estimates of global carbon stocks in vegetation and soils to 1 m depth (Bolin et al. 
2000; Based on WGBU 1998)

Biome
Area (million 
km2) Vegetation

Carbon stocks  
(Gt C) soils Total

Tropical forest 17.6 212 216 428
Temperate forest 10.4 59 100 159
Boreal forest 13.7 88 471 559
Tropical savannas 22.5 66 264 330
Temperate grasslands 12.5 9 295 304
Deserts and semi deserts 45.5 8 191 199
Tundra 9.5 6 121 127
Wetlands 3.5 15 225 240
Croplands 16.0 3 128 131
Total 151.2 466 2,011 2,477

Fig. 3.4 Represents different ecosystems, their components, and human activities. The carbon 
stocks associated with the different ecosystems are stored in aboveground and belowground bio-
mass, detrital material (dead organic matter), and soils. Carbon is withdrawn from the atmosphere 
by photosynthesis (vertical down arrow). Carbon is also transferred within Eco-system and to 
other locations (horizontal arrows). Both natural processes and human activities affect carbon 
flows. Mitigation activities directed at one ecosystem component generally have additional effects 
influencing carbon accumulation in, or loss from other components. Estimates of ecosystem and 
atmospheric C stocks are adapted from Bolin et al. (2000). Values for C stocks in some ecosystems 
are still very uncertain. Not shown are estimates of C stocks in Tundra (127 GtC) Deserts and semi 
deserts (199 GtC), and oceans (approx. 39,000 GtC) (numbers are taken from Special Report on 
LULUCF, Fig. 1.1, page 30; IPCC 2000a)
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growing, new forests are highly effective at naturally removing carbon dioxide and 
sequestering it as carbon in forest biomass.

3.5.1  Contribution of CO2 Emissions in Atmosphere

3.5.1.1  Burning of Fossil Fuel

Global warming is a scientifically accepted fact. Several factors contribute, but the 
most significant are the emission of “Green House” gases, the most prevalent being 
CO2, while much of emission come from burning of fossil fuels, a significant  portion 
comes from the loss of forests. Much of the CO2 that has today’s been building in 
the atmosphere comes from historic deforestation since the beginning of industrial 
revolution.

To first stabilize CO2 emissions, reductions in fossil fuel consumption and 
 production of technologies in a cost effective manner is necessary. This last one 
third of fossil fuel-based carbon emission that is most problematic. First we must 
convert to annual bio-based fuels that sequester carbon at the same rate as they are 
produced. Second, we must mitigate for the continued emission for CO2 from fossil 
fuels (carbon that has been sequestered for millions of years). However, mitigation 
to carbon elsewhere is equal to the amount that emitted.

3.5.1.2  Loss of Forest

The other major contributor of carbon into the atmosphere is the loss of forests. Net 
emissions of gases that cause global warming rose by 20 % in the US from 1996. 
Total US emissions of such heat trapping gases as carbon dioxide rose only 10 % 
over the period, but forests and other natural absorbers of carbon gases reportadely 
decreased by 33 %, thus accounting for the net increase. The loss of forests not only 
contributes to global climate change, but to losses in biodiversity, watershed, recre-
ation and other related values. Forests are being lost at the record rate, both globally 
and domestically. Most analyses consider forest lost in land area, rather than acres. A 
more appropriate measure of forest loss is volume or biomass (tons of carbon). Forest 
cover did not decrease 33 % in the US from 1990 to 1996, but forest volume did.

3.5.2  Native Plants for Optimizing Carbon Sequestration 
in Reclaimed Lands Using IBA

Re-vegetations of reclaimed wastelands present an excellent opportunity to opti-
mize the carbon sequestration on degraded sites. An attractive re-vegetation strategy 
for extreme environments is the use of native vegetation or vegetation that is well 
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adapted for similar environments. The potential of native plant species for land 
 reclamation is being recognized by those attempting to reclaim mine sites in regions 
with challenging climatic conditions and limiting soil quality. Workers at mine sites 
in Colorado (Long 1999) and Arizona (Pfannenstiel 1999) reported successful 
applications of native species. They reported the need to use an ecosystem approach. 
Plannenstiel’s (1999) work had spanned the longest period of time and thus had 
developed a more advanced understanding of successful practices. He noted the 
importance of including multiple types of plant species, growing sufficient ground 
cover to increase soil water, using natural associations between native species and 
matching soil with plant species. Thus he articulated key elements of an initial 
understanding of re-vegetation with native species. The plant survival rates were 
acceptable but needed improvement to increase practical application for real sites 
and the number of types of plants used was limited. Juwarkar et al. (2001, 2004, 
2010) have carried out the extensive reclamation of mined out areas by using native 
terrestrial plants for the restoration of disturbed ecosystem and sequestration of 
carbon dioxide. The mined out areas are converted into thick forest ecosystems, 
which acts as CO2 sinks and source of biomass. Establishment of microbial 
diversity on these mined out areas helped the system to be self-sustainable.

In this direction, an area of about 237 ha of mine-degraded lands and fly ash 
dumps were reclaimed through the native terrestrial plants which is a green approach 
for the sustainable future. This approach may serve as a model for land reclamation 
and development of green vegetation on mine overburdens. This technology involves 
the use of native metal-resistant plant species and indigenous plant growth promoting 
microflora along with other organic amendments for the revegetation of mine dumps 
and phytostabilization of metal pollutants. Depending upon the suitability,  economic 
feasibility, and availability near mine site, organic amendments like pressmud was 
selected as an ameliorative material. For isolation of site-specific biofertilizer 
strains, symbiotic and nonsymbiotic nitrogen fixers were isolated and identified as 
Bradyrhizobium japonicum and Azotobacter chroococcum, respectively, on the 
basis of their morphological, biochemical, and cultural characteristics. Stress 
tolerant vesicular arbuscular mycorrhizal fungi were also isolated from rhizospheric 
soil samples collected from plants growing nearby mine site. Two genus of the 
vesicular–arbuscular mycorrhizal (VAM) fungi were isolated and identified as 
Glomus and Gigaspora sp. Site-specific multiple plant species were selected based 
on their ecological, economical importance, and availability in the mining area. 
Various plant species like Tectona grandis, Azadirachta indica, Dalbergia sisoo, 
Gmelina arborea, Cassia seamea, Mangifera indica, Embelica officinalis, 
Dendrocalamus strictus, and Acacia nilotica were selected for plantation (Juwarkar
et al. 2010). The reclamation through green plants resulted, survival rate of plant 
species in the range of 85–100 %. Tectona grandis, Dalbergia sissoo, Azadirachta 
indica and Pongamia pinnata showed more than 95 % survivability. Juwarkar and
Jambhulkar (2008) observed that the higher survival rate of plants on spoil dump 
was due to development of better rhizosphere and use of endomycorrhizae, which 
enabled the plant to tolerate stress conditions. Significant improvement in physico- 
chemical and microbiological status of the mine spoil dumps was observed. It was 
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found that reclaimed mine spoil dump capture five to six times more CO2 as compared 
to other land management practices and the rate of carbon sequestration by different 
plant species varied in the range of 35–45 KgCO2/ha/year respectively. Figures 3.5 
and 3.6 shows the revegetated fly ash and manganese mine dumps using terrestrial 
plants. These reclaimed sites are now thick forests and act as CO2 sinks.

Plantation on such degraded lands will serve as a source for CO2 sink and the 
efficiency can be increased to sequester CO2 by enhancing the growth of the plants/
trees using appropriate microflora. Establishing microbial diversity in these lands 
will help the system to be self-sustainable. The factors that dictate the degree to 
which native or adapted species succeed at a site for optimizing carbon sequestra-
tion are: (1) key plant growth conditions (2) influences of soil organic matter on soil 
quality (3) assessing microbial activities which mobilize nutrients for plant growth. 
These addressed issues require scientific studies in different regions, climates and 
soils for mapping out the CO2 sequestration through terrestrial ecosystems.

Fig. 3.5 (a) Barren fly ash dumps, (b, c) Revegetated fly ash dumps at Khaparkheda, Maharashtra 
State Electricity Board, Nagpur, India. These reclaimed sites are now thick forests and act as CO2 
sinks
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3.5.3  Monitoring Carbon Flux of Reclaimed Site Using  
Eddy Covariance System

The micrometeorological technique of is a powerful tool for characterizing the 
 carbon (C) budget of terrestrial ecosystems. Eddy covariance method was used for 
estimating Net Ecosystem Exchange (NEE) of carbon dioxide between atmosphere 
and revegetated manganese mine spoil dump at Gumgaon, India. The measurements 
were made from a 10 m tall tower on which different instruments were mounted. 
Figure 3.7 shows the eddy covariance system installed in the afforested site, 
Gumgaon, Nagpur. Eddy-covariance/eddy-flux systems measure three-dimensional 
wind direction and simultaneous gas concentrations. Meteorological measurements 
were made at the study site using an automated weather station consisting of a data 
logger (CR5000, Campbell Scientific Ltd., Leicestershire, England). The Campbell 
Scientific Inc. eddy covariance system was used to measure flux of different scalars 
between atmosphere and earth’s surface.

The system consisted of CSAT3 three-dimensional sonic anemometer and 
LI7500 Open Path Infrared Gas Analyser (IRGA) and HMP45C probes for tem-
perature and humidity. Each of these instruments was connected to their respective 

Fig. 3.6 (a) open cast mining and processing of Manganese, (b, c) Dumping of spoil through 
heavy vehicle and a mine spoil dump site, and (d–f) Revegetated manganese mine spoil dump at 
Gumgaon under MOIL Limited, Nagpur, India. These reclaimed sites are now fully vegetated thick 
forests and acting as CO2 sinks. Plantation on such degraded lands will serve as a source for CO2 
sink and the efficiency can be increased to sequester CO2 by enhancing the growth of the plants/
trees using appropriate microflora. Establishing microbial diversity in these lands will help the 
system to be self-sustainable. The factors that dictate the degree to which native or adapted species 
succeed at a site for optimizing carbon sequestration are: (1) key plant growth conditions (2) influences 
of soil organic matter on soil quality (3) assessing microbial activities which mobilize nutrients for 
plant growth
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dataloggers. Horizontal wind speed and direction are computed by the datalogger 
from three dimensional measurement of wind made by sonic anemometer probe. 
With this configuration, the system could measure carbon dioxide flux, latent heat 
flux, sonic sensible heat flux, temperature, humidity, and horizontal wind speed and 
wind direction. The CSAT3, LI7500 and HMP45C were mounted to a tripod using 
a horizontal mounting arm. IRGA was set back from the anemometer to minimize 
flow distortions. Head of IRGA sensor was tilted about 60 °C from horizontal to 
minimize the amount of precipitation that accumulates on the windows. HMP45C 
radiation shield was mounted at the same height as the fast response sensors.

The data acquisition and control systems were programmed, which allowed extended 
periods of unattended operation. Data loggers ran their individualized  programs that 
managed local control and data acquisition. Two types of data were generated by them 
viz. slow files with 30 min statistics and fast files with raw 10 Hz observations. The 
overall system was controlled by datalogger CR5000, located in the computer rack. 
It operated continuously and was responsible for monitoring the generator voltage 
and tower data acquisition equipment, including the traffic of the network. Weekly 
data was downloaded regularly from the instrument installed at the site.

A sonic anemometer measures the speed of sound in air using a short burst of 
ultrasound transmitted via transducer. The wind speed causes the difference between 

Fig. 3.7 Eddy covariance 
system installed at reclaimed 
site, Gumgaon, Nagpur. 
Eddy-covariance/eddy-flux 
systems measure three- 
dimensional wind direction 
and simultaneous gas 
concentrations
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the measured speed of sound and the actual speed of sound. Sonic temperature can 
also be calculated from the speed of sound measured by the anemometer. The net 
gain, or loss, of carbon from an ecosystem is defined as net ecosystem production 
(NEP, or PNE) and results from the gain of carbon from autotrophic organisms 
(gross primary productivity, GPP, or PGP) minus its loss from autotrophic (Ra) and 
heterotrophic (Rh) respiration:

 NEP GPP R Ra h= - -  

The difference between GPP and Ra, or net primary production (NPP, or PNP), has 
been of interest to ecologists for several decades (Reichle et al. 1999). Eddy covariance 
measurements and meteorological data were available for the entire day. The mean 
vertical flux density of CO2 is obtained as the 30 min covariance between vertical 
fluctuations (ώ) and the CO2 mixing ratio (ć) (Baldocchi et al. 1988):

Fz = a * 

In the above equation ρa refers to the air density, the overbars denote time averaging, 
and primes represent fluctuations about average value. A positive covariance 
between ώ and ć indicates net CO2 transfer into atmosphere and a negative value 
indicates net CO2 absorption by the vegetation. Averaging time of 30 min is considered 
a reasonable compromise (Massman and Lee 2002). Net Ecosystem Exchange (NEE) 
was calculated by adding the turbulent flux at 10 m measured by eddy covariance 
and the change in storage beneath 10 m. The eddy flux and the storage observation 
were added to calculate the half hourly net ecosystem exchange (Wofsy et al. 1993).

3.5.3.1  Measurement of Diel Net Ecosystem Exchange of CO2

The daily course of the hourly eddy correlation measurements for the CO2 flux is 
reported in Fig. 3.8. It shows eddy covariance CO2 flux measurements for 31 
 consecutive days. Data were chosen for those days in the periods for which continuous 
eddy covariance measurements and meteorological data were available for the entire 
day (i.e. 24 h). It was observed that sun rose at 0600 h local time and set at 1,800 h 
local time. Rise in temperature was observed after sunrise and it slowly increased 
towards afternoon. After sunrise, CO2 uptake increased gradually, with photosyn-
thesis compensating ecosystem respiration initially till 0900 h local time. Later CO2 
uptake, as indicated by a less positive or more negative NEE, increased rapidly till 
a peak was observed at 1,300 h local time with an average of 0.7595 mg/m^2 s.

After 1,300 h local time, CO2 uptake declined rapidly through the afternoon 
passing the compensation point at 1,800 h. Nocturnal respiration showed an average 
of 0.054 mg/m^2 s. Increase in CO2 uptake rate during daytime was due to the 
increased photosynthesis, which depends on sunlight. These similar uptake rates 
were reported for other tropical forest (Grace et al. 1996; Malhi et al. 1998; Goulden 
et al. 2004). CO2 uptake declined through the afternoon hours due to reduction in 
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leaf- level gas exchange (Larcher 1995; Goulden et al. 2004). Various scientists 
have reported that afternoon depression may be due to stomatal response to vapour 
pressure density or low leaf water potential, photosynthetic effects of elevated 
 temperature and increases in leaf, plant or soil respiration due to elevated temperature 
(Jones 1992; Larcher 1995).

3.5.3.2  Effect of Temperature on CO2 Flux

CO2 exchange was also correlated with average air temperature. Figure 3.9 shows 
the effect of air temperature on CO2 flux. Maximum CO2 uptake was observed 
between 15 °C and 30 °C. CO2 uptake gradually decreased beyond 30 °C suggesting 
a decline in photosynthetic rate. Photosynthesis is particularly sensitive to direct 
inhibition by heat stress. This inhibition is closely associated with the inactivation 
of ribulose-1,5-blsphosphate carboxylase/oxygenase (Rubisco), involved in Calvin 
cycle, to catalyze the first major step of carbon fixation which is temperature sensitive. 
Warm temperatures stimulate photorespiration and ordinary respiration in plants. 
Thus, most plants drop their photosynthetic activity at higher temperature. Decline 
in CO2 uptake may also be due to stomatal closure in response to evaporative 
demand or a change in photosynthetic biochemistry with elevated temperature, or a 
circadian rhythm, or a combination of all these mechanisms.
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3.5.3.3  Effect of Latent Heat Flux on CO2 Flux

Data presented in Fig. 3.10 demonstrates the effect of latent heat flux on net CO2 
exchange. The results indicated rapid increase in latent heat flux coinciding with the 
rapid increase in photosynthetic activity. As the day progresses, sunlight and air 
temperature also increases. The incoming radiation is partitioned into latent heat, 
which drives evaporation and transpiration in plants. Due to opening of leaf stomata, 
transpiration rate in plants increases during daytime. On the other hand, rate of 
photosynthesis also increases due to increase in sunlight.

3.5.3.4  Net Ecosystem Production

Figure 3.11 shows the net ecosystem production with respect to carbon gain by the 
ecosystem during daytime. Carbon accumulated in 12 h was calculated by summing 
the NEE during 12 h after setting nocturnal CO2 exchange to zero. Twelve hours 
carbon gain is the carbon absorbed during daytime by plants i.e. gross primary 
 production. Net Ecosystem Production was estimated as the difference between 
gross primary production and respiration. Graph shows that Net Ecosystem 
Production increases with 12 h carbon gain, suggesting that net ecosystem production 
is dependent on carbon uptake during daytime. Respiration plays a major role in net 
ecosystem production. Difference between 12 h carbon gain and NEP gives carbon 
released by the ecosystem during respiration. It has been reported that NEP is 
around 52–85 % of GPP in many natural ecosystems and respiration accounts for 
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Fig. 3.10 CO2 exchange (mg/m^2 s) as a function of latent heat flux (W/m^s). Due to opening of 
leaf stomata, transpiration rate in plants increases during daytime. Further rise in temperature 
 during the afternoon hours causes excessive transpiration. High rate of transpiration decreases the 
turgidity of leaf cells and creates the internal water deficit. This leads to closure of stomata, leading 
to decrease of CO2 uptake by the plants

Fig. 3.11 Carbon accumulated during daytime with respect to Net Ecosystem Production (KgC/
ha/day). Graph shows that Net Ecosystem Production increases with 12 h carbon gain, suggesting 
that Net Ecosystem Production is dependent on carbon uptake during daytime. Respiration plays a 
major role in net ecosystem production
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some 15–48 % of GPP. Net ecosystem production of the revegetated land was 
found to be 28.196 KgC/ha/day. Average nocturnal efflux was observed to be 
5.433 KgC/ha/ day.

3.6  Conclusions

Reclamation of mine land using terrestrial plants is a potential option for enhancing 
the process of restoration of vegetation and soil organic carbon. Use of ameliorative 
amendment like pressmud along with biofertilizer helped in improving physico-
chemical characteristics, plant growth and rhizospheric microflora of the manganese 
spoil dump in Gumgaon.

The soil organic carbon pool also increased over the period of reclamation. SOC 
accumulated in reclaimed land was lesser than forest soil, but higher than the 
 agriculture land. SOC pool shown by forestland was accumulated over a period of 
more than 100 years whereas reclaimed land showed nearly 60 % of forest carbon 
content in 20 years. Reclaimed land can sequester more carbon as compared to 
agricultural land. Afforestation of degraded mine spoil can be also be initiated as a 
Clean Development Mechanism (CDM) activity under Kyoto Protocol of the United 
Nations Framework Convention on Climate Change (UNFCCC). This would 
support local communities and would deliver impressive environmental and socio- 
economic benefits on both the global and local scale. Implementation of CDM 
 project would promote sustainable development by encouraging investments by 
Governments and Private firms in projects in developing countries that reduce or 
avoid emission. Thus the major output of this study can be stated as: Restoration of 
degraded soils and ecosystems by using terrestrial plants has a high capacity for 
sequestrating carbon in soil and it would thus help in mitigating major two 
 environmental adversities of increasing greenhouse effect and development of 
wastelands due to various anthropogenic activities.
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   Abstract     Selenium (Se) is an essential micronutrient for humans, animals and some 
lower plants at very low concentrations, whereas it is extremely toxic at higher doses. 
Furthermore, living organisms become exposed to high Se concentrations via both 
anthropogenic and natural releases of Se to the environment. Thus, Se may be released 
naturally into soils formed from Se-bearing shales. Hence, this in turn can lead to the 
production of large quantities of Se-contaminated irrigation and drainage water. 
About the anthropogenic sources of Se, they include coal ash leachates or mining 
production, aqueous discharges from electric power plants, industrial wastewater and 
oil refi nery industry. In general, Se levels in most soils are very low (0.44 mg kg −1 ) and 
naturally Se occurs in certain Cretaceous shale sediments. Furthermore, seleniferous 
soils contain up to 100 mg kg −1  Se, and when fossil fuels derived from these soils are 
used, or when these soils are cultivated, toxic levels of Se may accumulate in the envi-
ronment. Hence, using of Se hyperaccumulator plants can be thrived on seleniferous 
soils, providing another portal for Se into the  agroecosystem. These plants could be 
alleviated both of these problems, either as a source of dietary Se or for phytoreme-
diation of excess Se from the environment. On the other hand, these plants also 
have the ability to clean up agricultural soils and industrial wastewaters, due to their 
capacity to not only take up and then accumulate Se but also convert inorganic Se into 
volatilized forms that are released into the atmosphere. 
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 The use of giant reed ( Arundo donax  L.) plants as a trace element bioaccumulator 
in phytoremediation processes is the most uses of this plant, due to its capacity of 
absorbing contaminants from agroecosystems. It is worth to mention that, giant reed 
has a positive effect and high ability to restore and recover soil ecosystems after 
exposure to natural disasters such as bushfi res. Limited reports are available on the 
phytoremediation potential for selenium contaminated soils by  A. donax  L. Therefore, 
the objectives of the present study were the exploration of potential of  A. donax  L. in 
phytoremediation of selenium contaminated soils based on ecological principles.  

  Keywords     Giant reed   •   Phytoremediation   •   Selenium   •   Sustainable environment   • 
  Restoration  

4.1         Introduction 

    In modern agriculture, the producing nutritious and safe foods suffi ciently and 
sustainably is the main and ultimate target worldwide. Furthermore, soils contami-
nated with metals or metalloids is one of the most important constraints. So, it could 
be cleaned up these soils by phytoextraction that combines hyperaccumulation 
with high biomass production (Zhao and McGrath  2009 ). It is worth to mention 
that, Se occurs mainly as positively or negatively charged ions and depend on plant trans-
porters for uptake and translocation. So, inorganic Se can be altered (reduced/oxidized), 
moved into/inside plants, or in some cases volatilized, but cannot be degraded. 
Thus, phytoremediation methods available for inorganic Se include phytostabiliza-
tion or immobilization, sequestration in harvestable plant tissues (rhizofi ltration or 
phytoextraction) and phytovolatilization (Dhankher et al.  2011 ). Hence, developing 
successful Se phytoremediation strategies is mainly dependent on selecting plants 
or crop rotations that are the most effective for removing or stabilizing the potential 
contaminant from soils or waters over a long period of time. When that is possible, 
potential plant candidates should also be evaluated for the ability to realistically 
produce products that may have economical value as a soil conditioner, food supple-
ment, or fuel additive economical resource such as giant reed. Therefore, the using 
of Brassica plants like canola and broccoli for the remediation of Se under fi eld 
conditions could be resulted in phyto-products enriched in an essential trace ele-
ment in broccoli, feed meal, organic fertilizer, and produce oil that can be used as a 
biofuel additive as reviewed by Banuelos ( 2006 ). 

 It is well known that, phytoremediation is the use of plants to clean up polluted 
soils and water resources. It has received much attention in the last few years 
(Abhilash et al.  2009 ). Due to their direct roles in remediation processes, plants can 
use several different techniques/strategies or mechanisms/ways for dealing with 
environmental chemicals, including phytoextraction, phytostabilization, phytodegra-
dation, phytovolatilization, phytostimulation, phytodesalination and rhizodegradation 
(Ali et al.  2013 ). It is well documented that, the Se toxicity encountered in arid and 
semiarid regions with alkaline soils requires alleviation (Kabata-Pendias  2011 ). 
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There are several works about using of green technology of Se phytoremediation 
(like Banuelos  2001    ) and many other publications provide a broad review on the 
plant potential (mainly transgenic plants) to minimize Se loads by uptaking elevated 
amounts of Se from soils and, partly, by its volatilization (Le Duc et al.  2004 ; Vallini 
et al.  2005 ). It is reported that, using greenhouse studies, the total Se concentrations 
in the soil were at least 20 % lower at postharvest compared to  preplant Se contents. 
She also emphasized that rhizobacteria, as well as other microbial activities, have 
signifi cant impacts on the Se phytoremediation, due to its increasing bioavailability 
and volatilization (Di Gregorgio  2008 ) as reviewed by Kabata- Pendias ( 2011 ). 

 Selenium (Se) is a naturally occurring, solid substance that is widely but unevenly 
distributed in the earth’s crust (0.05 mg kg −1 ). It is also commonly found in rocks 
and soils (0.44 mg kg −1 ). It is slightly more concentrated in mafi c rocks, but rarely 
exceeds 0.1 mg kg −1 . In sedimentary rocks, Se is associated with clay fraction and 
thus its abundance in argillaceous sediments (0.3–0.6 mg kg −1 ) is higher than in 
sandstones and limestones (0.01–0.1 mg kg −1 ) (Kabata-Pendias  2011 ). Se, in its 
pure form of metallic gray to black crystals, is often referred to as elemental Se or 
selenium dust. Elemental Se is commercially produced, primarily as a by-product of 
Cu refi ning. Se is not often found in the environment in its elemental form, but is 
usually combined with other substances (ATSDR  2003 ). Much of the Se in rocks is 
combined with sulfi de minerals (pyrite, chalcopyrite, and sphalerite) or with Cu, Pb, 
and Ag minerals (klockmanite CuSe; clausthalite PbSe and crookesite (Cu,Tl,Ag) 2 Se, 
respectively). Se also combines with oxygen to form several substances that are 
white or colorless crystals. Some Se compounds are gases such as dimethylselenide 
(DMSe) and dimethyldiselenide (DMdSe), which are easily volatilized from both 
roots and above ground plant parts as well as from bacteria and fungi (Kabata- 
Pendias and Mukherjee  2007 ). Se and its compounds are used in some photographic 
devices, gun bluing (a liquid solution used to clean the metal parts of a gun), plastics, 
paints, in glass and ceramic manufacture. It is used (with Bi) in brasses to replace 
more toxic Pb. Se is a chemical element with great environmental implications. In 
agriculture, Se is used as an addition, mainly as sodium selenite (Na 2 SeO 3 ) to insec-
ticides, fertilizers, and foliar sprays. Se is widely used, in small doses, in vitamins 
and other dietary supplements. Also some livestock feeds are fortifi ed with this 
 element. It is a relatively common component of various cosmetics and medica-
tions, as a therapeutic agent (e.g., in cardiology as an antioxidant) (ATSDR  2003 ; 
Kabata-Pendias  2011 ). 

 Giant reed ( Arundo donax  L.) has unique physiological features whereby it read-
ily absorbs and concentrates toxic chemicals from polluted soils with no apprecia-
ble harm to its own growth and development (Balogh et al.  2010 ). It is one of the 
most used plants as a trace element bioaccumulator, especially via phytoremedia-
tion processes, due to its capacity of absorbing contaminants such as trace elements 
that can not be easily biodegraded (Mirza et al.  2011 ). It is well documented that, 
giant reed can grow in different environments with spacious ranges of pH, drought, 
salinity, and trace metals without any symptoms of stresses, and can easily adapt to 
different environmental conditions and grow in all types of soils (Alshaal et al. 
 2013 ). It is a tall perennial rhizomatous grass (Poaceae family), native to the fresh 
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water regions of Eastern Asia but nowadays considered as a sub-cosmopolitan spe-
cies given its worldwide distribution (Polunin and Huxley  1987 ). It is a hydrophyte, 
growing along lakes, streams, drains and other wet sites; it possess hollow stem 
2–3 cm in diameter, with alternate leaves, 30–60 cm long and 2–6 cm broad, tapered 
tips and hairy tuft, at the base. It is the largest member of the genus  Arundo  able to 
reach the height of 8 m, and is among the fastest growing terrestrial plants, in par-
ticular, under optimum conditions, it can grow up to 5 cm day −1  and can produce 
more than 20 t h −1  above ground dry biomass (Mirza et al.  2010 ). As a consequence 
of its high and fast biological productivity, giant reed is widely cultivated to yield 
non-food crop (Papazoglou et al.  2005 ) that can meet requirements for energy, 
paper pulp production, biofuels and construction of build materials but it has other 
different uses such as music tools with stem, medicine with roots and soil erosion 
control through re-vegetation (Nassi et al.  2010 ). However, because of its great 
adaptability to different ecological conditions, giant reed is also one of the most 
noxious invasive weeds, widely distributed in riparian habitats throughout the world 
(Bonanno  2012 ) as reviewed by Alshaal et al. ( 2013 ). 

 As well known, quality of natural resources like soils, waters and biosphere is 
greatly affected by environmental pollution. Moreover, any unfavourable changes in 
these natural resources may be led to negative effects on organisms which ultimately 
affects humans. Se-rich soils are consided quite problem in China and USA. Thus, 
it could be used giant reed as a promising plant to phytoremdiate these soils. 
Therefore, the present review focuses on the phytoremediation process as an emerg-
ing green technology using giant reed for removal of Se from natural resources.  

4.2     Selenium: The New/Old Essential Poison 

 It is well known that, Se is a contradictory element as a contaminant and nutrient. It 
has been called the essential poison, due to too much of it in the diet can be toxic; 
too little can result in chronic, and sometimes fatal, defi ciency (Reilly  2006 ). Se is 
one of the most important micronutrients, whose defi ciency and toxic doses or 
 concentrations are very close each other. Therefore, it is important to know its abun-
dance or defi ciency in food and diet and to determine the correct balance of Se in 
human beings, animals and plants (Navarro-Alarcon and Cabrera-Vique  2008 ). 
Moreover, in large areas of China or USA (California), endemic Se toxicity is a 
hazard for locals who depend on crops grown on Se rich soil. On the other hand, in 
some countries and in other parts of Europe, fears are expressed that soil Se levels 
are inadequate. Thus, there are demands that the example of Finland should be 
 followed and soil Se levels increased by the addition of selenium to fertilizers 
(Reilly  2006 ). It could be noticed that, the range between the benefi cial and harmful 
doses of Se is quite narrow; the minimal Se nutrition levels for animals is about 
0.05–0.10 mg kg −1  dry forage feed, while the toxic exposure level is 2–5 mg kg −1  dry 
forage (Wu et al.  2015 ). Yuan et al. ( 2012 ) reported that, there are two well-known 
endemic diseases linked to soil Se defi ciency and low Se daily intake. The fi rst is 
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Keshan Disease: a degenerative heart disease bursting out in Kesha, Heilongjiang, 
China. About the second (Kaschin-Beck Disease) is an chronic, endemic osteoar-
thropathy which causes deformity of the affected joints. However, due to long-term 
exposure to high levels of Se, Se toxicological symptoms, including hair and nail 
loss and nervous system disorders, extensively occurred in inhabitants in two notable 
Se-enriched areas, Enshi and Shanxi, China (Li et al.  2012 ) as reviewed by Yuan 
et al. ( 2012 ). It is worth to mention that, Se is toxic at elevated levels, as may be 
clear from the fact that the maximal allowable Se concentration in drinking water in 
the USA is only 50 μg L −1  as reported by Valdez Barillas et al. ( 2011 ).  

4.3     Selenium as a Unique Trace Element 

 It is well known that, the importance of trace elements in plant and animal nutrition 
and human health cannot be underestimated. Furthermore, agricultural practices 
and environmental conditions can affect in a dramatic way the presence of these 
trace elements in the diet; the effects are more relevant in countries where food is 
still grown locally and populations have close contacts with their natural environ-
ment, whereas in Northern–Western countries the manifestations are not so evident 
(Marmiroli and Maestri  2008 ). 

 It is well documented that, Se contains properties that make it unique relative to 
other metals and metalloids. It occurs in both organic and inorganic forms, which 
are differentially toxic and is an essential element for most organisms (Adams    et al. 
 2000 ). For several reasons, researchers are chosen Se because of its interest in 
 ecological, ecotoxicological and radioecological sciences. It is a component of an 
amino acid, selenocysteine, and some important enzymes, which involved in very 
specifi c biological roles including glutathione peroxidases, iodothyronine deiodin-
ases and thioredoxin reductases (Marmiroli and Maestri  2008 ). Se is an essential 
nutrient for many organims including mammals, many bacteria, and certain algae 
(Novoselov et al.  2002 ), yet is also toxic at higher levels, leaving a narrow margin 
between toxicity and defi ciency ranging from less than 0.1–30 mg kg −1  for non-Se 
accumulator plants (El-Ramady et al.  2014 ). As a consequence, both Se toxicity and 
defi ciency are common problems worldwide in animals (Pilon-Smits and Le Duc 
 2009 ). However, for higher plants, Se has not been shown to be essential, and it is 
thought that essential Se metabolism may have gotten lost in this taxonomic group 
(Zhang and Gladyshev  2010 ). About the reason why Se is essential for certain 
organisms, that is because they incorporate selenocysteine (SeCys) in so-called 
selenoproteins, which invariably have antioxidant functions in these organisms 
(Valdez Barillas et al.  2011 ). 

 It is well known that, the criteria for essentiality of element for plants or animals 
is that absence or defi ciency of an element brings abnormalities that can be connected 
to specifi c biochemical changes reversed by supplying this element. Furthermore, 
most of these elements act primarily as bio-catalysts for enzymes and all of them 
can be toxic at high concentrations or doses (Tables  4.1  and  4.2 ). Elements are 
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       Table 4.1    Biochemical or physiological role of main trace elements (cobalt, Co; copper, Cu; iron, 
Fe; manganese, Mn; molybdenum, Mo; silicon, Si; zinc, Zn) including selenium (Se) in humans 
comparing with these functions in plants   

 Nutrient  Physiological roles in plants  Physiological function in humans 

  Co   Constituent of cobamide coenzyme (vitamin 
B 12 ) Symbiotic N 2  fi xation, possibly also in 
non-nodulating plants, and valence changes 
stimulation synthesis of chlorophyll and 
proteins. Increases growth in legumes 

 Integral part of vitamin B 12  and 
helps for the production of red 
blood cells, and to ensure the health 
of the nervous system and prevent 
anemia 

  Cu   Constituent of some enzymes, including 
cytochrome oxidase, ascorbic acid oxidase, 
and laccase. Constituent of the chloroplast 
protein plastocyanin; participates in electron 
transport system linking photosystem I and 
II; participates in carbohydrate metabolism 
and N 2  fi xation 

 Essential for healthy bones, joints, 
and nerves as well as hemoglobin 
and red blood cells. Part of enzymes 
that help biochemical reactions in 
every cell 

  Fe   An essential component of many heme and 
non-heme Fe enzymes and carriers, including 
the cytochromes (respiratory electron 
carriers) and the ferredoxins. Required for 
NO 3  and SO 4  reduction, N 2  assimilation, and 
energy (NADP) production; chlorophyll 
formation 

 Essential for production of 
hemoglobin, carries oxygen and 
forms part of hemoglobin in blood 
and myoglobin in muscles; 
component of various enzymes 

  Mn   Involved in the O 2 -evolving system of 
photosynthesis; component of enzyme 
arginase and phosphotransferase, i.e., 
oxidation–reduction processes in the 
photosynthetic electron transport system; 
photosystem II for photolysis; activates IAA 
oxidases 

 Essential for metabolizing fat and 
protein, regulating blood glucose, 
and supporting immune system and 
nervous system function 

  Mo   Required for the normal assimilation of N in 
plants. Component of two enzyme systems, 
nitrogenase and nitrate reductase, for the 
conversion of NO 3  to NH 4  (N 2  fi xation 
enzyme) 

 Component of molibdoenzymes, 
oxido-reductases, as part of the Mo 
cofactor e.g., xanthine oxidase 

  Ni   Essential for urease, hydrogenases, and methyl 
reductase and for urea and ureide metabolism. 
Catalyzes the degradation of urea to carbon 
dioxide and ammonia. Nickel defi cient plants 
accumulate toxic levels of urea in leaf tips, 
because of reduced urease activity. 

 Probably cofactor for some enzymes 
(e.g. urease); role in folate 
metabolism 

  Se   Activates antioxidant defense system; 
involves in salicylic acid and jasmonic acid 
pathway of plants stress responses; 
stimulates growth under unstressed 
conditions; protects plants against UV stress, 
low and high temperatures, heavy metal 
toxicity and delays senescence. In 
accumulator species protects plants from 
fungal infection and herbivory. 

 Functions as a component of 
enzymes involved in antioxidant 
protection and thyroid hormone 
metabolism. Works with vitamin E 
to protect the immune system, heart, 
liver; may help prevent tumor 
formation 

(continued)
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Table 4.1 (continued)

 Nutrient  Physiological roles in plants  Physiological function in humans 

  Si   Essential for species from Equisetaceae and 
wetland Poaceae. Prevents toxicity of P, Mn and 
Fe. Roles in: stability of plants, cell wall rigidity 
and elasticity, increasing leaf erectness, 
decreasing effects of mutual shading, reduction 
of susceptibility to lodging, increasing the 
volume and rigidity of aerenchyma and root 
oxidizing power of wetland plants, reduction of 
cuticular transpiration 

 Essential for preventing 
cardiovascular disease. Helps to 
form bones and connective tissue, 
nails, skin, and hair. Probably 
component of glycosamino- glycans 
complexes in connective tissue; role 
in cartilage composition 

  Zn   Essential component of several enzymatic 
functions as Mn and Mg, dehydrogenases, 
proteinases, and peptidases, including 
carbonic anhydrase, alcohol dehydrogenase, 
glutamic dehydrogenase, and malic 
dehydrogenase, among others 

 Structural, catalytic and regulatory 
roles; role in the coding for zinc 
fi nger proteins; required by over 60 
enzymes for activity, incl. RNA 
polymerases; supports synaptic 
vesicles 

   Source:  complied from Jones ( 2005 ), Marmiroli and Maestri ( 2008 ), Prasad ( 2008 ), Stein ( 2010 ), 
Kabata-Pendias ( 2011 ), Hajiboland ( 2012 ) and El-Ramady et al. ( 2014 )  

   Table 4.2    Different average daily intake levels (mg) of essential mineral elements required by humans, 
source in food chain, and suffi ciency and toxicity level of these trace elements in plant leaves   

 Element 

 Different sources of intake 
levels 

 Source in food chain 

 Critical leaf 
concentrations (mg kg −1 ) 

 RDA  RNI  UL  SUL  Suffi ciency  Toxicity 

  Co   —  in B 12   —  —  Fish, nuts, leafy 
vegetables, cereals 

 0.02–1.0  10–20 

  Cu   0.9  1.2  10  10  Shellfi sh, nuts, seeds, 
liver, kidneys, legumes 

 1.0–5  15–30 

  Fe   8.0–
18.0 

 11.4  45  17 a   Beef, poultry, fi sh, 
oysters, egg yolks 

 50–150  >500 

  Mn   1.8–2.3  >1.4  11.0  4.0 a   Grains, nuts, fruits, 
green vegetables, tea 

 10–20  200–5300 

  Mo   0.045  0.25  2.0  NS  Legumes, grains, nuts  0.1–1.0  1000 
  Ni   NS  NS  1.0  0.26  Nuts, legumes, 

cereals, chocolate 
 0.1  20–30 

  Se   0.055  0.075  0.4  0.45  Beef, poultry, brown 
rice, whole grains 

 0.1–2.0  5.0 – 30 

  Si   NS  NS  NS  1500  Plant-based foods, 
additives 

 <0.5 % for 
most species 

 >0.25 % 
in 
halophytes 

  Zn   8.0–
11.0 

 9.5  40  25 a   Beef, pork, poultry, 
seafood, whole grains 

 15–30  100–300 

   Source:  compiled from White and Broadley ( 2005 ), Marmiroli and Maestri ( 2008 ), Pilon-Smits 
et al. ( 2009 ), White and Brown ( 2010 ), Kabata-Pendias ( 2011 ) and White et al. ( 2012 ) 
  Abbreviations:   RDA  US recommended daily allowances;  RNI  UK guidance daily reference 
nutrient intakes;  UL  US tolerable upper intake levels;  SUL  UK guidance safe upper levels for 
adults;  NS  none specifi ed 
  a Non-food  
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mostly present as complexes with organic compounds such as amino acids, organic 
acids and glutathione in tissues or cells. Hence, transporters of these elements and 
their complexes are major players in the homoeostasis and in mediating effects of 
toxicity, because some of them are not highly specifi c and interact with multiple 
elements (Ballatori  2002 ). On the other hand, a very important feature can be distin-
guished when considering health effects of trace elements is their slow accumula-
tion in tissues even at low doses. In humans and animals, trace element toxicity 
could be manifested with nonspecifi c symptoms, and often epidemiology is the only 
possible approach to ascertain their role, whereas in case of plants there are distin-
guished symptoms (Marmiroli and Maestri  2008 ).

    Se is one of the rarest elements, where it is about 70th in abundance among 
the 88 elements that naturally occur in the earth’s crust (Shriver and Atkins 
 1999 ). Due to these contradictory properties, Se is a two-faced element, like the 
moon, after which it is named, it has both a dark and a bright side as reviewed by 
Reilly ( 2006 ).  

4.4     Plant-based Remediation Processes for Se 

 It is well established that, soils and waters are very essential resources for the sus-
tainability of agriculture and mankind. Anthropogenic activities create many pollu-
tion sources such as effl uents, emission and solid discharge from industries, vehicle 
exhaustion and metals from smelting and mining industries (Jatav et al.  2012 ). In 
agriculture use of insecticides and pesticides, disposal of industrial and municipal 
wastes is responsible for soils and waters toxicity (McGrath et al.  2001 ). Thus, each 
pollutant has its own damaging effect on life of plants, animals and humans. 
Furthermore, sources of contamination that add trace elements or heavy metals to 
soils and waters is a matter of serious concern because they remain in environment 
for a long period of time and are cause of carcinogenicity to humans (Gisbert et al. 
 2003 ) as reviewed by Jatav et al. ( 2012 ). 

 No doubt that, environmental pollution by trace elements (heavy metals) has 
become a serious problem worldwide. Thus, the mobilization of these elements 
through extraction from ores and subsequent processing for different applications 
has led to the release of these elements into the environment. Concerning the 
 problem of these elements pollution, it could be concluded that, is becoming more 
and more serious with increasing industrialization and disturbance of natural 
 biogeochemical cycles (Ali et al.  2013 ). Moreover, some of these elements are 
essentially nonbiodegradable and therefore accumulate in the environment. Thus, 
the accumulation of these elements in soils and waters poses a risk to the environ-
mental and human health. About their behaviour in soils, these elements cause 
toxicological effects on soil microbes, which may lead to a decrease in their numbers 
and activities (Khan et al.  2010 ) as reviewed by Ali et al. ( 2013 ). Regarding their 
role in biological systems, it could be classifi ed as essential and non-essential. 
Essential trace elements, which are needed by living organisms in minute quantities 
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for vital physiological and biochemical functions, including Fe, Mn, Cu, Zn, and Ni 
(Cempel and Nikel,  2006 ). About non-essential trace elements, include Cd, Pb, As, 
Hg, and Cr (Dabonne et al.  2010 ) as reviewed by (Ali et al.  2013 ). About Se, 
although stimulating effects to the additions of small amounts of Se on plant growth 
and yield have been observed by several researchers, there is no conclusive evidence 
yet of an essential role of Se in plant metabolism. 

 It is well documented that, the term phytoremediation, from the Greek phyto, 
meaning “plant”, and the Latin suffi x remedium, “able to cure” or “restore”, was 
coined by Ilya Raskin in  1994 , and is used to refer to plants which can remediate 
a contaminated medium (Tables  4.3  and  4.4 ; Vamerali et al.  2010 ). It could be 
used phytoremediation for removal of heavy metals and radionuclides as well as 
for organic pollutants such as, polynuclear aromatic hydrocarbons, polychlori-
nated biphenyls, and pesticides. It is a novel, cost-effective, effi cient, environ-
ment- and eco-friendly, in situ applicable, and solar-driven remediation strategy 
(Table  4.5 ; Vithanage et al.  2012 ). Generally, plants handle the contaminants 
without affecting topsoil, thus conserving its utility and fertility. They may 
improve soil fertility with inputs of organic matter (Mench et al.  2009 ) as reviewed 
by Ali et al. ( 2013 ).

     Phytoremediation makes use of the ability of green plants to accumulate or 
degrade contaminants (Pulford and Watson  2003 ). It could be carried out in a num-
ber of techniques/strategies or mechanisms/ways including phytoextraction (also 
known as phytoaccumulation, phytoabsorption or phytosequestration), phytostabi-
lization, phytodegradation, phytovolatilization, and phytostimulation. It could be 
 summarized these strategies as follows as reviewed by Ali et al. ( 2013 ):

•     Phytoextraction : the uptake and accumulation of pollutants in harvestable bio-
mass i.e., shoots (Rafati et al.  2011 ). Metal translocation to shoots is a crucial 
biochemical process and is desirable in an effective phytoextraction because the 
harvest of root biomass is generally not feasible (Tangahu et al.  2011 ).  

•    Phytofi ltration  :  the removal of pollutants from contaminated surface waters or 
waste waters by plants (Mukhopadhyay and Maiti  2010 ). Phytofi ltration may 
be rhizofi ltration (using plant roots) or blastofi ltration (seedlings) or caulofi l-
tration (plant shoots). The contaminants are absorbed or adsorbed and thus 
their movement to underground waters is minimized (Mesjasz-Przybylowicz 
et al.  2004 ).  

•    Phytostabilization or phytoimmobilization  :  limiting the mobility and bioavailability 
of pollutants in soil by plant roots. It is the use of certain plants for stabilization 
of contaminants in contaminated soils (Singh  2012 ). This technique is used to 
reduce the mobility and bioavailability of pollutants in the environment, thus 
preventing their migration to groundwater or their entry into the food chain 
(Erakhrumen  2007 ).  

•    Phytovolatilization  :  conversion of pollutants to volatile form and their  subsequent 
release to the atmosphere. This technique can be used for organic pollutants and 
some heavy metals like Hg and Se. It is the most controversial of phytoremediation 
technologies (Padmavathiamma and Li  2007 ).  
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   Table 4.3    Some of the most important different cited defi nition of phytoremediation   

 Defi nition of phytoremediation  Citation 

 Phytoremediation refers to plants which can remediate a contaminated 
medium 

    Raskin et al. ( 1994 ) 

 The engineered use of green plant to remove, contain, or render 
harmless such environmental contaminants as heavy metals, trace 
elements, organic compounds, and radioactive compounds in soil or 
water. This defi nition includes all plant-infl uenced biological, 
chemical, and physical processes that aid in the uptake, sequestration, 
degradation, and metabolism of contaminants, either by plants or by 
the free-living organisms that constitute the plant rhizosphere 

 Hinchman et al. ( 1995 ) 

 An emerging technology using specially selected and engineered 
metal accumulating plants for environmental clean up 

 Liu et al. ( 2000 ) 

 The name given to a set of technologies that use different plants as a 
containment, destruction, or an extraction technique. It is an emerging 
technology that uses various plants to degrade, extract, contain, or 
immobilize contaminants from soil and water 

 USEPA ( 2000 ) 

 The use of plants, including trees and grasses, to remove, destroy or 
sequester hazardous contaminants from media such as air, water, and 
soil. It refers to a diverse collection of plant-based technologies that 
use either naturally occurring or genetically engineered plants for 
cleaning contaminated environments 

 Prasad and Freitas 
( 2003 ) 

 The use of plants to remediate toxic chemicals found in contaminated 
soil, sludge, sediment, ground water, surface water, and wastewater 

 Rodriguez et al. ( 2005 ) 

 The use of vascular plants to remove pollutants from the environment 
or to render them harmless 

 Bhattacharya et al. 
( 2006 ) 

 Phytoremediation in general implies the use of plants (in combination 
with their associated microorganisms) to remove, degrade, or stabilize 
contaminants 

 van Ginneken et al. 
( 2007 ) 

 The use of plants to improve degraded environments  Moreno et al. ( 2008 ) 
 Phytoremediation basically refers to the use of plants and associated 
soil microbes to reduce the concentrations or toxic effects of 
contaminants in the environments 

 Greipsson ( 2011 ) 

 It is an emerging technology using selected plants to clean up the 
contaminated environment from hazardous contaminant to improve 
the environment quality 

 Tangahu et al. ( 2011 ) 

 Phytoremediation or phytotechnology indicates all applications in 
which plants are used to manage and control pollutants, even without 
removing or destroying it. This technology has greater potential to 
remediate contaminants from soil and water resources over 
conventional and costly methods. 

 Jatav et al. ( 2012 ) 

 It is a novel, cost-effective, effi cient, environment- and eco-friendly, in 
situ applicable, and solar-driven remediation strategy. It can be used 
for removal of trace elements and radionuclides as well as for organic 
pollutants (such as hydrocarbons and pesticides) 

 Ali et al. ( 2013 ) 

   Source:  Vamerali et al. ( 2010 ), Tangahu et al. ( 2011 ), Ali et al. ( 2013 )  
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   Table 4.4    The main advantages and limitations of phytoremediation technology   

 Advantages  Limitations 

 Applicable to wide range of contaminants; 
both inorganic and organic/ 

 It is dependent on the growing conditions 
required by the plant (ie climate, geology, 
altitude, temperature) 

 It is more economically viable using the same 
tools and supplies; cheaper than conventional 
remediation methods, so does not require 
expensive equipment or highly specialized 
personnel 

 Contaminants collected in senescing tissues 
may be released back into the environment in 
autumn; problem in management of plant 
matter after phytoremediation 

 It can be applied in situ, where disposal sites 
are not needed 

 Not accessing elements below the root depth; 
time taken to remediate sites far exceeds that 
of other technologies 

 It avoids excavation and transport of polluted 
media thus reducing the risk of contamination 
spreading, so reduces the amount of waste 
going to landfi lls 

 Large scale operations require access to 
agricultural equipment and knowledge; the 
time-consuming method 

 It is less disruptive to the environment and 
does not involve waiting for new plant 
communities to recolonize the site, so socially 
accepted 

 Success is dependent on the tolerance of the 
plant to the pollutant; the bioavailability of the 
pollutants 

 Easy to implement and maintain; plants are a 
cheap and renewable resource, easily available 

 Introduction of inappropriate or invasive plant 
species should be avoided, non-native species 
may affect biodiversity 

 It is more likely to be accepted by the public as 
it is more aesthetically pleasing then traditional 
methods 

 High concentrations of hazardous materials 
can be toxic to plants 

 Less noisy and disruptive than other current 
remediation methods 

 Possibility for contaminants to enter food 
chain through animal and plant consumption 

   Source:  Alkorta et al. ( 2004 ), Pilon-Smits ( 2005 ), Evangelou et al. ( 2007 ), Szczygłowska et al. 
( 2011 ), Tangahu et al. ( 2011 ), Singh ( 2012 )  

•    Phytodegradation  :  degradation of organic xenobiotics by plant enzymes within 
plant tissues such as dehalogenase and oxygenase; it is not dependent on 
 rhizospheric microorganisms (Vishnoi and Srivastava  2008 ). Plants can  accumulate 
organic xenobiotics from polluted environments and detoxify them through their 
metabolic activities. Thus, green plants can be regarded as “ Green Liver ” for the 
biosphere.  

•    Rhizodegradation  :  degradation or breakdown of organic xenobiotics in the 
 rhizosphere by rhizospheric microorganisms (Mukhopadhyay and Maiti  2010 ). 
Rhizosphere extends about 1 mm around the root and is under the infl uence of 
the plant (Pilon-Smits  2005 ).  

•    Phytodesalination  :  removal of excess salts from saline soils by halophytes, that 
means the use of halophytic plants for removal of salts from salt-affected soils in 
order to enable them for supporting normal plant growth (Sakai et al.  2012 ). 
Halophytic plants have been suggested to be naturally better adapted to cope with 
heavy metals compared to glycophytic plants (Manousaki and Kalogerakis  2011 ).    
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    Table 4.5    The most important plants used for phytoremediation of Se comparing with some 
essential trace elements for plants and the process or strategy used   

 Pollutant  Medium  Process  Plant  References 

  Co   Soil  Phytoextraction   Berkheya coddii  
Roessler 

 Keeling et al. ( 2003 ) 

  Cu   Soil  Phytostabilization   Festuca rubra  L.  Smith and Bradshaw ( 1979 ) 
 Soil  Phytoextraction   Brassica juncea  L.  Ebbs and Kochian ( 1998 ) 
 Soil  Phytoextraction   Elsholtzia 

splendens , Nakai 
 Jiang et al. ( 2004 ) 

 Soil  Phytostabilization   Brassica juncea  L.  IAEA ( 2006 ) 
 Sludge  Phytoextraction   Brassica juncea  L.  IAEA ( 2006 ) 
 Water  Rhizofi ltration   Lemna minor  L.  Hou et al. ( 2007 ) 

  Mn   Soil  Phytoextraction   Phytolacca 
americana  L. 

 Min et al. ( 2007 ) 

  Ni   Soil  Phytoextraction   Brassica juncea  L.  Ebbs and Kochian ( 1998 ) 
 Water  Rhizofi ltration   Lemna minor  L.  Axtell et al. ( 2003 ) 
 Soil  Phytostabilization   Agropyron 

elongatum  
 Chen and Wong ( 2006 ) 

 Soil  Phytoextraction   Alyssum lesbiacum   Singer et al. ( 2007 ) 
  Se   Soil  Phytoextraction   Brassica rapa  L.  Banuelos et al. ( 1997 ) 

 Soil  Phytoextraction   Hibiscus 
cannabinus  L. 

 Banuelos et al. ( 1997 ) 

 Soil  Phytoextraction   Festuca 
arundiancea  L. 

 Banuelos et al. ( 1997 ) 

 Water  Rhizofi ltration   Lemna minor  L.  Zayed et al. ( 1998 ) 
 Soil  Phytoextraction   Brassica rapa  L.  Moreno et al. ( 2005 ) 
 Soil  Phytovolatilization   Brassica spp.  (Wild 

type) 
 Banuelos et al. ( 2005 ) 

 Soil  Phytoextraction   B. napus  var .  Hyola  Banuelos ( 2006 ) 
 Soil  Phytovolatilization   B. oleracea  var .  

Marathon 
 Banuelos ( 2006 ) 

 Soil  Phytovolatilization   Medicago sativa  L.  IAEA ( 2006 ) 
 Water  Rhizofi ltration   Medicago sativa  L.  IAEA ( 2006 ) 
 Sludge  Phytovolatilization   Brassica juncea  L.  IAEA ( 2006 ) 

  Zn   Soil  Phytostabilization   Cynodon dactylon  
L. Pers. 

 Pierzynski and Schwab 
( 1993 ) 

 Water  Rhizofi ltration   Brassica juncea  L.  Dushenkov et al. ( 1995 ) 
 Soil  Phytoextraction   Hordeum vulgare  L.  Ebbs et al. ( 1997 ) 
 Soil  Phytoextraction   Brassica napus  L.  Ebbs and Kochian ( 1998 ) 
 Soil  Phytoextraction   Salix viminalis  L.  Hammer et al. ( 2003 ) 
 Soil  Phytoextraction   Cynodon dactylon  

L. Pers. 
 Celestino et al. ( 2006 ) 

 Soil  Phytostabilization   Brassica juncea  L.  IAEA ( 2006 ) 
 Sediment  Phytostabilization   Brassica juncea  L.  IAEA ( 2006 ) 

   Source:  compiled from Banuelos ( 2006 ), Jabeen et al. ( 2009 ), Singh and Prasad ( 2011 ), Seth 
( 2012 )  
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 It could be noticed that, the success of phytoremediation process mainly depends on 
the choice of plant, which must obviously possess the ability to accumulate large amounts 
of trace elements (heavy metals) within hyperaccumulation process. These plants also 
have to satisfy the following criteria as reviewed by Szczygłowska et al. ( 2011 ):

•    the concentration of heavy metals in the shoots should be 50–100 times greater 
than in ‘normal’ plants (Jabeen et al.  2009 );  

•   the bioaccumulation coeffi cient (the ratio of the concentration of a toxic  substance 
in the tissues of an organism to its concentration in the living environment of that 
organism) must have a value greater than 1 (Alkorta et al.  2004 );  

•   metal concentrations in the shoots should be higher than in the roots (Jabeen 
et al.  2009 );  

•   fast growth and high accumulating biomass (Marchiol et al.  2004 );  
•   easily grown as an agricultural crop and fully harvestable (Marchiol et al.  2004 );  
•   tolerant to high pH and salinity, water logging and extreme drought conditions 

(Sarma     2011 ).    

 It is well known that, trace elements (heavy metals) have adverse effects on 
human health and therefore heavy metal contamination of food chain deserves 
 special attention. Many heavy metals and metalloids are toxic and can cause 
 undesirable effects and severe problems even at very low concentrations (Memon 
and Schroder  2009 ). It is documented that, heavy metals cause oxidative stress 
(Mudipalli  2008 ) by formation of free radicals. Furthermore, they can replace 
essential metals in pigments or enzymes disrupting their function (Malayeri et al. 
 2008 ). Regarding their toxicities, the most problematic heavy metals are As, Cd, Cr, 
Cu, Hg, Pb, Se, Sn, and Zn (Ghosh  2010 ). 

 It is worth to mention that, interest in Se pollution and remediation technology 
has escalated during the past two decades. An extensive research on several 
 strategies to reduce loads of mobile Se for entering the agroecosystem (Banuelos 
 2006 ). It is well known that, Enshi, China is called world capital of Se, where the 
total Se content of soils ranges of 20–60 mg kg −1  DW which is approximately 150–
500 times greater than the average Se content in Se-defi cient areas and approxi-
mately 50–150 times greater than that in Se-enriched areas in China (0.125 and 
0.40 mg kg −1  DW, respectively). However, the distribution of Se in soils is greatly 
uneven with some exceptionally high contents of more than 100 mg kg −1  DW, which 
is very likely caused by the micro-topographical features and leaching conditions 
(Yuan et al.  2012 ). Various plants tested for different phytoremediation technologies 
are enlisted in Table  4.5 . Like Se toxicity, Se defi ciency is a problem worldwide, 
such as in the Eastern United States, Europe, Australia, and certain parts of China 
(Zhu et al.  2009 ). 

 Concerning the behavior of Se in Se-rich soils, when seleniferous soils are used 
for agriculture, it is mobilized and can accumulate in soils due to evapotranspiration 
and leach out into agricultural drainage water (Lin and Terry  2003 ). Once, Se 
reaches surface waters it can get further concentrated through evaporation, creating 
levels that are toxic to biological organisms such as birds and fi sh (Ohlendorf et al. 
 1986 ). In addition to Se entering surface waters from seleniferous soils, the use of 
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Se-rich coal or oil may release Se into the environment (Hansen et al.  1998 ). 
Moreover, another source of Se toxicity is represented in hyperaccumulator plants: 
these natives to seleniferous soils typically accumulate Se to levels between 0.1 and 
1 % of their dry weight (Beath et al.  1939 ). Ingestion of hyperaccumulators by 
mammals may lead to acute or chronic toxicity—selenosis (Draize and Beath  1935 ). 
About selenosis, it is a common problem in many areas worldwide, particularly in 
the Western United States and parts of China (Wilber  1980 ) as reviewed by Valdez 
Barillas et al. ( 2011 ). 

 It is worth to mention that, Se contamination resulting from anthropogenic activ-
ities has received increasing concerns, especially in agroecosystem. For instance, in 
China, high levels of Se have been found in the soils and waters in some regions, 
like Enshi County in the Hubei province. Phytoremediation was proven to be a 
promising technology for the removal of Se from contaminated environments 
(Zayed et al.  2000 ). Se-accumulators, which can tolerate and accumulate high 
concentrations of Se, were used due to their accumulation potential as well as 
the tolerance mechanisms (Pickering et al.  2003 ). Furthermore, most identifi ed 
Se-accumulating plants are found to be included with the genera of  Brassica, Aster, 
Atriplex, Astragalus,  and  Melilotus  (Pezzarossa et al.  2007 ). Recently, a fern plant 
belonging to the genus of  Pteris , named Chinese Brake fern ( Pteris vittata  L.), was 
found to be a possible selenite-accumulator (Feng et al.  2009 ). It was found that, 
this fern could accumulate 1,028 mg Se kg −1  in the fronds in hydroponic conditions, 
and potentially can be used to remediate the Se-contaminated environment 
(Srivastava et al.  2005 ). It is well known that, for better practice of Se phytoremediation, 
endemic plants are preferential and the studies on the accumulation mechanisms of 
Se in these plants are thus needed. It is believed that, Se can substitute sulfur to form 
various proteins, which is regarded as a major mechanism of Se toxicity in common 
plants (Terry et al.  2000 ). Furthermore, glutathione (GSH)  synthesis in plants can be 
interfered by all kinds of Se compounds, which may result in oxidative stress and 
produce damages to plants (Feng and Wei  2012 ).  

4.5     Biogeochemical Cycle of Se in the Environment 

 Basically, there are distinguished steps can be followed concerning the Se cycle in 
the environment, where Se enters the ecosystem within three general pathways: 
(1) it can be absorbed on ingested by different organisms, (2) it can blind or complex 
with particulate matter or (3) it can remain free in solution (Lemly and Smith  1987 ). 
It could be mentioned that, Se cycle starts with the volatile Se forms from soils, 
volcanics and others. There are several mobilization and immoblizations processes 
followed step by step. It could be explained this Se cycle through the following 
processes in details in the next sections. This cycle in brief includes the biological, 
chemical and physical processes of Se into and out of the sediments, water, soils and 
biota within different processes for immoblization of Se including chemical 
and microbial reduction, adsorption, co-precipitation, and deposition of plant and 
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animal tissue. About the mobilization processes, it includes uptake of Se by rooted 
plants and sediment oxidation due to water circulation and mixing. 

 It is a matter of the fact that, Se enters into agroecosystems through two pathways 
including natural and anthropogenic sources. About natural pathway, it means that Se 
is originally inherited from their parent materials with background concentrations. 
Sometimes, Se is being input to agroecosystems within air sedimentation or rainout, 
especially from near mine or volcano. Concerning anthropogenic pathway, the 
inputting processes mainly include the addition of chemicals such as fertilizers and 
pesticides, the use of sludge or some compost, car exhausts, and so on. On the other 
hand, soils are an important part of agroecosystems beside also the living media of 
plants, microorganisms, animals, or humans. Furthermore, agricultural soils are the 
main resource of materials for producing or living (Wei and Zhou  2008 ). 

 It is well known that, besides the positive effect of the metalloid on biological 
systems, uncontrolled release of Se in the environment may be troublesome to 
living organisms. Because Se undergoes microbial and plant transformations, their 
 application may be potentially useful to the development of bioremediation strate-
gies (Di Gregorio  2008 ). The biogeochemistry of Se in the environment includes 
different inputs and outputs. Moreover, the disenguished processes of applications 
and removal for Se in the environment will be also highlighted. These processes 
include bioavailability, detoxifi cation, oxidation and reduction reactions, volatiliza-
tion, methylation and demethylation, and fi nally the environmental management of 
soil Se and minimization. 

4.5.1     Environmental Cycling of Se 

 As mentioned before, Se is an essential micronutrient for animals and some lower 
plants. The biological and natural cycle of Se element, shown in Fig.  4.1 , depict that 
the animals diet directly or indirectly depends upon the soil–plant system. 
Furthermore, the soil pH can have a marked infl uence on the Se content of the 
plants. In alkaline soils, chemical oxidation produces selenate which is available for 
plants (Yadav et al.  2008 ). The biogeochemical cycle of any trace element (like Se) 
is very important, which may let us know what will happen after this element enter 
agrosystems such as input, translation, transportation, accumulation, and output. 
Furthermore, some main objects like soils, soil microorganism, crop, grass, animal, 
or human being is concerned within this cycle (Wei and Zhou  2008 ).

   Usually, input or contamination pathways of some trace elements like Se are 
especially concerned. Because Se would be accumulated in soils after long-time 
addition, it may be harmful to human health within contaminated agro-production 
or food chain, even though some of them can be output from soils by some  pathways 
like removing agro-production from agrosystems (Sun et al.  2001 ). Therefore, some 
background concentrations of Se in soils, crops, or grasses are cited so as to realize 
the normal status of this element in agrosystems. Some soil environmental quality 
standards should be also cited to determine if a land is polluted with Se. The most 
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  Fig. 4.1    Life cycle, propagation and culture of giant reed starting from the new plantation in spring 
from March or April, then in summer (in June till October) and in the winter (November) then the rest 
photos (the last 2 photos) for some giant reed plants in pots. These photos were taken from green-
house and fi eld experimentation in the Future Biomass Plants Garden of the Department, Agricultural 
Experimental Station of the Faculty of Agriculture of the University, Hungary (Photos by H. 
El-Ramady)       

important aim of studying this element in agroecosystems is to know its benefi t and 
harmfulness to human health, and how to control it, because most agro- productions 
(especially from crops) are the main direct or indirect food resources for human 
beings with this element (Lam et al.  2004 ) as reviewed by Wei and Zhou ( 2008 ). 
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 In general, the effects of Se on crops have two dimensions including defi ciency 
and toxicity. However, more and more attention should be paid to the  agro- production 
qualities caused by this metalloid. Thus, it is worth to mention that, element defi -
ciency in food is not more dangerous than those of element toxicity. Furthermore, 
the harmfulness of this element to crops, along with implication to human health, 
should be considered (Wei and Zhou  2008 ). The biogeochemistry cycle of Se starts 
and end within soils. In soils, Se presents a complex chemical behavior that allows 
it to combine with several elements in nature. Thus, this makes Se compounds 
widespread over all the Earth compartments including rocks, soils, waters and air. 
However, Se is considered a trace element in the Earth crust, with average concen-
trations ranging from 0.05 to 0.09 mg kg −1  (Neal and Sposito  1989 ). Defi nitely, 
rocks are the primary source of Se in the terrestrial systems (Neal  1995 ), where the 
total amount of Se in rocks comprises 40 % of the total in the Earth’s crust, mainly 
in quartzite, sandstone, and limestone (Wang and Gao  2001 ). Within weathering, 
as a biogeochemical process, rock–water interactions and biological activity con-
trol the transport of Se from rocks to other compartments, distributing it over the 
planet and governing the uneven distribution of the element over the Earth. On the 
other hand, the concentration of Se in sedimentary rocks is as a mean value of 
0.0881 mg kg −1  (Tamari et al.  1990 ) as reviewed by Fernández-Martínez and 
Charlet ( 2009 ). A comprehensive reports about Se in different environmental com-
partments including soils, waters, sediments, air, crops, food systems and so on can 
be found in different literatures, for instance Fernández-Martínez and Charlet 
( 2009 ), Clark and Johnson ( 2010 ), Kabata-Pendias ( 2011 ) and El-Ramady et al. 
( 2015 ). 

4.5.1.1     Se Cycling Under Climate Changes 

 It is well known that, the climate is considered one of the most important factors 
affecting on the biogeochemistry of Se in different environments. This climate 
includes the climate changes in general, seasonal fl uctuations and its effect on Se 
uptake by plants, and the rhizosphere. Apart from soil type, climate can also have an 
important infl uence on Se uptake by plants; high precipitation rates and low 
 temperatures can reduce Se accumulation by plants. The precipitation effect may 
also be due to a shift from oxic to more anoxic soil redox conditions, enhancing the 
reduction of soil selenate to less available Se forms, i.e., SeO 3  −2 , Se 0  and Se −2  
(Geering et al.  1968 ). Furthermore, high rainfall may reduce the pool of plant avail-
able Se due to increased leaching. In contrast, under conditions where transpiration 
is limited by low soil water availability, increased precipitation may also increase Se 
accumulation by the plants (Johnsson  1991 ). It was observed that, Se concentrations 
in pasture plants strongly decreased over the growing season, suggesting a gradual 
depletion of available Se in the soil (Gissel-Nielsen  1975 ). For instance, during 
plant dormancy, when little or no Se was taken up by the plants, the available Se 
pool was replenished by weathering and organic matter decomposition, allowing for 
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an initial high Se uptake at the beginning of the subsequent growing season. Because 
of the growth of the vegetation accelerated, Se extraction eventually exceeded the 
rate of replenishment. Thus, the pool of available soil Se started to decrease, 
 resulting in reduced Se accumulation by the plants. In addition, accumulated plant 
Se became more diluted in the increasing biomass. The depletion of available soil 
Se was stopped towards the end of the growing season when plant growth slowed 
down as winter and cooler temperatures approached. This stoppage allowed the 
pool of available Se to recover, and thereby more Se became available again for 
plant uptake. It was found a 10-fold variation in the Se concentration in leaves of 
two hyperaccumulator plants  A. bisulcatus  and  S. pinnata  throughout a growing 
season (Galeas et al.  2007 ) as reviewed by Bitterli et al. ( 2010 ).  

4.5.1.2     Se in Volcanic Environments 

 It should be noticed that, volcanic environments are important source for Se 
biogeochemical cycling in the environment. Thus, there are several reasons for this 
importance could be explained as follows: fi rstly, volcanic areas are densely popu-
lated: 9 % of the world’s population (455 million) lives within 100 km of a histori-
cally active volcano and up to 12 % lives within 100 km of volcanoes with Holocene 
eruptions (Small and Naumann  2001 ). Secondly, Se is below S and next to As 
within the periodic table, implying some similarities in their geochemical behavior. 
S is one of the most important elements within volcanic systems (Bluth et al.  1993 ), 
while As geochemistry has received a signifi cant attention due to the associated 
health problems (Plant et al.  2003 ). Thirdly, volcanic settings provide a dynamic 
environment with steep pH and Eh or redox potential gradients in space and time 
depending on the volcanic activity. For instance, the pH of rainwater at Mount Etna 
varies between 2 and 6 in less than 10 km or within several months at one location 
(Calabrese et al.  2011 ). Thus, this is expected a wide change in the speciation of Se and 
thereby Se mobility. Lastly, it is worth to mention that, there is increased scientifi c 
interest in both Se and the potential effects of volcanic activity on the environ-
ments. This attention on Se grew due to both the changing perspective of the role 
of Se in health and the appearance of new analytical techniques, such as ICP-MS, 
which opened possibilities to accurately determine Se at trace levels in environ-
mental samples (D’Ulivo  1997 ) as reviewed by Floor and Roman-Ross ( 2012 ).  

4.5.1.3     Se in Agroecosystems 

 The Se forms present in agroecosystems are controlled by the biogeochemical 
cycling of Se, which is strongly infl uenced by site-specifi c environmental factors 
such as redox potential, pH, and biological productivity of rhizosphere (Adams 
et al.  2000 ). It is well established that, soil is a very complex medium or system, 
where it concerns (a) solid, liquid, and air phase, (b) organic and inorganic materials, 
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and (c) animal, plant root systems, and microorganisms. Thus, Se element will 
 continuously react with various components in this soil system after it entered into 
soil regardless what forms they are. The main reactions within the agroecosystem 
include dissolution/precipitation, adsorption/desorption, complexation/ dissociation 
and oxidation/reduction. Therefore, it could be concluded that, these reactions and 
soil properties such as pH, Eh, colloid content and composition, climate conditions, 
hydrology, and biology are the main factors affecting Se element formation and 
bioavailability in soil as reviewed by Wei and Zhou ( 2008 ).  

4.5.1.4     Se in Soil Environments 

 It is well known that, Se is ubiquitary in rocks and soils, but very unevenly  distributed. 
On one hand, there are seleniferous soils with total Se concentrations often reaching 
toxic levels for crops and biological systems feeding upon them in different ecosys-
tems, such as in United States, Mexico, Columbia, Hawaii, China, India and in 
Iceland. On the other hand, there are soils defi ned as Se-defi cient, e.g., in northern 
Europe, Australia, New Zealand and China, because these soils cannot provide suf-
fi cient Se to grazing animals and to humans subsisting on them (Bitterli et al.  2010 ). 

 It must be kept in mind that, the Se biogeochemistry cycle begins and ends with 
soil, and the chemical forms including dissolved in soil solution, adsorbed on the 
oxide surfaces, fi xed in the mineral lattice, and concentrations of Se in soil determine 
its bioavailability and thus the need for dietary supplementation. Furthermore, Se 
exhibits a broad range of oxidation states including +6 in selenates, +4 in selenites, 
0 in elemental Se, and −2 in inorganic and organic selenides. This element also forms 
catenated species, such as volatile diselenides (RSeSeR). About selenate form, which 
is weakly adsorbed on oxide surfaces and thus the most mobile Se form, can be 
expected to occur under high oxidative conditions (White and Dubrovsky  1994 ). In 
general in soils, Se can occur in the inorganic forms, including Se 2− , Se 0 , SeO 3  2− , and 
SeO 4  2− , as well as in the volatile organic forms of methylated Se compounds, (such 
as dimethyl-selenide), selenoamino acids and selenoproteins. Selenate is favoured by 
alkaline and oxic conditions, whereas selenite is more stable in neutral to acidic soils 
and under less oxic conditions (e.g., temperate climates). The chemical form of Se in 
soil strongly depends on pH and redox potential (Mikkelsen et al.  1987 ). Whereas, at 
low redox potential it could be reduced  selenate to selenite, which has a much higher 
adsorption affi nity. It is strongly retained by ligand exchange on oxide surfaces, espe-
cially at low pH, which reduces its bioavailability. Volatile Se is lost to the atmo-
sphere from plants or through microbial activity, but Se also returns to the soil from 
the atmosphere with precipitation as reviewed by Hartikainen ( 2005 ). 

 It should be kept in mind that, elemental Se is formed when conditions become 
more severely anoxic as in sediments of water bodies, while selenides are generated 
in highly reducing and basic conditions (Neal and Sposito  1989 ). In well-aerated 
soils, soluble Se concentration is usually controlled by adsorption to mineral and 
organic surfaces, whereas in reducing environments, precipitation tends to become 
more important. The sorption of Se to iron oxides is stronger than to clay minerals, 
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and organic matter binds Se much more strongly than clay minerals (Bitterli et al. 
 2010 ). Thus, organic matter is of particular importance for the retention of Se in the 
topsoil (El-Rashidi et al.  1987 ). As the most soluble Se species in soils, SeO 4  −2  is 
very susceptible to leaching and is readily bioavailable to plants. The mobility of 
SeO 3  −2  is comparatively low because of its much higher affi nity to adsorb to hydroxides, 
clay minerals, and organic compounds, and because of its tendency to coprecipitate 
with hydroxides. However, SeO 3  −2  is also available for plant uptake and is readily 
leached. In contrast, metal selenides (i.e., FeSe 2 , NiSe 2 , ZnSe 2 ) and Se 0  are highly 
insoluble and immobile (Neal et al.  1987a ,  b ), as reviewed by Bitterli et al. ( 2010 ).  

4.5.1.5     Se in Waste Materials 

 About the anthropogenic inputs of Se in the environment, it could be mentioned that, 
the waste materials generated due to burning of fossil fuel like coal and  petroleum oil 
during electric power production is one of the primary anthropogenic activities 
responsible for mobilizing Se in the ecosystem (Lemly  1985 ), which is almost 1,250 
times higher than that in raw coal (Pillay et al.  1963 ). It is estimated that more than 
1,600 t of Se has been produced annually from mining production (Nriagu and Pacyna 
 1988 ), accounting for 80 % of the total Se produced (Haygarth  1994 ). Se is widely 
used for a range of commercial products like ceramics and glass. Se is also used in 
industries related to photoelectric cells, pigments, rectifi ers, semiconductors, steel, 
and chemicals for photography and rubber vulcanizing. Additionally, Se is used in 
pharmaceutical industry for treating dandruff and fungal infection (Yu and Gu  2013 ).  

4.5.1.6     Se in Water Environments 

 About transport of Se in water, it is strongly infl uenced by various environmental 
factors (Bowie and Grieb  1991 ). Selenate (SeO 4  −2 ) and selenite (SeO 3  −2 ) are the 
most predominant Se species in water, where the former one is more stable under 
oxidizing and alkaline conditions and the latter one is a dominant species in the 
mildly reducing environment (Belzile et al.  2000 ). About the uptake of Se by  various 
organisms, it is able to immobilize Se temporarily (Simmons and Wallschlager 
 2005 ). On the other hand, adsorption to minerals, clay, and dissolved organic carbon 
is also a process that immobilizes/sequesters Se in aquatic environment (Belzile 
et al.  2000 ). In addition, chemical reduction of oxidized forms of Se to elemental/
colloidal Se can be identifi ed in water (Schlekat et al.  2000 ). About the behavior of 
Se in soils, it has been proposed that humic acids are the main reservoir of Se in 
soils (Tokunaga et al.  1991 ). Indeed, majority of Se in soils was detected in organic 
forms, namely salts of selenic acids and of selenious acids (Barceloux  1999 ). 
Insoluble species of Se such as elemental Se (Se 0 ), selenide, and selenium sulfi des 
can also be identifi ed in soils (Wang and Peng  1991 ). It is well known that, selenate 
and selenite rather than other Se species are easily taken up by plants (Shardendu 
et al.  2003 ). Microorganisms are able to methylate/convert elemental Se (Se 0 ) and 
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selenite into volatile Se, DMSe, and dimethyl diselenide (DMDSe) (Doran  1982 ) as 
reviewed by Yu and Gu ( 2013 ). 

 It is well reported that, uncertainties in protective criteria for Se derive from a 
failure to systematically link biogeochemistry to trophic transfer and toxicity. In 
nature, adverse effects from Se are determined by a sequence of processes, where 
dilution and redistribution in a water body determine the concentrations that result 
from mass inputs (Luoma and Rainbow  2008 ). Speciation affects transformation 
from dissolved forms to living organisms such as algae and microbes, and nonliving 
particulate material at the base of the food webs. Furthermore, the concentration at 
the base of the food web determines how much of the contaminant is taken up by 
animals at the lower trophic levels (Luoma and Presser  2009 ).  

4.5.1.7     Fate and Transport of Se in the Environment 

 About the fate and transport of Se in the environment, it depends on, in part, the rates 
and intermediates of the dynamic interconversion among the Se family, and in part the 
physical transfer of Se among the different environmental compartments (Wang and 
Gao  2001 ). It is well known that, there are substantial differences in the concentration, 
rates, extent, and speciation of Se in various environmental media (Porcella et al. 
 1991 ). Four different organic volatile forms of Se have been detected in air, namely 
dimethyl diselenide (CH 3 SeSeCH 3 ), dimethyl selenide (CH 3 SeCH 3 ), methaneselenol 
(CH 3 SeH) and dimethyl selenenyl sulfi de (CH 3 SeSCH 3 ) (Chasteen  1998 ). 
Dimethylselenide (DMSe) is the most signifi cant contributor to environmental Se 
mobility through air (Karlson et al.  1994 ). Other inorganic atmospheric Se  species, 
such as hydrogen selenide (H 2 Se), elemental Se (Se 0 ), and selenium dioxide (SeO 2 ), 
can also be identifi ed (Wen and Carignan  2007 ). Because Se can be released from vari-
ous sources, speciation of atmospheric Se is highly variable and unstable as reviewed 
by Yu and Gu ( 2013 ).  

4.5.1.8     Speciation of Se in the Water Environments 

 It is well documented that, Se speciation has important infl uences on the fate of this 
element, as with all trace elements. Se is a metalloid with anionic speciation in water, 
so the primary species are selenite, selenate and organo-selenide such as selenome-
thionine or org-Se(II). It is worth to mention that, unlike most other trace elements, the 
distribution of Se among dissolved species cannot be predicted from thermodynamics 
alone (Luoma and Presser  2009 ). Biological (kinetically driven) processes are just as 
important as geochemical processes in determining the forms of Se that are present 
(Cutter and Bruland  1984 ). These biological processes are diffi cult to predict from 
environmental characteristics, so conventional speciation modeling is problematic for 
Se. On the other hand, Se is one of the few elements for which the different species 
can be directly analyzed at environmental concentrations (Cutter and Cutter  2004 ). It 
could be concluded that, geologic and anthropogenic sources often release mostly 
selenate, which is not reactive with particle surfaces in water environments, although 
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some types of bacteria convert selenate to Se 0  in  sediments (Oremland et al.  1990 ). 
Selenate in the water column is taken up only slowly, especially if competition with 
sulfate is involved, where selenite and organo-selenide are much more reactive. If any 
form of Se is taken up at the base of the foodweb by plants and microbes, it is con-
verted to organo-selenide (Wrench  1978 ). Organoselenide is released back to the 
water column as these cells die or are  consumed (Lee and Fisher  1994 ), where some 
selenite is formed. But neither selenite nor organo-selenides are reconverted to sele-
nate because the back reaction has a half time of hundreds of years (Cutter and Bruland 
 1984 ). The result is a build-up of proportionately more organo-selenides and selenite 
as Se is recycled through the base of food webs, and proportionately less selenate. It 
could be explained that from this example, Se is nearly 100 % selenate in streams and 
irrigation water in the San Joaquin River watershed in California. Downstream in the 
delta of the San Joaquin River, selenite, organo-selenide, and selenate are in equal 
abundance (Cutter and Cutter  2004 ). In the Pacifi c Ocean the metalloid is nearly 
100 % selenite and organo- selenide (Cutter and Bruland  1984 ). Thus, this unidirec-
tional build-up of potentially reactive forms, especially in environments where water 
residence times are extended, such as wetlands and estuaries, is a key factor in the 
ecological risks posed by Se, as reviewed by Luoma and Presser ( 2009 ).   

4.5.2     Se Bioavaialability in Agroecosystem 

 Generally, the bioavailability of a trace element concept is related to the factors that 
make it available to an organism, that is, in a form that can be transported across the 
organism’s biological membrane (Reeder et al.  2006 ). However, this concept is not 
very precise, as a substance can be adsorbed on a colloidal particle small enough to 
pass through the membrane. Hence, this has motivated the use of the term “ bioac-
cessibility ”, representing “the fraction of a substance that becomes soluble within 
the gut or lungs and therefore available for absorption through a membrane” (Reeder 
et al.  2006 ). Then, it could be concluded that, both bioavailability and bioaccessibility 
rely on a variety of entangled physicochemical factors affecting mainly solubility of 
the substances, like speciation, ionic strength, pH or redox potential (Fernández-
Martínez and Charlet  2009 ). It is well known that, estimate of the total element 
content of a given food is unreliable and the bioavailability of this nutrient must be 
considered. Thus, it is a priority to know the element bioavailability or amount 
absorbed and used by the organism, because usually only a fraction is absorbed and 
transformed into a biologically available form (Cabañero et al.  2007 ). Ideally, it 
should be involved a complete evaluation of bioavailability measurements of total 
nutrient content, amount actually absorbed, absorbable fraction, and percent  utilized 
by the organism (Navarro-Alarcon and Cabrera-Vique  2008 ). 

 It is reported that, two forms of Se including selenite and organic form, which are 
more bioavailable to biota than the original species, made that Se concentration in 
organisms increased two to four times as a result of the water treatment (Amweg 
et al.  2003 ). Thus, Se speciation is a key factor in the fate of Se species in the 
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 environment and in their availability to organisms. It is worth to mention that, Se 0  is 
considered to have little toxicological signifi cance to most organisms (Schlekat 
et al.  2000 ), and the biological activity of elemental selenium (Se 0 ) nanoparticles 
has been reported (Zhang et al.  2005 ). Furthermore, selenate and selenite are both 
water soluble inorganic species, which typically found in aerobic water sources. 
Selenite is both more bioavailable and ~5–10 times more toxic than selenate (Lemly 
 1993 ). Organic-Se, in the form of selenide, Se(−II), is the most bioavailable form, 
and it is taken up by algae 1,000 times more readily than inorganic forms (Lemly 
 1993 ) as reviewed by Fernández-Martínez and Charlet ( 2009 ). 

 It is worth to mention that, Se bioavailability strongly depends on the chemical 
form of Se found in the environment. It could be identified the following 
selenocompounds in plants including selenite, selenate, selenocystine (SeCys), 
Se-Met, selenohomocysteine, Se-methylselenocysteine, γ- glutamil-selenocystathi-
onine, γ-glutamyl-Se-methylselenocysteine, Se-Met selenoxide, selenocysteineselenic 
acid, Se-proponylselenocysteine selenoxide, Se-methylselenomethionine, seleno-
cystathionine, dimethyl diselenide, selenosinigrin, selenopeptide and selenowax. 
However, the presence of Se-Cys in plants is still controversial (Fig.  4.2 ; Whanger 
 2002 ) as reviewed by Navarro-Alarcon and Cabrera-Vique ( 2008 ).

4.5.3        Microbial Assimilatory/Dissimilatory Reduction of Se 

 It is well established that, microorganisms are involved in a variety of element 
transformations including a change in valence (i.e. oxidation/reduction) or chemical 
form (i.e. solid, liquid, gas). Many of these transformations are key steps in 
biogeochemical cycles (Stolz et al.  2002 ). Over 40 elements, in their elemental form 
or their compounds, are known to be affected by microbial activity. These elements 
include C, O, H, N, P, K, Ca, Mg, S, Mn, Fe, Cu, Zn, B, Mo, Ni, Co, and Se. In addi-
tion, there are some elements needed for specifi c structure (i.e. skeletal like Si) or 
function (i.e. catalytic site of an enzyme like Zn, Cu). The transformation of these 
elements may be the result of assimilatory processes in which an element is incor-
porated into cell biomass, dissimilatory processes in which transformation results in 
the generation of energy, or detoxifi cation as reviewed by Stolz et al. ( 2002 ). 

 It is also well established that, bacteria, fungi and algae can assimilate and vola-
tilize Se independently of plants; and the rates achieved can be considerably higher 
than in plants. Therefore, the question arises in Se volatilization is how independent 
are plants in volatilizing Se by the presence of microbes in the rhizosphere. An early 
indication of some dependence by plants on microbes was obtained by Pilon-Smits 
et al. ( 1999 ) when they treated roots with antibiotics. Where, the rate of Se volatil-
ization was reduced by antibiotics by as much as 95 % for selenate supplied broc-
coli. Hence, subsequent research was done to try to resolve this question with sterile 
and non-sterile tissue culture plants. It was shown that, Se volatilization using 
Indian mustard did require a rhizosphere to volatilize substantial Se from selenate 
and selenite; but this was not the case when SeMet was added (Fan et al.  1997 ) as 
reviewed by De Filippis ( 2010 ). 
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 On the other hand, plants can also volatilize Se as dimethyldiselenide (DMDSe) 
via oxidative and subsequent methylation with an intermediate DMSeP which is also 
volatile. It could be noticed that, the enzymatic and biochemical steps are also well 
known but no molecular biology knowledge is available for all steps. Furthermore, 
the role of the rhizosphere microbes appeared to be somewhat specifi c for selenate 
and its uptake, by producing heat labile compound(s) that were proteinaceous in 
nature; possibly the amino acid derivative o-acetylserine (OAS) and the amino acid 
serine which can stimulate the uptake of selenate by the sulphate transporters. There 
was no such stimulation with selenite supplied plants, and indications were that the 
rhizosphere organisms aided in the production of organic Se compounds like SeMet, 
which can be converted to DMSeP and DMSe, and both of these compounds are 
more readily volatilized (Zayed et al.  1998 ) as reviewed by De Filippis ( 2010 ). 

 It is worth to mention that, assimilatory Se reduction is linked to the importance 
of Se as an essential trace element and the importance of selenocysteine (Se-Cys) in 

Important Se-compounds identified in plants

Organic Se-speciesInorganic Se-species

Simple organic species:

Amino acids and low-molecular mass species:

Other compounds:
Selenopeptides
Selenoproteins
Selenoenzymes
Selenosugars
Se-metal metallothionines

Elemental Se (SeU)
Selenide, (Se-2)
Selenate, (SeO4

-2), Se(VI)
Selenite, (SeO3

-2), Se(IV)

Methylselenol (MeSeH), Dimethylselenide (DMeSe)
Dimethyldiselenide (DMeDSe), Selenourea, Se=C(NH2)2
Trimethylselenonium cation (TMeSe+)
Dimethylselenone (DMeSeO2), Dimethylselenoxide (DMeSeO)
Methylseleninic acid anion (MeSe(O)O, Selenocyanat(SeCN)
Dimethylselenosulfide (DMeSSe)

Selenomethionine, Selenocystine, Selenocysteine,
Se-methylselenocysteine, Selenocysteic acid, Selenobetaine
Se-methylselenomethionine, S-(methylseleno)cysteine
Selenomethionine selenoxide hydrate, Selenohomocysteine
γ-Glutamyl-Se-methylselenocysteine, Selenocholine
Se-adenosylselenohomocysteine, Selenoglutathione

  Fig. 4.2    The most important Se-compounds identifi ed in plants (From Whanger ( 2002 ), Uden 
et al. ( 2004 ), Arnault and Auger ( 2006 ), Navarro-Alarcon and Cabrera-Vique ( 2008 ), Bitterli et al. 
( 2010 ), Ježek et al. ( 2012 ) and Kieliszek and B1azejak ( 2013 ))       
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the catalytic site of microbial enzymes (Boek et al.  1991 ). Whereas, dissimilatory 
reduction of Se oxyanions is actually a broadly distributed capacity among micro-
organism, comprising the major sink for Se oxyanions in anoxic sediments 
(Oremland et al.  1989 ). In fact in bacteria, at least three enzymes containing Se as 
Se-Cys have been identifi ed including formate dehydrogenase in  Escherichia coli , 
hydrogenase found in both  Methanococcus vannielii  and  Desulfovibrio baculatus , 
and fi nally glycine reductase in  Clostridium sticklandii . All these previous bacterial 
enzymes catalyze oxidation/reduction reactions (Stadtman  1990 ). The sulfi dryl 
group of cysteine is mostly protonated at physiological pH, whereas the analogous 
groups of Se-Cys is dissociated, facilitating the catalytic role of Se in the selenopro-
teins as a redox center (Combs and Combs  1984 ). Although it is recognized that 
trace amounts of Se are essential for some microbial proteins, when excess amounts 
of Se are present, the cell begins to indiscriminately substitute Se for its analogous 
S in cellular components. Because Se compounds are more reactive and less stable 
than S compounds, the organism begins to experience the toxic effect of excessive 
Se concentration in its environment. In order to assimilate Se, its bioavailable forms 
enter in the microbial cell, as reviewed by Di Gregorio ( 2008 ). 

 Dissimilatory selenate reduction is distributed also among extremophilic micro-
organisms that also reduce selenium Se(VI), such as  Pyrobaculum arsenaticum , a 
hyperthermophilic archeaon (Huber et al.  2000 ), the halophile  Selenihalanaerobacter 
shriftii  (Blum et al.  2001 ). Thus, the dissimilatory selenate reduction sustaining 
growth in anaerobic environments is actually a metabolic strategy fairly distributed 
among microbial different genera. The metabolic strategy is usually associated with 
the use of short-chain fatty acids or H 2  as electron donor. On the other hand, the dis-
similatory selenite reduction sustaining growth in anaerobiosis seems at present to 
be a metabolic strategy restricted to a narrower microbial biodiversity, as reviewed 
by Di Gregorio ( 2008 ).  

4.5.4     Oxidation and Detoxifi cation of Se Oxyanions 

 The biogeochemical cycling of Se is receiving increasing attention, due not only to 
the biological importance of Se as an essential trace element but also to the potential 
for Se pollution to cause signifi cant ecological damage (White et al.  1991 ). Under 
oxic conditions, Se is present mostly as the oxyanions selenite (SeO 3  2− , Se 4+  oxidation 
state) and selenate (SeO 4  2− , Se 6+  oxidation state), whereas under anoxic conditions, 
selenide (Se −2 ) and elemental Se (Se 0 ) appear predominant (Cutter and Cutter  1995 ). 
Se is incorporated by organisms through selenide, is important in some enzyme 
systems, and may substitute for sulfur in amino acids and other organic molecules 
(Hockin and Gadd  2003 ). 

 It is well established that, among Se oxyanions, selenite is more toxic and exhibits 
higher bioaccumulation than selenate (Burra     2009 ). The soluble Se oxyanions in 
water includes selenite (SeO 3  2− ) and selenate (SeO 4  2− ). It is worth to mention that, 
Se oxyanions in industrial wastewater are strictly regulated, since soluble Se oxyanions 

H.R. El-Ramady et al.



159

are poisonous for all living creatures. On the other hand, generally, bioprocessing is 
the biological transformation from one chemical form to another. The bioprocessing 
of Se oxyanions is an area that has received a lot of attention as a means of detoxify-
ing natural pollution events such as Se salt build up in the central valley of California 
USA (Wu  2002 ). Extensive fi eld tests have been carried out to determine the 
 viability of using either Se reduction and methylation to dimethyl selenide (DMSe) 
or to precipitate elemental Se (Se 0 ) as a means of bioremediation of agricultural 
irrigation drainage water (Frankenberger    and Arshad  2001 ). Volatile organo-
selenides produced by bacterial response when exposed to Se oxyanions besides 
dimethyl selenide include dimethyl diselenide, dimethyl selenenyl sulfi de, and most 
recently dimethyl selenodisulfi de (CH 3 SeSSCH 3 ) (Swearingen et al.  2006 ) as 
reviewed by Burra ( 2009 ). 

 On the other hand, it could be decreased the concentration and toxicity of 
Se compounds in the environment by the reduction of Se oxyanions to elemental Se 
(Se 0 ) and/or methylated, volatile Se products by Se-resistant microbes (Terry and 
Zayed  1998 ). Along with weathering and erosion, global cycling of Se is carried out 
by this kind of biological activity (Haygarth  1994 ). It is worth to mention that, Se 
levels ranging from 5 to 2,000 μg L −1  can be tolerated by many microorganisms 
(Chasteen and Bentley  2003 ). In fact, the true identity of dimethyl selenide (DMSe, 
CH 3 SeCH 3 ), the fi rst organo-selenide positively identifi ed as a biological product of 
an organism exposed to selenium salts, was established by Challenger and North in 
( 1934 ), as reviewed by Burra ( 2009 ). 

 The aerobic reduction of Se oxyanions to elemental Se (Se 0 ), not supporting 
microbial growth, is actually a mechanism of detoxifi cation of the microbial growth 
milieu (Lovely  1993 ). In the last two decades, several bacteria capable of reducing 
Se oxyanions to Se 0  in aerobic growth conditions have been isolated from selenifer-
ous sediments, soil, and waters. Some examples are reported in Table  4.1  (Di Gregorio 
et al.  2005 ; Sarret et al.  2005 ). Although microorganisms capable of reducing 
 selenate, Se(VI), to Se 0  have been isolated, selenite Se(IV) is more easily reduced 
than Se(VI) (Doran  1982 ). In both cases, aeration is necessary. The need to reduce 
Se oxyanions to Se 0  is related to the toxicity of the oxidized forms. Much efforts has 
been done to elucidate mechanisms of Se toxicity, and much has to be still 
elucidated. However, it has been proposed that Se toxicity is in part due to its interac-
tion with vicinal thiols in proteins and consequently production of reactive oxygen 
species (ROS), such as O −2  and H 2 O 2  (Di Gregorio  2008 ).  

4.5.5     Se Volatilization, Se Methylation and Demethylation 

 It is well known that, in the chemical sciences, methylation denotes the addition of a 
methyl group (CH 3 ) to a substrate or the substitution of an atom or group by a methyl 
group. This term is commonly used in chemistry, biochemistry, soil science, and the 
biological sciences. Since the 1950s it has been known that some elements can be 
methylated, and natural methyl can be formed from Se, As, Hg, Sn, Pb, Bi, Sb, and 
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other elements are made by organisms. Se is methylated by plants, animals, and 
microorganisms to dimethylselenide (DMSe, CH 3 SeCH 3 ) and dimethyldiselenide 
(DMDSe, CH 3 Se 2 CH 3 ), as well as to dimethylselenone (CH 3 ) 2 SeO 2  and several less 
common species. Demethylation is the chemical process resulting in the removal a of 
methyl group (CH 3 ) from a molecule. A common way of demethylation is the 
replacement of a methyl group by a hydrogen atom, resulting in a net loss of one 
carbon and two hydrogen atoms. Microbial reduction of Se oxyanions generates red 
elemental Se with either crystalline or amorphous structures (Table  4.6 ).

   The formation of volatile methylated Se compounds from Se oxyanions and 
organo-Se compounds is known to occur in seleniferous soil, sediment, and water 
environments (Doran  1982 ). The methylation of Se has been shown to be mainly a 
biotic process and is primarily thought to be a protective mechanism to detoxify the 
surrounding environment. The predominant groups of Se-methylating organisms 
isolated from soils and sediments are bacteria and fungi (Karlson and Frankenberger 
 1988 ). Bacteria are thought to be the major Se methylating organisms in water. The 
main biotic volatile Se form is dimethylselenide (Thompson-Eagle and Frankenberger 
 1991 ). About other volatile Se compounds, which produced in much smaller 
amounts are methaneselenone, methane selenol, dimethyldiselenide (DMDSe), and 
dimethylselenylsulfi de (DMSeS). Although the biological signifi cance of Se 
 methylation is not clearly understood, once volatile Se compounds are released to 
the atmosphere the metalloid is diluted and defi nitely loses its hazardous potential. 
In soil and water environments, DMSe undergoes biological demethylation that can 
be defi ned as the removal of a methyl group from the central atom of a methylated 
compound. Several soil microorganisms have been isolated that are capable of 
demethylating volatile Se compounds. It is isolated by Doran and Alexander ( 1977 ) 
from seleniferous clay a  Pseudomonas  strain able to demethylate tetramethylsele-
nide (TMSe), two strains capable to demethylate DMSe, and strains of  Xanthomonas  
and  Corynebacterium  that were able to grow on DMDSe as the sole carbon source, 
as reviewed by Di Greogroi (2008). 

 It should be kept in mind that, different forms of volatile Se (hydrogen selenide 
(H 2 Se), methaneselenol (CH 3 SeH), dimethyl selenide (CH 3 SeCH 3 ), dimethyl selenenyl 
sulfi de (CH 3 SeSCH 3 ), and dimethyl diselenide (CH 3 SeSeCH 3 ) have been identifi ed 
in laboratories (Wu  2004 ). However, the rapid oxidation and low vapor pressure of 
most of the volatile Se organometalloidal compounds (Atkinson et al.  1990 ), leave 
dimethyl selenide as a most important volatile Se compound in the biogeochemical 
cycling of Se in the environment (Wu  2004 ).  

4.5.6     Environmental Management of Soil Se and Minimization 

 As mentioned before, Se is found in virtually all materials on earth. Processes of 
distribution of Se through different environments involve a variety of physical, 
chemical, and biological activities including volcanic activity, combustion of fossil 
fuels, weathering of rocks and soils, soil leaching, groundwater transport, plant and 
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   Table 4.6    Different varieties of organisms known to volatilize Se presented along with the 
products of Se volatilization   

 Organism  Se form  DMSe  DMDSe  DMDSeS  Citation 

  Bacteria species  
  Aeromonas sp. VS6  VI  +  +  −     Anand ( 2005 ) 
  Corynebacterium sp.   VI  +  +  −  Doran and Alexander 

( 1977 ) 
  Aeromonas veronii   IV, VI  Not known  −  Real and Frankenberger 

( 1996 ) 
  Rhodobacter spaeroides   IV, VI  Not known  −  Fleet-Stalder et al. 

( 2000 ) 
  Enterobacter cloacae   IV, VI  Not known  −  Losi and Frankenberger 

( 1997 ) 
  Citrobacter freundii  KS8  IV, VI  +  +  −  Chasteen ( 1990 ) 
  Fungal species  
  Fusarium sp.   IV, VI  +  +  +  Barkes and Flemming 

( 1974 ) 
  Penicillium cittrium   IV, VI  +  +  −  Chasteen et al. ( 1990 ) 
  Phragmites australis   IV, VI  +  Not known  Azaizeh et al. ( 2003 ) 
  Acremonium falciforme   IV  +  +  −  Chasteen et al. ( 1990 ) 
  Alternaria alternata   VI  +  −  −  Thompson et al. ( 1989 ) 
  Algal species  
  Chlorella sp.   IV  +  +  +  Fan et al. ( 1997 ) 
 Cyanophyte dominated 
mat 

 IV, VI  +  +  −  Budisa et al. ( 1998 ) 

  Higher plant species  
  Arabidopsis thaliana   IV, VI  +  +  +  Ellis and Salt ( 2003 ) 
  Brassica juncea   IV, VI, 

SAA 
 +  +  +  De Souza et al. ( 1998 ) 

  Phaseolus vulgaris   IV, VI  +  −  −  Arvy ( 1993 ) 
  Neptunia amplexicaulis   Se 0 , 

SAA 
 +  −  −  Burnell ( 1981 ) 

  Astragalus pectinatus   Se 0   +  +  +  Trelease and Trelease 
( 1939 ) 

  Astragalus bisulcatus   Se 0 , IV, 
VI 

 +  −  −  Neuhierl and Boeck 
( 1996 ) 

  Morinda reticulata   Se 0 , IV, 
VI 

 +  +  −  Peterson and Butler 
( 1971 ) 

  Catheranthus roseus   Not 
known 

 +  +  +  Eichel et al. ( 1995 ) 

  Coleus blumei   Not 
known 

 +  +  +   

  Spartina alternifl ora   Se 0 , 
SAA 

 +  +  +  Ansede and Yoch 
( 1997 ) 

   Source:  Anand ( 2005 ) 
  IV  selenite;  VI  selenate;  Se  0  elemental selenium;  +  detected;  −  unknown;  DMSe  Dimethyl Selenide; 
 DMDSe  Dimethyl diselenide;  DMDSeS  Dimethyl diselenide Sulfi de;  SAA  Se-amino acid  
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animal uptake and release, adsorption and desorption, chemical and biological 
reduction and oxidation reactions, and mineral formation; the importance of a given 
process is determined by the particular speciation of Se. thus, weathering of rocks 
is the major source of environmental Se (Wu  2004 ). Previous reports showed that in 
Se-tolerant plants, the avoidance of forming Se-containing proteins is considered as 
the main mechanism of Se tolerance (Terry et al.  2000 ). Since the interference of 
glutathione (GSH) synthesis will produce oxidative stress, the investigations on the 
responses of antioxidative enzymes to high Se exposure in Se tolerant plants are 
thus desired. However, such information is scarce until now. Physiological responses 
to Se in non-accumulator plants are well documented. Generally, Se exhibits its 
functions in two opposite ways: at trace levels, Se acts as an antioxidant to decrease 
the formation of malondialdehyde (MDA), an indicator of lipid peroxidation inten-
sity and the grade of oxidation stress (Djanaguiraman et al.  2005 ), resulting in 
increased plant biomass; in elevated levels, Se can produce oxidative stress in plants, 
resulting in reduced plant biomass and enhanced formation of MDA (Hartikainen 
et al.  2000 ). To eliminate excess of reactive oxidative species (ROS), many reducers 
are synthesized in plants as part of the antioxidative defense system, which include 
low molecular weight antioxidants (e.g. GSH) and enzymatic antioxidants (such as 
superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate 
peroxidase (APX), Cao et al. 2004). These antioxidants can react directly or via 
enzyme catalysis with ROS. GSH, an important intracellular peptide, serves several 
vital functions, including scavenging free radicals and keeping essential thiol status 
(Feng and Wei  2012 ). 

 It is worth to mention that, clean-up of toxic trace elements from soil using plants 
has been recognized to be an environmentally friendly, inexpensive, and relatively 
effective method (Baker et al.  1994 ). It could be considered two different manage-
ment approaches may for phytoremediation of Se-contaminated soils. The fi rst one, 
Se is accumulated by plants; it may be harvested and removed from the site. About 
the second approach, it is plant volatilization, where in this case, Se absorbed by the 
plants may be metabolized and released to the atmosphere in relatively nontoxic 
forms, such as dimethylselenite (DMSe). In this process, volatilization by plants 
may be associated with the presence of microorganisms, particularly bacteria in the 
rhizosphere (Terry et al.  1999 ). Therefore, Se volatilization by plants and soil 
 microorganisms seem to be the only strategy that can be applied for this particular 
problem (Wu  2004 ).   

4.6     Giant Reed ( Arundo donax  L.) 

4.6.1     General Plant Description 

 Giant reed ( Arundo donax  L.), also known as Provence reed, Indian grass, Danubian 
reed, giant Danube reed, Spanish reed, donax cane, or recent commercial name  Adx  
(Fig.  4.3 ; Csurhes  2009 ; El-Bassam and Dalianis  2010 ), is a grass that belongs to 
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  Fig. 4.3    Life cycle, propagation and culture of giant reed starting from the new plantation in 
summer (the fi rst above 4 photos) and in the winter (the following 2 photos) then the rest photos 
for some different ecotypes of giant reed plants in pots. These photos were taken from greenhouse 
and fi eld experimentation in the Future Biomass Plants Garden of the Department, Agricultural 
Experimental Station of the Faculty of Agriculture of the University, Hungary (Photos by 
H. El-Ramady)       
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the  Arundo  genus of the Poaceae (Gramineae) family. The  Arundo  genus consists of 
three reed-like, perennial species,  A. donax  L.,  A. formosana  and  A. plinii  Turra. 
They have coarse, knotted roots, cauline, fl at leaves and large, loose, plumose 
panicles. The spikelets of  Arundo  are laterally compressed with few, usually bisexual, 
fl orets. The glumes are nearly equal, as long as the fl orets, with three to seven 
nerves. The lemmas have three to fi ve nerves, with long, soft hairs on the proximal 
of the back (El-Bassam and Dalianis  2010 ). It could be concluded the most important 
characterization of this unique plant in Table  4.7 .

    Giant reed is probably the largest grass species in the cool temperate regions, 
only exceeded in size by some of the bamboos. It is a vigorously rhizomatous 
perennial species with a stout, knotty rootstock. Rhizomes are long, woody, 
swollen in places, covered in coriaceous, scale-like sheaths. The stems are stout, 
up to 3.5 cm in diameter and up to 10 m tall. The leaves are alternate, 30–60 cm 
long and 2–6 cm wide with a tapered tip, grey-green, and have a hairy tuft at the 
base. They are almost smooth, green, and scabrous at the margin. The leaf sheaths 
are smooth, glabrous, covering the nodes. The largest leaves and most vigorous 
stems are  produced on plants that are cut to ground level at the end of each sea-
son. Overall, it resembles an outsize common reed ( Phragmites australis ) or a 
bamboo ( Bambusa  spp.). The infl orescence is a highly branched panicle up to 
60 cm long, erect or somewhat drooping. It is in late summer, bearing upright, 
feathery plumes, but the seeds are rarely fertile. Its colour is initially reddish, 
later turning white. In cool regions, the stems will not achieve fl owering size 
(El-Bassam and Dalianis  2010 ). The rhizomes are tough and fi brous and form 
knotty, spreading mats that penetrate deep into the soil up to 1 m deep (Alden 
et al.  1998 ). Stem and rhizome pieces less than 5 cm long and containing a single 
node readily sprouted under a variety of conditions (Boose and Holt  1999 ). 
This vegetative growth appears to be well adapted to fl oods, which may break 
up individual  A. donax  clumps, spreading the pieces, which may sprout and colo-
nise further downstream (Mackenzie  2004 ), as presented in encyclopedia of 
Wikipedia ( 2013 ). 

 The giant reed growth depends on climatic zones. Thus, in the warm 
Mediterranean regions, the aboveground giant reed parts remain viable during the 
winter months. If plants are not cut, in the following spring new shoots emerge at 
the upper part of the stem from buds located at stem nodes. After cutting a giant 
reed plantation,  usually in autumn or winter, new growth starts early next spring. 
New shoots emerge from buds located on the rhizomes and they develop very rap-
idly. Whereas, later in the season, in June–July, peak growth rates up to 7 cm per 
day have been observed. In fertile fi elds, new shoots continue to emerge until early 
August under a huge, well-developed canopy. These late shoots develop at a faster 
rate and attain the same height as the early ones, though the leaves are smaller and 
the stem diameter is much larger –as much as twice as large (El-Bassam and 
Dalianis  2010 ).  
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      Table 4.7    The most important characterization of giant reed ( Arundo donax  L.) plant   

 Property/item  Characterization or comment  Citation 

 English and 
Scientifi c name 

 Giant reed ( Arundo donax  L.), Giant cane, Carrizo, 
Arundo, Spanish cane, Colorado River Reed, Wild 
cane, cana brava 

 Wikipedia ( 2013 ), 
Wagner et al. ( 1999 ) 

 Nomenclature  The latin name,  Arundo , translates to the English 
word for cane 

 Wagner et al. ( 1999 ) 

 Plant type  Family Poaceae, hydrophyte and perennial 
rhizomatous grass 

 Nassi et al. ( 2013 ) 

 Native or 
origin area 

 India and countries surrounding the Mediterranean 
Sea, including Italy, Greece, Egypt, and Algeria 

 USDA ( 2005 ) 

 History  In ancient Egypt, the giant reed was common and 
can be identifi ed from temple drawings, often 
representing the letter “A” 

 Neal ( 1965 ) 

 Taxonomic notes   Arundo  is a genus comprised of three species from 
Asia and the Mediterranean:  A. donax  L.,  A. 
formosana, A. pliniana  Turra 

 Wagner et al. ( 1999 ) 

 Habitat  In riparian areas, fl oodplains, ditches, streams, 
riverbanks, and irrigation canals; growing best in 
well drained soils 

 USDA ( 2005 ) 

 Propagation  Sterile plant; vegetative propagation with rhizomes 
or canes and in vitro culture or micropropagation 

 Pilu et al. ( 2013 ), 
Perdue ( 1958 ) 

 Pollination  Uncertain, probably wind pollinated  Starr et al. ( 2003 ) 
 Carbon fi xation  Photosynthesis system: C 3  plants  Papazoglou et al. 

( 2005 ) 
 Ash (%)  3.5–5.5  Mantineo et al. 

( 2009 ) 
 Fertilizer needs  100:150:200 kg N, P 2 O 5 , K 2 O ha −1 , respectively  El-Bassam ( 1998 ) 
 Climate zone  Different climatic zones temperate, tropical and 

subtropical region 
 Christou ( 2013 ) 

 Growth rate  4–7 cm per day; it is among the fastest- growing 
terrestrial plants 

 Pilu et al. ( 2012 ) 

 Growth medium  High tolerant to different environments with 
spacious ranges of pH, salinity, drought and trace 
metals, fl ood-tolerant, 1,067 m SLR 

 Nassi et al. ( 2013 ), 
Starr et al. ( 2003 ) 

 Plant uses  Bioenergy, soil erosion through revegetation, 
training stakes, baskets and mats, musical 
instruments, paper, etc. 

 Nassi et al. ( 2010 ) 

 Energy yield  496–637 GJ ha −1  year −1   Zegada-Lizarazu 
et al. ( 2010 ) 

 Plant hight  8 m under optimal conditions; the tallest 
herbaceous grasses 

 Mirza et al. ( 2010 ) 

 Biomass yield  >20 Mg h −1  aboveground, whereas the total 
biomass yield in saline wastewater 45.2 t ha −1  dry 
weight in the fi rst year 

 Mirza et al. ( 2010 ), 
Balogh et al. ( 2012 ) 

 Quality indicator  Soil pH, Soil EC, OC, microbial counts and soil 
enzyme activities 

 Alshaal et al. ( 2013 ) 

(continued)
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4.6.2     Historical Background for Plant 

 Is giant reed a really problem or a treasure? Giant reed has naturalized in numerous 
countries, where in many places its impact appears to be localized and minor. 
However, it is considered to be a major problem in South Africa, Mexico, and parts 
of the United States, especially California, Arizona and Texas, and in particular the 
Santa Ana River basin and Rio Grande basin (Van Wilgen et al.  2007 ).  Arundo  was 
originally imported into North America perhaps as early as the 1500s by the 
Spanish (as a source of fi bre) (USDA  2008 ). It was planted in California in the 
late 1700s and early 1800s for erosion control in drainage canals and as wind-breaks 
(Mackenzie  2004 ), as reviewed by (Czuhres  2009 ). 

 On the other hand, giant reed has several attractive characteristics that make it 
the champion of biomass crops and it could be considered a treasure. Certain 
 natural, unimproved populations give dry matter biomass yields of up to 40 Mg ha −1  
(in other literature may be up to 60 Mg ha −1  of dry matter, Angelini et al.  2005 ). 
This means that  Arundo  presents a good starting point in terms of yields, being one 
of the most productive among the biomass crops currently cultivated in Europe, 
and that it has a good chance, through selection and genetic improvement, of 
becoming the leading biomass crop in certain European regions (El-Bassam and 
Dalianis  2010 ).  Arundo  is also an environment-friendly plant: (1) its robust root 

Table 4.7 (continued)

 Property/item  Characterization or comment  Citation 

 Phytoremediator  Bauxite residue /red mud (high alkalinity, salinity 
& trace metals) 

 Alshaal et al. ( 2013 ) 

 Sewage-contaminated natural wetlands (heavy 
metals) 

 Bonanno et al. 
( 2013 ) 

 Selenium (in plant tissue culture, solid media; up 
to 50 mg kg −1 ) 

 El-Ramady et al. 
( 2014 ) 

 Copper (in plant tissue culture, solid media; up to 
25 mg kg −1 ) 

 Alshaal, unpublished 
data 

 Salinity (in plant tissue culture, solid media; NaCl 
up to 1.7 %) 

 Elhawat et al. ( 2013 ) 

 Marginal lands (increase the sustainability of the 
cropping system) 

 Nassi et al. ( 2013 ) 

 Urban wastewater (high salinity and nitrate) using 
lysimeters 

 Zema et al. ( 2012 ) 

 Saline lands with wastewaters (for growing biofuel 
crop) 

 Williams et al. 
( 2008 ) 

 Poor quality water on marginal lands to produce 
biofuel 

 Williams et al. 
( 2009 ) 

 Winter-frost 
and cold tolerant 

 winter-frost and cold tolerant in temperate climates 
on marginal lands 

 Antal et al. ( 2012 , 
 2014 )  

   Abbreviations :  SLR  Sea level rise;  OC  organic carbon;  EC  electrical conductivity of soil  
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system and ground cover, and its living stems during the winter offer valuable 
protection against soil erosion on slopes and erosion-vulnerable soils in southern 
European countries. (2) It is a very aggressive plant, suppressing any other vegeta-
tion under its canopy. (3) During the summer it is green and succulent, and has the 
ability to remain undamaged if an accidental fi re (very frequent in southern EU 
conditions) sweeps across a giant reed plantation. (4) It is an extremely pest 
(weed, insect, disease)-resistant crop, not requiring any of the chemical control 
(pesticides) that under certain conditions pollute the environment (El-Bassam and 
Dalianis  2010 ).  

4.6.3     Plant Processing and Utilization 

 As mentioned before, giant reed ( Adx ) is an invasive perennial weed grass plant 
belonging to the Poaceae family of the Arundinae tribe, widely found in subtropical 
and warm temperate regions all over the world (Table  4.7 ; Fig.  4.4 ). The success of 
its diffusion is due to its spontaneous propagation by rhizome fragmentation and 
sprouting from the cane nodes, but also mostly, to its cultivation. It could be used 
the canes for many different purposes such as roof thatching, fi shing rods, reeds in 
woodwind instruments, etc. (Pilu et al.  2012 ).  Arundo  is one of the largest herbaceous 
grasses and even though giant reed is a C 3  plant, it shows high photosynthetic rates 
and unsaturated photosynthetic potential in comparison with C 4  plants (Rossa et al. 
 1998 ). Its growth starts from the rhizome in early spring and reaches in late autumn 
the average height of more than 5 m, having a growing rate of about 5 cm per day in 
the right environments (Perdue  1958 ; Pilu et al.  2012 ).

  Fig. 4.4    Global distribution of giant reed worldwide (A Global Biodiversity Information Facility 
  http://www.discoverlife.org/mp/20m?kind=Arundo+donax&btxt=InvasiveSpeciesInfo.
gov&burl=http://www.invasivespeciesinfo.gov    . Accessed 17 May 2013)       
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   In the past,  Arundo  was used within certain limits in indus trial processes to 
 produce cellulose and other derivatives such as the textile fi ber rayon, although it 
is also considered an invasive and dangerous weed plant in several countries 
(Perdue  1958 ), and is included in a list of the 100 World’s worst alien species 
(Lowe et al.  2000 ). Giant reed invasion has been observed mainly in riparian zones, 
but also in simplifi ed ecosystems such as road-sides where it can colonize several 
kilometres, as observed for example in California and Southern Europe, damaging 
the native ecosystems and increasing the wildfi re risk (Dudley  2000 ). Despite these 
problems, in recent years giant reed aroused the interest of the scientifi c commu-
nity because of its high potential in energy returned on energy invested (EROEI) 
value compared with other energy crops. This fact is due to its great biomass pro-
ductivity and that this species is also cropped in low input conditions (Angelini 
et al.  2008 ). If we consider that the length of cropping life of giant reed lasts about 
12–15 years,  without irrigation (with the exception of the fi rst year), with a low 
fertilization (this question needs further research due to the scarcity of experimen-
tal data), without phytosanitary and weeding treatments, and that it is able to pro-
duce up to 60 Mg ha −1  of dry matter in Central and Northern Italy (Angelini et al. 
 2005 ), we can understand the reason why the interest of the crop has signifi cantly 
aroused (Pilu et al.  2013 ). 

 It is currently being evaluated as a potential biomass energy (bioenergy) crop 
in some places worldwide, even though some scientists and those in other places 
 consider it to be a noxious or invasive weed. It grows wild in southern European 
regions (Greece, Italy, Spain, southern France and Portugal) and other 
Mediterranean countries. It also grows wild in other parts of the world (China, 
southern USA etc.) (Xi  2000 ). Although giant reed is a warm climate plant 
(Table  4.7 ), certain genotypes are adapted to cooler climates and can be grown 
successfully as far north as the United Kingdom and Germany (El-Bassam and 
Dalianis  2010 ). 

 It is worth to mention that,  Arundo  is widely recognized as an important, high 
biomass producing plant; it can tolerate contaminated soils and is useful for phy-
toremediation (Williams et al.  2009 ). The effi cient use of water and mineral 
uptake is the cause for the high biomass yield of  Arundo . Due to the tolerance of 
 Arundo  to high salinity, it could be classifi ed it as a halophyte (Williams et al. 
 2009 ). However, further research to defi ne the upper limits of salt tolerance and 
toxicity limits of  different elements for  Arundo  should be planned. This upper 
limit mainly depends on the ecotype of  Arundo  and the concentration used of salt 
(up to 1.7 % NaCl, Elhawat et al.  2013 ). It is well documented that, giant reed 
displays unique physiological features whereby it readily absorbs and concen-
trates different toxic chemicals from polluted environments, such as soils and 
waters, with no appreciable harm to its own growth and development (Balogh 
et al.  2012 ). Thus, the using of  Arundo  in phytoremediation will be discussed in 
next section within this review.  
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4.6.4     Agronomic Management 

 Among perennial grasses,  Arundo  grows spontaneously and abundantly with rapid 
growth and high yield capacity. There are previous researches, which carried out on 
giant reed has highlighted the high productive potential in several Mediterranean 
environments (such as Hidalgo and Fernandez  2001 ; Lewandowski et al.  2003 ). It is 
worth to mention that, it should be established a better defi nition of the best 
 management system for producing plant material with the highest yield and the 
 lowest production costs. Generally, application of high fertilizers is required for a 
high biomass production in energy crops, where this requires a well known for high 
energy input (Lockeretz  1980 ). As in other biomass species, the giant reed yield 
level can be infl uenced by the harvest time, where a delayed harvest time in winter 
may increase biomass yield and increase of dry matter, thus making harvest and 
storing easy. Another agronomic aspect should be considered is plant density 
because of its effects on yield, crop establishment and duration, and production 
costs (Angelini et al.  2005 ). 

 It could be followed this fertilizer requirement program as reported by Nassi et al. 
( 2013 ): pre-plant fertilizer (ternary fertilizer 8:24:24) was distributed at a rate of 
40 kg N ha −1 , 120 kg P 2 O 5  ha −1 , and 120 kg K 2 O ha −1 . In late June, after plantlet estab-
lishment, 80 kg N ha −1  of additional nitrogen (urea) was distributed over the crop. In 
subsequent years, 120 kg ha −1  of N, P 2 O 5 , and K 2 O fertilizers were applied in the 
spring, specifi cally at the beginning of the growing season (around April). In addition, 
the agronomic practices such as weeding, irrigation, and pest control were not neces-
sary at any point during the trial. It was found that, in this experiment, low giant reed 
yields (20 Mt ha −1  in the third season) could be a consequence of four main factors: 
soil characteristics, water availability, planting material, and the  ecotype adopted. 

 On the other hand,  Arundo  is an ideal plant for dealing with extreme situations 
of soil conditions and water availability: it can grow in all types of soils, ranging 
from heavy clay to loose sands and graveling soil, and it also tolerates high salinity; 
it prefers abundant water supply but it can withstand extended periods of severe 
drought (Lewandowski et al.  2003 ). Therefore,  Arundo  is well-suited to exploit 
marginal lands (such as wetlands and riparian slopes) poorly or totally unsuited for 
grain crops cultivation (Ceotto and Di Candilo  2010 ). Furthermore, it was found 
that, there is no need for fertilization during the rooting period in water. It was also 
observed that, the new plants can survive for months in water without fertilization, 
e.g. from June until October (Ceotto and Di Candilo  2010 ). Thus, well-fi ltered 
water, with no addition of mineral nutrients, is well suited to sustain the needs of the 
plants until transplantation. Obviously, water must be periodically refi lled to protect 
root from drying. Moreover, stagnant water, with presence of algae and bacteria, 
normally does not damage the roots. On the contrary, the addition of diluted liquid 
fertilizers to the water in which the cuttings are rooting is strongly discouraged. 
Finally, it was observed that, heavy water eutrophication that resulted rapidly in root 
death (Ceotto and Di Candilo  2010 ). 
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 In a study continued about 6 years, giant reed appears particularly suited for the 
cultivation environment of central Italy because of its high biomass yield and for its 
favourable energy balance (Angelini et al.  2005 ). It could be reduced the possibility 
of crop inputs, such as fertilization and plant density, leading to improve the 
 effi ciency of crop energy production. It could be also demonstrated that, this crop 
can be grown as an energy crop using the fi eld experiments in the Mediterranean 
area of Europe giving high yields of useable energy with minimum energy input for 
its. Finally, it could be concluded that, among the biomass herbaceous crops, the 
perennial giant reed is of particular interest for Mediterranean environments for its 
high biomass yield and favourable energy balance and of course further investigations 
could be strongly recommended to improve the knowledge of this crop management 
(Angelini et al.  2005 ). 

 It could be concluded these general agronomic practices according to 
Lewandowski et al. ( 2003 ) as follows: the establishment period is the most critical 
point of giant reed cultivation and has major infl uences on productivity and 
 economical viability. The two main factors determining establishment success and 
costs are the propagation material and the planting density. It is reported that, giant 
reed has been reported to grow without irrigation under semi-arid conditions. 
Generally, irrigation had a considerable effect on growth and biomass production of 
giant reed since the plant used effectively any possible amount of water. The irri-
gated plants formed denser stands and higher yields (Christou et al.  2001 ). About 
fertilizer requirements, before establishing the plantation, a suffi cient amount of K 
and P should be applied if the nutrient status of the soil is poor. The highly fertilized 
plots only yielded approximately 1 Mt DM ha  − 1  more, an increase which was not 
signifi cant (Christou et al.  2001 ). This led to the conclusion that moderate nitrogen 
fertilization of giant reed is favorable for both economic and environmental reasons. 
Due to its large leaf mass and high growth rates giant reed does not face signifi cant 
weed competition from the second year on. For safe establishment, however, 
 herbicide application is recommended for the fi rst year. Giant reed is a highly pest 
resistant crop, and so far only two pests have been reported.  

4.6.5     Ecological Requirements and Propagation 

 It is worth to mention that, in its wild state, giant reed is usually found along river 
banks and creeks and on generally moist soils, where it exhibits its best growth. 
However, it is also found in relatively dry and infertile soils, at fi eld borders, on fi eld 
ridges or on roadsides, where it grows successfully. As mentioned before, giant reed 
can be grown on almost any soil type from very light soils to very moist and compact 
soils. This plant can not grow under the high level of water table, but also has the 
ability to absorb the enough water within these soils (El-Bassam and Dalianis  2010 ). 

 About the propagation of  Arundo , giant reed populations spread naturally 
 outwards through their rhizomes’ growth. Where, farmers have planted giant reed on 
their fi eld borders to serve as wind breaks, the plant creates problems by spreading 
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into the fi elds, reducing the available cropland. In such cases, the unwanted 
rhizomes need to be eradicated every few years so that giant reed growth remains 
limited to the borders. Giant reed is a seedless plant. For agricultural purposes, it 
could be propagated either by rhizomes or stem cuttings (El-Bassam and Dalianis 
 2010 ). Rhizome propagation is implemented early in the spring before the new 
shoots start emerging in the mother plantation. Whereas, propagation by stem 
 cuttings is implemented later in the season when the soil warms up and promotes 
mobilization of the node buds to develop new shoots. Giant reed rhizomes are 
 irregular in shape and variable in size and bud bearing and range from 1 cm up to 
10 cm in diameter. Their abundant reserves promote vigorous new growth. Several 
buds are mobilized and up to ten stems per rhizome may emerge by the end of the 
fi rst growing period. However, propagation by rhizomes is labour intensive and very 
expensive. After collection, it should be cut the rhizomes into pieces and sorted 
according to their bud bearing capacity. Rhizome is much cheaper to use stem 
cuttings or whole stems. On the other hand, stem cuttings consist of one node with 
sections of adjacent internodes. These stem cuttings could be either planted directly 
in the fi eld or planted in plastic bags for transplanting into the fi eld after sprouting. 
In the fi eld, stem cuttings are covered to a depth of 4–8 cm, depending upon the 
moisture and temperature of soil. Furthermore, whole stems could be used instead 
of stem cuttings, where they are laid down into soil furrows at a depth of 6–8 cm and 
covered by soil. However, propagation by stems or stem cuttings as not always 
proved successful in experiments in northern China (Xi  2000 ), as reviewed by 
El-Bassam and Dalianis ( 2010 ). 

 It is believed that, a clonal species to spread predominantly asexually by  dispersal 
of fragments as viable seeds or seedlings have never been found and genetic fi nger-
printing indicated a single genetic clone in the USA (Balogh et al.  2012 ). It is clearly 
reported that,  Arundo  does not produce pollen or viable seeds. It could be seen 
within microspores a very low frequency, but microgametogenesis to produce the 
tube and generative nucleus was not observed. Furthermore, approximately 10 % of 
the ovaries enlarge and take on the character of mature caryopses (Balogh et al. 
 2012 ). The spread of  A. donax  beyond the margins of the plots could occur only by 
rhizomatous growth and fragments, which by the application of simple precautions 
could be impeded (Balogh et al.  2012 ). 

 Within his patent, Bransby ( 2002 ) disclosed that the auxiliary stems, detached 
from the node and immersed in water, emits rapidly new roots and can be 
 subsequently transplanted in the soil. Yet, it is important to know that while 
rhizomes can be utilized for propagation throughout the all months of the year, 
stems can be suitably used during the summer months, when their carbohydrate 
content is higher (Decruyenaere and Holt  2001 ). Primary culms are vigorous, erect 
and unbranched during their fi rst year, but they are poorly suited as a propagation 
material. Furthermore, auxiliary stems normally sprout from the nodes of primary 
culms either at the end of the fi rst year or during the second year of development 
(Ceotto and Di Candilo  2010 ). 

 Nowadays, in vitro propagation for different  Arundo  ecotypes is common 
because of the several benefi ts especially in case of the commercial biomass 
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 production in a large scale. Although isozyme and DNA analyses have revealed 
genetic diversity in giant reed (Lewandowski et al.  2003 ; Khudamrongsawat et al. 
 2004 ), the plant is thought to produce no viable seed, owing to aberrant division of 
the megaspore mother cell (Bhanwra et al.  1982 ). This behavior suggests that 
conventional breeding through sexual hybridization cannot be performed. However, 
it is believed, that recent advances in genetic manipulation through plant regenera-
tion can greatly enhance the breeding of giant reed. Genetic manipulation in many 
plant species usually requires a plant regeneration system based on totipotent calli. 
Here, we have attempted to establish a plant regeneration system for the future 
genetic manipulation of giant reed (Takahashi et al.  2010 ). 

 There are several attempts for using in vitro propagation of  Arundo  such as 
Lewandowski et al. ( 2003 ), Khudamrongsawat et al. ( 2004 ), Czako et al. ( 2005 ), 
Takahashi et al. ( 2010 ), Herrera-Alamillo and Robert ( 2012 ), Takahashi and 
Takamizo ( 2012 ), Domokos-Szabolcsy et al. ( 2014 ).  

4.6.6     Plant Production Possibilities 

 As well known, giant reed is a rhizomatous grass widely found in temperate and 
subtropical regions. Because of its capacity to grow vigorously in marginal land, it 
is considered as a dangerous weed plant. However, humans contributed to the 
 dispersion of this plant around the world because giant reed is used it for several 
purposes. In recent years, due to high biomass production of  Arundo , it has been 
also considered as a promising energy crop. Nevertheless, some important issues 
must be addressed. In fact, giant reed is a sterile plant and its propagation is based 
on vegetative propagation (fragmentation of rhizomes or canes) and in vitro culture, 
making establishing the crop on a large scale very expensive. Furthermore, the 
geneticists cannot carry out conventional breeding programmes, so improvement 
will be based on ecotype selection, physical and chemical mutagenesis, and trans-
genesis techniques. Another aspect should be considered for a massive utilization 
of giant reed as an energy crop consists in the scarcity of data on long-term fi eld 
experiments, since the duration of the crop’s life is 12–15 years (Pilu et al.  2013 ). 

 On the other hand, biomass, above and below ground, generated from giant reed 
is important item as it sheds light on several factors related to impacts caused by the 
plant. It provides information on productivity, resource consumption including 
nutrients, light, and water, physical presence in the system (with impacts to fl ows, 
wildlife, sediment, wind, light and other physical parameters), as well as indicating 
issues with the fate of the biomass material itself (both in aquatic and terrestrial 
portions of the watershed system) (Cal-IPC  2011 ). Giant reed has very high amounts 
of biomass per unit of land area as documented in many studies looking at standing 
biomass of wild infestations and annual productivity of cultivated stands (Table  4.8 ). 
It was found that an adjusted giant reed stand biomass of 15.5 kg m −2 , which is cor-
roborated by the most comprehensive study evaluating giant reed biomass (Spencer 
et al.  2006 ). The large amount of biomass is related to high productivity of the plant, 
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    Table 4.8    Giant reed aboveground biomass from various studies from wild and cultivated from 
different locations world wide   

 Location (details)  Description 
 Above ground 
dry mass  Source 

 India (wild stands)  Annual yield: wild  72 Mt ha −1   Raitt ( 1913 ) 
 Italy – cultivated 
stands 

 Annual yield: crop  39.3 Mt ha −1   Marinotti ( 1941 ) 

 India  Biomass of stands in 
fi eld: wild 

 3.6–16.7 kg m −2  
 36–167 Mt ha −1  

 Sharma et al. ( 1998 ) 

 Europe  Annual max yield: crop  100 Mt ha −1   Shatalov and Pereira 
( 2000 ) 

 Spain  Annual yield: crop  29.6–63.1 Mt ha −1   Hidalgo and Fernandez 
( 2001 ) 

 Greece  Annual yield, 1st new 
year: crop 

 15 Mt ha −1   Hidalgo and Fernandez 
( 2001 ) 

 Annual yield, 2nd year: 
crop 

 20 Mt ha −1  

 Annual yield, 3rd year: 
crop 

 30 Mt ha −1  

 Annual yield, 4th yr 
mature: crop 

 39 Mt ha −1  

 Greece  Annual yield: crop  120–230 Mt ha −1   Mavrogianopoulos et al. 
( 2001 ) 

 Italy  Annual yield: crop  30 Mt ha −1   Angelini et al. ( 2005 ) 
 U.S., 13 sites 
across USA 

 Biomass of stands in 
fi eld: wild 

 17.1 kg m −2  
 171 Mt ha −1  

 Spencer et al. ( 2006 ) 

 Southern CA, Santa 
Clara 

 Annual yield (post fi re): 
wild 

 49 Mt ha −1   Ambrose and Rundel 
( 2007 ) 

 Australia  Annual yield: crop  101 Mt ha −1   Williams et al. ( 2008 ) 
 Italy, Sicily  Biomass yield, 5 years: 

crop 
 27 Mt ha −1   Mantineo et al. ( 2009 ) 

 Italy, Rottaia Pisa  Biomass yield, 12 years: 
crop 

 37.7 Mt ha −1  y −1   Angelini et al. ( 2009 ) 

 U.S., 14 sites, 6 
coastal watersheds 
in South CA 

 Biomass of stands in 
fi eld: wild 

 15.5 kg m −2  
 155 Mt ha −1  

 Cal-IPC ( 2011 ) 

 Italy, San Piero a 
Grado 

 Biomass yield, 3rd year: 
crop 

 20 Mt ha −1   Nassi et al. ( 2013 ) 

   Source:  Cal-IPC ( 2011 ), Nassi et al. ( 2013 )  

high density of individuals (high cane density), and tall growth form of the plant 
(average 6.5 m in southern California). In addition to the high amount of biomass 
per unit of land area, giant reed has a large amount of energy per unit of dry weight 
(17–19.8 MJ kg −1 ). These values compare favorably with other fuel crops (giant 
reed is one of the highest) and are higher than most native tree, scrub, and herba-
ceous assemblages in the riparian zone. This is why fuel crop producers consider 
giant reed one of the top potential biofuel crops. Below ground biomass estimates 
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have been less studied, but appear to be in the range of 22.5 % of the total plant/
stand biomass (Sharma et al.  1998 ). Applying this proportion of above and below 
ground biomass generates overall estimates of 20.0 kg m −2  (Table  4.8 ). These bio-
mass levels are at the upper end of any vegetation class, and are well above typical 
riparian vegetation values (Cal-IPC  2011 ).

4.6.7        Plant Physiology 

 It is well known that, there is an urgent need to develop different sustainable systems 
to use marginal lands and waste waters to produce second generation biofuel or pulp/
paper crops (Williams et al.  2009 ). Thus, using of new and non-food biomass crops 
with very high yield to support the expected change to renewable energy policy is 
inevitable. Giant reed has many different potential uses, such as feedstock for biofuel, 
pulp/paper or fodder production (Williams et al.  2006 ). Williams et al .  ( 2008 ) reported 
giant reed produced exceptionally high biomass yields of 51 Mg ha −1  of total dry 
matter yield of tops when harvested 43 weeks after clearfell on arable land, irrigated 
with sewage effl uent at Roseworthy, Australia and grown with no pesticides. 
Furthermore, in the USA, test harvests of different wild stands of giant reed older than 
10 years resulted in 30–120 Mg ha −1  of dry tops, as reviewed by Williams et al. ( 2009 ). 

  Arundo  is generally a hydrophyte, achieving its greatest growth near water. 
However, it adapts to many different habitat conditions and soil types, and once 
established is drought tolerant and able to grow in fairly dry conditions (Lewandowski 
et al.  2003 ) and also tolerate to saline conditions (Perdue  1958 ).  Arundo  is a C 3  
plant, but it shows the unsaturated photosynthetic potential of C 4  plants, and is capa-
ble of very high photosynthetic rates (Papazoglou et al.  2005 ). On the other hand, 
 Arundo ’s stems and leaves contain a variety of noxious chemicals, including triter-
penes and sterols (Chandhuri and Ghosal  1970 ), cardiac glycosides, curare- 
mimicking indoles (Ghosal et al.  1972 ), and hydrozamic acid (Zúñiga et al.  1983 ), 
as well as silica (Jackson and Nunez  1964 ). These likely reduce herbivory by most 
native insects and grazers where  Arundo  has been introduced (Miles et al.  1993 ). 
 Arundo  responds strongly to excess nitrogen from anthropogenic and fi re sources 
(Ambrose and Rundel  2007 ). Most studies on growth and transpiration indicate that 
water availability is the primary factor affecting metabolic rates and productivity 
(Watts  2009 ). Generally,  Arundo  has a shorter stature and is less productive when 
there is limited water availability, such as on higher elevation riparian terraces or 
drier portions of the watershed, as reviewed by Cal-IPC ( 2011 ). 

 It could be concluded the advantages and limitations of  Arundo  as follows 
according to Lewandowski et al. ( 2003 ):

    I.     Advantages: 

•    Indigenous crop, already adapted to the site conditions.  
•   High biomass yields.  
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•   It can be harvested once a year during late fall to early spring, and delayed 
harvest is possible.  

•   Low irrigation and nitrogen inputs.  
•   High resistance to drought.  
•   Genetic variability available in Southern Europe (although it is not antici-

pated to be broad as the seed set of the crop is poor).      

   II.      Limitations: 

•    Lower yields compared to the C 4  grasses. Many C 4  grasses have a higher 
water use effi ciency (WUE), about twice that of C 3  crops. However, this is 
not the case for very cool regions where temperature limits the photo-
synthetic process – such as Sweden or Finland – and C 3  grasses perform 
better.  

•   High yields can only be obtained with multiple cutting systems and with high 
nitrogen input.  

•   Delayed harvest is not possible due to lodging of grasses. This is mainly true 
for the fodder grasses which are bred for a multiple cutting system and high 
leafi ness, with thin stems that do not lignify quickly. This is not true for 
giant reed and reed canarygrass, which can be harvested with a one-cut 
system.       

4.6.8       Plant Growth Rate 

 It is weel established that, when conditions are favorable,  Arundo  canes can grow 
0.3–0.7 m per week over a period of several months (Perdue  1958 ). Young stems 
rapidly achieve the diameter of mature canes, with subsequent growth involving 
thickening of the walls (Perdue  1958 ). Old canes typically have little new growth 
on the main leader (Decruyenaere and Holt  2005 ), but have extensive growth on 
secondary branches, as well as growing new secondary branches. In mature 
stands, most new shoots develop from large apical buds at rhizome termini, result-
ing in relatively evenly spaced, vertically oriented shoots 2 cm or more in diam-
eter (Decruyenaere and Holt  2005 ). Rhizome growth extends laterally along an 
axis, but will branch. Rhizomes appear to ‘self-discriminate’, growing into areas 
with no rhizomes present. Stands expand 7–26 cm year −1  (Decruyenaere and Holt 
 2005 ), as well as generating higher density. Three general factors seem to affect 
growth rates of both canes and rhizomes: (1) availability of water, (2) availability 
of nutrients and (3) temperature regimes (affected by shade). Areas with water 
available throughout the year develop into dense, tall  Arundo  stands. Areas with 
low water availability, such as upper terraces that are far from the water table, 
frequently have  Arundo  stands with lower cane density, shorter stature, and large 
amounts of dead material in the canopy (an indicator of stress), as reviewed by 
Cal-IPC ( 2011 ).   
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4.7     Giant Reed: The Promising Bioenergy Plant 

 It is well known that, biomass is a term for all organic material of plant origin 
including algae and crops (McKendry  2002 ). Biomass is produced by green plants 
converting sunlight into plantmaterial through photosynthesis and includes all land 
and water vegetation, as well as all organic wastes. Biomass is a well-established 
form of renewable energy and is considered as ameans of helping to reduce global 
warming by gradually displacing the use of fossil fuels (Bonanno et al.  2013 ). 
Biomass is not fossilized material (like oil, coal and gas) but fresh material that can 
grow again after having been harvested. Plants use atmospheric CO 2  during growth 
to build up their substance – if growth and use are balanced the use of biomass is 
carbon-neutral (El-Bassam  2010 ). 

 On the other hand, bioenergy is the chemical energy contained in organic materials 
that can be converted into direct, useful energy sources via mechanical, biological 
or thermochemical processes (Bessou et al.  2011 ). Thus, bioenergy crop plants that 
function as solar energy collectors and thermo-chemical energy storage systems 
are the basis for biological systems that are expected to contribute to renewable 
energy production, help stabilize the rising levels of green house gases (GHG), and 
mitigate the risk of global climate changes (GCC). There is a greater variety of 
highly productive bioenergy crops that can be grown in tropical developing 
countries compared to those that can be grown in temperate, developed countries; 
 however, different bioenergy crops will be optimal for different climates. 
Nevertheless, there is uncertainty regarding sustainability of biofuel production in 
the face of GCC (Muller  2009 ). In order for bioenergy crops to be grown within the 
context of a sustainable agroecosystem, in which a variety of ecosystem services 
might be produced in addition to energy and food (Tilman et al.  2009 ), the impact 
of biofuels on food prices remains the subject of considerable debate, as does their 
potential to contribute to energy security, GCC mitigation through GHG emissions, 
and agricultural development (Landis et al.  2008 ). The amount of biofuel that 
can be produced globally in an environmentally responsible way is limited, and 
land needs provide one of the major constraints (Kotchoni and Gachomo  2008 ), as 
reviewed by Jaradat ( 2010 ). 

 It is worth to mention that, biofuels are liquid, gas, and solid fuels predominantly 
produced from biomass. A variety of fuels can be produced from biomass, such as 
ethanol, methanol, biodiesel, Fischer–Tropsch diesel, hydrogen, and methane 
(Demirbas  2008 ). Biofuels have emerged as one of the most strategically important 
sustainable fuel sources and are considered important for limiting greenhouse gas 
emissions, improving air quality, and fi nding new energy resources (Delfort et al. 
 2008 ). Renewable and carbon neutral biofuels are necessary for environmental and 
economic sustainability. Biofuels are important because they are able to replace 
petroleum fuels. Biofuels are considered to be most promising in the short term as 
their market maturity is above those of the other options (Wiesenthal et al.  2009 ). 
Biofuels are broadly classifi ed as primary and secondary biofuels. The primary 
 biofuels are used in an unprocessed form, primarily for heating, cooking, or 
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electricity production, such as fuel wood, wood chips, and pellets, etc. The secondary 
biofuels are produced by processing of biomass, e.g., ethanol, biodiesel, dimethyl 
ester (DME), etc., that can be used in vehicles and various industrial processes 
(Table  4.9 ; Savaliya et al.  2013 ). The secondary biofuels are further divided into 
fi rst, second, and third generation biofuels on the basis of the raw material and 
 technology used for their production. Biofuels are also classifi ed according to their 
source and type. Secondary fuels are modifi ed primary fuels, which have been 
processed and produced in the form of solids (e.g., charcoal), or liquids (e.g., 
ethanol, biodiesel, and bio-oil), or gases (e.g., biogas, synthesis gas, and hydrogen), 
as reviewed by Savaliya et al. ( 2013 ).

   It well documented that, the European Union already planed to increase the use 
of biofuels up to 20 % of gasoline and diesel transportation fuels by 2020 (EU 
 2009 ). In the near future, much of the growth in bioethanol production is expected 
to come from second generation bioenergy crops, which include the use of ligno-
cellulosic plant materials, such as softwood, hardwood, agricultural residues and 
dedicated bioenergy crops. Moreover, these raw materials contain both hexose 
and pentose sugars, however, xylose and other C5 sugars contained in hemicel-
luloses are much more diffi cult to ferment effi ciently than glucose (Jeffries  2006 ). 
The most abundant hemicelluloses in nature are xylans and glucomannans. Xylans 
are usually available in enormous amounts as by-products of forest, pulp and 
paper industries, agriculture, agro-industries and dedicated bioenergy crops (Girio 
et al.  2010 ). 

   Table 4.9    Comparison among the biofuel generations   

 Biomass 
feedstock 

 1st generation biofuels (food 
crops, e.g. vegetable oil crops) 

 2nd generation biofuels 
(non food, pulp/paper 
crops) 

 3rd generation 
biofuels, like 
2nd 

 Vegetable oil  Pure Plant Oil or (PPO) 
 Vegetable oil  Virgin Plant Oil (VPO)  H 2  
 Vegetable oil  Straight Vegetable Oil (SVO) 
 Vegetable oil  Fatty Acid Methyl Ester 

(FAME) (e.g. Rape Seed 
Methyl Ester) 

 Fermentable 
biomass 

 Biogas/Substitute Natural Gas, 
SNG 

 Starch/sugar  Ethanol/ ETBE 
 Lignocellulose  Ethanol 

 Fischer-Tropsch diesel† 
 Dimethyl Ether (DME) † 
 Methanol† 
 Mixed Alcohols (MA) † 
 Substitute Natural Gas 

 H 2 † 

   Source:  Van der Drift and Boerrigter ( 2006 ), Bessou et al. ( 2011 ), 
  Abbreviation:   ETBE  Ethyl Tertiary Butyl Ether;  SNG  Substitute Natural Gas 
 Biofuels indicated with † are produced with synthesis gas (syngas, mainly H 2  and CO) as intermediate  
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 It should be kept in mind that, biomass has always been a major source of energy 
for mankind and presently contributes 10–14 % of the world’s energy supply. 
Traditional biofuels derived from natural vegetation or from crop residues are not 
new, have not always been good for health or for the environment and have com-
peted with food production in developing countries where 70–75 % of the energy 
used is in the form of biomass and almost 90 % of it is used for food preparation 
(Lobell et al.  2008 ). The vast majority of current liquid biofuels production is based 
on fi rst generation bioenergy crops (FGECs) that can also be used for food; there-
fore, their raw materials compete with food for fertile land and inputs. Currently, a 
small number of food-crop species such as corn, sugarcane, oil palm and rapeseed 
are used globally to produce biofuels (Lobell et al.  2008 ). However, with the 
long- term goal of producing 1 Pg of lignocelulosic biomass in the US and 4–5 Pg 
in the world, crop residues are increasingly considered as sources of biomass 
(Jaradat  2010 ). 

 On the other hand, the second generation bioenergy crops (SGECs) are expected 
to be more effi cient than FGECs and to provide fuel made from cellulose and non- 
oxygenated, pure hydrocarbon fuels such as biomass-to-liquid (BtL) fuel (Oliver 
et al.  2009 ). Biofuels are produced biochemically or thermochemically from 
lingo- cellulosic SGECs, have more energy content (GJ/ha/year) than most FGECs 
 biofuels, could avoid many of the environmental concerns, and may offer greater 
cost reduction potential in the longer term (Petersen  2008 ). Whereas, the third 
generation bioenergy crops (TGECs) include boreal plants, crassulacean acid 
metabolism (CAM) plants,  Eucalyptus  spp. and micro-algae (Patil et al.  2008 ); the 
boreal and CAM plants are potential sources of feedstocks for direct cellulose 
fermentation (Borland et al.  2009 ), and  Eucalyptus  for bioenergy production 
through thermo- conversion (Carere et al.  2008 ); whereas, algae is a potential source 
of biodiesel. Successful development of TGECs depends heavily on a detailed 
understanding of the metabolism of celluloytic bacteria, organisms that are capable 
of degrading cellulose and utilizing it as a source of C. Cellulose is generally 
degraded into H 2 O and CO 2  in aerobic systems, while in anaerobic systems; CH 4  
and H 2  are also produced (Jaradat  2010 ). 

 Finally, it could be noticed that, perennial grasses are considered as ideal crops 
for bioenergy production for a many reasons including (1) higher biomass yields 
compared to annual bioenergy crops, (2) better water and nitrogen use effi ciencies, 
(3) positive environmental impact compared to annual crops in terms of CO 2  and 
energy balance, (4) cultivation in marginal lands avoiding the competition with 
areas used for food production and (5) due to their long life time (15–20 years) they 
have positive effect to the soil erosion problems (Table  4.10 ; Christou  2013 ). In is 
worth to mention that, all plants produce biomass, but in order to be well-suited to 
provide bioenergy in the form of lignocellulosic biomass a crop should possess the 
following list of key attributes:

•     A high growth rate, this growth rate should be maintained over a long growing 
period;  

•   Biomass production should be above ground, because harvesting below-ground 
products requires too much energy;  
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•   A low nitrogen concentration in harvestable biomass, because the manufacture 
of industrial N-fertilizers requires a lot of energy, which reduces the net-energy 
yield, and increases greenhouse-gases emissions;  

•   It should be a perennial crop, because this reduces the energy costs of 
plowing and sowing. To ensure survival the crop should be frost and drought 
tolerant;  

   Table 4.10    Comparison of physiological properties and ecological demands of giant reed ( Arundo 
donax  L.) plant with the main perennial rhizomatous grasses   

 Item or 
property 

 Reed canary 
grass  Switchgrass  Miscanthus  Giant reed 

 Latin name   Phalaris 
arundinacea  

  Panicum 
virgatum  

  Miscanthus 
giganteus  

  Arundo donax  L. 

 Subfamily  Pooideae  Panicoideae  Andropogoneae  Arundinoideae 
 Area of origin  Europe  North America  South East Asia  Asia and 

Mediterranean 
 Available 
genetic 
resource 

 Many variables 
available 

 Many variables 
available 

 Many variables 
available 

 Wild genetic base 

 Photosystem  C 3   C 4   C 4   C 3  
 Yield 
(Mg ha −1 ) 

 4–15  10–25  10–30  15–35 (may up 52) 

 Energy yield  –  174–435 GJ ha −1   170–528 GJ ha −1   496–637 GJ ha −1  
 Raw material 
characteristic 

 Lignocellulosic 
biomass 

 Lignocellulosic 
biomass 

 Lignocellulosic 
biomass 

 Lignocellulosic 
biomass 

 Ash (%)  6.4  3–6  2–3  5–7 
 Rotation time  10–15 years  15 years  15–20 years  15–20 years 
 Reproduction  Seed  Seed  Rhizomes  Rhizomes/stem 

cuttings 
 Soil pH  Wide range  4.9–7.6  Wide range  Wide range 
 Water supply  Drought tolerant, 

Tolerant to wet 
areas 

 Drought 
tolerant, does 
not grow well 
in wet soils 

 Not tolerant to 
stagnant water 
and drought 
periods 

 Prefers well drained 
but tolerant to 
extreme soil and 
water conditions 

 Daylength  Long day plant  Short day plant  Long day plant  Not available data 
 Harvest time  Autumn/early 

spring 
 Autumn/early 
spring 

 Autumn/early 
spring 

 Autumn/early 
spring 

 Harvesting 
tools 

 Normal farm 
equipments 

 Normal farm 
equipments 

 Special farm 
equipments 

 Special farm 
equipments 

 N-Fertilizer  50–140 kg N ha −1   0–70 kg N ha −1   0–100 kg N ha −1   50–100 kg N ha −1  
 Water needs  –  450–750 mm  700–800 mm  300–700 mm 
 Pesticide and 
herbicides 
use 

 First year and 
post-harvest 

 First year and 
post-harvest 

 First year and 
post-harvest 

 First year and 
post-harvest 

   Source:  Lewandowski et al. ( 2003 ), Christou et al. ( 2005 ), Zegada-Lizarazu et al. ( 2010 ), 
Takahashi and Takamizo ( 2012 )  
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•   It should have an extended growing season starting early in the spring and 
senesce late in the autumn; nutrient should fl ow back to the remaining (below- 
ground) plant biomass;  

•   It should be possible to harvest biomass relatively dry, because: (a) moisture in 
the product increases energy cost for transportation; (b) extra energy is needed 
for drying;  

•   The crop should be not susceptible to pathogens, the necessity to spraying against 
fungi and insects involves the use of fossil energy, which lowers the net energy 
yield, and  

•   spraying tall crops (e.g., poplar) implies technical problems; yet, pesticides are 
even more energy intensive than nitrogen fertilizers per unit product;  

•   It should be a strong competitor against weeds. Also for this purpose the crop 
should start growing early in the spring;  

•   The crop should have low water use (Ceotto and Di Candilo  2010 ).    

 Among dedicated bioenergy crops, giant reed a perennial, herbaceous non-food 
crop, is one of the highest yielding species for biomass; it is able to grow well on 
marginal and nonagricultural lands, and its raw material has carbohydrate content 
similar to those of agricultural residues, such as corn stover and wheat straw (Scordia 
et al.  2011 ). Moreover, it has been recognized as very robust species with the 
 potential to avoid competition with food crops for lands (Zegada-Lizarazu et al. 
 2010 ), as reviewed by Scordia et al. ( 2012 ). Giant reed is also considered to be one 
of the most cost-effective energy crops, because it is perennial and its annual inputs, 
after establishment, are very low. Only harvesting costs will occur and, depending 
on site and climate, irrigation and/or fertilization costs. Moreover, it is also a 
lodging- resistant plant. Hence, all these attributes make it a very attractive and 
promising candidate species for biomass production in European agriculture 
(El-Bassam and Dalianis  2010 ). 

 From previous, it could be mentioned that, a unique combination of most of the 
mentioned characteristics is present in giant reed. Nevertheless, shortcomings lie in 
high-moisture content of biomass at harvest, normally around 50 %, and high-ash 
content, ranging from 3.5 % to 5.5 % (Mantineo et al.  2009 ). Energy crops are 
 cultivated with the purpose of using their biomass to produce energy: as such they 
have attracted increasing interest because they may satisfy a part of the energy 
demand and at the same time reduce carbon dioxide emission (Ragauskas et al. 
 2006 ). Perennial rhizomatous grasses display several positive attributes as energy 
crops because of their high productivity, low demand for nutrient inputs consequent 
to the recycling of nutrients by their rhizomes and resistance to biotic and abiotic 
stresses. Among these grasses, giant reed ( A. donax  L.) is of special interest as an 
energy crop in the Mediterranean areas because it ranked fi rst in comparative  studies 
on yield (Lewandowski et al.  2003 ). Di Candilo et al. ( 2005 ) reported an average 
aboveground biomass of 39.6 Mg ha −1  dry matter in a 7-year study conducted in the 
Low Po Valley (Northern Italy) and Angelini et al. ( 2008 ) reported an average yield 
of 37.7 Mg ha −1  dry matter in a 12-year study carried out in coastal Tuscany (Central 
Italy), as reviewed by Mariani et al. ( 2010 ).  
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4.8     Giant Reed: The Promising Phytoremediator Plant 

 It is well known that,  Arundo  is considered as one of the most cost effective and 
environmental friendly energy crops (Angelini et al.  2005 ). It is one of the mostly 
used plants as a trace element bioaccumulator, especially via phytoremediation 
 processes, due to its capacity of absorbing contaminants such as metals that cannot 
be easily biodegraded (Mirza et al.  2011 ). Recently, this plant has been used in 
 phytoremediation, in particular, for P, Cd and Ni uptake potential and biomass 
production for energy purposes in contaminated sites. There are several works 
concerning the promising phytoremediation giant reed (Table  4.7 ) such as Han    
et al. ( 2005 ), Czako et al. ( 2005 ), Papazoglou et al. ( 2005 ), Papazoglou et al. ( 2007 ), 
Williams et al. ( 2009 ), Pilon-Smits and Le Duc ( 2009 ), Mirza et al. ( 2010 ), Mirza 
et al. ( 2011 ), Bonanno ( 2012 ), Alshaal et al. ( 2013 ,  2014 ), Nassi et al. ( 2013 ), 
Bonanno et al. ( 2013 ) and Gelfand et al. ( 2013 ). 

 As mentioned before, giant reed can grow in different environments with spa-
cious ranges of pH, salinity, drought and trace metals without any symptoms of 
stresses and can easily adapt to different ecological conditions and grow in all types 
of soils (Alshaal et al.  2013 ). It is a hydrophyte, growing along lakes, streams, 
drains and other wet sites. Furthermore, giant reed is widely recognized as an 
important, high biomass producing plant; it can tolerate contaminated soils and is 
useful for phytoremediation (Williams et al.  2009 ). Many studies reveal that 
 A. donax  can absorb large amount of macronutrients (e.g., N, P and K) as well as 
heavy metals (Papazoglou et al.  2005 ), therefore this plant can prevent pollution of 
the soil and the spread of the pollution into ground water systems (Williams et al. 
 2008 ). When grown in saline wastewater it produced extremely high biomass yields 
(45.2 Mg ha −1  of dry material) in the fi rst year, therefore this species has been 
classifi ed as halophilic (Williams et al.  2009 ). Other studies indicate that this 
biofuel producing species can be grown in soil polluted by urban wastewater 
(Papazoglou et al.  2007 ) with just a small amount of fertilizer and no pesticides 
(Williams et al.  2008 ), as reviewed by (Balogh et al.  2012 ). 

 It is worth to mention that, legislation on biofuels production in the Europe and 
USA is directing food crops towards the production of grain-based ethanol, which 
can have detrimental consequences for soil C-sequestration, NO emissions, NO 3  
pollution, biodiversity and human health (Gelfand et al.  2013 ). Furthermore, 
sustainable systems to use marginal land and waste waters for second generation 
biofuel or pulp/paper crops (like giant reed) are urgently needed (Williams et al. 
 2007 ). Introduction of high-yielding, non-food biomass crops to support the change 
to renewable energy policy is inevitable. Giant reed has many potential uses as 
feedstock for biofuel, pulp/paper or fodder production (Williams et al.  2006 ). It is 
found that, giant reed can grow well on saline soil and irrigated with saline winery 
wastewater for biomass production, nutrient removal, salt tolerance, weed risk and 
carbon sequestration (Williams et al.  2008 ). Within other trial, it is reported also 
that, giant reed is considered a promising phytoremediaton when grown in red mud 
containing high pH, salinity and trace metals. The height and biomass of this crop 
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were positively affected by red mud and addition of red mud to control soil by ratio 
1:1 (Alshaal et al.  2013 ). It is found also that, the plant was capable of transferring 
the metals absorbed into the shoot to give higher translocation factors especially 
with Ni. The ability to accumulate metals in the stalk and leaves above the root 
concentration is a positive indicator of its potential capacity to serve as a phytore-
mediation. The plant being not consumed by animals, it might serve as an effective 
phytoremediation plant. Giant reed has improved some soil quality indicators such 
Soil pH, salinity, organic carbon, microbial counts and soil enzyme activities. Here, 
we show that giant reed is one of the most promising red mud phytoremediation 
plants that have huge capacity to uptake not only one type of metals but also different 
types of metals from polluted soils with signifi cant rates (Alshaal et al.  2013 ). 

 On the other hand, using of  Arundo  as a phytoremediaton of wetlands is initiated, 
where a program for developing some technologies for select some plant species 
from various wetlands, including salt marshes, brackish water, riverbanks, and 
 various zones of lakes and ponds, and bogs is established under laboratory conditions 
(Czako et al.  2005 ). Tissue culture is prerequisite for genetic manipulation, and 
methods are reported here for in vitro culture and micropropagation of a number of 
wetland plants of various ecological requirements such as salt marsh, brackish 
water, riverbanks, and various zones of lakes and ponds, and bogs. Different mono-
cots represent numerous genera in various families such as Poaceae, Cyperaceae, 
Juncaceae, and Typhaceae were used. Thus the reported species are in various stages 
of micropropagation and  Arundo donax  is scaled for mass propagation for selecting 
elite lines for phytoremediation (Czako et al.  2005 ).  

4.9     Se and Giant Reed: The Current and Future Prospects 

 It is well known that, a plant management remediation strategy for Se was devel-
oped based upon research from Banuelos and Meek ( 1990 ) and other earlier research 
that showed that certain exotic plants, e.g.,  Astragalus ,  Stanleya , accumulate high 
concentrations of Se when grown on seleniferous soils (Rosenfeld and Beath  1964 ). 
In this regard, California researchers developed and demonstrated the phytoreme-
diation of Se under a variety of conditions (such as Lin et al.  2002 ). In general, for 
phytoextraction systems to be practical and sustainable for managing Se in Se-enriched 
soils, selected plants should be considered as part of a typical crop rotation, and 
should not result in economic losses for the landowners. It is reported that, potential 
crops used for the phytoextraction of Se in Central California include, moderate Se 
accumulators within the Brassica family, such as broccoli ( Brassica oleracea ), 
canola ( Brassica napus ) (Banuelos  2002 ). Furthermore, he hypothesized that canola 
and broccoli not only remove soluble Se from soil, but harvesting the Se-enriched 
crops may produce products of potential economical importance for the grower. 
These include using Se-rich plant material as supplemental animal feed or as an 
edible vegetable, as reviewed by Banuelos ( 2006 ). 
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 About the mechanism of Se-phytoremediation and to use plants more effi ciently 
for phytoremediation or as Se-fortifi ed foods, it is helpful to know how plants take 
up and metabolize Se and identify the rate-limiting steps involved. Owing to its 
similarity to S, Se can make use of S transporters and metabolic pathways (Pilon- 
Smits and Le Duc  2009 ). 

 It is worth to mention that, giant reed is not only able to survive on soil that has 
lost its microbial community as a result of extreme environmental conditions such 
as bushfi res, but can also yield signifi cant amounts of biomass while recovering soil 
ecosystems after these bushfi res. Because of bushfi res have been identifi ed as one of 
the causes of the decline in soil fertility during the last two decades, fi re is the most 
devastating factor contributing to loss of vegetation, nutrients and especially to 
 natural resource degradation. Furthermore, during biomass combustion, nutrients 
can be volatilized or transferred to the atmosphere as particulate matter. The 
particles are likely to be deposited on or near the site of fi re, but this is not the case 
for volatile elements such as carbon and nitrogen. It is found that, the giant reed a 
high ability to restore soil ecosystems after autoclaving soil to simulate bush fi res 
(Alshaal et al.  2014 ). 

 From their study on giant reed, it could be concluded that giant reed has a 
positive effect and high ability to restore and recover soil ecosystems after exposure 
to natural disasters such as bushfi res (Alshaal et al.  2014 ). It could be also dem-
onstrated that, giant reed is a promising plant for fast recovering microbial 
communities- depleted soils. Moreover, giant reed has increased activities of 
most soil enzymes, especially, dehydrogenase, urease, and catalase. So, it could be 
recommended that giant reed is a good candidate for wetland and marginal soils 
restoring its ecosystems, as reviewed by Alshaal et al. ( 2014 ). The promising role of 
giant reed in Se-phytoremediation should be more and more considered.  

4.10    Conclusion 

 It could be concluded that, living organisms become exposed to high Se concentra-
tions via both anthropogenic and natural releases of Se to the environment. Thus, Se 
may be released naturally into soils formed from Se-bearing shales. Hence, this in 
turn can lead to the production of large quantities of Se-contaminated irrigation and 
drainage water. It could be used Se hyperaccumulator plants, which can be thrived 
on seleniferous soils, providing another portal for Se into the agroecosystem. Hence, 
the using of giant reed plants as a trace element bioaccumulator in phytoremedia-
tion processes is the most uses of this plant, due to its capacity of absorbing con-
taminants from agroecosystems. It is worth to mention that, giant reed has a positive 
effect and high ability to restore and recover soil ecosystems after exposure to natu-
ral disasters such as bushfi res. Therefore, the potential use of giant reed in phytore-
mediation of selenium contaminated soils based on ecological principles needs 
further studies.     
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Abstract For life sustainability water is an essential resource present on the earth. 
In the current era of economical growth, groundwater is getting polluted due to the 
various human activities, urbanization and industrialization in addition to geogenic 
contamination. Water contamination by toxic and hazardous heavy metals, inorganic 
and organic pollutants, is a widespread environmental problem and removal of these 
pollutants from contaminated water is a major scientific concern of research and 
development. Water remediation technology is the process that is used to remove 
various pollutants from contaminated water. Various remediation techniques such as 
ultrasonication, bioremediation and nano are used for water remediation. Redox 
processes are chemical reactions that proceed by transfer of electrons resulting in a 
change in oxidation state of elements that are either oxidized to a higher oxidation 
state or reduced to a lower oxidation state. The use of redox processes in water 
remediation technologies has not been properly reviewed till now even after its 
 versatile applications in water remediation technologies. The chemical speciation, 
bioavailability, toxicity, mobility and suitability for biodegradation as well as 
adsorption for water pollutants in environment are directly affected by redox 
processes that occur in water.

Here, we present an overview on (1) general introduction of redox processes, 
(2) applicability of redox processes in water remediation, (3) catalytic enhancement 
of redox potentials to explore its wide applicability in environmental chemistry, 
(4) a brief comparative study of redox processes with some other water remediation 
technologies and (5) current and future prospective of redox processes in water remedia-
tion as well as in environmental remediation. Thus, scope of this review will provide 
a brief literature review of recent advances in redox processes in water remediation.

Keywords Water • Pollution • Remediation technologies • Water remediation •
Redox processes • Oxidation • Reduction • Environmental remediation • Toxic •
Non-hazardous • Heavy metals • Environmental impact

5.1  Introduction

Water remediation technologies include the processes that are mainly used to reduce 
and/or remove various pollutants from the contaminated water. Only 0.79 % of the 
total fresh water (i.e. 0.80 % of total water present on earth) resources present on the 
earth contribute to groundwater (Kotwicki 2009) that is the major and preferred 
source of drinking water in rural and urban areas, particularly in developing coun-
tries like India. Chemical composition is the prime factor on which suitability of 
water for domestic, industrial, or agricultural purposes depends (Fig. 5.1).

Human activities, mainly responsible for depleting earth’s natural resources, 
cause major disturbances in our environmental cycle which is based on redox pro-
cesses. Disturbances in the environmental cycle has resulted in the increased level 
of pollutants in drinking water, air and soil making life on earth more and more 
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difficult day by day. In the present scenario issues related with the remediation of 
environmental and groundwater pollution have attracted major attention of 
 researchers due to their necessity for sustainability of life on the earth. Among vari-
ous technologies available for water remediation the knowledge and study of redox 
processes may become a boon for refinement of water remediation technologies like 
ultra- sonication, bioremediation, nano-technology, biological, chemical, etc. Redox 
processes typically involves the reduction/oxidation reactions that chemically 
 convert the hazardous contaminants into non-hazardous or less toxic compounds 
that are more stable, less mobile or inert.

5.1.1  Basic Concepts of Redox Processes

The term oxidation and reduction jointly known as redox processes may be defined 
in four different way as shown in Fig. 5.2.

Redox reactions play very important role in our life. Generation of heat, 
 electricity or energy by various combustion reactions or reactions occurring in 
 electrochemical cells is a class of redox reactions. From chemical conversion of 
hazardous contaminants into non-hazardous or less toxic compounds to the majority 
of reactions occurring in living organisms all are one or the other form of redox 
processes.

Contaminants from water may be extracted or their toxicity may be reduced by 
injecting oxidizing or reducing agents. Commonly used oxidants in water remediation 
are hexacyanoferrate(III), ferrate(VI), ozone, hydrogen peroxide, hypochlorites, 
 chlorine, chlorine dioxide, potassium permanganate and Fenton’s reagent (hydrogen 
peroxide and iron) (US EPA 2011). Similarly, most commonly used reductants in
water treatment are Fe2+, Fe0, calcium polysulfide, sodium dithionite, etc.

2.4

0.8

0.00094

Salt water 97.1

Ice water

Fresh water

Atmospheric
water

Various types of water

% Availability

Fig. 5.1 Water percent on the earth
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Significance of redox reactions in water chemistry may be easily understood by
considering arsenic contamination in water. Figure 5.3 shows schematic representa-
tion of redox process and its effect on arsenic contamination in water.

The principal forms of arsenic in natural waters are arsenate [As(V)] and arsenite 
[As(III)]. Arsenate exists as oxyanions (H AsO2 4

1-  or HAsO4
2- ) in a pH range of 

2–12, while arsenite remains as neutral un-dissociated species (H3AsO3) below a pH of 
9.2 (Manning et al. 2002; Kanel et al. 2006). Arsenite ion can exhibit various degrees 
of protonation depending on the pH of the solution (Mohan and Pittman 2007).

 AsO H HAsO
pKa

3
3 13 40

3
2− + = −+ .� ⇀�����↽ ������  (5.1)

 HAsO H H AsO
pKa

3
2 12 13

2 3
− + = −+ .� ⇀�����↽ ������  (5.2)

 H AsO H H AsO
pKa

2 3

9 22

3 3
− + =+ .� ⇀����↽ �����  (5.3)

OXIDATION REDUCTION

[I]

[II]

[III]

[IV]

[I]

[II]

[III]

[IV]

gain of oxygen loss of oxygen

loss of H gain of H

loss of electron gain of electron

increase in
oxidation state

decrease in
oxidation state

Fig. 5.2 Oxidation-reduction in four different terms

As3+ As5+

OXIDATION

REDUCTION

REDOX PROCESS

loss of electron

gain of electron

Less toxic, more stable
and less mobile form of
arsenic which may be
removed easily from water

More toxic, less stable
and highly mobile form of
arsenic which is difficult to 
remove from water

Fig. 5.3 Schematic representation of Redox process and its environmental impact

P.K. Tandon and S.B. Singh



203

Measurement of equilibrium constants for various protonated species of arsenic 
is difficult. However, according to a report of Taylor and Fuessle (Taylor and Fuessle 
1994) on stabilization of arsenic wastes these values are reported in the range of 
10−3 to 10−9 in aqueous solutions as given:

For arsenic(III):

 AsO H HAsO K
pKa

2

9 2

2
92 1 10− + = −+ = ×.

.� ⇀����↽ �����  (5.4)

For arsenic(V):

 AsO H HAsO K
pKa

4
3

11 53

4
2

1
106 0 10- +

=
- -+ = ´

.

.  (5.5)

 HAsO H H AsO K
pKa

4
2 6 97

2 4 2
68 3 10− + = − −+ = ×.

.� ⇀����↽ �����  (5.6)

 H AsO H H AsO K
pKa

2 4

2 20

3 4 3
35 0 10− + = −+ = ×.

.� ⇀����↽ �����  (5.7)

Degree of protonation of As(III) and As(V) species is the governing factor to 
predict mobility of these species. In the range of pH (between 6 and 8) of ground 
water, As(III), species remains uncharged while As(V) is negatively charged. 
Mobility of negatively charged As(V) species decreases due to electrostatic forces 
of attraction arising due to the presence of positively charged particles in system. 
This makes As(III) more mobile compared to As(V).

5.1.2  Redox Processes and Environmental Issues

Cycling of elements and life on earth has direct relation with the redox processes. 
All processes of life on earth utilize energy derived from the redox processes. 
Transformation of matter from one form to another form includes a number of 
cycles of various elements and life is directly related to the electron transfer (redox) 
reactions. Examples include the cycles of carbon (C), nitrogen (N), sulfur (S), iron
(Fe), and manganese (Mn), as well as those of redox-sensitive trace elements such 
as arsenic (As), chromium (Cr), copper (Cu), and uranium (U). The chemical spe-
ciation, bioavailability, toxicity, and mobility of these elements in the environment 
are directly affected by redox processes that occur in the environment (Borch et al. 
2010). Understanding of aqueous redox processes can provide new opportunities to 
develop or engineer new strategies for water remediation and is very important for 
predicting and protecting environmental health. Environmental redox processes 
play key roles in the formation and dissolution of mineral phases and control the 
chemical speciation, bioavailability, toxicity, and mobility of many major and trace 
elements. Redox-active humic substances and mineral surfaces can catalyze the 
redox transformation and degradation of organic contaminants (Polizzoto et al. 
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2008; Borch and Fendorf 2008; Ginder et al. 2005; Moberly et al. 2009; Kappler 
and Haderlein 2003; Wu et al. 2006). Microorganisms, coupled to the electron 
acceptors like humic substances, iron-bearing minerals, transition metals, metalloids, 
and actinides etc., can release and store energy via oxidation of labile organic or 
inorganic compounds (electron donors).

Environmental mobility of other potentially hazardous metals, such as Cd, Ni, 
and Zn, is indirectly related to redox conditions because these metals form ionic 
complexes and solid precipitates with redox-sensitive elements. Redox conditions 
regulate many of the biogeochemical reactions in the soil system. However, in order 
to achieve these conditions a number of factors must be simultaneously fulfilled in 
soil system (Trolard and Bourrie 2008).

Schematic representation of the importance of redox processes and its related
environmental issues are given in Fig. 5.4.

Remediation technologies based on redox processes focus on modifying the 
chemistry and microbiology of water by injecting selected reagents into the  contaminated 
water to enhance the degradation and extraction of various contaminants by 
in situ chemical oxidation/reduction reactions (Yeung 2009). Thus, Redox remedia-
tion technologies are applicable for the remediation of a wide range of inorganic, 
organic, and mixed water contaminants.
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5.2  Oxidation as a Water Remediation Technology

Oxidation is a promising technology to remediate wastewater contaminated by 
heavy metals, inorganic, organic, and other contaminants. However, oxidation 
alone does not remove contaminants from water itself, and must be coupled with 
other remediation processes such as coagulation, adsorption or ion exchange, filtra-
tion etc. Chemical oxidants such as ferrate(VI), hydrogen peroxide, potassium 
hexacyanoferrate(III), ozone, chlorine, hypochlorite and chlorine dioxide are widely 
used for oxidation/disinfection, removing organic materials that are resistant to 
biological or other treatment processes, and conversion of cyanides to innocuous 
products. Use of chlorine as a disinfectant destroys or inactivates bacteria present in 
the wastewater before it is discharged into receiving streams. Chlorine rapidly 
penetrates bacterial cells and kills the bacteria.

5.2.1  Aqueous Chemistry of Oxidants

5.2.1.1  Ferrate(VI)

Iron commonly exists in the +2 and +3 oxidation states, however, in a strong oxidizing 
environment, the higher oxidation states of iron such as +4, +5 and +6 can also be 
obtained (Rush and Bielski 1986; Jeannot et al. 2002). Fe(VI) can be easily produced 
by oxidizing a basic solution of Fe(III) salt by hypochlorite and O3 (Thompson et al. 
1951; Perfliev et al. 2007). Fe(VI) ion has a characteristic violet color much like that 
of permanganate in aqueous solutions. The spectra of aqueous Fe(VI) solutions 
show one maximum at 510 nm (ε = 1150 ± 25 M−1 cm−1) and a shoulder between 275 
and 320 nm. The decomposition rate is strongly dependent on the initial Fe(VI) 
concentration, pH, temperature, and to some extent on the surface characteristics of 
the hydrous iron oxide formed upon reaction. Dilute solutions of Fe(VI) are more 
stable than concentrated solutions (Sharma 2002).

Ferrate(VI) with reduction potentials +2.20 in acidic and +0.72 in alkaline solutions 
respectively acts as a powerful oxidizing agent in aqueous media (Wood 1958).

 FeO H e Fe H O E V4
2 3

28 3 4 2 20- + - ++ + ® + ° = + .  (5.8)

 
FeO H O e Fe OH OH E V4

2
2 3

4 3 5 0 72- - -+ + ® ( ) + ° = + .
 

(5.9)

The redox potential of the ferrate(VI) ion under acidic conditions is the highest 
of any other oxidant which were generally used in the remediation of contaminated 
water. Some of the potentials are summarized in Table 5.1.

The spontaneous decomposition of Fe(VI) in water forms molecular oxygen 
(Sharma et al. 2005).
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 2 5 2 3 2 104
2

2
3

2FeO H O Fe O OH- + -+ ® + +/  (5.10)

At neutral and alkaline pH, hydrogen ferrate ion HFeO4
-( )  dissociates to give 

ferrate ion FeO 4
2-( ) (Sharma et al. 2001).

 HFeO H FeO pKa HFeO at C4 4
2

4 7 23 25− + − −+ = ° ; , .  (5.11)

The by-product of Fe(VI) is non-toxic ferric ion, Fe(III). This fact makes Fe(VI) 
an “environmentally friendly” oxidant (Sharma 2002; Johnson and Sharma 1999; 
Read et al. 2001, 2003). Further, ferric oxide an effective coagulant produced from 
ferrate(VI), is suitable for removal of metals, non-metals, radionuclides, and humic 
acids (Jiang and Wang 2003a; Lee et al. 2003; Sharma 2002; Yngard et al. 2008). 
Fe(VI) can also achieve disinfection at relatively low dosages, over wide ranges of 
pH (Sharma 2007). Tandon et al. (2007, 2012) reported the versatile application of 
sodium ferrate in oxidative transformation of various organics. Thus, Fe(VI) becomes 
an multipurpose and efficient chemical for water treatment (Fig. 5.5).

5.2.1.2  Hydrogen Peroxide

Commercially available water solution of hydrogen peroxide (Snell and Ettre 1971), 
is an intermediate in the reduction of oxygen to water. It plays an important role in 
various redox processes involving oxygen in aqueous solution (Fallab 1967; Moffett 

Table 5.1 Oxidants/disinfectants used in water remediation and their redox potentials

Oxidants Reactions pH Eo (V)

Iron(VI)
FeO H e Fe H O

FeO H O e Fe OH OH

4
2 3

2

4
2

2 3

8 3 4

4 3 5

− + − +

− − −

+ + +

+ + ( ) +
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+
+
2 20

0 72

.

.
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H O e OH
2 2 2

2 2

2 2 2

2 2

+ +
+

+ -

- -
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+
+
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.

.
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MnO H O e MnO OH
4 2 2

4 2 2

4 3 2

2 3 4

- + -

- - -

+ + +
+ + +
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+
+
1 68

0 59

.

.

Ozone O H e O H O

O H O e O OH
3 2 2

3 2 2

2 2

2 2

+ + +
+ + +

+ -

- -





acidic

basic

+
+
2 08

1 24

.

.

Chlorine Cl e Clg2 2 2( )
- -+ 

– +1 36.

Hypochlorite HClO H e Cl H O

ClO H O e Cl OH

+ + +
+ + +

+ - -

- - - -

2

2 2
2

2
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basic

+
+
1 48
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.

.

Chlorine dioxide ClO e ClOaq2 2.( )
- -+ 
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and Zafiriou 1990). Hydrogen peroxide gives four different types of reactions i.e. 
water redox reactions, peroxide group transfer, decomposition into oxygen gas and 
addition compound formation (Schumb et al. 1955). Due to its dual capability to act 
as an oxidant and reductant both H2O2 plays very important role in water remedia-
tion. End product of the reactions of H2O2 is non-toxic water.

H SO H O H SO H O

PbS H O PbSO H O

FeSO H O F
H SO

2 3 2 2 2 4 2

2 2 4 2

4 2 2

4 4

2
2 4

+ → +
+ → +

+ → ee SO H O

KI H O KOH I
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2 4 3 2

2 2 2

2 2
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2 2

5

( ) +
+ → +
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Decomposition of H2O2 is particularly favored at alkaline pH and is substantially 
accelerated in the presence of some metallic impurities, particularly iron, copper, 
manganese, nickel, and chromium (Snell and Ettre 1971), although it is stable in 
aqueous solutions over a wide range of concentrations. Addition of salts such as 
iron, copper, or chromium has been shown to increase the disinfection efficiency of 
hydrogen peroxide (Schumb et al. 1955). Stabilizers such as aluminum are commonly
added to commercial solutions (Schumb et al. 1955). Hydrogen peroxide can be 
classified as a nonspecific bactericide that is more effective against Gram-positive 
than against Gram-negative bacteria such as E. coli.

Hydrogen peroxide may be quantitatively determined by various techniques e.g. 
volumetric, gasimetric, colorimetric, and electrical techniques (Schumb et al. 1955). 
Titration of an acidified sample of hydrogen peroxide with potassium permanganate 
is one of the reliable volumetric procedures which has a reported sensitivity of 
0.1 mg/L and an analytical precision in routine work of 0.1 %. Due to the interfer-
ence of mainly chlorides, aldehydes, and oxalate the pure hydrogen peroxide 

Fe

O

O
O

O

Disinfection
Fe(VI)

Oxidation
Fe(VI)

Coagulation
Fe(III)

Flocculation
Fe(III)

Fig. 5.5 Ferrate(VI) as a 
multipurpose chemical
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 solutions are generally titrated with potassium permanganate. A widely used, but 
less accurate volumetric method is iodometric titration. This procedure is mainly 
applied for hydrogen peroxide concentrations in the range of 1–6 %. In the presence 
of organic compounds another recommended procedure is the titration with ceric 
sulfate (Wagner et al. 2002). Although precise and reliable, volumetric methods are 
typically time consuming and, therefore, not applicable for rapid hydrogen peroxide 
measurement, which is often required in many industrial and environmental 
 applications (Guwy et al. 2000).

5.2.1.3  Ozone

Ozone has a half-life in the range of seconds to hours depending on the water 
 quality (Gunten 2003) and thus is unstable. Initially fast decomposition of ozone 
follows first-order kinetics producing hydroxyl radical, OH˙, which is a strong 
oxidant. Thus, both ozone and hydroxyl radical species are considered in the oxi-
dation processes of ozone. Ozone itself is a very selective oxidant but hydroxyl 
radical reacts  indiscriminately with organic molecules (Gunten 2003). The second 
order rate  constant (k) for the reactivity of ozone with compounds varies between 
1.0 and 10.07 M−1 s−1 at pH7. An oxygen transfer mechanism has been suggested 
for the oxidation of environmentally relevant inorganic compounds such as Fe(II), 
Mn(II), H2S, cyanide, and nitrite. In the oxidation of organic compounds ozone
generally attacks double bonds, activated aromatic systems, and neutral amines 
(Ikehata et al. 2006).

5.2.1.4  Chlorine

Addition of chlorine to water produces hypochlorous acid (HOCl) which is the 
major reactive species in oxidation processes. However, HOCl and OCl− both are 
present in solution in the pH range of 6–9 and the reactivity of Cl2 with various 
compounds depends on speciation and the pH of the medium.

 Cl H O HOCl H Cl K2 2
21 04 10+ + + = ´+ - -

 .  (5.20)

Overall second order kinetics of Cl2 with various compounds is first order each 
in [HOCl]Total and the compound concentration. Second-order rate constants (k) vary
with pH in chlorination reactions depending on the reactivities of HOCl and OCl− 
for a particular compound (Deborde and Gunten 2008). k, for organic  compounds 
varies from <0.1 to 109 M−1 s−1 and possible pathways of reactions include oxida-
tion, addition, and electrophilic substitutions (Deborde and Gunten 2008). Reactivity 
of Cl2 with inorganic molecules is generally derived from an initial electrophilic 
attack of HOCl.
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5.2.1.5  Hypochlorite

Chlorine can also be obtained from hypochlorite which is available in the form of 
both aqueous solutions and solid forms. Sodium hypochlorite is frequently used in
the form of its aqueous solution. Most common form of dry solid hypochlorite is 
calcium hypochlorite (White 1992). Sodium hypochlorite is produced when chlo-
rine gas is dissolved in a sodium hydroxide solution. The solution typically contains 
12.5 % available chlorine (White 1992). 4.543 l (one gallon) of 12.5 % sodium 
hypochlorite solution contains the equivalent of 454 g (one pound) of chlorine.

Similar to chlorine gas hydrolysis, the reaction between sodium hypochlorite and
water produces hypochlorous acid. Addition of sodium hypochlorite to water yields 
hydroxyl ions which increase pH of the solution

 NaOCl H O HOCl Na OH+ + ++ -
2   (5.21)

Calcium hypochlorite is formed from the resulting precipitate on dissolving 
chlorine gas in a solution of calcium oxide (lime) and sodium hydroxide. 
Commercially available granular calcium hypochlorite typically contains 65 % 
available chlorine. This means that 681 g [1.5 lb] of calcium hypochlorite contains 
the equivalent of 454 g [1.0 lb] of chlorine. The reaction between calcium hypochlo-
rite and water gives hypochlorous acid, similar to chlorine gas hydrolysis. Similar
to sodium hypochlorite solution, the addition of calcium hypochlorite to water 
yields hydroxyl ions that increase pH of the water.

 
Ca OCl H O HOCl Ca OH( ) + + ++ -

2 2
22 2 2

 
(5.22)

5.2.1.6  Chlorine Dioxide

Chlorine dioxide is a selective powerful oxidant, a stable free radical and it does not 
produce toxic trihalomethanes (Troitskaya et al. 1958).

 ClO H e Cl H O E V2 24 5 2 0 936+ + ® + ° =+ - - .  (5.23)

Chlorine dioxide is generally produced by the reaction of sodium chlorite with 
sodium hypochlorite and hydrochloric acid or by mixing sodium chlorite with chlo-
rine gas (Sharma and Sohn 2012).

 2 2 2 32 2 2NaClO NaOCl HCl ClO NaCl H O+ + ® + +  (5.24)

 2 2 22 2 2NaClO Cl ClO NaCl+ ® +  (5.25)

Decomposition of chlorine dioxide is slow in neutral aqueous solution (Odeh 
et al. 2002) which can be accelerated in basic solution. Kinetic studies show three 
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concurrent pathways in its decomposition: First pathway is first-order in [ClO2], the 
second pathway is also first-order in [ClO2] and produces ClO2

- ; third pathway is 
second-order in [ClO2] and produces equal amounts of ClO2

-  and ClO3
- . The use 

of ClO2 is restricted to high quality water such as treated surface water (Gates 1998). 
Dosing of ClO2 must be kept low; for example, in the United States, dosages rang-
ing from 1.0 to 1.4 mg L−1 are used mainly for the preoxidation of surface water 
(Gates 1998). Importantly, reduction of ClO2 produces the ClO2

-  ion, which is 
considered a blood poison. Higher dosages of ClO2 (>1.4 mg L−1) are likely to pro-
duce chlorite levels that exceed the US EPA standard of 1 mg L−1.

The reactivity of ClO2 is first order both in ClO2 and in inorganic and organic 
compounds (Hoigne and Bader 1994). Range of second order rate constant (k) var-
ies from 10−5 to 105 M−1 s−1. The reactivity of ClO2 with Fe(II), O3, and H2O2 is high 
(Hoigne and Bader 1994; Wang et al. 2004). Aromatic, hydrocarbons, carbohy-
drates, and molecules containing primary and secondary amines, aldehydes, and 
acetone are un-reactive under water treatment conditions. However, compounds 
containing phenolic and tertiary amino groups are reactive with ClO2 and their reac-
tivity is governed by the pH. Phenoxide ion and neutral species of the amine are 
much more reactive than either the neutral phenol or the protonated amine (Hoigne 
and Bader 1994; Tratnyek and Hoigne 1994).

5.2.2  Remediation of Heavy Metals

Heavy metal contamination of groundwater mainly originates from anthropogenic 
sources or from natural soil source and is a major concern of public health. The term 
“Heavy metal” applies to the group of metals and metalloids with atomic density 
greater than 4000 kg m−3, or five times more than water (Garbarino et al. 1995) and 
which are natural components of the earth’s crust. Ionic species of these metals in 
their most stable oxidation state are most toxic, in which they can react with the 
bio-molecules of body to form very stable biotoxic compounds which are difficult 
to dissociate. Heavy metal poisoning can results from drinking water contamination 
(e.g. Pb pipes, industrial and consumer wastes), intake via the food chain or high 
ambient air concentration near emission sources (Lenntech 2004).

People all over the world use contaminated groundwater for drinking and its 
remediation is of highest priority. A variety of remediation technologies i.e. chemi-
cal, biological/biochemical/biosorptive and physio-chemical, used in remediation 
of heavy metals from water are mainly based on four basic reactions that occur in 
soil/water environment. These are acid/base, precipitation/dissolution, oxidation/
reduction and sorption or ion exchange processes which can influence the specia-
tion and mobility of metal contamination.

Various factors such as pH, redox conditions, temperature, moisture, etc. influ-
ence the speciation of heavy metals on which the toxicity, mobility and reactivity of 
these metals depend (Hashim et al. 2011). Redox conditions help in stabilizing the 
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pollutants in less mobile or toxic form which is the base of various technologies 
used in heavy metal remediation.

Mobility and the toxicity of many elements, such as chromium (Cr), selenium 
(Se), cobalt (Co), lead (Pb), arsenic (As), nickel (Ni) and copper (Cu) depend on
their oxidation states which in turn is controlled by the redox reactions. Reduction 
of soluble Cr(VI) to sparingly soluble Cr(III) decreases mobility while the reduction 
of Hg(II) into the volatile Hg(0) increases mobility. Redox reactions can mobilize 
or immobilize metals, depending on the particular metal species and microenviron-
ments (Violante et al. 2010).

Biogeochemical redox processes strongly influence metalloids mobility also 
like arsenic (As) and antimony (Sb). Environmental chemistry of As has received
great attention due to the worldwide health impacts of arsenic contaminated drink-
ing water and soils. Antimony (Sb) locally may be considered as an important
contaminant, for example in the vicinity of copper and lead ore smelters or at 
shooting range sites due to the weathering of bullets. Oxidation of Sb(0) to Sb(III)
or Sb(V), as well as sorption to iron oxides and hydroxides, controls Sb toxicity
and mobility at these sites.

Heavy metals that occur in nature in more than one valance state have different 
environmental impact. In some cases higher valence state is less toxic in compari-
son to its lower valance state while in some other cases the reverse is applicable. 
Oxidation is less commonly used for detoxification/immobilization of metals pres-
ent in water due to it’s less specificity thus a risk of converting other metals into 
more toxic or mobile forms always exists. Only few metals such as arsenic,  selenium 
and antimony etc. may be subjected to oxidation because higher oxidation state spe-
cies of these metals are less toxic than its lower oxidation state species (Mulligan 
et al. 2001).

Almost all the arsenic removal technologies are effective for the removal of 
As(V) and not As(III) which is predominately non-charged, more toxic and has high 
mobility below pH9.2. Therefore, it becomes necessary to oxidize As(III) into 
As(V) (Lescano et al. 2011) before its final removal by using other removal pro-
cesses such as coagulation, adsorption or ion exchange. This phenomenon is related 
to the known effect of pH on arsenic speciation. As(III) exists mainly as the non-
ionic form (H3AsO3), in the ranges of pH (from acidic to weakly alkaline) generally 
encountered in most surface waters and groundwater, whereas the dominant forms 
of As(V) species are anionic H AsO2 4

-  and HAsO4
2- . As(V) is negatively charged 

and thus has higher affinity to the surfaces of various adsorbents and to some of the 
most widely used flocculants, such as iron- or aluminium-hydroxides, used in post 
oxidation processes (Yoon et al. 2008).

A number of technologies have been used for the removal of As(III). The prob-
lem of aquatic arsenic has been recently reviewed by Sharma and Sohn (2009). 
Conversion of As(III) to As(V) can be achieved by hypochlorite (Vasudevan et al. 
2006) and also by hexacyanoferrate(III) (Tandon and Singh 2011), using air, pure 
oxygen and ozone (Kim and Nriagu 2000). Tandon et al. 2013 recently reported a 
new oxidative route for transformation of As(III) to As(V) by sodium ferrate and its 
subsequent removal from contaminated water.
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Some solids such as manganese oxides can also oxidize arsenic. Even sono-
chemical methods, in which hydroxyl radicals generated by acoustic cavitation pro-
duce a fast reaction, have been investigated to achieve the transformation of arsenite 
into arsenate (Neppolian et al. 2009). Direct As(III) oxidation employing hydrogen 
peroxide has been investigated by Pettine et al. (1999), a study that included the 
catalytic enhancement produced by the presence of cationic components, such as 
Fe2+ and Cu2+. Ultraviolet irradiation can catalyze the oxidation of arsenite in the 
presence of other oxidants, such as oxygen. Direct UV oxidation of arsenite is slow, 
but may be catalyzed by the presence of sulfite (Ghurye and Clifford 2001), ferric 
ion (Emett and Khoe 2001).

In competition with these methods, new technologies have entered into the scene 
with the generic denomination of Advanced Oxidation Technologies (AOTs), such 
as UV-C/H2O2, UV-A/Fe(III) complexes, Fe(II)/H2O2, UV-A/TiO2. Advanced oxi-
dation processes (AOPs) are ambient temperature processes involving generation of 
reactive hydroxyl radicals in which ultraviolet or visible radiations and reactive 
oxygen species (ROS) such as O3, H2O2, hydroxyl radicals, or singlet oxygen are 
used for oxidation reactions. In some applications, combination of O3, H2O2 and 
ultraviolet light is used, in others ROS (hydroxyl radicals, peroxy radicals, singlet
oxygen) are generated in situ by ultraviolet or visible light in photo catalyzed or 
photosensitized reactions in which wavelength is generally determined by the prin-
ciple involved in production of ROS.

Photo-oxidation processes may be divided in various groups. UV radiations 
(<190 nm) causing photolysis of water known as vacuum UV photolysis (Gonzales 
et al. 1994), is useful in treating waste waters contaminated with compounds that 
are difficult to oxidize (Collin and Deslauriers 2004). Processes using combination 
of H2O2/O3/UV involve generation of hydroxy radicals from the respective oxidant 
and are useful for removing dyes, pigments and fuel oxygenates from water (Baus 
et al. 2007). Rate of organic pollutant removal and extent of their mineralization, 
improved by irradiation with near-UV and blue visible radiation (Ruppert et al. 
1993), known as Photo-Fenton processes, belong to photocatalytic reactions in 
homogeneous phase since the catalytically active form of catalyst is generated 
in situ. These processes seem to be more efficient and convenient for the oxidation 
of arsenic in water than traditional methods, because they do not generate toxic or 
undesirable by-products. They are based on physicochemical processes capable of 
producing changes in the chemical structure of pollutants. Highly reactive interme-
diate species are generated, the most relevant being the hydroxyl radical (OH˙).

The other heavy metal which can be subjected to oxidation is selenium. selenite 
[Se(IV)] is more mobile, toxic and readily transported in ground water (Parida et al.
1997) than selenate [Se(VI)]. Selenium is a trace metal that exists in various oxida-
tion states (−II, 0, IV, VI) in natural environment and organic selenium (Zhang et al. 
1999) among which the oxyanionic species selenite and selenate are predominant 
forms of Se in most aqueous media (Seby et al. 1998, 2001). Selenium is essential
to humans and animals. However, it proves toxic when assimilated in excess 
(Cherdwongchareonsuk et al. 2003) and the margin of selenium is very narrow 
between nutritionally optimal and potentially toxic dietary exposures for vertebrate 
animals. In view of this, a strict drinking water standard of 10 ppb was proposed for 
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Se by WHO (2006). Selenite can be oxidized to selenate by using various methods.
Table 5.5 gives brief informative overview of heavy metals contamination, its envi-
ronmental impacts and redox mediated remediation technologies.

5.2.3  Remediation of Inorganic Pollutants

Industrial effluents generated by metallurgical operations generally contain cyanide 
(CN−) which is a toxic species. Cyanides have strong affinity for metals and there-
fore frequently used for metal finishing and treatment and as a lixivant for metal 
leaching, particularly gold. Although safe, these technologies require safeguards to 
prevent accidental spills from contaminating soils and ground waters. Various meth-
ods of cyanide remediation have been reviewed and the reaction mechanisms have 
been proposed. Biological and chemical methods used for cyanide oxidation depend 
on their effectiveness in treating various cyanide species: free cyanide, thiocyanate, 
weak-acid dissociables and strong-acid dissociables (Young and Jordan 1995). 
Various species of bacteria, fungi, algae, yeasts and plants, along with their associ-
ated enzymes and amino acids, are known to oxidize cyanide naturally (Allen and 
Strobel 1966; Skowronski and Strobel 1969; Raef 1977; Smith and Mudder 1991; 
Ingvorgsen et al. 1991). Metabolic conversion of cyanide to cyanate, OCN− that is 
less toxic than cyanide, is the predominant mechanism of bio-oxidation.

 
CN O aq OCN- -+ ( ) ®1 2 2/ .

 
(5.26)

For the treatment of effluent at Homestake gold processing plant in Lead, South
Dakota bacterial oxidation of cyanide has been developed (Smith and Mudder
1991). A biofilm composed of Pseudomonas paucimobilis bacteria is used on rotat-
ing biological contactors to metabolize cyanide in water from tailings and under-
ground mines. In contrast to other biomasses, this strain of bacteria can treat metal 
cyanide complexes including the strong-acid dissociables (SADs) species:

M CN xH O x O aq M xNH xHCO xOHy( ) + + ( ) ® + + +- + + - -
x

y x
3 22 2 4 3/ .

 
(5.27)

In addition, thiocyanate also may be removed by bio-oxidation.

 
SCN H O O aq SO NH HCO H- - + - ++ + ( ) ® + + +3 22 2 4

2
4 3.

 
(5.28)

Ammonium ion produced in the above reactions, is also considered toxic and 
must also be treated prior to discharge, usually by nitrification or denitrification 
processes (US EPA 1986). Ammonium is produced by various bio-oxidation reac-
tions occurs during water treatment is further treated by bacterial nitrification with 
a biofilm of aerobic, autotrophic bacteria to produce nitrite NO2

-( )  which, in the 
presence of oxygen, is quickly oxidized to nitrate NO3

-( ) . Sulfate and bicarbonate
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are precipitated as gypsum and calcite (CaCO3) by adding lime. Oxidants having 
high electron affinity, like oxygen, ozone, hydrogen peroxide, chlorine, hypochlo-
rite and sulfur dioxide, take electrons from cyanide giving mainly cyanate as a reac-
tion product.

Gaseous and aqueous oxygen degrades cyanide naturally. The reaction is quick 
in agitated slurries but is slow in tailings ponds, and is catalyzed in the presence of 
activated carbon and certain aerobic bacteria. It is somewhat effective for thiocya-
nate and weak-acid dissociables (cyanide complexes with metals like Cd, Cu, Ni 
and Zn) but ineffective for strong acid dissociables (cyanide complexes with metals 
like Co, Au, Fe and Ag). These reactions are often referred to as atmospheric oxida-
tion reactions (Huiatt et al. 1983).

Continued ozonation converts cyanide into carbonate and nitrogen gas (Novak 
and Sukes 1981; Selm 1955).

 
CN O aq OCN O aq- -+ ( ) ® + ( )3 2. .

 
(5.29)

 
2 3 2 33 2 3 2 2OCN O aq H O HCO N g O aq- -+ ( ) + ® + ( ) + ( ). .

 
(5.30)

Sharma et al. 2005 reported the kinetics and stoichiometric study of oxidation of 
sulphur and nitrogen containing pollutants i.e. cyanide, thiourea, thiocyanate, and 
hydrogen sulphide by iron ferrate(VI) into non-toxic/less toxic by-products 
(Table 5.2). The reactions of ferrate(VI) with pollutants were found to be first order 
for each reactants.

5.2.4  Remediation of Organic Pollutants

Organic contaminants in drinking water generally come from various sources such 
as energy production (petroleum hydrocarbons), agriculture (pesticides), chemical 
industry (chlorinated solvents), or weapons production and use (explosives) 
(Schwarzenbach et al. 2003). Apart from these in new circumstances other 

Table 5.2 Oxidation products of sulphur and nitrogen containing pollutants by Iron(VI)

Pollutants Oxidative products
Fe(VI): pollutants 
(stoichiometric ratio)

Rate constants 
(M−1 s−1) at 25 °C

Cyanide
OCN−, NO2

- 1:1 5.00 × 101 (pH = 10.1)

Thiourea
NH2CONH2, SO4

2- 8:3 2.00 × 102 (pH = 10.1)

Thiocyanate
OCN−, NO2

- , SO4
2- 4:1 1.18 × 100 (pH = 10.1)

Hydrogen sulphide
SO4

2- 8:3 2.95 × 103 (pH = 11.0)
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contaminants from pharmaceuticals, personal care products, and steroid hormones 
have also started polluting the environment (Richardson 2009).

Redox processes significantly affect the fate and magnitude of organic pollut-
ants. Various metal oxides such as manganese and iron oxides in soils are reactive 
surfaces that play an important role in affecting the toxicity, fate and transport of 
organic contaminants via redox reactions (Zhang et al. 2008). Among the natural 
oxidants manganese oxides are important with reduction potentials of 1.50 and 
1.23 V for MnOOH and MnO2, respectively (Stone 1987) and are capable of oxidiz-
ing organic contaminants with a wide range of functionalities including phenol 
(Ukrainczyk and McBride 1993), aniline (Klausen et al. 1997), aliphatic amine 
(McArdell et al. 1998), and triazine (Wang et al. 1999).

A number of pharmaceuticals such as antibiotics, fibrate lipid regulators and 
metabolites, antipyretics and non-steroidal anti-inflammatory drugs, anticonvul-
sants and anti-anxiety agents and beta blockers recently have been detected glob-
ally in surface water and in drinking water. Their presence shows inefficiency of 
the traditional techniques of wastewater treatment. Oxidative transformation/
detoxification of these pharmaceuticals during water treatment with selective oxi-
dants shows most feasible approach for water remediation (Sharma 2008; Huber 
et al. 2005; Khetan and Collins 2007; Deborde and Gunten 2008; Sharma and
Sohn 2012).

Oxidants can selectively oxidize pharmaceuticals to readily biodegradable and 
less toxic compounds. In many remediation processes, oxidants like Cl2, HOCl, 
ClO2, O3 and Fe(VI) are frequently used for oxidative treatments of organic pollut-
ants because of their high reduction potentials (Bedner and Maccrehan 2006; Dodd 
and Huang 2004; Dodd et al. 2005, 2006; Ikehata et al. 2006; Esplugas et al. 2007; 
Sharma 2002, 2007) (Table 5.3). The reactivity of pharmaceuticals with Cl2, ClO2, 
O3, and Fe(VI) follows second-order kinetics. Values of apparent rate constant at 
pH7 (kapp,pH 7) vary from ~1 to 107 M−1 s−1 in the studies carried out with O3. In a 
study (Sharma 2008) half-lives of O3 with most pharmaceuticals were found less 
than 100 s at a dose of 1 mg L−1 under treatment conditions. Comparatively, half-
lives for oxidations carried out by Cl2 were >100 s. Chlorine dioxide showed slower 
reactivity than O3 and Cl2 (kapp,pH7 < 10−2 – 104 M−1 s−1).

Sharma (2008) in a study has reported reactivity of HOCl and Fe(VI) with sul-
fonamides to be opposite with pH and the values of kapp,pH7 were higher for Fe(VI) 
than HOCl. The half lives for oxidation of sulfonamides using 1 mg L−1 dose of 
these oxidants vary in a range from ~20 to 200 s at a neutral pH. However, similar 
studies using Cl2, ClO2, and Fe(VI) are needed to characterize and understand the 
behavior of pharmaceuticals with these oxidants.

Chamberlain and Adams (2006) have been reported the oxidative removal of 
organic pollutants, with experimental conditions at 25 °C and reaction times up to 
2 h, an initial concentration of 1 mg/L of chlorine removed an average of 88 % of 
the antibiotics such as carbadox, erythromycin-H2O, roxithromycin, sulfadimethox-
ine, sulfamerazine, sulfamethazine, sulfamethizole, sulfamethoxazole, sulfathio-
zole, and tylosin over a range pH range of 6.1–9.1. Monochloramine was less 
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Oxidants Oxidative products References

HO NH

O

CH3

Acetaminophen 

Cl2

O N

O

CH3

+ O

Bedner and
Maccrehan 

2006 

H
N

H2C

CO2H

Cl

Cl

Diclofenac 

O3

OH

H2C

CO2H

Cl

H2N

HO

+

Vogna et 
al. 2004 

S

O

O

NH

N O

CH3

H2N

Sub-
stoichio-
metric 
Cl2

S

O

O

NH

N O

OH
Cl

H2N

Dodd and 
Huang 
2004 

Pharmaceuticals 

S

O

O

NH

N O

CH3

H2N

Excess 
Cl2

N

Cl

O

N O

H2N

CH3
+

Dodd and 
Huang 
2004 

N

O

CO2HF

HN

N

Ciprofloxacin 

Aqueous 
Cl2

N

O

CO2HF

H2N

Dodd et al. 
2005 

N

O

CO2HF

N

N

C2H5

Enrofloxacin 

Aqueous 
Cl2

N

O

ClF

N

N

Cl

C2H5 Dodd et al. 
2005 

Table 5.3 Oxidative degradation/immobilization of some pharmaceuticals

effective at typical drinking water dosage concentrations of 3 mg/L, with average 
removals of 35 %, 10 % and 0 % at a pH of 6.1, 7.6 and 9.1, respectively.

ClO2 is relatively effective in oxidizing antibiotics and estrogens, the two com-
pounds which are important due to their high biological activity but it only acts as a 
partial barrier for pharmaceuticals (Huber et al. 2005). Ozone seems to be consider-
ably more efficient for pharmaceutical control than ClO2 because it exhibits higher 
rate constants and reacts with a larger number of pharmaceuticals. However, ClO2 
appears slightly more powerful than chlorine for the oxidation of pharmaceuticals.
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Permanganate is commonly used for in situ chemical oxidation of organic chem-
icals due to its stability, effectiveness over a wide pH range, ease of handling, and 
relatively low cost. Large number of organic compounds are easily oxidized by 
permanganate such as 1,4-dioxane, methyl t-butyl ether, methyl ethyl ketone, explo-
sives (e.g., TNT), pesticides (e.g., aldicarb and dichlorvos), substituted phenols 
(e.g., 4-nitrophenol), and chlorinated compounds (e.g., tetrachloroethene) 
(Waldemer and Tratnyek 2006). However, recent studies show that manganese 
oxides common in soils, such as birnessite, are also able to oxidize antibacterial 
agents (i.e., phenols, fluoroquinolones, aromatic N-oxides, and tetracyclines), 
bisphenol A (an endocrine disrupting chemical used in plastic production), and 17 
α-ethynylestradiol (synthetic hormone used in contraceptive pills) (Lin et al. 2009; 
de Rudder et al. 2004; Zhang et al. 2008).

Remediation of contaminated water by oxidation destroys biological effects of 
pharmaceuticals along with the disappearance of the parent compound. In the 
absence of full doses of oxidants complete mineralization is not obtained and phar-
maceuticals are only partially transformed as only the selective groups responsible 
for their effect are oxidized (Huber et al. 2005) (Table 5.3). The work of Rosenblatt 
et al. (1967) provides strong evidence that ClO2 attack of tertiary amines leads to the 
cleavage of one of the N─C bonds. In the case of the macrolide antibiotics, this 
reaction will result in the loss of a methyl group or the loss of the whole amino 
group. Li et al. (2001) have shown that the antibiotic activity of demethylated rox-
ithromycin is much lower than that of the parent compound.

5.2.5  Remediation of Micro-organisms

Various oxidants such as ozone, chlorine, chloramines, etc. are used as disinfectants 
in water treatment (Table 5.4). However, formation of a wide range of by-products and 
the dependence of percent removal on pH and existing level of chlorine, bromine 
restrict their use. Antimicrobial activity of ferrate(VI) has been properly investigated 
in the last few decades (Gilbert et al. 1976; Schink and Waite 1980; Kato and Kazama 
1983, 1984, 1990, 1991; Kazama 1989, 1994, 1995; Tu¨zu¨n et al. 1999; Jiang et al. 
2002; Jiang and Wang 2003b). Fe(VI) has proved itself as a powerful disinfectant over 
a wide range of pH at relatively very low initial concentrations. Moreover, the use of 
ferrate(VI) as disinfectant does not produce any carcinogenic/mutagenic by-products 
(De Luca et al. 1983). Ferrate(VI) has been successfully used in inactivating the 
microorganisms such as bacteria, viruses, algae, microcystins and biofilm control 
(Sharma et al. 2005). Ferrate(VI) mainly inactivates the microorganisms by oxidative 
disruption of cell membrane and cell components (Basu et al. 1987).

Chlorine is capable of producing lethal events at or near the cell membrane as 
well as affecting DNA. In bacteria, chlorine was found to adversely affect cell res-
piration, transport, and possibly DNA activity (Haas and Engelbrecht 1980). 
According to some studies chlorination was found to cause an immediate decrease 
in oxygen utilization in both Escherichia coli and Candida parapsilosis. The results 
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Table 5.4 An overview on major antimicrobial mechanisms of various disinfectants including 
redox processes

Disinfectants
Redox mediated disinfection 
mechanism

Effective 
dose 
(mg-min/L) Selected references

Chloramine Oxidative damage of cell 
membrane and cell 
components e.g. oxidation of 
cell protein and nucleic acids

95–180 Hoff (1986), Li et al. 
(2008a)

Free Chlorine Oxidative damage of cell 
membrane and cell 
components

0.03–0.05 Haas and Engelbrecht 
(1980)

Fullerenes 
(nC60)

Generation of reactive 
oxygen species, cell 
membrane and cell 
components oxidation

100 Lyon et al. (2007), Li 
et al. (2008a), Fang et al. 
(2007)

Ozone Disruption of cell membrane 
and cell components by 
oxidation

0.0007–0.02 MWH 2005, Hunt and 
Marinas 1997, Sulzer
et al. (1959), Farooq  
and Akhlaque (1983)

Iron(VI) Oxidative damage of cell 
membrane and cell 
components e.g. oxidation of 
cell protein and DNA

– Basu et al. (1987), 
Sharma et al. (2005), 
Yuan et al. (2002)

TiO2 + UV Oxidative disruption of cell 
membrane and cell

700–5000 Benabbou et al. (2007), 
Liu and Yang (2003), 
Ibanez et al. (2003)

UV + H2O2 Oxidative damage of cell 
membrane and cell 
components e.g. oxidation of 
cell protein and nucleic acids

66–89 Mamane et al. (2007),  
Li et al. (2008a)

Nanomaterials
ZnO Intracellular accumulation of 

nanoparticles, cell membrane 
damage, H2O2 production, 
release of Zn2+ ions

– Li et al. (2008b), Sawai
(2003), Brayner et al. 
(2006)

nAg Release of Ag+ ions, 
disruption of cell membrane 
and electron transport, DNA 
damage

– Matsumura et al. (2003), 
Feng et al. (2000), Li 
et al. (2008b), Kim et al. 
(2008), Rahn et al. (1973)

Carbon nano 
tube (CNT)

Physically compromise cell 
envelope

– Kang et al. (2007, 2008), 
Li et al. (2008b), Narayan 
et al. (2005)

Chitosan Membrane damage, chelation 
of trace metals

7.5–144a Gazit (2007), Li et al. 
(2008b)

TiO2 Production of reactive 
oxygen species, cell 
membrane and cell wall 
damage

– Kikuchi et al. (1997), Li 
et al. (2008b)

aMinimum inhibition concentration multiplied by exposure time
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also found that chlorine damages the cell wall membrane, promotes leakage of cell 
contents through the cell membrane, and produces lower levels of DNA synthesis 
for Escherichia coli, Candida parapsilosis, and Mycobacterium fortuitum bacteria. 
This study also showed that chlorine inactivation is rapid and does not require bac-
teria reproduction (Haas and Engelbrecht 1980).

Recently, several natural and engineered nanomaterials have been shown to 
have strong antimicrobial properties, including chitosan (Qi et al. 2004), silver 
nanoparticles (nAg) (Morones et al. 2005), photocatalytic TiO2 (Cho et al. 2005; 
Wei et al. 1994), fullerol (Badireddy et al. 2007), aqueous fullerene nanoparti-
cles (nC60) (Lyon et al. 2006), and carbon nano tubes (CNT) (Kang et al. 2007). 
The probable antimicrobial mechanisms of nano materials reported in the litera-
ture are summarized in Table 5.4. The nanoparticles can either directly interact 
with the microbial cells, e.g. interrupting trans membrane electron transfer, dis-
rupting/penetrating the cell envelope, or oxidizing cell components, or produce 
secondary products (e.g. reactive oxygen species (ROS) or dissolved heavy metal
ions) that cause damage.

5.3  Reduction as a Water Remediation Technology

Reduction also plays very important role in destruction or immobilization of various 
water contaminants. Manipulation of redox conditions of water can be achieved by 
mixing of liquid or gaseous reductants, or reduced colloids. Several soluble reduc-
tants, including sulfite, thiosulfate, hydroxylamine, and dithionite have been studied 
on bench-scale under anoxic conditions. Dithionite has been found to be most effec-
tive. The gaseous reductant that has been tested is hydrogen sulfide and the colloidal 
reductants are clays supported Fe(0) and Fe(II).

5.3.1  Aqueous Chemistry of Reductants

5.3.1.1  Iron Nano Particles

A new generation of environmental remediation technologies includes nanoscale 
iron nano particles that provides cost-effective to many of the most challenging 
environmental cleanup problems. Due to large surface area and high surface reactiv-
ity, iron nano particles become very effective for the transformation and detoxifica-
tion of a wide variety of common environmental contaminants, such as heavy 
metals, inorganic compounds, chlorinated organic solvents, organochlorine pesti-
cides, and PCBs (Zhang 2003).

Iron, in the metallic form or in the form of nano particles, reacts with dis-
solved oxygen or to some extent with water by formation of hydroxyl ion and 
hydrogen gas.

5 Redox Processes in Water Remediation Technologies



220
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(5.32)

Due to formation of hydroxide ion and hydrogen gas during the reaction with 
water, pH of solution increases. Evolved hydrogen gas can also reacts with chlori-
nated hydrocarbons (Junyapoon 2005).

 RX H RH HCl+ ® +2  (5.33)

Uses of iron nano particles in detoxification of a wide range of water contami-
nants are well documented (Zhang 2003; Junyapoon 2005; Ponder et al. 2000). With 
a standard reduction potential (Eo) of −0.44 V, zero-valent iron (Fe0) primarily acts 
as a reducing agent. The estimated standard reduction potentials of the dehalogena-
tion half-reaction of various alkyl halides ranges from +0.5 to +1.25 V at pH7 
(Ghauch et al. 2001) thus, the net reaction is thermodynamically very favorable 
under most of the conditions and proceeds with the oxidation of iron nano particle 
(electron donor) and the reduction of alkyl halides (electron acceptor).

Fe Fe e Oxidation Electron donor

RX e H RH X Redu

0 2 2

2

s( )
+ −

− + −

→ + ( )
+ + → + cction Electron acceptor

Fe RX H Fe RH X Net reaction

( )
+ + → + +( )

+ + −0 2
s

55 34

5 35

5 36

.

.

.

( )
( )
( )

5.3.1.2  Calcium Polysulfide

In aqueous solution, polysulfides are volatile and unstable. Most long-chain poly-
sulfides are stable at high pH values (pH > 9) (Gun et al. 2004) and break down to 
shorter length chains as the pH decreases below the respective pKa values (Scheme
1) (Chen and Morris 1972; Maronny 1959).

Scheme 1

HS-

S04S0

3S
0

2S 0

S5
2- + H+ S2

2- + H+

S3
2- + H+

pKa = 9.18

pKa = 9.86
pKa = 10.85

pKa = 12.16

S4
2- + H+

 

Polysulfides are known to generate sulfides (Kleinjan et al. 2005). Kamyshny 
et al. (2004) reported that polysulfides only comprise ~10 % of the total S at pH12
(~6 % S5

2- , 4 % S6
2-  and less than 1 % other species) and this percentage decreases 
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to below 1 % at pH7 and below. HS− and H2S are the two dominant species below
pH8. Avrahami and Golding (1968) observed that thiosulfates S O2 3

2-( )  were prom-
inent oxidation products of both sulfide and polysulfides (Eq. 5.37). The production 
of thiosulfates is dependent on pH and oxygen in solution (Dhawale 1993). 
Thiosulfates are also capable of reducing Cr(VI) (Buisman et al. 1990; Yahikozawa 
et al. 1978).

 
S O S O x Sx

2
2 2 3

2 03 2 2- -+ ® + -( )/
 

(5.37)

Available literature on calcium polysulfides generally deals with the case studies 
except in some cases related with lab-based chromite ore processing residue inves-
tigations (Graham et al. 2006; Wazne et al. 2007; Moon et al. 2008; Tinjum et al. 
2008). In the absence of a clear picture of the mechanism of calcium polysulfides 
reaction with Cr(VI) at pH values other than strongly alkaline, it has been proposed 
that when aqueous pH is below 8, then the kinetics and stoichiometry of the reaction 
revert to that observed with pure sulfide, as studied by Kim et al. (2001) and Lan 
et al. (2007).

5.3.1.3  Dithionite

Dithionite S O2 4
2-( )  is a couple of two sufoxyl SO2

-( )  radicals that are joined by 
S─S bond (Amonette et al. 1994). The S─S bond length is comparatively longer
2.39 pm and hence weaker than typical S─S bonds (2.00–2.15 pm). Therefore,
dithionite may easily dissociate into two sulfoxyl radicals.

 S O SO2 4
2

22- -® •

 (5.38)

Dithionite may create a permeable treatment zone when injected for remediating 
redox-sensitive contaminants in ground water. When any contaminants migrate 
through the treatment zone, they are either degraded or immobilized. The reduction 
treatment zone can be formed by the reduction of Fe(III) to Fe(II) by dithionite 
within the clay minerals of the aquifer sediments. Formation of reduction zone is 
facilitated in alkaline buffered solutions. Reduction of Fe(III) makes Fe(II) avail-
able to reduce the migratory redox-sensitive contaminants that includes chromate, 
uranium, technetium and some chlorinated solvents (Fruchter et al. 1997).

5.3.1.4  Hydrazine

Hydrazine is a covalently bonded inorganic liquid and currently attracted attention 
as a rocket fuel due to its strong reducing properties. It is basic in nature and forms 
two series of salts i.e. N H2 5

+  (+1) and N H2 6
2+  (+2). The structure of hydrazine is 

most familiar with structure of hydrogen peroxide and the chemistry of these two 
are also related.

5 Redox Processes in Water Remediation Technologies



222

HN NH O O

H

H

H

H

Hydrazine Hydrogen peroxide 

Hydrazine is a mild reducing agent in acidic or neutral medium while acts as a 
powerful agent in basic medium

 N H I HI N2 4 2 22 4+ ® +  (5.39)

 N H O H O N2 4 2 2 2 22 2+ ® +  (5.40)

In acidic medium it acts an oxidizing agent in the presence any other powerful 
reducing agent (Lee 1977).

 N H Zn HCl NH ZnCl2 4 3 22 2+ + ® +  (5.41)

In aqueous solution hydrazine exists (Jolly 1964) as both hydrazinium(+1) ion, 
N H2 5

+  and hydrazinium(+2) ion, N H2 6
2+ .

 
N H H O N H OH K At C2 4 2 2 5

78 5 10 25+ + = ´ °( )+ - -
 .

 
(5.42)

 
N H H O N H OH K At C2 5 2 2 5

2 169 0 10 25+ + - -+ + = ´ °( ) .
 

(5.43)

Hydrazinium(+2) is of little importance at low acidity. Thus, hydrazinium(+1) 
may be considered as the actual reacting species in the reduction of chromium(VI) 
which has major impact on environment among other toxic heavy metals, leading to 
the formation of nitrogen. In aqueous medium, chromium mostly exists in two oxi-
dation states such as hexavalent chromium (i.e., HCrO4

- , CrO4
2-  or Cr O2 7

2- , etc.) 
and trivalent chromium (i.e., Cr3

+ , Cr(OH)2+ or Cr(OH)2
+, etc.). ESR measurement

has indicated (Dixon et al. 1964) that protonated amines are attacked by electro-
philes at a point farthest from the site of protonation and the electrophile would 
attack the unprotonated N-atom in N H2 5

+ . The electron transfer from hydrazine to 
chromium(VI) for reduction of Cr(VI) to Cr(III) possibly takes place through the 
formation of complex between N H2 5

+  and HCrO4
-  (Gupta et al. 1976). Chromium 

in (+VI) oxidation state is toxic, carcinogenic and mutagenic while in (+III) oxida-
tion state it is innocuous, immobile and essential for human nutrition especially in 
glucose metabolism (Hadjmohammadi et al. 2011).

5.3.2  Remediation of Heavy Metals

The reductive transformation of some heavy metals may proceed chemically, for 
example Cu(II) reduction to Cu(I) by Fe2+ or H2S and reduction of Cu(II), Ag(II),
and Hg(II) to elemental forms by Fe(II)- bearing green-rust (Borch et al. 2010). 
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Redox reactions can be used to decrease the toxicity or mobility of metal contami-
nants by converting them to inactive states (Evanko and Dzombak 1997). Reduction 
is most commonly used for this purpose (Yin and Allen 1999).

Microorganisms may directly reduce many highly toxic metals (e.g., Cr, Hg, 
U) via dissimilation or detoxification pathways. Microbial reduction of certain 
metals to a lower redox state may result in reduced mobility and toxicity. Such
processes may accompany other metal precipitation mechanisms also. Aerobic 
and anaerobic reduction of Cr(VI) to Cr(III) is widespread in microorganisms 
(Gadd 2008).

Redox sensitivity of various metals such as Cr, U, and Tc can be reduced to less 
toxic oxidation states by the technology of dithionite reduction technology (Yin and 
Allen 1999). Gaseous hydrogen sulphide (H2S gas) was tested for in situ immobili-
zation of chromate contaminated soils by Thornton and Jackson (1994). The H2S
reduced Cr(VI) to Cr(III) state and precipitated it as an oxyhydroxide solid phase, 
itself being converted to sulphate as indicated in Eq. (5.44) (Thornton and Jackson 
1994). Due to very low solubility of sulphate and Cr(III) hydroxides, secondary 
waste generation was not an issue.

 
8 3 4 84

2
2 2 3 4

2CrO H S H O Cr OH SO- -+ + ® ( ) +
 

(5.44)

Iron based technologies for remediation of contaminated groundwater and soil is 
a well documented field. The ability of iron as Fe(0) and Fe(II) to reduce the redox 
sensitive elements has been demonstrated at both laboratory scale and in field tests 
(Claire 2007; Kim et al. 2007; Ludwig et al. 2007; Puls et al. 1999). Zero valent iron 
nano particles were found to be a strong chemical reductant and were able to con-
vert many mobile oxidized oxyanions such as CrO4

2-  and TcO4
-  and oxycations 

i.e. UO2
2+  into immobile forms (Blowes et al 1995). The chemical speciation and 

form of some of the toxic heavy metals found at contaminated site are briefly dis-
cussed in Table 5.5.

5.3.3  Remediation of Inorganic Pollutants

Many researches have studied the reduction of nitrate by zero valent iron (ZVI) 
(Agrawal and Tratnyek 1996; Siantar et al. 1996; Cheng et al. 1997; Chew and 
Zhang 1998; Chew et al. 1998; Huang et al. 1998, 2003; Zawaideh and Zhang 
1998; Choe et al. 2000; Huang and Zhang 2002, 2004; Westerhoff 2003). Choe 
(Choe et al. 2000) complete conversion of nitrate into nitrogen gas using 
nanoscale zero valent iron, although mass balance data were not shown in their 
research. The reaction between zero valent iron (ZVI) and nitrate is a redox 
reaction which produces all the possible reductive species i.e. NH4

+ , N2 and 
NO2

-  while ZVI is converted into ferrous ion (Fe+2). Ferrous ion produced dur-
ing nitrate removal further reacts with ZVI to produce Fe3O4 on ZVI surface 
(Huang and Zhang 2002).

5 Redox Processes in Water Remediation Technologies
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Fanning extensively reviewed the use of different reducing agents such as active 
metals, ammonia, borohydride, formate and other organic species, hydrogen, hydra-
zine and hydroxylamine, iron(II) and using energy sources like electrochemical, 
photochemical and thermal, in chemical reduction of nitrate (Fanning 2000). The 
reducing agents used for the purpose at acidic pH are formic acid, iron metal, 
 methanol and the ammonium ion while at basic pH aluminum, zinc and iron metals, 
iron(II), ammonia, hydrazine, glucose and hydrogen.

Due to their high water solubility, low adsorptive capacity, as well as kinetic 
inertness, perchlorate can easily be spread widely and be quite persistent in surface 
water and ground water systems. High levels of perchlorate interfere with iodide 
uptake into the thyroid gland. For infants and fetuses, the thyroid has a major role in 
the development of normal central nervous system and skeletal growth. Since the
most likely way for pregnant women and mothers to ingest perchlorate is through 
contaminated drinking water, the US EPA has set an official reference dose which
comes out to a Drinking Water Equivalent Level of 24.5 ppb (ITRC 2005). At the 
low concentrations typically encountered (i.e., <500 mg mL−1), it is difficult to ana-
lyze and remediate perchlorate. Possible technologies include physical separation 
(precipitation, anion exchange, reverse osmosis, and electrodialysis), chemical and 
electrochemical reduction, and biological or biochemical reduction.

Perchlorate salts are extremely soluble even in organic solvents and the ion is 
un-reactive. Chemical reduction of perchlorate is simply very slow. Common 
reductants (e.g., iron metal; thiosulfate, sulfite, iodide, and ferrous ions) do not 
reduce perchlorate. In addition, any reductant will necessarily have oxidized by-
products. The toxicity of the by-products must also be considered in the reduction 
(Urbansky 1998).

A decided advantage of electrochemical reduction is the control over kinetics 
that results from control of the operating potential. Electrode reduction kinetics 
is controlled by three factors: (1) diffusion of the ions to the electrode surface, 
(2) association with the electrode surface, and (3) activation past the over poten-
tial required to reach the transition state. Although the greatest barrier is over 
potential but it can be dealt easily. Because the only barrier is the limit of a nega-
tive potential that is practical and safe to apply. To date, this option has not been 
explored for low- concentration treatment. Although electrochemical technolo-
gies are well established for other industries (e.g., electroplating of metals, elec-
trolysis of brine), they have not yet found a place in drinking water treatment.
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Bioremediation is another practical approach. A number of bacteria that contain 
nitrate reductases (Payne 1973) are capable of reducing perchlorate (Schilt 1979). 
Staphylococcus epidermidis is capable of reducing perchlorate in the absence of 
nitrate. Cell-free extracts of nitrate- adapted Bacillus cereus also reduce perchlorate 
(and chlorate) (Hackenthal 1965) but sodium perchlorate in higher concentrations 
has been shown to be toxic for several species of bacteria. Use of these bacteria may 
cause further complications as S. epidermidis, a pathogen, is a source of nosocomial 
infections with urinary catheters (Archer 1995) and other medical apparatus such as 
prosthetic joints, pacemakers, heart valves, and breast implants (Archer 1995). Like 
S. epidermidis, B. cereus is pathogenic. B. cereus is known for food poisoning, ocu-
lar infections, and pneumonia with other sites sometimes affected (Tuazon 1995).

Rikken et al. (1996) reported that perchlorate and chlorate are reduced to chlo-
ride by proteobacteria with acetate as a nutrient (reductant) at near-neutral pH. 
While they did show loss of perchlorate and chlorate, their mechanisms failed to 
include contributions from uncatalyzed reactions. Perchlorate reduction by Vibrio 
dechloraticans Cuzensove B-1168 has been patented by Korenkov et al. (1976).  
V. dechloraticans is nonsporulating, motile, and gram negative. Malmqvist et al. 
(1994) showed that Ideonella dechloratans can reduce chlorate, but they did not test 
for perchlorate reduction.

Water contaminated with parchlorate thus can best be dealt with bioremediation 
and biological or biochemical treatment which is the most economically feasible, 
fastest, and easiest means of dealing with perchlorate. It appears that in future bio-
logical and biochemical approaches in combination with other technologies will 
play the greatest role in solving the complex perchlorate problem.

5.3.4  Remediation of Organic Pollutants

It has been shown that instead of pure aqueous Fe2+, Fe(III) oxide phases such as hema-
tite that have reacted with Fe(II), can enhance the rates of transformation of many 
reducible contaminants (Elsner et al. 2004) such as nitroaromatics (Heijman et al. 
1993; Borch et al. 2005), chlorinated solvents (Amonette et al. 2000), pesticides 
(Hakala et al. 2007), and disinfectants (Vikesland and Valentine 2002). The enhanced 
reactivity of Fe(III) oxide surfaces reacted with Fe(II) is poorly understood. In contrast 
to earlier suggestions of various surface complexation theories for the Fe(II) reactivity 
(Elsner et al. 2004) it has now been shown that Fe(II) is oxidized to Fe(III) upon adsorp-
tion (Handler et al. 2009; Yanina and Rosso 2008; Tanwar et al. 2009). Kinetics of the 
reactions between Fe(II) and monochloramine in the presence of a variety of iron oxide 
surfaces was studied (Vikesland and Valentine 2002) and identity of the iron oxides 
was found to play a significant role in the rate of these reactions. In addition, the reduc-
tion of nitrobenzene by Fe(II)-reacted goethite only takes place in the presence of 
aqueous Fe(II) (Williams and Scherer 2004). Enhanced Fe(II) redox reactivity is 
not only observed in the presence of oxides, but also in the presence of other major 
iron minerals. Surface area- normalized reaction rates for hexachloroethane and 4-chlo-
ronitrobenzene were found to increase in the order Fe(II) + siderite < Fe(II) + iron 
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oxides < Fe(II) + iron sulfides (Elsner et al. 2004). The particle size and aggregation 
state of magnetite have further been found to influence the reductive transformation of 
carbon tetrachloride (Vikesland et al. 2007). Finally, a recent study indicated that the 
Fe(II): Fe(III) stoichiometry of magnetite likely alters the bulk redox properties of the 
magnetite particle to make reduction of, for instance, nitrobenzene more favorable 
(Gorski and Scherer 2009).

Electron shuttles coupled to the anaerobic oxidation of organic contaminants can 
be reduced by bacteria such as toluene and vinyl chloride (Van derZee and Cervantes 
2009). Reduced electron shuttles can also transfer electrons to several distinct 
electron- withdrawing compounds, such as azo dyes, polyhalogenated compounds, 
and nitroaromatics (Van der Zee and Cervantes 2009). Reduced humic acids and 
model compounds (e.g., AQDS) of the hydroquinone moieties in organic matter
have been reported to influence not only the reduction kinetics but also the 
 degradation pathways of nitroaromatic compounds (Borch et al. 2005; Van der Zee 
and Cervantes 2009).

Apart from transforming contaminants by naturally occurring metal oxides and 
organic matter, permeable reactive barriers (PRBs) represent a tested environmental 
remedial technology for treatment of polluted groundwater (Gillham and Ohannesin 
1994). Multiple contaminants including halogenated organic solvents by reductive 
dechlorination (O’Hannesin and Gillham 1998) can be removed effectively by 
Zerovalent iron (ZVI)-based PRBs. ZVI oxidation results in decreased PRB reactiv-
ity with time due to formation of passivating Fe (hydr)oxides. However, recent stud-
ies have shown the potential for improving the PRB performance by bioaugmentation 
with iron-reducing bacteria since they are able to solubilize precipitate layers by 
reducing ferric iron corrosion products to ferrous iron compounds, resulting in a 
reactivation of passivated iron surfaces (Van Nooten et al. 2008).

5.4  Correlation with Other Water Remediation Technologies

A number of technologies are used in water remediation (Caliman et al. 2011). They 
all have their advantages and disadvantages. Mobility, toxicity, speciation and bio-
degradation of various types of water contaminants depend on redox processes. 
Some of these technologies can be coupled with redox remediation synergistically
so that the coupled remediation efficiency is higher than the sum of individual tech-
nologies applied individually. Some of the remediation technologies which have
close correlation with redox reactions are described below.

5.4.1  Ultrasonication

Ultrasonication remediation process involves use of intense ultrasonic-wave energy 
to transform the water pollutants (organic chlorinated compounds) directly into 
non-hazardous end products. Transmission of ultrasonic wave energy in the liquid 
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media results in the formation of micro bubbles which leads to the destruction of 
organics. Growth of micro bubbles takes place with the ultrasonic frequency cycles 
till they attain a critical size. After attaining the critical size the micro bubbles col-
lapse As a result, a large amount of energy and pressure is released. Temperature 
and pressure of system thus arises up to 5000 K (Suslick et al. 1986; Mason 1990a, 
b), 1000 atm (Shutilov 1988; Collings et al. 2006) respectively which results in the 
decomposition of water molecules to extremely reactive radicals, such as the 
hydroxyl radical (OH.) and atomic hydrogen (H.). Because of such high tempera-
tures and pressures the organic compounds are destroyed or oxidized by the radi-
cals. The final products of this process may be hydrogen, carbon dioxide, and/or 
some inorganic compounds, if the reaction is complete. Thus, it become clear that 
remediation efficiency of sonochemical methods finally involve redox based reac-
tions to decontaminate the water. High destruction efficiencies of the target con-
taminants have been achieved. Sonication time required for a given degree of
destruction decreased with increasing intensity of the applied ultrasonic energy. The 
sonication time can be further reduced by adding a chemical oxidant such as hydro-
gen peroxide (Wu and Peters 1995). Therefore, it can be said that there is a basic 
correlation between ultrasonic remediation and redox processes. Figure 5.6 gives 
basic details of sonochemistry in summarized form.

Ultrasonic irradiation of contaminants in soil or water is valuable for the removal 
and destruction of chemicals. The complete destruction of contaminants can be 
obtained by the direct oxidation of chemical residues or by desorption and leaching 
of contaminants from materials (Mason and Lorimer 2002; Mason et al. 2004).

Highly stable contaminants which otherwise persist in the environment such as 
polycyclic aromatic hydrocarbons (PAHs), pesticides, polychlorinated biphenyls 
(PCBs), and other organochlorides that adsorb to the surface of soil particles (Collings 
et al. 2006) can be dealt easily with ultrasonic treatment. It has been reported that 
destruction of organics in water by ultrasound is due to high localized temperatures 
and pressures resulting in oxidation. Breakdown of hazardous compounds into inter-
mediate products can be monitored with ease and it is economical also compared to 
other remediation technologies (Hoffman et al 1996). Anthracene, naphthalene, and 
phenol were found to be the degradation products of phenenthrene which can be 
analyzed with gas chromatograph (Little et al. 2002). Regarding the production of 
hazardous byproducts from complex organic compounds it has been proposed that 
the rapid destruction of persistent organic pollutants limits the production of toxic 
compounds such as dioxins (Collings et al. 2006). Generally, the smaller fractions of 
hydrocarbons have higher solubilities and are more volatile, which increases their 
bioavailability for remedial treatments (Feng and Aldrich 2000).

5.4.2  Bioremediation

Under controlled conditions biological degradation of organic wastes below the 
established pollution limits is known as bioremediation (Mueller et al. 1996). 
Many microorganisms consume certain harmful chemicals converting them into 
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harmless products such as water and carbon dioxide. Microbial digestion of 
water contaminants mainly based on metabolic processes (redox processes) 
occurs in microbe cells. In bioremediation naturally occurring bacteria and 
fungi or plants are used to detoxify hazardous substances into the less harmful 
products.

Externally procured or indigenous microorganisms may be brought to the site 
of contamination and the reactions take place as a part of their metabolic redox 
processes. Biodegradation of a compound is often a result of the actions of mul-
tiple organisms. When microorganisms obtained from elsewhere degrade the con-
taminants then the process is given the name of bio-augmentation. One condition 
that has to be taken care for successful bioremediation is that the optimum 
 environmental conditions have to be manipulated for the proper growth of micro-
organisms. Bioremediation also has its limitations. Some contaminants, such as
chlorinated organic or high aromatic hydrocarbons are degraded either slowly or 
not at all hence it is not easy to predict the rates of clean-up for a bioremediation 
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16Hz-18kHz

 Sonochemical/Ultrasound
20kHz-100kHz

Extended Ultrasound
20kHz-2MHz

Diagnostic Ultrasound
5MHz-10MHz

Frequency Range of Sound Wave

Successive growth of acoustic bubbles as a result of 
sonochemical irridiation

Bubbles in its maximum size which 
make it very unstable and finally
undergoes in a violent collapse
and arises high temperature and
pressure in the system

Application of Sonochemistry

1. Environmental remediation
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3. Materials (i.e. metallurgy)
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Fig. 5.6 Schematic representation of details about sonochemistry: ultrasound range, acoustic
bubble formation, aqueoues sonochemistry and application in various field
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exercise. Further, all contaminants may not be degraded by the microorganisms, 
still the bioremediation techniques are more economical than traditional methods 
such as incineration. It also reduces the risks related with exposure for clean-up 
personnel or through transportation and is more acceptable by the public. Most 
bioremediation systems are run under aerobic conditions, but running a system 
under anaerobic conditions (Colberg and Young 1995) may permit microbial 
organisms to degrade. Potentially suitable contaminants for bioremediation are 
given in Table 5.6 (Vidali 2001).

Microorganisms can adapt and grow under favourable and also under most unfa-
vourable conditions if the energy source and a carbon source is available. 
Microorganisms can be subdivided into the following groups:

Aerobic. Examples of bacteria which grow and can function in the presence of 
oxygen are Pseudomonas, Alcaligenes, Sphingomonas, Rhodococcus, and 
Mycobacterium. These microbes have often been reported to degrade pesticides 
and hydrocarbons, both alkanes and polyaromatic compounds. Many of these 
bacteria use the contaminant as the sole source of carbon and energy.

Anaerobic. Generally in bioremediation processes, unaerobic bacteria are not 
useful. However, there has been an increasing interest in the use of anaerobic 
bacteria for bioremediation of polychlorinated biphenyls (PCBs) in river 
sediments, dechlorination of the solvent trichloroethylene (TCE), and 
chloroform.

Ligninolytic fungi. Fungi such as the white rot fungus Phanaerochaete chrysospo-
rium have the ability to degrade an extremely diverse range of persistent or toxic 
environmental pollutants. Common substrates used include straw, saw dust, or 
corn cobs.

Methylotrophs. It is an aerobic bacteria that grow by utilizing methane for carbon 
and energy. The initial enzyme in the pathway for aerobic degradation, methane 
monooxygenase, has a broad substrate range and is active against a wide range 
of compounds, including the chlorinated aliphatics trichloroethylene and 
1,2-dichloroethane.

Table 5.6 A list of some common contaminants suitable for bioremediation

Contaminants Major class of contaminants

Atrazine, Carbaryl, Carbofuran, Coumphos, Diazinon, 
Glycophosphate, Parathion, Propham, 2,4-D

Pestisides

Benzene, Toulene, Ethylbenzene, Xylene “BTEX”
Pentachlorophenol Chlorinated phenol
Trichloroethylene
Perchloroethylene

Chlorinated solvents

4-Chlorobiphenyl
4,4-Dichlorobiphenyl

Polychlorinated biphenyls

Naphthalene, Anthracene
Pyrene

Polyaromatic hydrocarbons (PAHs)
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5.4.3  Electrokinetics

Electrokinetics (EK) is a process that has already proved its value, especially in 
contaminated fine-grain soils. It is used to separate and extracts heavy metals, 
radionuclides, and organic contaminants from saturated or unsaturated soils, slud-
ges, and sediments. The method uses a low-level direct current as the “cleaning 
agent”, several transport mechanisms (electroosmosis, electromigration and elec-
trophoresis) and electrochemical reactions (electrolysis and electrodeposition) are 
induced (Acar and Alshawabkeh 1993). Depending on their charge contaminants, 
in the aqueous phase or desorbed from the soil surface, are transported towards 
respective electrodes where they may then be extracted to a recovery system or 
deposited at the electrode. Surfactants and complexing agents can be used to
increase solubility and movement of the contaminant. Reagents may also be intro-
duced at the electrodes to enhance contaminant removal rates. Some of its advan-
tages are close control over the direction of movement of water and dissolved 
contaminants, retention of contaminants within a confined zone, and low power 
consumption (Page and Page 2002).

Redox remediation technology mainly oxidation, enhances the effectiveness of 
EK remediation technology used in removal of heavy metals and organic pollutants. 
Chemical oxidation with EK has been tested by several researchers, namely for 
phenanthrene spiked soil with Fenton’s reagent (Kim et al. 2006), phenol spiked 
kaolin with KMnO4 (Thepsithar and Roberts 2006) and diesel contaminated soils 
with H2O2 (Tsai et al. 2010). Reviews on the coupling of these techniques can be 
found in Yang (2009), Yeung and Gu (2011) and Yap et al. (2011).

Superiority of graphite electrodes to stainless steel electrodes has been shown
in situ EK-Fenton process for oxidation of tetrachloroethylene (TCE). It was also 
found that the soil with a higher organic matter content resulted in lower treatment 
efficiency (Yang and Liu 2001). The cost analysis indicated that the EK-Fenton 
process is very cost-effective (Yang and Liu 2001). A different approach is the use 
of electrically induced reduction or EIR. It involves feeding an electric current 
through electrodes and creating favorable conditions for redox reactions to occur 
in the matrix, without the migration of contaminants (Jin and Fallgren 2010). The 
applied electric potential is substantially lower than those used in EK process. 
This was tested in clay spiked with TCE, using weak electric potentials of 6, 9, 
and 12 Vm−1. The process depletes up to 97 % of TCE. Corresponding increases 
in chloride concentrations were observed indicating a reductive dechlorination 
pathway (Jin and Fallgren 2010). Yang and Yeh (2011) evaluated the effectiveness 
of EK enhanced persulfate oxidation for destruction of TCE in a spiked sandy 
clay soil. Experimental results showed that EK greatly enhances the transport of 
injected persulfate from the anode to the cathode through elctro-osmotic flow 
(EOF), aiding in situ chemical oxidation of TCE. Such a coupled process was
found to be capable of effective destruction of TCE in the soil and electrode com-
partments (Yang and Yeh 2011).
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5.4.4  Nanotechnology for Water Remediation

Nanoparticles can be highly reactive due to their large surface area to volume 
ratio and the presence of a greater number of reactive sites. This allows for 
increased contact with contaminants, thereby resulting in rapid reduction of con-
taminant concentrations. Modified iron nanoparticles, such as catalyzed and sup-
ported nanoparticles have been synthesized to further enhance the speed and 
efficiency of remediation (Zhang 2003). Figure 5.7 gives summarized details 
about nanoscience.

In addition to the common environmentally relevant electron acceptors, zero 
valent iron also readily reacts with a wide variety of redox-amenable contaminants. 

Significance of the Nanoscale

Single Human hair
80,000 nm (width)

Red-Blood Cell (RBC)
7,000 nm (width)

Water molecule
0.3 nm (across)

Reason for specific properties of
Nanomaterials

1. Larger surface area which make
materials more chemically reactive
(in some cases materials that are inert 
in their larger form are reactive when
produced in their nanoscale form),
and affect their strength or electrical
properties.

2. Quantum effects can begin to
dominate the behaviour of matter at
the nanoscale - particularly at the
lower end - affecting the optical,
electrical and magnetic behaviour of
materials.

One dimentional

Two dimentional

Three dimentional  

Application of Nanoscience

1. Nanomaterials

2. Catalysis

3. Environmental remediation

4. Metrology

5. Electronics

6. Bionanotechnology and 
nanomedicine

7. Industrial applications

Pitfalls of Nanoscience

1. Precursors of nanotechnology - associated pollution:
toxic gallium arsenide used in microchips enters landfills
in increasing quantities as millions of computers and
cellular phones are disposed of every year.

2. The specific properties of nanomaterials may facilitate
transport of toxic materials in the environment, or the size 
and chemical composition of nanostructures may lead to
biological harm because of the way they interact with
cellular materials.
3. It is possible that nanotechnology could lead to societal
changes that influence transportation, urban development,
information management, and other activities of our
society that directly or indirectly affect the quality of the
environment also.

N
anom

aterials

e.g. very thin surface coating

e.g. nanowires and nanotubes

e.g. nanoparticles

Fig. 5.7 Nanoscience: summerized introduction, applications and limitations
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Matheson and Tratnyek (1994) reported that ZVI in situ acts as three electron donor 
systems which includes Fe0, Fe(II) and H2 for reductive decontamination of water.

Scheme 2: ZVI reduction generated three electron donar species

Fe0 Fe2+ + 2e- Fe0 - Electron donar [I]

Fe2+ - Electron donor [II]

H2 - Electron donor [III]

2Fe0 + 4H+
(aq) + O2 (aq)

Fe0 + 2H2O (l)

2Fe2+
(aq) + 2H2O (l)

2Fe2+
(aq) + H2 (g) + 2OH- 

(aq)

 

Because of their minute size, nanoparticles may pervade very small spaces in the 
subsurface and remain suspended in groundwater, which would allow the particles 
to travel farther than macro-sized particles and achieve wider distribution (Tratnyek 
and Johnson 2006).

Research has shown that zero valent iron nanoparticles (nZVIs) are very effec-
tive for the transformation and detoxification of a wide variety of common environ-
mental contaminants such as chlorinated organic solvents, organochlorine pesticides 
and polychlorinated biphenyls (Zhang 2003). Nanoparticles are traditionally 
injected under pressure and/or by gravity to the contaminated plume where treat-
ment is needed. However, the transport of nZVI is normally limited by their aggre-
gation and settlement (Tiraferri et al. 2008; Reddy and Karri 2009; Tiraferri and 
Sethi 2009; Jiemvarangkul et al. 2011). The mobility of nZVI will be less than a few 
meters under almost all conditions, so the possibility of enhancing its transport 
through EK is very interesting. There is also a lot of potential in the application of 
nZVI to organochlorines, given their high reactivity and the fact that it effectively 
dechlorinates these compounds into less toxic and more biodegradable ones 
(He 2007; Shih et al. 2009; Zhang et al. 2011).

Nanoscale zerovalent iron (nZVI) may prove more effective and economical 
than macroscale ZVI under similar environmental conditions. For example, nZVI 
particles have been shown to degrade trichloroethene more rapidly and completely 
than larger ZVI particles. Also, nZVI can be injected directly into a contaminated 
aquifer, eliminating the need to dig a trench and install a PRB. Research indicates 
that injecting nZVI particles into areas within aquifers that are sources of chlori-
nated hydrocarbon contamination may result in faster, more effective groundwater 
cleanups than traditional pump-and-treat methods or PRBs (US EPA 2008).

Among the many applications of nanotechnology that have environmental impli-
cations, remediation of contaminated groundwater using nanoparticles containing 
zero-valent iron (nZVI) is one of the most prominent examples of a rapidly emerg-
ing nanotechnology with considerable potential benefits. There are some uncertain-
ties also regarding the fundamental features of this technology, which have made it 
difficult to engineer applications for optimal performance or to assess the risk to 
human or ecological health (Tratnyek and Johnson 2006). Here we address three of 
the fundamental features that commonly contribute to misunderstanding of this 
technology: (i) that the nZVI used in groundwater remediation are larger than 
 particles that exhibit “true” nano-size effects, (ii) that the higher reactivity of this 
nZVI is mainly due to its high specific surface area, and (iii) that the mobility of 
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nZVI will be less than a few meters under almost all relevant conditions. One impli-
cation of its limited mobility is that human exposure due to remediation applications 
of nZVI is likely to be minimal. There are some unknown characteristics of this 
technology also e.g., the time required to transformation of nanoparticles and the 
product of their transformation, whether this residue will ever be detectable in the 
environment, and how surface modifications of nZVI will alter its long-term envi-
ronmental fate and effectiveness for remediation.

5.4.5  Biological, Biochemical and Biosorptive Treatment 
Technologies

A number of Biological, biochemical and biosorptive treatment technologies 
include various processes (Hashim et al. 2011) as shown in Fig. 5.8.

Microbially mediated oxidation and reduction reactions can be manipulated for 
metal remediation also. In some other cases microorganisms produce chemical oxi-
dizing/reducing agents that interact with the metals to effect a change in oxidation 
state. Mercury and cadmium have been observed to be oxidized through microbial 
processes, and arsenic and iron are readily reduced in the presence of appropriate 
microorganisms. The mobility of metal contaminants is influenced by their oxida-
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Fig. 5.8 Classification of biological remediation technology used in water treatment
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tion state. Redox reactions can therefore be used to increase or decrease metal 
mobility (Means and Hinchee 1994).

Methylation involves attaching methyl groups to inorganic forms of metal ions to 
form organometallic compounds. Methylation reactions can be microbially medi-
ated. Organometallic compounds are more volatile than inorganic metals and this 
process can be used to remove metals through volatilization and subsequent removal 
from the gas stream. However, organometallics are also more toxic and mobile than 
other metal forms and may potentially contaminate surrounding surface waters and 
groundwater (Means and Hinchee 1994).

5.4.6  Comparative Analysis and Discussion

After giving brief survey of remediation technologies used in water remediation it 
may be pointed out that redox processes play very significant role for the success of 
any remediation technology. Coupling of redox processes with any of the present 
day remediation technology can enhance the efficiency to a great extent. Before 
using any technology for the removal of contaminants from water and soil it must 
be kept in mind that the technology should be based on natural remediation pro-
cesses and should maintain the biogeochemical redox stability of water and soil.

However, the feasibility of many other remediation technologies coupling with 
redox processes has yet to be investigated and it should be noted that there are 
numerous opportunities of coupling these remediation technologies with redox pro-
cesses to improve the remediation efficiency of contaminated groundwater and soil 
drastically for the benefit of mankind and the environment.

5.5  Conclusion

For the sustainability of life on earth water play a vital role and therefore, pollution 
of water creates an urgent need to remediate it. Main problem with most of the 
remediation technologies is that removal of one pollutant creates the problem of 
polluting water by other pollutant which may be generated as an intermediate or the 
side product. Hence, it is necessary for researchers and decision makers to consider 
all the factors before implementing any technology for water remediation. The pres-
ent article throws light on the comparative study of the advantages and disadvan-
tages of various remediation techniques based on redox processes which are 
currently employed in the remediation of water. It also explores the possibilities of 
coupling different technologies with redox processes for better efficiency.
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Abstract Environmental pollution is a major concern for textile industries. The 
generation of voluminous amounts of effluent and their disposal into the water 
 bodies without proper treatment has lead to detrimental effects on environment. The 
textile effluent is characterized by high chemical oxygen demand (COD), biological 
oxygen demand (BOD), total dissolved solids (TDS), pH, and color. Fabric 
 preparation steps like, desizing, scouring, bleaching, mercerizing, involve the use of 
various chemicals and plenty of water. Desizing process alone has been reported to 
account for about 50 % volume of effluent generated in textile industries. On the 
other hand, dyeing operation makes use of huge amount of dyes. During dyeing, in 
order to increase the amount of dye fixed to the cloth, auxiliary chemicals including 
sodium chloride and sodium carbonate are added in conventional process. In spite 
of this, large amount of dyes remain unconsumed in the process and find their way 
to the effluent along with the electrolytes added and pose serious threat to the 
 environment by making the receiving water reservoirs unsuitable for agriculture and 
human consumption. The available end-of-pipe treatment procedures are either 
expensive or less efficient. Hence a large number of small-scale industries succumb 
to this problem. So finding an alternative eco-friendly process of textile production 
is of paramount interest.

Here we review three potential eco-friendly systems in textile dyeing processes 
to minimize salt and water consumption. First, we review application of enzymatic 
processing in fabric preparation. Some of the enzymes involved in desizing, scour-
ing and bleaching operations are amylases, pectinases, glucose oxidases, catalases, 
etc. Enzymes can eliminate use of strong alkali and subsequent water washes. It has 
been reported that 10 kg of enzyme can save up to 20,000 kg of water consumption 
per ton of yarn processed. Secondly, we review the use of bio-degradable organic 
salts like trisodium citrate, magnesium acetate, tetrasodium edate, sodium salts of 
polycarboxylic acids etc., as fixation and exhaustion agents. It is reported that total 
dissolved solids content in the spent liquor released from trisodium citrate dyeing 
process is about 40–65 % less than that of conventional sodium chloride dyeing. 
Finally, we review surface modifications of cotton to reduce the volume of effluent 
and total dissolved solids. Cationization of fibre surface results in salt-free dyeing 
process. Various monomers, polymers, dendrimers, chitosan etc. are used for 
 cationization. The effects of other surface modification techniques like plasma treat-
ment, corona discharge are also reviewed. It has been reported that plasma treatment 
of cotton fiber increases percentage exhaustion and K/S by about 10 % and 14 % 
respectively in reactive dyeing. These aspects can contribute to a more eco-friendly 
textile processing.

Keywords Eco-friendly • Enzymatic textile dyeing • Biodesizing • Bioscouring •
Biobleaching • Cationisation • Salt-free dyeing • Percentage exhaustion • Percentage
fixation • Wastewater minimization
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List of Abbreviations

BOD Biological oxygen demand
COD Chemical oxygen demand
o.w.b. On weight of bath
o.w.f. On weight of fabric
REST Rapid Enzymatic Single-bath Treatment
TDS Total dissolved solids

6.1  Introduction

Textile industry is one of the water intensive industries. Approximately, 70–250 L of 
water per kg of finished textile is consumed depending on the type of processes used 
(Öner and Sahinbaskan 2011). On an average, about 125 L effluent is generated by an 
average sized textile processing unit (Bhogle 2007; Ponnusami et al. 2010).

A typical textile industry effluent is characterized by high Chemical Oxygen 
Demand (COD), Biological Oxygen Demand (BOD), Total Dissolved solid (TDS) 
color and pH (Ramasamy et al. 2012; Ntuli et al. 2009; Ponnusami and Srivastava 
2009). The impact of these effluents on the environment is intensively influencing. 
High levels of BOD and COD adversely affect the aquatic life. While high BOD
causes fast scavenging of dissolved oxygen from the receiving water bodies, high 
COD is toxic to the aquatic life.

High levels of TDS adversely affect nearby surface and ground water reservoirs 
and make them unsuitable for human use and consumption. Presence of color pre-
vents penetration of light and hence detrimentally affects the photosynthetic activity 
in the receiving water bodies (Ponnusami et al. 2008a). High pH is not only toxic to 
the aquatic life but also affect the normal operation of the biological treatment plants.

Therefore, it is essential that effluents discharged from textile processing units 
are properly treated (Pratibha et al. 2010). Despite a number of physico-chemical 
and biological treatment techniques available for the treatment of textile effluent, 
they are generally expensive, energy intensive, and/or less efficient. Moreover, these 
are all end-of-pipe treatments and do not provide a permanent solution to this socio- 
economic problem. Many of the small scale textile processing units in developing 
countries succumbed to this problem. However, for the economic growth of 
countries like India, growth of textile industry is very important. In this scenario, 
development of an eco-friendly textile dyeing process to provide a permanent 
solution to protect these industries is essential.

In this paper, recent developments towards minimising water and auxiliary 
chemicals consumptions are reviewed. Other approaches like use of eco-friendly 
dyes are not covered in this review.
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Minimising water consumption is the most appropriate strategy during fabric 
preparation steps and it is discussed in Sect. 2. Various fabric preparation steps are 
essential to ensure smooth and efficient textile dyeing. Large volume of water is 
used in these preparatory steps and equally large volume of effluent is generated 
during these steps. Thus, reducing the water consumption in preparation steps can 
play a major role in cutting down the effluent generation and developing eco- 
friendly process. Particularly, enzymes play a major role in minimising water 
consumption during preparatory steps.

In Sect. 3, we review various approaches developed in the recent years to minimise 
use of auxiliary chemicals. Auxiliary chemicals, like sodium chloride and sodium 
carbonate, are widely used in dyeing process in order to improve the quality of the 
finished fabric. These auxiliary chemicals hold the major share of pollutants, apart 
from dyes, discharged from dyeing units. Presence of salts like sodium chloride 
imparts high TDS in the effluent. Therefore, it is essential to identify substitutes for 
these salts. One of the approaches to reduce/eliminate use of inorganic salts and to 
reduce TDS load is to use alternate salts.

Another approach for minimising salt usage is to pre-treat the cellulose. 
Cationisation of cotton has been found to be successful in reducing salt consump-
tion in textile processing.

Implementation of such strategies in textile handling processes like fabric 
preparation, desizing, descouring, and dyeing can significantly contribute towards 
development of eco-friendly textile processing.

Table 6.1 gives a list of terms frequently used in textile processing.

6.2  Fabric Preparation Steps

Based on the origin, fibers are classified as natural and synthetic fibers. Natural 
fibers are further subdivided into cellulosic, protein and regenerated natural fibers 
while synthetic fibers are subdivided according to their synthesis process (Karmakar 
1999). However, cotton fabric is more popular in apparel industry owing to inherent 
advantages like excellent durability, high moisture absorbance, easy to sew and pro-
cess during fabric preparation, colour retention, excellent softness, ease of wearing 
etc. (Xie et al. 2008; Shafie et al. 2009). In spite of growth in synthetic fiber market 
in the past one decade, cotton fiber still ranks first in fiber production and about 
35 % of total fiber consumption is shared by cotton fiber (Kranthi et al. 2011). Thus, 
the review mainly focuses on dyeing of cotton based fabric.

A complete textile processing, starting from cotton to finished fabric, is  illustrated 
in Fig. 6.1. There are two components here (i) fabric preparation and (ii) wet textile 
processing. Wet processing is the subject of the present review. It consists of the
following sequence of operations: sizing, desizing, scouring, bleaching, merceriza-
tion, dyeing and finishing (Tzanov et al. 2001). Desizing, descouring, bleaching and 
mercerising are essential for the preparation of raw cotton for smooth operation of 
dyeing and finishing stages. The nature of effluent, discharged from various  textile 
processing steps, vary in strength and composition. Table 6.2 summarizes the nature 
of waste generated from each processing stages.
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6.2.1  Desizing

Sizes are adhesive substances that improve the mechanical strength of the fibres and 
prevent fluffiness, abrasion, ripping of the fibres during textile fabric preparation 
processes. In order to prevent the threads breaking during weaving, the warp threads 
are coated with sizes. To ensure good levelness in dyeing, sizing reagents must be 
removed prior to fabric colouration. In addition to this, natural impurities like wax 
and pectin that interfere with textile are also partially removed during desizing.

Desizing is usually established by hydrolysis or oxidation in conventional industrial 
process by treating the fabric with acid, alkali or oxidants (Battan et al. 2011). 
Chemical desizing is followed by three stages of water washing and rinsing. Huge 
volume of wastewater is produced during this washing steps (Fukuda et al. 2008). 
Following desizing, three stage washing viz., hot wash, warm rinsing, cold rinsing 
is carried out with a liquid ratio of 20:1 at each stage (Öner and Sahinbaskan 2011). 
It has been reported that about 50 % of the pollution originates from desizing 
operations (Eldefrawy and Shaalan 2007). Waxes, pectin, sizing agents constitute
the major pollutants released from this unit.

Table 6.1 Terminologies used in this paper

Term Glossary

Exhaustiona Transfer and attachment of dye molecules to fiber from the dye bath
Percentage dye 
exhaustion (%E)a %E

A A

A
=

−
×0 1

0

100 , where A0 and Ai are absorbance of the dye bath 

before and after dyeing
Percentage dye 
fixation (%F)a %F

K S

K S
after soaping

after soaping

=
( )
( ) ×100

Kubelka Munk 
equationa K

S

R

R
=

−( )1

2

2

min

min

, where Rmin is the minimum value of reflectance curve

Colour strengthb Color strength or color depth is measured in terms of K/S, as defined by 
Kubelka-Munk equation

Fastnessb Resistance of a dye to washing, rubbing and exposure to light. It is a 
measure of colour fading with respect to colour obtained after dyeing

Substantivityb Tendency of dye molecules to move from solution to fibers
Fixing agentc Fixative containing chemicals like formaldehyde or sodium carbonate. 

They form complex chemical bonding with and fiber
Mordarantsc A metallic salt having high affinity to dye and fiber and attaches dye to 

fiber by chemical bonding
aThese terms are used to measure the efficiency of the processes. Increase in percentage exhaustion 
and/or fixation signify that dye utilisation is better
bColour strength, fastness and substantivity are the terms used to measure the quality of the 
finished fabric
cFixing agent and Mordarants are important auxiliary chemicals used in the process
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Enzymatic desizing and microbial desizing are the eco-friendly alternates to 
conventional desizing (Jakob 1998). Enzymatic desizing had been introduced in 
textile industry since 1950s and it has been successful in reducing the wastewater 
generation and pollution load where starch is used as size (Cavaco-Paulo and Gübitz 
2003).

Enzymatic desizing can be done using single enzyme or combination of enzymes 
(Aly et al. 2010). Amylase is one of the well known enzymes that is commercially 
used for the removal of starch during desizing (Dalvi et al. 2007; Saravanan and 
Ramachandran 2007; Sheth and Musaie 2003). Animal amylases extracted from 

Fig. 6.1 Schematic diagram explaining textile processing. The schematic diagram depicts the 
sequence of operations involved in textile processing. The entire textile processing can be split into 
two major steps (i) fabric preparation from raw cotton, and (ii) wet processing of fabric prepared. 
Desizing, descouring, bleaching and mercerising are essential pre-treatment operations in wet pro-
cessing of raw fabric to ensure smooth dyeing and finishing. Several auxiliary chemicals are used 
in these processes and emission of these chemicals impart major pollution load in the final 
effluent
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Table 6.2 Desizing, scouring, bleaching, mercerization, dyeing and finishing operations are the 
major sources of effluents in textile processing. Variety of chemicals is liberated from each stage. 
The volume and quality of the effluent depends on the nature and efficiency of individual operations

Process Description Source/constituents Waste generated

Desizing (sizing) starch like 
sizes are applied over 
cotton yarns to 
increase its strength 
during weaving and 
removal of sizing 
agent before dyeing is 
desizing

Sizing agents (starch, 
carboxymethyl cellulose, 
carboxymethyl starch, polyvinyl 
alcohol)

Wastewater with
washed-out 
constituent after 
sizing and desizing 
(liquid waste)Additives (urea, glycerine, wax, 

oil, pentacholorophenol)

Enzymes and oxidants

Scouring Removal of natural 
impurities like fats, 
wax, pectins and 
proteins along with 
grease and oil from 
loom

Alkaline agents (calcium 
hydroxide, sodium hydroxide), 
alkali agents (sodium carbonate)

Water with impurities
containing cotton 
waxes, pigments, and 
scouring agents 
(liquid waste)

Surfactants (sodium stearate, alkyl 
benzene sulphonates, cetyl 
pyridinium chloride, ethoxylated 
primary alcohol, ethoxylated fatty 
acids)

Emulsifiers (alkyl aryl 
sulphonates, fatty alcohols and 
fatty acids)

Bleaching Removal of yellowish 
shade after scouring 
and brightening of 
cotton fabric

Oxidising bleaching agents – 
hydrogen peroxide, sodium 
peroxide, peracetic acid, bleaching 
powder, sodium hypochlorite, 
sodium chlorite

Water containing
washed bleaching 
agents, dirts and oil 
(liquid waste)

Reducing bleaching agents – 
sulphur dioxide, sodium 
hydrosulphite, sodium bisulphies

Wetting agents

Mercerization Convering cotton  
to swollen form  
and lustre to take 
more dye

Sodium hydroxide, liquid 
ammonia

Washed-out water
containing alkaline 
agents and other 
mercerizing agents 
with high pH (liquid 
waste)

Wetting agents – cryslic acid
(ortho, meta and para cresols)

Surfactants

Dyeing Imparting colour  
to fabrics

Dyes, fixing agents, wetting 
agents, electrolytes (sodium 
chloride, sodium sulphate), heavy 
metals, levelling agents, 
thickeners, surfactants, oxidising 
agents, reducing agents

Highly coloured 
effluent containing 
dye, salt and other 
washed-out dyeing 
agents with high pH 
and dissolved solids 
(liquid waste)

Finishing Making fabric to give 
lustrous appearance 
and feel of textile

Surfactants, polysiloxanes, 
hydroxymethylureas, 
N-methylolamides of fatty acids, 
polyacrylic acid derivatives, 
ammonium carbonate, borax, 
organic quaternary ammonium 
salts, softening agents

Water containing
inorganic salts and 
cellulose fibers (liquid 
waste)
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pancreas are first of its kind to be applied in desizing (Khan and Arif 2006). 
Approximately, about 1.3 g l−1 alpha amylase is used at 55 °C.

Alpha amylase can be used in combinations with polygalacturonase (Aly et al. 
2010) and pectinase (Dalvi et al. 2007). It is believed that chloride ions enhance the 
effectiveness of alpha amylase by increasing the acidity at the active sites (Cavaco- 
Paulo and Gübitz 2003). Similarly, calcium ions play a role here by increasing the 
stability of amylase. Immobilization of α-amylase improves the performance in 
desizing and enables recovery and reuse of enzymes.

Major issues hampering the implementation of enzymatic desizing include cost of 
enzyme, operating conditions like pH and temperature. At present commercial enzy-
matic desizing processes are carried out with α-amylase at 55–60 °C. With increasing
temperature enzyme activity decreases due to denaturing of enzymes. To compensate 
for the loss in activity of the enzymes, at this high temperature, usually a little higher 
amount of enzymes are added. Using enzymes/ microorganisms that are capable of 
desizing at mild conditions, therefore, can reduce the cost of the process and make 
enzymatic desizing a more realistic alternative for chemical desizing.

Fukuda et al. (Fukuda et al. 2008) had constructed yeast strains, MT8-1/pGA11/ 
pMCBD3, capable of displaying both glucoamylase and cellulose binding protein 
(cellulose binding domain). Authors had reported that use of constructed yeast 
strains could reduce amount of enzyme required in desizing. They had also reported 
that with this modification desizing could be carried out at a temperature (37 °C) 
lower than that of commercial amylase process (60 °C). Depending on the number 
of cellulose binding domains reconstructed yeast exhibited 2.78–4.36 fold increase 
in desizing activity compared to cells producing glucoamylase alone. This reduces 
both water and energy consumption. Volume of effluent generated is also reduced 
(Fukuda et al. 2008).

Synthetic size poly vinyl alcohol has an advantage over natural size starch as the 
low molecular weight poly vinyl alcohol is water soluble. Therefore, poly vinyl 
alcohol can be easily recovered by hot water wash and recycled. However, high 
molecular weight poly vinyl alcohols are not readily soluble. Enzymes capable of 
degrading poly vinyl alcohols can be used to desize high molecular weight poly 
vinyl alcohols (Mori et al. 1997). It had been reported in the literature that organisms 
like Pseudomonas vesicularis (Kawagoshi and Fujita 1998) and Pseudomonas O-3 
(Suzuki 1976), Penicillium sp.WSH02-21 (Qian et al. 2004) produce poly vinyl 
alcohol degrading enzymes that can be used in textile desizing.

6.2.2  Scouring

Scouring is an operation that follows desizing to make the fibre suitable for further 
processing – coloring (Tanapongpipat et al. 2008). Scouring, in general, involves 
boiling of textile with alkaline agents or surfactants or organic solvents. During this 
process impurities like wax, pectin that are responsible for the hydrophobic nature 
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of raw cotton fabric are completely removed and wettability of the fabric is improved 
(Shafie et al. 2009).

However, scouring should be followed by neutralisation and multiple rinsing 
with hot water to completely remove the alkaline agents added. Thus, large amount 
of wash effluent containing objectionable/ harmful chemicals is generated (Tzanov 
et al. 2001). Therefore, development of alternates to this conventional scouring 
process, alkali boiling, is indispensable to make the textile processing eco-friendly 
(Degani et al. 2002; Hebeish et al. 2009).

Scouring with non-polar solvents is an alternate process in practice, however, it 
is not considered to be effective as it removes only wax and not pectin (Tzanov et al. 
2001). Bioscouring has gained much attention among scientists in the recent past as 
an alternate to conventional scouring process to reduce water consumption and 
wastewater generation. Enzymatic scouring can be done using various enzymes viz. 
pectinases (Etters 1999; Wang et al. 2007; Sawada and Ueda 2001; Hebeish et al. 
2009; Tzanov et al. 2001; Shafie et al. 2009), cutinases (Degani et al. 2002), etc.

Major advantage of enzymatic scouring is, it reduces usage of water, chemicals 
and power as the reaction requires only mild temperature and pH conditions (Nielsen 
et al. 2009). Bioscouring of yarns with pectinase provides remarkable softness and 
good wetting property compared to conventional sodium hydroxide treatment and 
non-swelling solvent extraction with less pollution load (Rajendran et al. 2011).

Pectinases like pectine esterases, pectine lyases, and polygalacturonases are 
capable of hydrolysing pectin compounds (Hebeish et al. 2009). Generally, increase 
in enzyme concentration increases the bioscouring efficiency. However, best results 
had been reported with an enzyme concentration of 2 g l−1 (Hebeish et al. 2009).

Treatment of pectinase in reverse micellar systems with organic solvents and 
multiple mixed surfactants effectively reduced reaction time, increased whiteness 
and improved wettability than usual alkaline scouring (Sawada et al. 1998, 2004; 
Sawada and Ueda 2001).

Use of enzyme mixture pectinase and cellulase shows better results in bioscouring 
due to the synergetic effect between the two enzymes. The only disadvantage is that 
it reduces the fabric tensile strength remarkably (Hebeish et al. 2009).

Addition of non-ionic surfactant compatible with enzymes can improve the 
scouring efficiency of enzymes. Presence of surfactant reduces surface tension of 
the fiber and then facilitates penetration of enzymes into the surface of the fabrics. 
Thus, it favours removal of waxes and pectic substances (Tzanov et al. 2001).

Reaction time and efficiency of bioscouring operation are affected by the 
 processing conditions like temperature, pH, surfactant concentration and mode of 
operation. There are evidences that bioscouring efficiencies of pectate lyase and 
cutinase were higher in the presence of ultrasound. Apart from sonication, agitation, 
and addition of chelating agents also influence bioscouring efficiency of pectinase, 
xylanase, cellulase, and lipase enzymes.

It has been reported that bioscouring with a commercial preparation Scourzyme® 
301 L uses about 20 % less water when compared with conventional alkali process. 
A case study on application enzymes reports that 10 kg of enzyme can save up to 
20,000 kg of water per tonne of yarn processed (Nielsen et al. 2009).
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6.2.3  Bleaching

Bleaching is generally done in textile industries before colouration on fabric or yarn 
to increase its whiteness. Hydrogen peroxide is used under alkaline conditions for 
commercial bleaching. Other chemical oxidizing agents like sodium hypochlorite, 
sodium chlorite are also used in industrial bleaching process.

Removal of these bleaching agents requires extensive washing and rinsing which 
leads to the generation of wastewater. Similar to enzymatic desizing and enzymatic 
scouring, enzymatic bleaching also reduce water consumption and enable water 
recycling.

Catalases degrade hydrogen peroxide. However, high alkalinity and temperature 
of the bleaching wash liquor reduce catalase enzyme activity. Thermostable and 
alkaline tolerant enzymes have been developed recently to be used under these 
 conditions. Compared to free catalase, immobilised catalase possesses high alkaline 
tolerance. Immobilisation prevents unfolding of enzyme and hence the activity of 
the immobilized enzymes are better than that of the counter parts – free enzymes 
(Costa et al. 2002).

The carbohydrate oxidase and cellobiose dehydrogenase produce H2O2 which 
can then be used in biobleaching of cotton fabrics. It has been shown that when 
carbohydrate oxidase from Microdochium nivale and cellobiose dehydrogenase 
from Myriococcum thermophilum were used along with cellulases, H2O2 production 
was increased upto ten fold (Pricelius et al. 2011).

Glucose oxidase which oxidizes the β-d-glucose into gluconic acid with simulta-
neous production of H2O2, is one of the promising enzymes in bleaching (Tzanov 
et al. 2002; Špička and Tavčer 2011). Immobilization of Glucose oxidase in alumina 
or glass support enables enzyme reusability even in low concentration (Tzanov 
et al. 2003).

The next important enzyme in biobleaching is laccase. When laccase is applied to
fabrics in short-time batch wise process prior to conventional peroxide bleaching, the 
finished fabric whiteness is better than that of two consecutive peroxide treatment 
(Tzanov et al. 2003). Laccase mediated pretreatment was introduced by Tian et al. 
(2012) to improve the efficiency of the hydrogen peroxide bleaching process, without 
compromising the quality (similar K/S values) of the finished textiles. Use of laccase 
in fact reduces the peroxide consumption by about 50 % (Tian et al. 2012).

Totally chlorine free bleaching process using alternate bleaching agent Peracetic 
acid has also been developed and being practiced by European mills (Shafie et al. 
2009). Use of peracetic acid reduces both energy consumption as well as water 
consumption during bleaching and rinsing operations. When H2O2 is reacted with 
peracetic acid precursors called bleach activators, peracetic acid is generated. 
Between the two most widely used bleach activators, tetraacetylethylenediamine 
and nonanoyloxybenzene sulphonate, the latter gives better bleaching efficiency 
(Xu et al. 2012; Križman et al. 2005; Lim et al. 2005). Optimum bleaching conditions, 
while using peracetic acid as bleaching agent, are: temperature 50–80°C, pH 6–7, 
and bleaching time of 20–60 min (Shafie et al. 2009).
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Ultrasound act synergistically with laccase enzymes during bleaching. Ultrasound 
enhances bleaching by favouring diffusion of the enzyme to fiber surface. It has 
been reported that short-time, 30 min, exposure to 7 W ultrasound significantly
improved biobleaching efficiency (Basto et al. 2007).

Benefits of enzymatic bleaching in reducing water consumption can be appreci-
ated from the fact that use of about 1 kg enzyme in biobleaching save as much as 
20,000 kg of water per tonne of yarn (Nielsen et al. 2009).

6.2.4  Mercerizing

Mercerizing is an optional step during the preparation of fabric for dyeing. The 
process is named after its inventor John Mercer. Mercerizing improves the glaze of 
cotton fiber and gives a silky sheen. During this process the textile is treated with an 
aqueous caustic soda solution of 20–35 % concentration, at low temperature of 
15–18 °C for about 55 s. Viscosity of caustic soda is low at these conditions and 
hence to enhance the penetration of alkali deep into the fiber, small quantities of 
wetting agents are added (Karmakar 1999).

At the end of the process the textile is washed to remove the traces of alkali. 
Wastewater from mercerizing is highly alkaline in nature and may contain substantial
amount of caustic, amounting to 20 % of the weight of the fabric (Office of 
Compliance et al. 1997). Usually NaOH from the effluent generated from this step 
is recovered by membrane filtration. Alternatively, ZnCl2 can also be used to recover 
NaOH (Babu et al. 2007).

Table 6.3 gives a summary of enzymatic processes employed in preparation steps.

Table 6.3 Application of enzymes in textile processing. Enzymes are widely used in desizing, 
scouring and bleaching operations. Use of enzymes reduces water and chemical consumption in 
the process. Thus, enzymatic textile processing generates less volume of low strength effluent

Textile 
processing Enzymes References

Desizing Amylase (Saravanan and Ramachandran 2007; Sheth 
and Musaie 2003)

α-amylase + polygalacturonase (Aly et al. 2010)
α-amylase + pectinase (Dalvi et al. 2007)
Glucoamylase (Fukuda et al. 2008)

Scouring Pectinase (Etters 1999; Sawada et al. 1998)
Protease (Hebeish et al. 2009)
Cutinase (Wang et al. 2007)
Lipase (Degani et al. 2002)
Cellulase and xylanase (Parvinzadeh and Kiumarsi 2008; Csiszár 

et al. 2001)
Bleaching Catalase (Costa et al. 2002)

Glucose oxidase (Špička and Tavčer 2011)
Laccase (Tzanov et al. 2003)
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6.2.5  Integration of Pre-treatment Steps

Water consumption and hence volume of effluent generated can be significantly
reduced through proper integration of one or more preparation steps. Through 
integration of one of more processing steps, intermediate washing could be eliminated 
and hence water consumption, wastewater generation, and energy consumption can 
be minimised.

It is easy to integrate the pretreatment steps if enzymes are used. It is possible to 
integrate two or more steps like desizing, scouring, and bleaching. It has been 
reported by several researchers that such integration yield better whiteness and 
 wetting properties of textiles with less energy and chemical consumption (Prabhu 
et al. 2006; Shafie et al. 2009).

One step biodesizing, bioscouring and peracetic acid bleaching was investigated 
by Shafie et al. (2009). Tetraacetylethylenediamine and sodium perborate had been 
used to produce peracetic acid in situ. Concentration of tetraacetylethylenediamine 
and sodium perborate influence the concentration of peracetic acid and H2O2 
produced in situ and the efficiency of the process (Shafie et al. 2009).

Bioscouring and bleaching can be combined by using a mixture consisting of 
alkaline pectinase enzyme, tetraacetylethylenediamine, H2O2, sodium silicate and 
non-ionic wetting agent. Peracetic acid is produced in situ in the bioscouring 
bath. A mixture consisting of 2 g l−1, 15 g l−1, 5 g l−1, 2 g l−1 and 0.5 g l−1 of alkaline 
pectinase enzyme, tetraacetylethylenediamine, H2O2, sodium silicate and non-ionic 
wetting agent respectively had shown to produce 57.71 % whiteness index on cotton 
fabric desized with alpha amylase. This was lower than 69.55 % whiteness index 
obtained in the case of conventional scouring and bleaching (Hebeish et al. 2009). 
However, due to the inherent benefits like less energy, chemical and water consump-
tion makes this combined bioscouring process more attractive.

In combined desizing and bleaching process, glucose oxidase is sometimes used 
to produce H2O2 which in turn is used for bleaching. The excess peroxide present 
after bleaching can be decomposed by catalase enzyme. Catalase enzymes split H2O2 
into oxygen and water to avoid interference of H2O2 during dyeing (Eren et al. 2009).

Integration of biodesizing, bioscouring, and biobleaching, called green short- flow 
process, has been reported by Tian et al. (2012). Though this has not been as effective 
as conventional chemical process, as indicated by Tian et al., this could be developed 
into a successful eco-friendly technology in the near future (Tian et al. 2012).

In 2011, a single step enzymatic process for complete textile processing right 
from desizing to finishing had been proposed by Öner and Sahinbaskan (2011). 
They have employed starch desized cotton (100 % cotton) in their study. Three 
 dyeing machines viz., Roaches atmospheric sample dyeing machine, Konrad Peter 
A. G. Liestal pilot scale jigger, and Roaches pilot scale winch were used in their 
study. Total water consumption was tremendously low in Rapid Enzymatic Single 
bath Treatment (REST) process compared with conventional dyeing process. Water
consumption in REST process as against water consumption in conventional dyeing 
had been reported to be 30 %, 31 %, and 31 % in atmospheric, jig and winch dyeing 
machines, respectively. Fabric dyed using REST process had shown superior 
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wash- fastness, rub-fastness, and tensile strength qualities. However, few quality 
issues like color and hue differences still present indicating scope of continued 
research on this subject. The details of consecutive stages involved in REST process 
are given in the Table 6.4.

6.3  Dyeing

Dyes are complex unsaturated aromatic compounds that add colour to the material 
to which they chemically bind. Textile dyes have affinity to fabric material and 
imparts colour by forming chemical bond with the fibers. In order to meet continuously 
growing need for quality, fastness, variety, and color depth textile industries are using 
a broad range of synthetic dyes (Ponnusami et al. 2009).

Table 6.4 Details of Rapid Enzymatic Single-bath Treatment (REST) process developed by Öner 
and Sahinbaskan (2011). In this process, intermediate water wash steps were eliminated. Therefore, 
water requirement was only 30–31 % of that of conventional dyeing processes. Integrated 
enzymatic textile processing, thus, appears to be promising option for reducing water consumption 
and effluent generation in textile processing

Stage pH Chemicals added Process conditions

Wetting out of the fabric
for 5 min

7 – –

Enzymatic desizing 6–7 Wetting agents 0.5 mg/L,
amylase 1.3 g/L

Temperature 50 °C, time 
15 min, liquor ratio 40:1

Enzymatic scouring at 
pH8–9

8–9 Pectinase 1 o.w.f Temperature 55 °C, time 
20 min

Hydrogen peroxide 
bleaching

11–11.5 NaOH pellet – 1 g/L,
Organic stabiliser – 2 g/L, 
50 % H2O2 – 8 ml/L

Temperature 80 °C, time 
45 min

Anti-peroxide treatment 
by catalase addition

6.5–8.5 Catalase enzyme 4 mg/L Temperature 30 °C, time 
20 min

At pH7 salt addition for 
dyeing

7 – –

Addition of dyes to the 
bath

7 – –

Addition of first dose of 
alkali

10 – –

Ramping of temperature 
at a rate to 5 °C/min till 
60 °C

10 – –

Addition of second dose 
of alkali

10.2–10.5 – –

Dyeing 10.5–11 Sodium sulphate – 70 g/L, 
50 °Be NaOH – 1.7 mL/L, 
dye – 4 % o.w.f.

Temperature 60 °C, time 
80 min

Rinsing 7 – –

o.w.f. on weight of fabric
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Annually over 700,000 tonnes of dyes are produced and used across the world to 
meet the demands. More than 10,000 different dyes and pigments are being used 
(Ponnusami et al. 2008b). Wide variety of dyes including sulfur dyes, acid dyes,
basic dyes, disperse dyes, direct dyes, reactive dyes, and vat dyes are used in textile 
industry. Reactive dyes are preferred in textile apparel industry owning to their 
bright color, fastness and ease of application (Ponnusami et al. 2007). Since reactive 
dyes are widely used in the textile industry, in this review we focus mainly on eco- 
friendly approaches of dyeing with reactive dyes.

There are essentially three types of dyeing processes: (i) mass dyeing, (ii) pigment 
dyeing and (iii) exhaustion dyeing. In mass dyeing, dyeing of synthetic fiber is done 
before fiber formation. In pigment dyeing, insoluble colorant is fixed on the fiber 
surface using binders. Exhaustion dyeing is the most widely adopted method 
of dyeing in textile industry and hence the following sections deal only with exhaus-
tion dyeing.

Dyes used in the dyeing bath first migrate close to the fabric and then diffuse into 
fabric in order to get attached to the fiber finally. In order to facilitate mass transfer 
and to achieve effective dyeing, use of many auxiliary chemicals namely fixation 
agents, moderants, etc., is essential.

Cellulose acquires anionic surface charge in water. Negative surface charge on 
the fabric repels dye anions present in solution. The repulsion force, known as 
Donnan potential, hampers dyeing operation and it is therefore necessary to conceal 
this force to enhance dye fixation (Farha et al. 2010). This is accomplished through 
the addition of electrolytes like sodium chloride or sodium sulphate during dyeing.

Electrolytes facilitate dyeing mainly by two mechanisms. (i) Presence of electro-
lytes in dyeing bath results in the formation of a diffuse layer of positive sodium 
ions. As this diffuse layer neutralises the surface charge on the fabric, dye molecules 
can diffuse close to the fabric. (ii) electrolytes in dyeing bath shifts the equilibrium 
towards adsorption of dye molecules onto the fabric by suppressing ionisation of 
dye molecules and hence solubility of dye in dyeing bath (Ahmed 2005). The 
exhaustion dyeing process is illustrated in Fig. 6.2.

The amount of electrolyte required can vary between 30 and 100 g l−1 depending 
on type of dyes used and depth of colour desired/required. In addition, alkali is also 
added to dye bath, as the alkaline condition facilitates neucleophilic substitution or 
addition reaction between cellulose and reactive dye (Ahmed 2005). However, 
under alkaline conditions, reactive dyes may undergo hydrolysis and hydrolysed 
dyes cannot further react with cellulose. This in turn reduces dye fixation and 
increases proportion of unconsumed dye leaving in effluent.

As described above, as we need to use lot of electrolytes in dyeing bath to 
increase dye fixation and exhaustion, the effluent contains high concentration of 
salts in addition to the unconsumed dye. When the effluent is discharged, these salts
gradually accumulate in the receiving water body and pollute them. In spite of the 
addition of electrolytes and alkali, very often, dye exhaustion and fixation could be 
as low as 50 % for few dyes (Ma et al. 2005).

Over a period of time, these discharges pollute the nearby surface water 
reservoirs as well as ground water tables and make them unsuitable for human 
consumption. This is very common in industrial belts like Tirupur district of 
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Tamilnadu, India. Desalination of effluent is carried out by employing a battery of 
ultrafiltration, nanofiltration followed by reverse osmosis. The rejects from reverse 
osmosis plants, which are highly concentrated salt solutions, are in-turn passed through 
multiple effect evaporators and then through a crystallizer to remove the salts.

However, this requires additional facility, and both fixed and working capital 
requirements are very high which small industries can not afford to. Therefore, the 
survival of this highly profitable industry and hence employment of thousands of 
people depends on the development of eco-friendly dyeing process.

Technologies available to reduce the use of electrolytes and alkali can be put 
under two broad categories (1) use of alternative eco-friendly salts in dyeing and 
(2) surface modification of cellulosic fibre prior to dyeing. In the following sections 
we elaborate on these approaches.

6.3.1  Use of Alternative Eco-friendly Salts

Exhausting agents, acting as electrolytes, not only repress the ionization of dye 
molecule but also enhance binding of dye molecules to cellulose fibre. Commonly 
used exhausting agents like sodium chloride and sodium sulphate are non- 
biodegradable. Presence of these salts results in high TDS in the effluent. Therefore, 
use of alternate salts in dyeing is investigated by several researchers. Magnesium 

Fig. 6.2 Schematic diagram explaining exhaustion dyeing. Cellulose acquires anionic surface 
charge in water and repels dye anions present in dyeing bath by the force known as “Donnan poten-
tial”. Presence of electrolytes in the dyeing bath facilitates to screen this force and hence favour 
exhaustion. Electrolytes form a diffuse layer of positive ions around the fiber and this layer neu-
tralises the surface charge on the fabric so that dye molecules can diffuse close to the fabric. 
Electrolytes in dyeing bath also suppress ionisation of dye molecules and shift the equilibrium 
towards adsorption of dye molecules onto the fabric
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acetate (Moore 1993), tetrasodium edate (TSE) (Ahmed 2005; Farha et al. 2010), 
trisodium citrate (TSC) (Farha et al. 2010; Gamal et al. 2010), and polycarboxylic 
acid sodium salts (Guan et al. 2007) have been explored as alternate exhausting 
agents in the recent past. Table 6.5 presents an illustrative list of alternate salts 
reported in recent literature on eco-friendly dyeing.

6.3.1.1  Magnesium Acetate

A mixture of magnesium acetate, magnesium citrate and magnesium polyacrylate is 
reported to be effective in reducing salt consumption during exhaustion. This less- 
toxic and easily-biodegradable, alkaline earth metal-organic complex composition 
supports adequate dyeing. In the presence of eco-friendly magnesium acetate 
sodium chloride consumption can be reduced by 20 %. However, colour depth may 
be slightly poor in reactive dyes. Magnesium acetate is not only biodegradable but 
it can also be removed easily from the effluent through precipitation by simply 
adjusting the solution pH (Moore 1993).

Table 6.5 Alternative salts used for exhaustion. Eco-friendly alternative salts are used in 
exhaustion process to minimise pollution load. Conventional exhausting agents like sodium 
chloride and sodium sulphate are non-biodegradable. Presence of these salts increase TDS level in 
the effluent. Therefore, use of alternate salts in dyeing is suggested by researchers to reduce the 
pollution load

Sl. no. Salt Dyes Reference

1 Mixture of magnesium 
acetate, magnesium 
citrate, and magnesium 
polyacrylate

A range of direct and reactive dyes (Moore 1993)

2 Trisodium citrate Procion Red HE3B (reactive dye), Solar 
Turquoise Blue GLL (direct dye), 
Arlindone Golden Yellow IGK (vat dye)

(Prabu and 
Sundrarajan 
2002)

Trisodium citrate Procion HE3B (RR120, C.I. reactive red 
120), Procion B (RB5, C.I. reactive 
black 5)

(Farha et al. 
2010)

Trisodium citrate Procion HE3B (RR120, C.I. reactive red 
120), Procion B (RB5, C.I. reactive 
black 5)

(Gamal et al. 
2010)

3 Sodium edate Vinyl sulphone reactive dyes and 
monochlorotriazine dye

(Ahmed 2005)

Sodium edate Sumifix Supra Brilliant Red 3BF (CI 
reactive red 195), Sumifix Supra Yellow 
3RF (CI reactive yellow 145), and 
Sumifix Supra Brilliant Red 2BF (CI 
reactive red 194)

(El-shishtawy 
et al. 2007)

4 Polyacrylic acid 
sodium salt and 
polymaleic acid sodium 
salt

Monochlorotriazine reactive dyes (Guan et al. 2007)
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6.3.1.2  Trisodium Citrate

Use of trisodium citrate in dyeing, as an exhaustion agent, yields about 65–90 % 
dye uptake. This is considerably higher compared to 45–65 % dye uptake obtained 
with sodium chloride dyeing (Prabu and Sundrarajan 2002). Effectiveness of dying, 
measured as uptake of dyes, is in the order of reactive dye > vat dye > direct dye 
with trisodium citrate. Compared to conventional sodium chloride dyeing, triso-
dium citrate results in better wash and rub fastness in finished textile.

Amount of trisodium citrate required to produce a given colour depth is only 
about ¼ of sodium chloride. Thus, salt content in the spent liquor released from 
trisodium citrate dyeing process is about 40–65 % less than that of conventional 
sodium chloride dyeing (Prabu and Sundrarajan 2002).

Trisodium citrate acts as an electrolyte; suppresses the negative charge in cellu-
lose fibre and increases aggregation of dye molecules. So, there is a strong binding 
of dye molecules with fabric material by common-ion effect and this principle is 
exploited by the dyeing industry.

6.3.1.3  Edate

Edate (also known as ethylenediaminetetraacetic acid tetrasodium salt hydrate, 
Edathamil, EDTA tetrasodium salt hydrate, tetrasodium edate, and edate) can also 
be employed as alternate exhausting agent (Ahmed 2005). This salt is mainly used 
as a chelating agent. Multiple binding sites in this salt enable secondary bond 
 formation with metal ions. Particularly edate exhibits better exhaustion when used 
with bifunctional reactive dyes than with mono-functional dyes (Ahmed 2005). 
In the case of cotton/wool blend a mixture of edate and sodium sulphate exhibit 
better dyeing results in terms of dye exhaustion, fixation, fastness, and levelling 
(El-Shishtawy et al. 2007).

Compared to sodium sulphate and sodium chloride, number of cations per mole 
of edate and trisodium citrate is more. This is a probable reason for these salts to act 
as better exhaustion and fixation agents. Exhaustion value increases linearly with 
increasing salt concentration until equilibrium is attained (Farha et al. 2010). In 
the absence of alkali, edate and trisodium citrate salts show better colour fixation 
compared to sodium sulphate. This ultimately reduces the pollutant load in the 
effluent.

As edate and trisodium citrate are easily separable, recycle and reuse of the 
treated effluent is easy (Farha et al. 2010). Since edate is alkaline by itself further 
addition of alkaline fixation agents like sodium carbonate or sodium hydroxide is 
not necessary. However, higher concentrations of edate may lead to dye hydrolysis 
which in turn reduces the dye fixation.

In spite of the benefits mentioned above, owing to their high cost, trisodium 
citrate and edate are not attractive for industrial applications (Guan et al. 2007). 
However, considering the environmental benefits of using trisodium citrate it still 
appears to be a potential alternate exhaustion agent.
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6.3.1.4  Biodegradable Polycarboxylic Acids

Biodegradable polycarboxylic acids like polyacrylic acid sodium salt (PA) and 
polymaleic acid sodium salt (PM) are high molecular weight weak electrolytes. It is 
reported that these molecules are completely stretched at 85 °C under alkaline 
 conditions and ionization of sodium ion is adequate to provide a screen of negative 
charge on the surface of cotton fibres. Meanwhile, higher molecular weight of 
polyacrylic acid sodium salt and polymaleic acid sodium salt results in higher 
osmotic pressure and thereby facilitates further penetration of sodium ions and 
promote dye uptake.

Polycarboxylic acids are cheaper, less toxic and biodegradable. Their perfor-
mance as an exhausting agent is comparable or better than that of inorganic salts. 
Because of these reasons they appear to be promising substitutes for currently-used 
exhausting agents (Guan et al. 2007).

6.4  Pre-treatment OR Modification of Cellulose

As mentioned earlier, excess salt is basically used to screen the negative charge on 
cotton surface and to promote dye fixation. Yet another way of minimizing excess 
use of electrolyte in textile dyeing is chemical modification of cotton surface. 
Usually weak hydrogen bonding and Van der Waals forces bond dye to cellulose.

Reports on textile modifications to improve dyeability are found in literature 
since nineteenth century. Recent investigations on cellulose modifications focus on 
improved affinity of dye with textile fabrics and salt-free dyeing (Ma et al. 2005; 
Teng et al. 2010; Zhang et al. 2007, 2008; Zhang 2007; Burkinshaw et al. 2000).

Surface modifications of cellulose may be carried out to form stronger ionic 
bonds that will promote dye bonding. Cationisation of cellulose will help to improve 
dye fixation (Montazer et al. 2007). Cationisation is basically a chemical treatment 
that improves the substantivity of dye-fabric by introducing positively charged 
groups/sites. Cationisation improves uptake of anionic dyes considerably due to 
coloumbic attraction even in the absence of electrolytes (Montazer et al. 2007; Patin 
et al. 2011; Teng et al. 2010).

In this section, various cationisation agents used to reduce/minimize electrolyte 
addition during dyeing are reviewed.

6.4.1  Monomers

Figure 6.3 shows a list of monomers used in cationisation. Initially amines were 
used for surface modification of textile fabrics (Guthrie 1947). Most common 
approach of cationisation of cotton is to introduce amino or ammonium groups into 
cotton (Burkinshaw et al. 2000; Wang and Lewis 2002; Zhang et al. 2007). Presence 
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Fig. 6.3 Name and structure of monomers used for surface modification of cotton. Addition of 
excess salts is essential in the textile dyeing process to promote dye exhaustion and fixation. 
Release of these salts in the effluent is a major threat to the environment. To protect the environ-
ment, electrolytes consumption has to be minimized. This can be achieved by appropriate surface 
modification of cellulose fibers. The monomers shown here had been proven to be effective in 
cationization of cellulose and minimisation of electrolytes consumption

Ethanolamine Guthrie (1947) 

Triethanolamine  

Chloropropionyl chloride 

N-methylolacrylamide  

Epoxypropyltrimethyl ammonium chloride  

3-chloro-2-hydroxypropyltrimethyl ammonium chloride

1, 1-dimethyl-3-hydroxyazetidinium chloride 
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of nucleophilic compounds like primary amines in the cationizing agent enhances 
dye fixation as the dye molecules can react with this nucleophilic compounds at pH 
lower than usual (Burkinshaw et al. 2000).

Amino groups can be introduced into carbon through a sequential treatment of 
caustic pre-treated cotton with dichloroethane followed by methyl amine. As pro-
tonation of amino groups at slightly acidic pH favours exhaustion of dyes, use of 
electrolyte is eliminated. Dyeing of eight different reactive dyes with such treated 
cotton had been reported by Chattopadhyay et al. (2007). It had been demonstrated 
that for majority of the dyes the percentage exhaustion and percentage fixation of 
dye were up to 30 % more in treated cotton than untreated cotton (Chattopadhyay 
et al. 2007).

Aminated cotton containing primary, secondary, tertiary and quaternary amines 
can be prepared by treating chloropropionate residue obtained from esterification of 
chloropropionyl chloride (CPC) with different amines. Some unknown byproducts 
formed without ester linkage by amine treatment at high temperature (100 °C), had 
shown quick dye uptake, high colour yields than the expected amine product. 
N-methylolacrylamide treated with various amines was attempted by the same 
researcher and modified fabrics with primary, secondary, tertiary and quaternary 
amino groups were obtained.

Mono-reactive bis-quaternary agents (Agent IV) 

Bi-reactive bis-quaternary agent (Agent V) 

2-vinylpyridine 

Thiourea  

Fig. 6.3 (continued)
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Cotton fabrics with primary and secondary amine showed good colour yield and 
proper dye fixation while those with tertiary amine groups showed excellent colour 
strength but poor dye fixation. The quaternary amine containing cotton fabrics 
depicted poorer performance than the above mentioned modified fabrics.

Tertiary amino groups are incorporated into cellulose structure by treating a 
 mixture of epichlorohydrin and triethanolamine in 3:1 ratio in the presence of 
acetone. The modified fabrics when dyed with reactive dyes produce equivalent 
colour strength compared with that of untreated fabric. However, such treatment 
produces better K/S value.

Cationising compound Glytac A™ synthesized using glycidyltrimethylammonium 
chloride by Rupin in 1976, and 3-chloro-2-hydroxypropyl trimethylammonium 
chloride synthesized by Dow chemicals (Quat188™) are the examples of commercially 
available cationising agents.

Glytac A™ is a quaternary amino-epoxy derivative. Fabric modified with Glytac 
ATM had shown increased colour strength even with very low amount of dye. Amount 
of dye used could be reduced upto 50 % with good levelness of dyeability, enhanced 
light fastness and wash fastness (Lewis and Mcilroy 1997; Zhang et al. 2005).

Quat188TM, used for cationisation by Hauser and Tabba (2001), is similar to 
Glytac A™ and can be used in exhaustion, pad-batch, pad-bake and pad-steam 
 dyeing. Fabrics treated with Quat188™ under alkaline conditions have shown increased 
colour strength and good fastness properties.

Many triazine based cationizing agents had also been reported by different 
researchers. Mono-reactive bis-quaternary agents synthesized by Evans et al. (1984) 
using Agent IV, a triazine compound, had shown very good fastness properties and 
exhaustion. Dyeing of cotton treated with mono-reactive bis-quaternary agents was 
also faster when compared to untreated cotton (Evans et al. 1984). This had shown 
excellent results in exhaustion and dyeing properties, but in case of individual fibers 
penetration was poor (Evans et al. 1984).

Heterocyclic quaternary amine compounds are also used for cationisation of 
cotton. 2-vinylpyridine grafted cotton when quaternized with epichlorohydrin had 
shown better exhaustion and washfastness for direct dyes. But, the yellowish colour 
resulted due to 2-vinylpyridine treatment and lack of levelness were some of the 
drawbacks of this method (Eleftheriadis et al. 1996).

Modification of cellulose with 2,4,6-tri-[(2-hydroxy-3-trimethyl-ammonium)
propyl]-1,3,5-triazine chloride (Tri-HTAC) and 2,4,-bichloro-(6-sulfanilic acid 
anhydrous)-1,3,5-triazine (Bi-CSAT) containing cationic and anionic functional 
groups improve dye uptake without addition of salts. Tri-HTAC treated fabric yields 
about 20–40 % increase in both percentage fixation and exhaustion compared to 
untreated fabrics. As the fabrics modified by this method have many attracting sites, 
diffusion of dye molecules is facilitated and dye uptake is favoured. Xie et al. (2006, 
2008, 2009, 2012) had shown that diffusion coefficient was higher in case of 
modified cotton fabric as compared to unmodified cotton fabric.

Liu and Yao (2011) reported that –NH3
+ ions present in thiourea grafted cotton 

fabric reacted with disulfonated anions on the reactive dyes and result in enhanced 
dye uptake. Thiourea grafted cotton fabrics [TUGCF] can be prepared by the reaction 
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of epichlorohydrin with hydroxyl groups of cellulosic fibre and then with thiourea 
solution containing sodium hydroxide. Competitive dyeing was investigated by Liu 
and Yao (2011) with four reactive dyes and the modified cotton fabrics had shown 
good dye uptake, high K/S value and good fastness properties compared to untreated 
cotton fabrics.

Cross linking agents are not directly used for dyeing purpose. They are mainly 
utilized to cross link the compound used for surface modification of the cotton 
 fabrics. Trimethylol acetylenediurenine (ACD) and choline chloride (CC) are some 
of the cross linking agents used for surface modification of cotton. The treated fab-
ric materials show good dye uptake and little increase (5 %) in colour strength than 
untreated fabric. Fastness results are equivalent to that of untreated cotton.

To summarize, monomers result in good exhaustion and dye fixation as they are smaller 
in size, and easily penetrate into the fibre. The disadvantages of monomers are: (i) they are 
required in large quantities, (ii) unstable under treatment conditions, and (iii) toxic.

For these reasons use of monomers in large scale application are hampered. High 
molecular weight polymers are preferred over monomers as cationisation agents to 
overcome these drawbacks of monomers. In the next subsection we discuss the 
polymeric cationisation agents.

6.4.2  Polymers

Various polymers have been developed for the cationisation of cotton in the recent 
past. Table 6.6 gives a comprehensive list of polymers developed for cationisation 
of cotton for salt-free dyeing applications.

6.4.2.1  Polyamide-epichlorohydrin (PAE)

Polyamide-epichlorohydrin (PAE) resin was first attempted in 1989 by Burkinshaw 
et al. (1990) for surface modification of cellulose to achieve salt-free dyeing. The 
polyamide–epichlorohydrin treated fabric surface possess reactive amine sites for 
efficient reactive dyeing. Dyeing properties are usually better than untreated fabrics, 
however light fastness is poor (Lewis and Mcilroy 1997).

Use of polyamide–epichlorohydrin resin and thiourea derivative brings in more 
nucleophilic amine sites (Burkinshaw et al. 1990). This result in improved colour 
yield, at acidic pH when compared to fabric treated with polyamide–epichlorohy-
drin. However, lightfastness is not upto the expected level. Ethylene diamine treated 
cotton fabric modified with polyamide–epichlorohydrin resin exhibits better colour 
yield with reactive dyes (Wu and Chen 1992).

Thus, polyamide–epichlorohydrin treatment is effective in reducing salt usage 
during dyeing with sulphur dyes. However, similar reduction in salt usage is not 
possible when the fabric was subjected to dyeing with direct dye.

V. Gunasekar and V. Ponnusami



277

6.4.2.2  Polyepichlorohydrin Amine Polymers

Polyepichlorohydrin (PECH) amine polymers with two different relative molar 
masses were tried by Wu and Chen (1993) by polymerization of epichlorohydrin 
with boron trifluoride etherate as catalyst. Dyeing of polyepichlorohydrin amine 
polymers – treated fabrics using direct dyes had resulted in increased dye uptake 
compared to conventional dyeing. However, the wash fastness and light fastness 
were slightly less. In the case of reactive dyes salt-free dyeing could be achieved 
when reactive dyes with high reactivity were used. On the other hand, for low 
reactive dyes addition of 5 g l−1 of salt was required to achieve desired color 
depth, wash fastness and light fastness (Burkinshaw and Gotsopoulos 1999; Wu
and Chen 1993).

Table 6.6 Polymers used in cationization. Excess salts are required in the textile dyeing process 
to screen the negative charge on cotton surface and to promote dye fixation. Through proper 
chemical modification of cotton surface, we can minimize excess use of electrolyte in textile 
dyeing and reduce pollution strength of the final effluent. Cationization of cellulose improves 
coloumbic attraction between dye and fabric, even in the absence of electrolytes. Thus, dye fixation 
and dye-fabric substantivity are enhanced by cationization

Polymer name Comments References

Polyamide-epichlorohydrin resin Dye did not penetration 
into fibre and easily 
removed by soaping 
before dyeing

(Burkinshaw et al. 
1989, 1990)

Polyamide-epichlorohydrin resin and 
thiourea derivative

Increase in colour yield 
(pH5)

(Burkinshaw et al. 
1990)

Polyamide-epichlorohydrin resin with 
ethylene diamine

Better colour yield (Wu and Chen
1993)

Polyepichlorohydrin amine (relative molar 
mass = 2070 g)

Good dye uptake (Wu and Chen
1992)

Polyepichlorohydrin amine (relative molar 
mass = 1370 g)

5 g/l salt addition resulted 
in excellent exhaustion 
and fixation

(Wu and Chen
1993)

Polyepichlorohydrin amine Improper comparison of 
treated fabrics with and 
without salt

(Burkinshaw and 
Gotsopoulos 1999)

1-acrylamido-2-hydroxy-3- 
trimethylammoniumpropane chloride

increased dye uptake (Wang and Lewis
2002)

Poly(vinylamine hydro chloride) Good levelness in dyeing 
with heating

(Ma et al. 2005)

tertiary amine cationic polyacrylamide 
(TACPAM)

Density of positive charge 
and molecular mass of 
TACPAM influence dye 
penetration on fabrics

(Teng et al. 2010)
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6.4.2.3  1-acrylamido-2-hydroxy- 3-trimethylammoniumpropane  
Chloride (AAHTAPC)

Cotton treated with a fiber-reactive quaternary compound, 1-acrylamido-2-hydroxy- 
3-trimethylammoniumpropane chloride (AAHTAPC), had shown excellent dye 
fixation results with a wide range of reactive dyes in the absence of electrolyte or 
alkali (Wang and Lewis 2002). Percentage exhaustion close to 99 % could be 
achieved with amino-treated cellulose as against 50–96 % exhaustion in case of 
untreated cotton. In addition, highly cationic nature and hydrophilicity of the treated 
fabric increased ring dyeing strength and improved light fastness, rubbing fastness 
and wash fastness for reactive dyeing (Wang and Lewis 2002).

6.4.2.4  Poly Vinylamine Hydro Chloride

Poly vinylamine hydro chloride, PVAmHCl, which is widely used as chelating 
agent in catalysis, biomedical research, etc., fulfil the requirement of salt-free dye-
ing as it has large number of cationic sites favouring nucleophilic substitution. Poly 
vinylamine hydro chloride treated cotton does not require addition of electrolytes 
during dyeing (Periyasamy et al. 2011). Poly vinylamine hydro chloride concentra-
tion used during cotton pre-treatment influences dyeing bath exhaustion. 5 g l−1 of 
poly vinylamine hydro chloride exhibits best results. It had been shown that this 
treatment produce about 7–20 % increase in dye fixation compared to conventional 
dyeing for majority of the reactive dyes (Ma et al. 2005).

6.4.2.5  Amino-Terminated Hyperbranched Polymers

Treatment with amino-terminated hyperbranched polymers increases zeta potential 
of the cotton fiber for the entire pH range. This is due to the presence of large 
 number of imino and amino groups in amino-terminated hyperbranched polymers 
(Zhang et al. 2007). Enhanced color strength is displayed by amino-terminated 
hyper branched polymer (HBP-NH2) grafted cotton fiber (HGCF) while dyeing 
with reactive dyes compared to conventional dyeing with electrolytes (Zhang et al. 
2007, 2008). It has been reported that optimum conditions for the preparation of 
grafted cotton fiber are: 10 g l−1 of HBP-NH2, reaction temperature 60 °C, and 
 reaction time 5 min (Zhang et al. 2008).

6.4.2.6  Dendrimers

Dendrimers are a class of highly ordered uniformly branched polymers. Presence of 
highly reactive primary amino group makes dendrimers suitable for salt-free textile 
dyeing application. It had been shown that dendrimer pre-treatment produces good 
colour depth even without addition of electrolytes, alkali or levelling agents 
(Burkinshaw et al. 2000).
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Dendrimer polyamid amine had also been reported in literature for textile 
 modification to achieve salt-free dyeing (Zhang et al. 2007). But, considering the 
complex synthesis procedures, use of hyperbranched polymers in place of  dendrimer 
had been suggested recently as mentioned in the previous section.

6.4.2.7 Tertiary Amine Cationic Polyacrylamide

Cationization of cotton fabrics using a polymer, tertiary amine cationic polyacryl-
amide (TACPAM) had been reported by Teng et al. (2010). Molecular mass of 
TACPAM, concentration of pretreatment solution, cationic degree and baking 
 temperature influenced effectiveness of salt-free dyeing with TACPAM. It had been 
reported that a combination of molecular weight 11,000 g/mol, concentration of 
pretreatment solution 2 %, cationic degree 47 % mass and baking temperature 
100 °C produced best results. Treated and untreated fabrics were compared for their 
wash fastness, rubbing fastness, tensile strength, tear strength and stiffness and were 
found to be better than untreated fabric (Teng et al. 2010).

In general polymers show poor fastness for light. This could be attributed to the 
fact that the polymers modify only the external surface of fiber enabling the binding 
of the reactive dyes on them. Due to their molecular weight they normally do not 
penetrate deep inside the fiber.

6.4.2.8 Chitosan

Textile modification with chitosan, a derivative of chitin, can also be employed to 
reduce the amount of electrolytes used in dyeing (Kitkulnumchai et al. 2008; Lim 
2002; Wei et al. 2005; Zhigang 2008). Chitosan treatment increases dye exhaustion 
rate.

Oxidation of cellulosic fibre with KIO4 followed by reductive amination with 
chitosan has shown considerable improvement in dye exhaustion and color yield. It 
has been reported that oxidation of cellulosic fibre with KIO4 creates more  aldehydic 
groups on the fabric surface. When this fabric is subjected to reductive amination
with chitosan, stable C─N bonds are created between chitosan and cellulose, which 
results in improved dye uptake and hence greater dye exhaustion and colouring. 
This treatment could reduce the salt consumption upto 50 % (Kitkulnumchai et al. 
2008). However, it is also reported that, the oxidation step may reduce fabric 
strength and hence this treatment is not recommended if the fabric strength is very 
important (Kitkulnumchai et al. 2008; Lim and Hudson 2004).

Dyeing of cotton fabric is possible without addition of inorganic salts when it is 
properly treated with another derivative of chitosan, O-acrylamidomethyl -N- 
[(2-hydroxy-3-trimethylammonium) propyl] chitosan chloride (NMA-HTCC) Wei
et al. (2005). Textiles treated with this chitosan derivative had shown better wash 
fastness than the untreated cotton even in the absence of electrolytes. However, the 
light fastness and anti-microbial activity were low compared to their counterparts 
(Wei et al. 2005).
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Corona discharge pretreatment supplements the action of chitosan in improving 
exhaustion of dye and/or coloration of textile. Corona discharge treatment augments 
the hydrophilicity of cotton and polyester fibres. While corona discharge does not
improve the dye fixation appreciably, combination of corona discharge and chitosan 
treatment was found to be more efficient in enhancing dye uptake. It has been 
reported that for polyester blend of cotton fabric, combined treatment resulted in 
two fold increase in colour intensity (Ristić et al. 2009).

At acidic pH chitosan is soluble in water and its polyamine character makes it 
highly reactive with many free amino groups. Acetylated form of chitosan or its 
derivatives show better performance in textile processing as they are more soluble. 
It has been shown that incorporation of chitosan in the dye bath increased the 
 intensity and strength characteristics of the color.

The major advantages of chitosan are (i) it is derived from a naturally occurring 
polymer chitin, most abundant next only to cellulose, having an amino polysaccha-
ride (ii) eco-friendly when compared to other polymeric substances used for the 
same purpose, (iii) posses antimicrobial activity thereby increases life of the textile 
(iv) biodegradable etc.,

6.4.3  Plasma

Plasma treatment is one of the eco-friendly technologies used for surface modifica-
tion of polymeric substances. Gas under required pressure is used to produce 
charged particles by interaction of electromagnetic field. Plasma treatment on  textile 
fibers improves hydrophilicity (Patin et al. 2011).

Among different kind of plasma treatments like atmospheric, low pressure, jet 
etc., low-pressure plasma and atmospheric plasma treatment had been reported in 
textile dyeing pretreatment applications (Patin et al. 2011). Different gases were 
used in low-temperature plasma treatment for textile wet processing according to 
the nature of dye and fabrics to reduce salt concentration in dye exhaustion. 
Atmospheric plasma is preferred in textile application as this can be easily  combined 
with other operations like cationisation, finishing etc.

Increase in hydrophilicity caused by plasma treatment produces faster adsorption 
and diffusion of dye molecules. It has been reported that plasma treatment of cotton 
fiber increases percentage exhaustion and K/S by about 10 % and 14 % respectively 
in reactive dyeing. Very brief exposure of cotton fabrics to corona plasma treatment 
improves the wettability of the fabric (Patin et al. 2011).

6.4.4  Starch

Modified starch (cationized starch) treatment of cellulose also imparts salt – free 
dyeing properties in cellulose. Cationisation of starch is achieved by treating starch 
with cationizing agents like glycidyltrimethylammonium chloride (Glytac A) 
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(Zhang et al. 2005), 2,3-epoxypropyltrimethyl ammonium chloride (Zhang et al. 
2007), 3-chloro-2-hydroxypropyltrimethylammonium chloride (QUAB188) or 
2,3-epoxypropyltrimethylammonium chloride (QUAB151) (Kaki et al. 2003).

Adsorption of reactive dyes was facilitated by the positive charges acquired from 
cationic starch. These positive charges counteract with static repulsion between 
fibre and reactive dyes and influence the formation of covalent bonds between them. 
This enhance fixation of reactive dyes and also reduce pollution by salt-free dyeing.

Cationic starch acts like a bridge between the cellulose and the dye molecule. 
While starch bind to cotton, the quaternary ammonium cations bind to reactive
dyes. High molecular weight, ionic forces and bonding forces enable starch to bind 
with cotton. Quaternary ammonium cations help binding of reactive dyes. The 
 presence of starch may sometimes lead to appearance of patches; however, this can 
be easily prevented by use of proper levelling agents like condensate of aliphatic 
alcohol and epoxyethane.

6.5  Conclusion

To minimize the pollutants discharge from textile industry it is necessary to  minimize 
use of objectionable auxiliary chemicals and consumption of water. In the current 
context, following three approaches have excellent potential in achieving these 
objectives:

 1. Using alternate eco-friendly auxiliary chemicals,
 2. textile pre-treatment to minimize use of auxiliary chemicals and
 3. enzymatic textile processing to minimize use of auxiliary chemicals

Usually auxiliary chemicals like sodium chloride and sodium sulphate are 
employed to improve dye exhaustion and fixation. These are inorganic salts and not 
biodegradable. Removal of such salts is very difficult/expensive. Identification 
of alternate eco-friendly salts to minimize the use above mentioned salts without 
 compromising dyeing quality is very much essential. Summary of various salts 
investigated for this purpose and their strengths and weakness have been discussed.

On the hand, in order to minimize use of auxiliary chemicals, cellulose can be 
pre-treated to improve the dye-fabric interaction. Cationiastion is one of the most 
popular techniques used for this purpose. Various cationisation techniques reported 
in the literature have been summarized and their merits and demerits are discussed. 
Techniques other than cationization are also briefed.

Finally various enzymes employed in textile processing to minimize use of aux-
iliary chemicals as well as water are discussed. While the enzymatic process reduces
the pollutant discharge without compromising the quality of the textile, cost of 
enzymes do hamper the application of enzymatic process in industry.

Thus, review of the literature on eco-friendly textile processing reveal that there 
is a good scope for research in this field. Towards achieving the goal of eco-friendly 
textile processing, excellent potential for future research is identified in the following 
areas:
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 1. Alternate salts: In spite of environmental issues discussed in detail, owing to 
their cost advantage, sodium chloride and sodium sulphate are still the favourite 
salts in textile processing. To take these alternate salts from laboratory to indus-
try, it is highly essential to identify economically viable alternate salts.

 2 Enzyme based textile processing: Individual enzymatic desizing, descouring, 
bleaching are all well established in minimising water and/or salt consumption. 
Meantime, investigations on integration of textile processes using enzymes are 
very limited and have not been taken up in large scale. If properly integrated and 
implemented, enzymatic processes can bring down the pollution load emitted 
from this industry considerably. There is lot of potential for research in this area.

In implementing enzymatic processes in large scale operations, necessary 
attention must be paid on cost of enzyme. Future research on production of 
enzymes (a) at low cost (using cheaper raw materials and high performance 
 bioreactors) (b) from novel microbial strains (capable of giving higher enzyme 
yields and productivity), and (c) using engineered strains (producing high 
 performance enzymes) are inevitable in making the eco-friendly enzymatic 
 dyeing processes economically viable. Implementation of this technology in 
large scale operations will ultimately depend on this.

 3. Pre-treatment of fiber: Cotton fabrics modified with monomeric cationization 
agents had shown good dye uptake, high K/S value and good fastness properties 
compared to untreated cotton fabrics. Already commercial monomer cationiza-
tion agents are available in the market. These cationisation agents had been 
proven to be effective in reducing water and chemical consumptions.

Future research is required to (i) reduce the quantity of salts required, (ii) identify 
monomers that are stable under treatment conditions, and (iii) identify non-toxic 
monomers.

In the case of polymer cationisation agents, though they are superior to monomer 
in many aspects as described in Sect. 4.2, they are usually either less efficient in 
reducing water/chemical consumption or they produce low quality products. Thus 
developing efficient and effective eco-friendly cationisation agent is a challenging 
task to the researchers.
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