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    Abstract     Due to the high cost and complex synthesis of existing heterogeneous- base 
catalysts such as supported alkaline catalysts, alkali earth oxides, mixed metal oxides, 
dolomites, perovskite-type catalysts, zeolites, hydrocalcites etc., carbon- based sulfo-
nated catalyst (CBSC) was widely studied and showed high catalytic activities in 
many chemical reactions, including hydrolysis, dehydration, esterifi cation, alkyla-
tion, condensation, oxathioketalization, dimerization, benzylation, and trimethylsi-
lylation. The enhanced activity of heterogeneous CBSC ascribed to the high stability 
of its acid sites, high density, carbon sheets hydrophobic property, existence of –OH 
and –COOH groups in its molecular structure and loose irregular network are some 
of the structural properties that are usually not present in the homogeneous catalyst. 
A variety of technique is used to characterize the catalysts structure. As both trans-
esterifi cation and esterifi cation reactions are being simultaneously catalyzed by these 
catalysts, hence it is considered as a viable alternative for the production of biodiesel 
from the waste cooking oil or any feedstock having high free fatty acid (FFA) con-
centrations. Performance of various solid acid catalysts is infl uenced by method of 
preparation such as calcinations temperature within 500–800 °C range. The best way 
to produce biodiesel is provided by solid acid biomass-derived sulfonated catalyst. 
These solid acid catalysts are found to be recoverable and reusable which are more 
eco-friendly and greener than a catalyst in a liquid phase. Many research nowadays 
focused on production of biodiesel involving renewable “green catalyst” prepared 
either from biomass or from waste generated in the households.  

  Keywords     Sulfonated catalyst   •   Transesterifi cation   •   Biodiesel   •   Cellulose 
hydrolysis  

18.1         Introduction 

 Among the characteristics of activated catalysts that are bio-based, the number of acidic 
sites shows the most dramatic effect on the catalytic activity while surface area has 
much less signifi cant effect on the catalytic activity. The solid phase is the most com-
mon for heterogeneous catalysts; hence, the surface area of the catalyst is very critical 
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and important as it determines the catalytic site. Carbon-based  sulfonated catalysts 
(CBSCs) are the heterogeneous acid catalyst. Heterogeneous catalysts work by 
 lowering the activation energy of a reaction. Reactant molecules are normally 
adsorbed at active sites onto the surface of the catalyst. Weakened structured bond is 
formed which is then converted to another complex, which is exclusively the product 
attached to the catalyst. At the end, this complicated molecule then breaks down to 
release product molecules and leaves the catalyst surface by moving away, get ready 
to interact with another reactant molecule. Although, these catalysts are more expen-
sive than mineral acids, advantages such as minimized corrosion and environmental 
effects due to acid waste streams and ease of product separation compensate for their 
high costs (Gates  2008 ). The catalytic active sites in the CBSCs are chemically bound; 
in the case of biodiesel production, both the resultant biodiesel and glycerol by-product 
will be free of catalyst contaminants (Emrani and Shahbazi  2012 ). 

 The high    activity of CBSCs due to hydrophobic property of its carbon sheets, 
stability of acid sites, loose irregular network, high density, and the existence of –OH 
and –COOH groups that assists hydrophilic reactants accessing toward the –SO 3 H 
groups, which would be in favor of effective catalytic performance. The interaction 
between the active sites of the catalyst and surface hydrophobicity makes solid acid-
catalyzed esterifi cation distinct from the homogeneous catalysis (Trakarnpruk  2012 ; 
Wilson et al.  2000 ). Solid acid catalysts (both Lewis-type such as the mixed and sul-
fated oxides and Brønsted-type such as sulfonic acid-containing materials) combine 
the advantages of heterogeneous base catalysts and mineral acids (Lotero et al.  2005 ). 

 Carbon catalyst with high surface area showed improved catalytic activity in the 
reactions of large molecule, e.g., esterifi cation of aliphatic acids with longer carbon 
chains and benzylation of toluene (   Liu et al.  2010a ,  b ;    Kitano et al.  2009a ,  b ). The 
important factor that determines the catalytic performance of amorphous carbon-
bearing SO 3 H catalysts is the carbonization temperature of the starting material and 
the specifi c surface area of the carbonized activated carbon (Sani et al.  2014 ). 
However, the catalytic activity for some small molecule reactions (e.g., esterifi ca-
tion of acetic acid with ethanol) was found to be independent of the specifi c surface 
area, but related to acid density of the carbon catalyst.  

18.2     Biodiesel and Cellulose Hydrolysis Reaction 

 The most important applications of biomass-derived activated sulfonated carbon 
catalyst involve biodiesel production and cellulose hydrolysis reaction. 

18.2.1     Biodiesel Production 

 Utilization of nonedible biomass as a feedstock is expected to increase to meet the 
growing demands of catalyst and their applications for biofuel production, mainte-
nance of high stability and high density of strong protonic acid sites is essential, 
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when considerable amounts of free fatty acids (FFAs) are present in the waste cook-
ing oil used as feedstocks, there is a need to consider this solid acid catalyst in this 
situation. 

 Biodiesel synthesis reaction using heterogeneous base catalysts including silica, 
KOH–NaY, K 2 CO 3 –Al 2 O 3 , Li–MgO, CaZrO 3  requires anhydrous refi ned oil as feed-
stock having less than 0.5 % FFA, making the biodiesel highly expensive (Emrani 
and Shahbazi  2012 ). The sulfonated activated carbon catalyst consists of sulfonic 
group and carboxylic group as a high density functional group after the sulfonation 
of the catalyst and these are referred as CBSC. Owing to their properties such as 
chemical inertness, high mechanical and thermal stability, these carbon- based solid 
acids are considered as ideal catalysts for many chemical reactions (Konwar et al. 
 2013 ). Both transesterifi cation and esterifi cation reactions can be simultaneously 
catalyzed by this activated catalyst so it is highly useful for the  conversion of feed-
stock with high FFA concentration to biodiesel. A fl exible carbon- based framework 
supporting dispersed polycylic aromatic hydrocarbons having sulfonic acid groups 
constitutes the solid acid catalyst. Although    it is the sulfonate group that is the 
active catalyst site, rest of the functional groups results during the preparation step 
of the catalyst has not a signifi cant advantage. This type of bio- based catalyst struc-
ture allows behaving it as enzymes in taking a substrate such as fatty acid in their 
active site, catalyzing its esterifi cation and then releasing it into the reaction medium. 
CBSCs are the most promising solid acids and used extensively for the transesteri-
fi cation and esterifi cation of vegetable oils and animal fats (lipid feedstocks) with 
alcohol usually with methanol and ethanol. Consequently, the sulfonated carbon 
catalysts could be considered as a viable alternative to H 2 SO 4  owing to their low 
material cost and high catalytic activity. This type of catalysts shows a great ten-
dency to convert raw vegetable oils composed of triglycerides, free higher fatty 
acids, and water into biodiesel and glycerol very directly through the transesterifi ca-
tion reaction by-products with minimal and limited energy consumption. The 
reported catalyst was successfully recycled in fi ve consecutive experiments and 
exhibited high thermal stability and could be used as a potential substitute for cor-
rosive, concentrated H 2 SO 4  currently employed for acid oil pretreatment (Konwar 
et al.  2013 ). 

 These bio-based small sulfonated aromatic hydrocarbon catalysts however are 
not stable as catalysts because aromatic molecules leach out of them over time. 
In order to prevent leaching, catalysts with larger molecular size are prepared start-
ing from macromolecular carbohydrate. Solar energy converted into plant materials 
or into chemical energy by absorbing CO 2  to produce cellulose, starch, higher fatty 
acids, triglycerides, lignin, and saccharides. However, plant seeds containing tri-
glycerides and higher fatty acids cannot be directly combusted hence are converted 
into biodiesel that consume energy through chemical reaction; however in the case of 
LCA > 1, life cycle assessment (LCA) of the “biodiesel”, it is nonrenewable energy 
and also not a carbon neutral material (Hara  2010 ). According to the American 
Society for Testing and Materials (ASTM), biodiesel can be defi ned as a monoalkyl 
ester of fatty acids obtained from renewable waste feedstocks such as vegetable 
oils and fats (Demirbas  2009 ). Broadly biodiesel composed of higher fatty acid 
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derivatives or higher fatty acids in plant materials or animal fat (Hara  2010 ). Several 
recent researches have focused on the involvement and the applications of heteroge-
neous catalysts for biodiesel production, because of their environmental and eco-
nomic advantages. The simultaneous esterifi cation and transesterifi cation reactions 
are fully established and are remarkable with the utilization of only one solid acid 
catalyst. Nonedible vegetable oils regarded can be a promising substitute for tradi-
tional edible and nonedible food crops for the production of biodiesel. The utiliza-
tion of nonedible oil sources as the feedstocks for the biodiesel production and the 
resulting catalyst obtained from nonedible waste products show great probability to 
improve the future production of biofuel or biodiesel.  

18.2.2     Steps of Biodiesel Production 

 The transesterifi cation of vegetable oil for the production of biodiesel is carried out 
as follows (Ali and Tay  2013 ):

    1.    Alcohol (methanol) and catalyst mixing   
   2.    Vegetable oil reaction with alcohol/catalyst   
   3.    Biodiesel and glycerol separation   
   4.    Separation of alcohol   
   5.    Washing of methyl ester   
   6.    Purifi cation of biodiesel produced    

  The schematic representations of biodiesel production with heterogeneous 
 catalysts have been illustrated below in Fig.  18.1 . Advantages of these catalysts 
stem from reduction of environmental pollution because they are made from waste, 
they are active and stable, and they lower the biodiesel cost by using waste grease 
containing water and fatty acids (Emrani and Shahbazi  2012 ).

18.2.3        Transesterifi cation (Alcoholysis) Reaction 

 Generally nontoxic, renewable, biodegradable sources, such as refi ned and waste 
vegetable oils and animal fats, are used for biodiesel production and it is considered 
as a renewable alternative substitute for petrodiesel fuel. Chemical    process known 
as transesterifi cation reaction employed to obtain biodiesel, virtually involving any 
triglyceride feedstock, in the presence of a catalyst, to produce fatty acid alkyl esters 
or biodiesel. The process is termed as methanolysis reaction if methanol is used and 
further it is ethanolysis if instead of methanol, ethyl alcohol is used in the reaction. 
Reduction of the viscosity of vegetable oil and for conversion of the triglycerides 
into ester, transesterifi cation reaction is considered. The transesterifi cation reaction 
is shown in Fig.  18.2  (   Ellis et al.  2007 ). Transesterifi cation is the best example of 
reversible reactions and mainly involves the mixing of the reactants to proceed the 
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reaction. To shift the equilibrium to the product side an excess of alcohol is required. 
Obtained ester or biodiesel through transesterifi cation reaction possesses similar 
physical properties, almost identical to those of commercial diesel fuel (Yaakob 
et al.  2013 ). Figures  18.3  and  18.4  show the general equation of transesterifi cation 
and transesterifi cation of triglycerides (Meher et al.  2006 ).

  Fig. 18.2    Transesterifi cation of triglyceride (Ellis et al.  2007 , with permission)       

  Fig. 18.1    Schematic block diagram of heterogeneous biodiesel production (Konwar et al.  2014 , 
with permission)          
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     A catalyst generally enhances and fastens the rate of reaction and yield. The 
glycerine as glycerol is the by-product of transesterifi cation. Biodiesel fuel obtained 
by triglyceride transesterifi cation contains several individual FAME species 
(Hoekmana et al.  2012 ). The  1 H nuclear magnetic resonance spectroscopy (NMR), 
gas chromatography (GC), high-performance liquid chromatography (HPLC), and 
near-infrared spectroscopy (NIR) are generally used as technical tool and process 
for monitoring the transesterifi cation reactions. The presence of catalyst at appro-
priate temperature, 1 mol of fatty acids will react with 1 mol methanol to produce 
1 mol methyl esters and 1 mol of water. Alcohol in excess is required to carry the 
reaction forward since this is reversible order reaction. Both the forward and back-
ward reactions follow second-order kinetics. FAMEs and water produced from the 
reaction can be separated by using reduced pressure distillation or by the rotary 
vacuum evaporation techniques. 

 The sulfonated carbon materials were utilized as catalysts for pretreatment of 
acid oils (oils containing 8.17–43.73 wt% of FFAs). The catalysts could be used to 
convert FFA present in acid oils into corresponding methyl esters within 6–8 h at 
80 °C, thus reducing the FFA content to desirable levels below 2 wt% (Konwar et al. 
 2013 ). The catalysts were fi ltered, washed, with hot ethanol and diethyl ether, 
 successively, dried at 180 °C for 1 h at the end of each reaction and further can be 
reused deprived of loss of its catalytic activity or leaching in fi ve consecutive 
 reactions. Variety of catalysts can be used for biodiesel production techniques 
and are classifi ed as Homogeneous-catalyzed transesterifi cation, Heterogeneous-
catalyzed transesterifi cation, Enzyme-catalyzed transesterifi cation, and Noncatalyzed 
transesterifi cation. 

18.2.3.1     Homogeneous-Catalyzed Transesterifi cation 

 This method involves the use of catalyst in liquid form, mainly acid and alkali 
 catalysts. The basic factor in the acid catalysis is the protonation of the carbonyl 
group in triglycerides and the alcohol attacking the protonated carbon to create a 
tetrahedral intermediate. In a homogeneous-base catalyzed reaction, the main factor 
is to create nucleophilic alkoxide from the alcohol to attack the electrophilic part 

  Fig. 18.3    General equation 
of transesterifi cation (Meher 
et al.  2006 , with permission)       

  Fig. 18.4    General equation 
for transesterifi cation of 
triglycerides (Meher et al. 
 2006 , with permission)       
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of the carbonyl group of the triglycerides (Schuchardt et al.  1998 ). The use of 
 homogeneous catalysts is the fi rst conventional method applied in the biodiesel 
 production industry.  

18.2.3.2     Heterogeneous-Catalyzed Transesterifi cation 

 The application of heterogeneous (solid) catalysts in biodiesel production alleviates 
the problems associated with homogeneous catalysis. Glycerol as by-product with 
a purity of greater than 98 % is produced from heterogeneous process compared to 
about 80 % from the homogeneous process (Helwani et al.  2009 ). The basic scheme 
for biodiesel production is depicted in Fig.  18.5  (Marchetti et al.  2007 ).

18.2.3.3        Enzyme-Catalyzed Transesterifi cation 

 The effi ciency of biocatalyzed process is mainly reliant on enzyme source and its 
operational conditions. The use of organic solvents, such as  n -hexane,  n -heptane, 
petroleum ether, and cyclohexane, is another certain factor that infl uences the effi -
ciency of biocatalysis (Soumanou and Bornscheuer  2003 ). Biocatalysis is mediated 
by lipases, a group of enzymes (EC 3.1.1.3), produced by microorganisms, animals, 
and plants (Gog et al.  2012 ; Antczak et al.  2009 ).  

18.2.3.4     Noncatalyzed Transesterifi cation 

 A temperature above the critical temperature of alcohol is required to carry out the 
transesterifi cation reaction in the absence of any catalyst through a supercriti cal 
method. Application of extreme temperature and pressure converts the methanol 
into supercritical fl uid state. The reaction temperature is mostly greater than 250 °C 

  Fig. 18.5    Basic scheme for biodiesel production (Marchetti et al.  2007 , with permission)       
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since the critical temperature of methanol is 240 °C (D’Ippolito et al.  2007 ). 
In order to drive the reaction toward forward in this method, a molar ratio in higher 
value is required. The probability of producing biodiesel from crude Jatropha oil by 
utilizing the supercritical method on methanol and ethanol has been investigated 
(Rathore and Madras  2007 ) with molar ratio 50:1 alcohol to oil considered best ratio 
under 20 MPa at 300 °C. The prime importance of this method is that no purifi cation 
step is required to remove the catalyst enabling to push the production of biodiesel 
from laboratory to large industrial scale (Kulkarni and Dalai  2006 ). Hence further 
studies, investigations, research, and economic evaluations are still to be considered 
in the production steps for large scale.   

18.2.4     Equipment or Reactor for Biodiesel Production 

 The advanced technology introduces a large number of equipment for the produc-
tion of biodiesel. Microwave reactor and ultrasound-assisted reactor are the latest 
equipment although the conventional refl ux method and auto clave are the two most 
common or conventional methods to produce biodiesel. Time by a factor of 15–40 
gets reduced for the transesterifi cation when compared with conventional batch 
reactors (99 % yield for 5 min or less agitation) through ultrasonic reactor. The high 
chemical activity of an ultrasonic reactor reduces the consumption of excess alcohol 
and the amount of catalysts required in its processing (Singh et al.  2007 ). 

 A reaction system where membranes and chemical reactions are combined are 
called membrane reactor. This reactor is used for carrying out a reaction and a 
membrane- based separation simultaneously in a particular physical enclosure or in 
close proximity. This method has been decidedly advantageous over conventional 
means as it ends with an FAME-rich phase (Aransiola et al.  2014 ). The minimiza-
tion of the wastewater produced during the process at an industrial scale by mem-
brane reactors (MRs) is well established; thus, it is more eco-friendly (membrane 
fl ux of 30–40 L/m 2 /h, residence time of 15 min). The quality and color of methyl 
ester and glycerin are also improved and enhanced by MRs (below the levels speci-
fi ed by the ASTM D6751/EN 14214 standards) (Falahati and Tremblay  2012 ). 

 Many other continuous reactors, such as oscillatory fl ow reactors (OFRs), rotat-
ing packed bed, supercritical methanol, and gas–liquid reactors, are more effective 
in biodiesel production (Thanh et al.  2010 ). The cost of “biodiesel” most probably 
gets reduced by these improvements in technology enabling it more realistic and 
strong opponent to commercial biodiesel fuel. Chemical reaction and thermody-
namic separation are combined in a single unit in Reactive distillation (RD) reactor; 
hence, it is a promising multifunctional reactor to improve an ordinary process 
(Kiss et al.  2008 ). Moreover, it is a valuable process intensifi cation technique 
that can be applied successfully to the production of biodiesel as the reactions are 
controlled by the chemical equilibrium leading to the end product. 

 One of the important types of continuous reactor is OFRs, consisting of tubes 
containing equally spaced orifi ce plate baffl es, which can be considered novel reac-
tor. An oscillatory motion is superimposed upon the net fl ow of the process fl uid, 
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creating fl ow patterns conducive to effi cient heat and mass transfer, while maintaining 
plug fl ow. The degree of mixing does not depend on the net fl ow, allowing long resi-
dence time to be achieved in a reactor of greatly reduced length-to-diameter ratio in 
the OFRs (Harvey et al.  2003 ). Production of biodiesel in the OFR using heteroge-
neous catalyst is commendable and advantageous as the OFR found to be perfect for 
suspending particles of solid catalyst or polymer-supported catalyst. The residence 
time shorter than that of batch processes in OFR can also be achieved (Fabiyi and 
Skelton  2000 ).   

18.3     Optimization of Parameters for Transesterifi cation 
Reaction 

 Transesterifi cation (also called alcoholysis) involves the formation esters and 
 glycerol by the reaction between feedstock (oil or fat) and an alcohol. To increase 
the reaction rate and yield a catalyst is employed. The process of biodiesel produc-
tion by the transesterifi cation reaction involves various parameters such as FFA 
 content, stirrer speed, reaction rate, catalyst concentration or catalyst loading, tem-
perature, type of alcohol used, alcohol-to-oil molar ratio, water content, catalyst 
type, etc. (Gnanaprakasam et al.  2013 ). 

18.3.1     The Effect of Molar Ratio of Alcohol 

 The yield of ester production is affected by several variables and among them major 
variable is the molar ratio of alcohol to triglyceride. The transesterifi cation to stoichio-
metric ratio involves three moles of alcohol and one mole of triglyceride to produce 
three moles of fatty acid alkyl esters and one mole of glycerol (Tariq et al.  2012 ).  

18.3.2     The Effect of Catalyst 

 Alkali, acid, or enzyme catalyst is the major classifi cation for catalysts. Acid- catalyzed 
are much slower than alkali-catalyzed transesterifi cation. If water and FFA contents 
are present in excess in the glyceride, acid-catalyzed transesterifi cation found to be 
more favorable (Sprules and Price  1950 ; Freedman et al.  1984 ). The catalytic activity 
of calcium methoxide, barium hydroxide, magnesium oxide, calcium hydroxide, cal-
cium oxide, and for comparison, sodium hydroxide was investigated during the trans-
esterifi cation of rapeseed oil, although sodium hydroxide exhibited the highest 
catalytic activity in this process   . The production of fatty acid methyl esters from the 
rapeseed oil through transesterifi cation, several attempts have been made to use basic 
alkaline-earth metal compounds. The catalyzed reaction involving alkaline-earth 
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metal, alkoxides, and oxides and hydroxides proceeds slowly (Tariq et al.  2012 ). 
Triglycerides transesterifi cation either in nonaqueous or aqueous systems can be 
 catalyzed by enzymatic catalysts such as lipases very effectively. However, other 
alkali or acid has the production cost relatively less than that of the lipase catalyst 
(Smith  1949 ).  

18.3.3     Water Content 

 The water content in the waste cooking oil plays an important role in accelerating 
the hydrolysis reaction and simultaneous reduction in the yield of ester formation 
(Arun et al.  2011 ). In the acid-catalyzed reaction, water content is more critical than 
base-catalyzed reaction (Lotero et al.  2005 ). Certain amount of water even lesser 
than monolayer amount of water molecules around the enzyme molecules is the 
requirement for some enzymes to be active (Shah et al.  2003 ). If raw material 
 contains more water beyond this limit, it will automatically affect the extent of con-
version by deactivating the lipase (Kumari et al.  2009 ).  

18.3.4     Free Fatty Acid 

 The fatty acid content or composition is a vital factor greatly affecting the perfor-
mance of biodiesel in an engine and also affects the rate of transesterifi cation and 
esterifi cation reactions. If content of FFA exceeds 3 % in the feedstock (waste cook-
ing oil), then even with homogenous base catalyst, transesterifi cation reaction will 
not proceed (Ahmad et al.  2010 ). Using of heterogeneous catalyst and pretreatment 
through acid homogenous catalyst might solve this problem (Feng et al.  2011 ; 
Zhang et al.  2010 ;    Jiang 2010; Liu et al.  2010a ,  b ; Sherbiny et al.  2010 ; Knothe and 
Steidley  2009 ) or heterogeneous catalyst (Rice et al.  1998 ; Corro et al.  2010 ) by 
esterifi cation to form FFA ester. Solid acid (heterogeneous) catalysts, thus, show a 
unique advantage in esterifi cation and transesterifi cation reactions for synthesis of 
biodiesel with the use of high acid value oil as feedstock.  

18.3.5     The Effect of Reaction Time and Temperature 

 The conversion rate increases with the reaction time. The effect of reaction time on 
transesterifi cation of beef tallow with methanol is being studied. Due to the mixing 
and dispersion of methanol into beef tallow, the reaction was very slow during the 
fi rst minute. From 1 to 5 min, the reaction proceeded very fast. The apparent 
yield of beef tallow methyl esters surged from 1 to 38 % (Ma et al.  1998 ). Conver-
sion increases over a temperature range of 30–55 °C for enzymatic reaction. 
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The temperatures 45 and 60 °C show no difference in conversion as observed by 
Freedman et al. ( 1986 ). The rate of the transesterifi cation reaction and yield of 
esters produced are infl uenced by reaction temperature (Ahmad et al.  2011 ). The 
acceleration    of the saponifi cation reaction of triglyceride decreases the amount of 
biodiesel/ester produced the reaction temperature goes beyond the optimal tempera-
ture (Leung and Guo  2006 ; Eevera et al.  2009 ). To avoid vaporization of alcohol, the 
temperature should not exceed the boiling point of alcohol (Li et al.  2009 ). Viscosity 
of biodiesel will increase if the reaction temperature is maintained below 50 °C 
(Kapilakarn and Peugtong  2007 ). More considerably to get maximum yield of bio-
diesel, the microwave heating are used to shorten the reaction time (Chen et al. 
 2012 ). The temperature higher than 323 K had a negative impact on the product 
yield for neat oil, but had a positive effect for waste oil with higher viscosities 
(Leung and Guo  2006 ). Optimal temperature ranges from 50 to 60 °C, primarily 
depending on the type of oil used (Ahmad et al.  2011 ; Freedman et al.  1984 ; Leung 
and Guo  2006 ). The minimum vaporization reaction is ensured when the tempera-
ture is less than the boiling point of alcohol (Tariq et al.  2012 ). About 99 % of yield 
can be obtained, depending on the accessibility of reactants in the reaction mixture 
only when the reaction was carried out for a longer time. To lower the production 
cost reaction time should be optimized. Chances for the backward reaction increase 
when parameters of the reaction are not properly managed, which subsequently 
decrease the product  formation (   Hossain et al.  2010a ,  b ; Refaat  2010 ).  

18.3.6     Stirrer Speed 

 To ensure the completion of transesterifi cation reaction and to increase the yield of ester 
formation, the mixing of reactants plays important role (Canakci and Gerpen  2003 ). 
The reaction time lengthened when decrease in stirrer speed was accounted (Jiang et al. 
 2010 ) and this subsequently decreases the conversion (Adeyemi et al.  2011 ). The 
200 rpm is the optimum speed using enzymatic reaction for production of biodiesel 
(Kumari et al.  2009 ). In the transesterifi cation reaction mode of stirring too plays a vital 
role. Moreover, when magnetic stirrer (1,000 rpm) was replaced with mechanical stirrer 
(1,100 rpm), yield of biodiesel increased from 85 to 89.5 % (Sharma and Singh  2008 ).  

18.3.7     Catalyst Loading 

 Nature of oil and the catalyst employed in the transesterifi cation process deter mined 
the catalyst content. Optimum load of alkali catalysts, such as NaOH, for WCO 
transesterifi cation is approximately 1.0 wt% (Phan and Phan  2008 ; Meng et al. 
 2008 ) whereas for acid catalysts, the load approximately 4 %. Research study stated 
that with increasing enzyme content the enzymic activity increases. It has been 
obvious from study that most feasible loading for obtaining the highest possible 
biodiesel yield is 25 % enzyme load (Wang et al.  2006 ; Chen et al.  2009 ).  
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18.3.8     Types of Alcohol 

 Important reactants in transesterifi cation reactions are the alcohol. In this reaction, 
most generally primary and secondary monohydric aliphatic alcohols (with 1–8 car-
bon atoms) are used. However, methyl alcohol (methanol) and ethyl alcohol (ethanol) 
(Banerjee and Chakraborty  2009 ) are most commonly used in the transesterifi cation 
of biodiesel. In most cases, recovery from the fi nal product is much easier in the case 
of methyl alcohol; hence, it is commonly used for the production of biodiesel 
(Mathiyazhagan et al.  2011 ). Methanol yields more biodiesel from waste cooking oil 
than other alcohols (ethanol and butanol) (Hossain et al.  2010a ,  b ) and viscosity of 
biodiesel obtained using other alcohols (ethanol and butanol) is greater than that 
of biofuel obtained from methanol (Hossain et al.  2010a ).    Table  18.1  compares the 
properties of fatty acid methyl ester and fatty acid ethyl ester (Lapuerta et al.  2008b ). 
Distillation process gets more diffi cult for the separation of water from alcohol, when 
ethanol or isopropanol is used, since it forms azeotrope with water (Gerpen  2005 ). 
Obtained biodiesel using methanol (fatty acid ethyl ester, FAME) has higher pour and 
cloud points than that produced using ethanol (fatty acid methyl ester, FAEE), which 
decreases the storage ability of biodiesel (Lam and Lee  2011 ).   

18.3.9     Effect of Using Organic Cosolvents 

 Many cosolvents, such as tetrahydrofuran, 1, 4-dioxane, and diethyl ether, were 
tested to carry out the reaction in single phase. As THF boiling point 67 °C is only 
2° higher than that of methanol, hence it is most commonly used. The unreacted 
methanol and THF can be codistilled and recycled at the end of each reaction 
(Boocock et al.  1996 ).  

   Table 18.1    Comparison of the properties of fatty acid methyl ester and fatty acid ethyl ester   

 Fuel property  Units  Ref  FAME  FAEE 

 Density at 15 °C  kg/m 3   834  887  878 
 Kinematic viscosity at 40 °C  cSt  2.72  5.16  4.92 
 Gross heating value  MJ/kg  45.54  39.26  39.48 
 Lower heating value  MJ/kg  42.49  36.59  36.81 
 Acid number  mg KOH/g  0.1  0.55  0.27 
 % C  wt.  86.13  76.95  77.38 
 % H  wt.  13.87  12.14  12.19 
 % O  wt.  0  10.91  10.43 
 Sulfur content  ppm/wt.  34  0  0 
 Water content  ppm/wt.  57  466  420 

 Molecular weight  211.7  293.2  306.7 
 Iodine number  –  97.46  105.6 

   FAME  fatty acid methyl ester,  FAEE  fatty acid ethyl ester,  REF  reference fuel 
  Source : Lapuerta et al. ( 2008b )  
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18.3.10     Effect of Specifi c Gravity 

 Higher value of the specifi c gravity of the end product shows the incompletion of 
reaction and presence of heavy glycerine. The infl uence of temperature, catalyst 
quantity, and molar ratio on the specifi c gravity of the biodiesel was studied by 
many researchers (Miao and Wu  2006 ).  

18.3.11     Catalyst Concentration 

 High temperature conditions are required for the conversion of waste cooking oil 
into biofuel, when catalysts are not present (Tan et al.  2011 ). Increasing the catalyst 
concentration, the yield of the product will also increase because of the enhance-
ment in rate of reaction. It has been found that conversion decreases, with excess 
catalyst concentration, as the viscosity of the reaction mixture gets increased 
(Kiakalaieh et al.  2013 ). About 1.5 % concentrations of catalyst CuVOP can be 
used for the  production of biodiesel from soya bean oil (Chen et al.  2011 ). Type and 
nature of raw material and catalyst greatly infl uenced the optimum catalyst concen-
tration (Highina et al.  2011 ).   

18.4     Analysis of Biodiesel Fuel Properties 

 Many of the fuel properties, such as density, acid value, kinematic viscosity, and 
calorifi c value, were quite similar irrespective of fatty acid compositions of various 
oils (Chattopadhyay and Sen  2013 ). Quality of biodiesel can be defi ned by some 
standard general parameters as shown in Table  18.2  (Meher et al.  2006 ). Biodiesel’s 
fl ash point and its heating value can be analyzed by using an oxygen bomb calorim-
eter measured with a Pensky–Marten closed-cup fl ash point tester. To measure the 
kinematic viscosity of the fuel, a capillary viscometer is employed. Conradson car-
bon residue analyzer determine carbon residue in unit of wt%   . A Distillation tem-
perature  analyzer (HAD-620 model, Petroleum Analyzer Inc., USA) usually used to 
determine the distillation temperature of the biodiesel sample (Benjumea et al.  2008 ).  

 Table  18.3  shows the fuel properties of ASTM No. 2D diesel (Lin and Fan  2011 ). 
Research shows that the oil containing lesser saturated fatty acids showed more cold 
fi lter properties (pour point and cloud point), whereas unsaturated fatty acid-rich 
oils have less oxidation stability (Leung et al.  2010 ). Oil containing higher amount 
of unsaturated fatty acids was found to be better feedstock in terms of the fuel 
 properties of biodiesel produced from it. Low viscosity, high cetane value, low acid 
value, specifi c gravity, and high fl ash point are the important parameters used to 
determine the quality of biodiesel (Chattopadhyay and Sen  2013 ).  
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18.4.1     Density 

 Density is the relationship between the mass and volume of a liquid or a solid and 
can be expressed in units of grams per liter (g/L). ASTM Standard D1298 and EN 
ISO 3675/12185 test methods are used to measure the density of the biodiesel 
(Atabani 2013).  

18.4.2     Heat of Combustion 

 Higher heat of combustion value of a fuel possesses lower mass fuel consumption 
rate for the same engine output. Diesel fuel’s refi ning process relative to the biodies-
els required higher operating temperature and pressure may also cause smaller 
water and impurity content leading to higher heat of combustion value of the fuel.  

   Table 18.2    General parameters of the quality of biodiesel (Meher et al.  2006 , with permission)                     

 Parameters 
 Austria 
(ON) 

 Czech 
republic 
(CSN) 

 France 
(journal 
offi cial) 

 Germany 
(DIN) 

 Italy 
(UNI) 

 USA 
(ASTM) 

 Density at 
15 °C g/cm 3  

 0.85–0.89  0.87–0.89  0.87–0.89  0.875–0.89  0.86–0.90  – 

 Viscosity at 
40 mm 2 /s 

 3.5–5.0  3.5–5.0  3.5–5.0  3.5–5.0  3.5–5.0  1.9–6.0 

 Flash point (°C)  100  110  100  110  100  130 
 CFPP (°C)  0/−5  −5  –  0–10/−20  –  – 
 Pour point (°C)  –  –  −10  –  0/−5  – 
 Cetane number  ≥49  ≥48  ≥49  ≥49  –  ≥47 
 Neutralization 

number 
(mg KOH/g) 

 ≤0.8  ≤0.5  ≤0.5  ≤0.5  ≤0.5  ≤0.8 

 Conradson carbon 
residue (%) 

 0.05  0.05  –  0.05  –  0.05 

   Table 18.3    Fuel properties 
of ASTM No. 2D diesel   

 Fuel properties  ASTM No. 2D diesel 

 Heat of combustion (MJ/kg)  46.2 
 Flash point (°C)  72 
 Kinematic viscosity (mm 2 /s)  3.61 
 Water content (wt.%)  0.006 
 Carbon residue (wt.%)  0.055 
 Peroxide value (meq/kg) 
 Acid value (mg KOH/g) 

    Source : Lin and Fan ( 2011 )  
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18.4.3     Flash Point 

 The temperature at which fuel will ignite when exposed to a fl ame or spark is 
termed as fl ash point of oil; also, it can be regarded as the lower or minimum tem-
perature at which a fuel produces suffi cient vapor to ignite momentarily and give 
the fi rst fl ash, thus determines the fuel fl ammability. Safer transportation and stor-
age of the fuel are associated with the higher fl ash point. Flash point is measured 
according to ASTM D93 and EN ISO 3679 (Sanford et al.  2011 ; Masjuki  2010 ; 
Fernando et al.  2007 ). Liquid fuel with a lower fl ash point is more likely to result 
in autoignition at a high surrounding temperature while transportation or storage 
(Lin and Fan  2011 ).  

18.4.4     Sulfur Content 

 Emissions of sulfur oxides occur during combustion of the fuel, causes if the 
fuel contained the sulfur. It is important parameter and need to specify for engine 
operability (Singh and Singh  2010 ; Balat and Balat  2010 ; Atadashi et al.  2010 ; 
Masjuki  2010 ; Schinas et al.  2009 ).  

18.4.5     Kinematic Viscosity 

 The tendency to resist the fl uid fl ow is the viscosity of that fl uid. The extent of both 
atomization and fuel fl uidity are affected by Kinematic viscosity generally, when 
the liquid fuel utilization is at a low temperature. When the kinematic viscosity 
value is higher it creates pumping diffi culty along with improper fuel injection 
(Lin and Fan  2011 ). Larger saturated fatty acid content in the FAME possesses 
greater kinematic viscosity (Knothe  2005 ).  

18.4.6     Water and Sediment Content 

 Suspended    water or dissolved water droplets are the two forms for the  existence of 
water and the sediments, corrosion and damage of vital fuel system components, 
injector pumps, fuel tubes, fuel pumps, etc. results due to presence of water content 
in biodiesel which apparently decreases the heat of combustion. The standards 
ASTM D 2709 and EN ISO 12937, respectively, are the standards of water content 
and sediment for biodiesel (Atabani et al.  2013 ).  
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18.4.7     Cetane Number 

 Ignition properties or a characteristic represents the cetane number. The ease of 
ignition and the smoothness of combustion results are measured by the cetane num-
ber. Cetane number    greatly affect the ignition properties, higher its value, better it is 
in its ignition properties. Cetane number of biodiesel is greater than conventional 
diesel fuel, which leads to its increase in combustion effi ciency (Meher et al.  2006 ).  

18.4.8     Carbon Residue 

 Presence of various additives, impurities, and ash in liquid fuel following a burning 
process produces carbon residue. Higher amount of carbon residue in the hydrocar-
bon fuel is observed due to the presence of larger proportion of aromatic compounds 
in the hydrocarbon fuel (Arisoy  2008 ). Although the burning of the biodiesel left 
less carbon residues than the commercial biodiesel, the amount of carbon residue 
specifi ed in the ASTM D6751-09 biodiesel standard is less than 0.05 wt%.     

18.4.9     Distillation Temperature 

 The signifi cant indicators for combustion characteristics are the distillation tem-
perature and boiling point of liquid fuel is directly related to it (Lin and Fan  2011 ).  

18.4.10     Neutralization Number 

 To determine proper ageing properties of the fuel, neutralization numbers are con-
sidered; it is also regarded as a good manufacturing process. Neutralization number 
refl ects the presence of FFAs or acids used in manufacture of biodiesel and also 
biodiesel degradation due to thermal effects (Meher et al.  2006 ).  

18.4.11     Phosphorus, Calcium, and Magnesium Content 

 These are minor components that are associated with the phospholipids and gums 
that usually act as emulsifi ers or cause sediment, lowering yields during the trans-
esterifi cation process (Vera et al.  2011 ). ASTM D4951 and EN 14107 are used for 
the phosphorous determination, whereas magnesium and calcium are determined 
using EN Standard 14538 (Sanford et al.  2011 ; Masjuki  2010 ).  
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18.4.12     Acid Value 

 Existence of FA or FFA in the fuel indicates the acid value AV of fuel (Chattopadhyay 
and Sen  2013 ). If acid value of biodiesel is higher, then it is evident that it has more 
FFAs and less oxidative and thermal stability, causing faster formation of oxidation 
products such as hydroperoxides and conjugated dienes and which further causes 
the quicker degradation of properties of fuel and its burning properties (Lin and Fan 
 2011 ). The presence of higher amount of FFA led to corrosion in engine which 
consequently reduced and affects engine effi ciency (Chattopadhyay and Sen  2013 ). 
Temperature, storage time, and water content results in increase in the acid value of 
a biodiesel (Lin and Fan  2011 ). 

 Following equation can be used to calculate the acid value:

  
AV = ´ ´( )56 1. /N V m

   

where  N  is the ethanolic KOH normality (0.1 N),  V  is the volume used to titrate, and 
the sample mass is  m  (2 g).  

18.4.13     Peroxide Value 

 Determination of peroxide value indicates the extent of lipid oxidation. When the 
peroxide value is higher, it indicates oxidative stability has a lower degree causing 
the faster deterioration of lipid properties under the same storage or operating con-
ditions (Lin and Fan  2011 ).  

18.4.14     Weight Composition of Fatty Acid Content 

 The linoleic acid (C18:2) and oleic acid (C18:1) constitutes the fatty acids of the 
commercial biodiesel. The exhibition of inferior oxidative and thermal stability of 
the biodiesel having larger weight fraction of poly-unsaturated fatty acids with more 
than three double bonds are observed. The various oxidative products such as conju-
gated dienes, water, and hydroperoxides of the biodiesel compounds, are susceptible 
to get contaminated in both the combustion chamber and fuel feeding system causing 
a prior blockage of the injection pump and also engine breakdown (Arisoy  2008 ).  

18.4.15     Cold Filter Plugging Point 

 Cold fi lter plugging point (CFPP) of a fuel represents its performance in cold 
weather. Fuel gets thicken and lowers the fl ow property thus greatly affects the per-
formance of fuel pumps, fuel lines, and injectors when the operating temperature of 
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fuel is low. CFPP also defi nes the fuels limit of fi lterability (Meher et al.  2006 ). 
In some of the cases, CFPP of a fuel is higher than its cloud point; usually it is lower 
than its cloud point. The ASTM D6371 is employed for CFFP determination 
(Sanford et al.  2011 ).  

18.4.16     Calorifi c Value 

 Another important parameter is the calorifi c value (CV) or heat of combustion. 
Calorifi c value is the number of heat evolved by the complete combustion per unit 
weight of fuel. To calculate calorifi c value bomb calorimeter was usually used 
(Chattopadhyay and Sen  2013 ).  

18.4.17     Iodine Number 

 Iodine number is the index of the number of double bonds. It determines the 
extent of unsaturation of the biodiesel. The cetane number, cold fl ow, and bio-
diesel viscosity characteristics are also correlated directly to iodine value and 
CFPP (Atabani et al.  2013 ). Several properties of biodiesel do not resemble any 
signifi cant change during storage, while others, such as viscosity and peroxide 
value, change more dramatically. To demonstrate the nature of the starting prod-
uct and the related changes, rancimat induction period is used (Meher et al.  2006 ). 
Table  18.4  shows the comparison of fuel properties between diesel and biodiesel 
(Lapuerta et al.  2008a ).    

   Table 18.4    Comparison of fuel properties between diesel and biodiesel (Lapuerta et al.  2008a , 
with permission)   

 Fuel property  Biodiesel  Diesel 

 Lower heating value (MJ/kg)  36.5–38  42.5–44 
 Kinematic viscosity (cSt) at 40 °C  3.5–5.5  2–3.5 
 Acid number (mg KOH/g)  0–0.60 
 Density (kg/m 3 ) at 15 °C  870–895  810–860 
 Water content (mg/kg)  0–500 
 Ester content (%w/w)  >96 
 Glycerin content (%w/w)  0–0.25 
 Cold fi lter plugging point (°C)  −5 to 10  −25 to 0 
 Sulfur content (mg/kg)  15–500 
 Cloud point (°C)  −5 to 10  −20 to 0 
 Pour point (°C)  −15 to −10  −35 to 0 
 Cetane number  45–65  40–55 
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18.5     Cellulose Hydrolysis Catalysis Reaction 

 Breaking cellulose to produce glucose in an environmentally friendly fashion and at 
low cost is a major challenge nowadays. Once broken to glucose, glucose can be 
fermented to produce various liquid and gas fuels and just about all the commer-
cially available organic chemicals. Bio-based catalysts, which can be made by the 
sulfonation of cellulosic agricultural waste, can effi ciently catalyze hydrolysis 
 reactions in both economical and environmentally friendly way. CBSC bearing –
SO 3 H, –COOH, and –OH function was perfect catalyst for the hydrolysis reaction 
of the pure crystalline cellulose. A lot of work have been published on catalytic 
conversion of cellulose with various CBSCs (Suganuma et al.  2008 ,  2012 ; Nakajima 
and Hara  2012 ; Dora et al.  2012 ; Onda et al.  2009 ; Zhang et al.  2013 ; Onda  2012 ; 
Yamaguchi et al.  2009 ). The activation energy for cellulose hydrolysis process 
(110 kJ/mol) is less than the activation energy for reaction involving H 2 SO 4  
(170 kJ/mol) as the catalyst. H 2 SO 4  as catalyst can break down the cellulose, but the 
challenge is the separation of the products from the aqueous mixture. A solid sulfo-
nated catalyst can easily be separated by fi ltration. 

 Artifi cial neural network (ANN) and a response surface methodology (RSM) 
analyses revealed that the catalytic hydrolysis of cellulose and cellulose saccharifi -
cation using amorphous carbon- bearing SO 3 H, OH, and COOH groups proceeds 
using conc. H 2 SO 4 ; the reaction depends largely on the amount of water (Yamaguchi 
et al.  2009 ).    Amorphous solid carbon catalyst bearing SO 3 H, COOH, and OH 
groups gave 10 % glucose yield at 373 K after 3 h (Kitano et al.  2009a ,  b ; Yamaguchi 
et al.  2009 ). Bio-based catalysts in combination with silica or other  supports have 
been able to break down cellulose. The hydrolysis effi ciency of cellulose increases 
with increasing reaction temperature fi rst; however, too much high temperature 
(>363 K) would result in degradation of the cellulose surface, which  prevents effi -
cient hydrolysis of cellulose (Yamaguchi et al.  2009 ). It has also been found out that 
hydrolysis of cellulose into water-soluble β-1,4 glucan by carbon material bearing 
SO 3 H, COOH, and phenolic OH groups, and its further hydrolysis into glucose by 
the carbon material are highly remarkable (Suganuma et al.  2008 ). A wide    range of 
solid catalysts is investigated for the hydrolysis of cellulose into saccharides shows 
a great potential and widespread application in the environmentally benign sac-
charifi cation of cellulose (Suganuma et al.  2008 ). 

 Secondary    groups on the structure allows the bio-based catalysts to behave as 
enzymes in taking a substrate such as fatty acid in their active site catalyze its esteri-
fi cation and then release it into the reaction medium. Hydrolysis of cellulose or 
the formation of bio-based catalyst with sulfonic, carboxyl, and hydroxyl groups on 
polyaromatic graphene rings is shown in Fig.  18.6  (Suganuma et al.  2008 ). Selectively 
hydrolysis of cellulose with β-1, 4-glycosidic bonds into glucose in the catalytic hydro-
thermal reactions at temperatures around 423 K by a group of a sulfonated activated 
carbon catalyst is well established. The excellent    catalytic properties of the prehydro-
thermal-treated sulfonated activated carbon catalyst attributes toward the high hydrother-
mal stability and the strong acid sites of sulfo functional groups, resulted in glucose 
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yields of about 40 C-% and the product selectivity of about 90 C-% (Onda et al.  2009 ). 
The Carbonaceous solid (CBS) catalysts with SO 3 H, COOH, and phenolic OH groups 
also prepared by incomplete hydrothermal carbonization of cellulose followed by 
either sulfonation with H 2 SO 4  to give carbonaceous sulfonated solid material or by 
both chemical activation with KOH and sulfonation to give activated carbonaceous 
sulfonated solid material. The prepared       carbonaceous sulfonated solid material pos-
sess high catalytic activity for a hydrolysis from hemicellulose to xylose and glucose. 
The hydrolysis reaction rate and  conversion increase with temperature (85 % in 2 h at 
120 °C vs. 65 % and <5 % for 111 °C and 93 °C, respectively) and can be analyzed by 
kinetic analysis. Declination in the catalytic activity after one recycling ∼14 is 
observed. Loss in activity was attributed to acid site leaching (Ormsby et al.  2012 ).

18.6        Dehydration from Xylose to Furfural 

 X-ray photoelectron spectroscopy,  13 C solid state nuclear magnetic resonance spec-
troscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, energy dis-
persive X-ray spectroscopy, thermo gravimetric analysis, and surface area analysis 
suggested that the sulfonic acid groups were the key active sites for high tempera-
ture production of furfural in water (Lam et al.  2012 ). The poisoning of acidic sites 
by water is responsible for these catalysts to lose their activity in water (Okuhara 
 2002 ). Figure  18.7  shows the pathway for the conversion of hemicellulosic materi-
als to xylose and then furfural (Corma et al.  2007 ). Most widely used soluble acid, 

  Fig. 18.6    Hydrolysis of cellulose or the formation of bio-based catalyst with sulfonic, carboxyl, 
and hydroxyl groups on polyaromatic graphene rings (Suganuma et al.  2008 )       
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such as sulfuric acid and formic acid at 200 °C, are used to produce furfural with 
yields of ∼60 % when the reactions are carried out in water (Oefner et al.  1992 ; 
Lamminpää and Tanskanen  2009 ). However, intermediate-stabilizing anions lead to 
increase the yield up to 80 % on addition (Marcotullio and De Jong  2010 ; Smuk and 
Zoch  1965 ).

18.7        Dehydration from Fructose to Furfural 
and Hydroxyl Methylfurfural 

 The dehydration from fructose to furfural and hydroxyl methylfurfural (HMF) in 
the ionic liquid 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]) are being 
investigated by many researchers (Qi et al.  2012 ). A novel carbon-based solid acid, 
which was prepared by a facile and eco-friendly approach from glucose and 
 p - toluenesulfonic  acid (TsOH), also catalyzes fructose dehydration into 5-hydroxy 
methyl furfural (HMF) for the fi rst time and exhibits excellent catalytic perfor-
mance. As high as 91.2 % yield of HMF was achieved in dimethyl sulfoxide 
(DMSO) at 130 °C after only 1.5 h. Besides, this catalyst also displayed a good 
reusability. Some other solvents, including dimethyl formamide (DMF), dimethyl 
acetamide (DMA),  N -methylpyrrolidone ( N -MP), and water, were also used (Wang 
et al.  2011 ). As shown in Fig.  18.8 , the synthesis of HMF starts with replacement of 
one or two water molecules from fructose to form partly dehydrated intermediates 
(Kuster  1990 ; Roman-Leshkov et al.  2006 ). A further removal of water from these 
intermediates results fi nal product (HMF), but intermolecule reaction leads to a 
condensation products from these intermediates, such as soluble polymers and 
insoluble humins (Kuster  1990 ). The HMF hydrolysis (rehydration) to give levu-
linic acid leads to increase in the HMF selectivity is the other alternate way of 
 by- product formation.

   It has been found that for various solid acid catalysts this method is quite effec-
tive including heteropolyacid, zeolite, amberlyst-15 resin, and other acidic resins. 

  Fig. 18.7    Conversion of hemicellulosic materials to xylose and then furfural (Corma et al.  2007 )       
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A series of carboxylic acid esters were well hydrolyzed by carbon-based solid acid 
and the CBSC showed higher conversions than the typical Amberlyst-15 resin, 
Nafi on catalysts (Ji et al.  2011 ; Fu et al.  2011 ). The activities of the catalyst for 
methyl acetate hydrolysis were quite similar to the acid density, and the conversion 
ratio of hydrolysis decreased with the increase in length of carbon chain of carbox-
ylic acid esters (Fu et al.  2011 ). The use of carbon as sulfonated carbon catalyst 
provides a greener and effective process for hydrolysis or conversion of cellulose to 
number of valuable by-products.  

18.8     Acid-Catalyzed Alkylation Reaction 

 By employing a molar excess of carbon dioxide ( P  c  = 71.8 bar;  T  c  = 31.1 °C),  supercritical 
1-butene/isobutene, alkylation reaction can be perfectly carried out. Alky lation reaction 
resulting in virtually steady alkylate (trimethylpentanes and dimethylhexanes) produc-
tion on mesoporous activated solid acid catalysts for experimental durations of about 
2 days could be performed at temperatures relatively lower than the critical tempera-
ture of isobutane (<135 °C). Thus, an environmentally and eco-friendly safer alterna-
tive for alkylation reaction to conventional alkylation that employs liquid acids is 
promised by fi xed-bed, carbon dioxide based, and solid acid alkylation process (Clark 
and Subramaniam  1998 ). Racemic tertiary halooxindoles proceed to enantioenriched 
oxindoles bearing all-carbon quaternary stereocenters as a result of a catalytic enanti-
oselective stereo ablative process, this application allows for the rapid asymmetric con-
struction of biologically signifi cant alkaloid core motifs (Ma et al.  2009 ).  

18.9     Conclusion 

 CBSC produced directly from biomass would own potential advantage. It has been 
established that solid acid-catalyzed biodiesel production is far from perfection 
than basic-catalyzed reaction. Better catalytic activity for making biodiesel type 

  Fig. 18.8    The dehydration of fructose to HMF (Ken-ichi et al.  2009 , with permission)       
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molecules was found to be due to the large surface area and mesoporous structure 
of the activated carbon which probably increase the contact of reactant with cata-
lytic active sites. As reported by different researches owing to its high thermal sta-
bility, unique surface, and structural properties, it can be utilized as a support for the 
variety of active catalysts (metal, metal oxide, and so on). Sulfonation method 
played an important role in determining strong acid site (–SO 3 H) density and hence 
 catalytic activity. CBSC has shown high catalytic effects in many chemical reac-
tions, including hydrolysis, dehydration, esterifi cation, alkylation, condensation, 
oxathioketaliza tion, dimerization, benzylation, and trimethylsilylation. CBSC 
becomes a popular solid acid catalyst. In addition, the reported catalyst could also 
be used repeatedly without severe decrease in its catalytic activity resulting from 
strong covalent attachment between –PhSO 3 H groups and carbon material. An over-
all economic study and comparison with the traditional solid acid catalyst are 
required before this kind of catalyst can be considered on an industrial scale and 
solid acid catalysis needs to be comprehensively explored and exploited.     
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