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Abstract This paper presents an overview of research
pertaining to solid acid catalysts for esterification reactions.
Prominence has been given to the literatures that have been
appeared during the last two decades. A variety of reac-
tions catalyzed by solid acid catalysts have been tabulated
according to their broad classification; industrially impor-
tant reactions have been outlined. Examples, where the use
of various solid acid catalysts have led to an improvement
in the selectivity of the desired products, have also been
discussed. Various catalyzed esterification reactions using
different approaches and previous kinetic studies have been
reviewed. Types, preparation and synthesis of various solid
acid catalysts have been reviewed and discussed. Sugges-
tions have been summarized for their implementation in
future work.

Keywords Solid acid catalysts - Esterification reactions -
FFA - Polymer resins - Silica gel

Introduction

Esterification reaction is one of the most important pro-
cesses in organic synthesis usually catalyzed in liquid
phase. It is also an industrially important reaction as
organic esters are significant intermediates in the synthesis
of fine chemicals, drugs, plasticizers, food preservatives,
cosmetics and auxiliaries. Mineral acid catalysts such as
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hydrofluoric acid, sulphuric acid or Lewis acid catalysts
like tin octoate are used to produce by industrial batch
process. Ecofriendly heterogeneous catalysts are in demand
for esterification, e.g. heterogeneous catalysts viz., ion-
exchange resin, zeolite, triolic acid, sulphate oxides,
hydrous zirconium oxide and supported heteropoly acid,
e.g. Esterification of acetic acid with ethanol over zeolite,
sulphonic acid functionalized zeolite type silica for ester-
ification of glycerol with fatty acids [1, 2].

Esterification Reactions
Catalysis Esterification Reactions
Homogeneous Acid-Catalyzed Esterification

Traditionally, homogeneous acid catalysts such as AlCl3,
HF, and H,SO, are commonly used in the esterification
process industry. However, the production of large vol-
umes of toxic waste which possesses environmental risk
and the cost inefficiency are some of the drawbacks [3].
Homogeneous acid catalysts have many disadvantages in
industrial and laboratory processes, e.g., in terms of han-
dling, corrosiveness, difficult separation, and toxicity of
waste [4].

Heterogeneous Acid-Catalyzed Esterification

In recent years, the search for environmentally benign
chemical processes or methodologies has received much
attention, and the development of heterogeneous catalysts
for fine chemical synthesis has become a major area of
research. The potential advantages of these materials over
homogeneous systems (simplified recovery and reusability,
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the potential for incorporation in continuous reactors and
micro reactors) could lead to novel environmentally benign
chemical procedures for academia and industry [5].

Homogeneous acid catalysts have many disadvantages
in industrial and laboratory processes, e.g., in terms of
handling, corrosiveness, difficult separation and toxicity of
waste. Most novel solid acid catalysts are based on a silica
support, as they offer excellent chemical and thermal sta-
bility, high surface area and good accessibility of reactive
centers and also organic moieties can be anchored to their
surface to provide heterogeneous solid acid sites. Sulfonic-
acid-functionalized silica (SiO,—Pr—SOz;H) is a highly
efficient heterogeneous nanoporous solid acid catalyst
which can be easily synthesized and used in esterification
reactions [3].

Keeping in view the importance of heterogeneous
catalysis, a mild and efficient method for the one-pot
synthesis of 3,4-dihydropyrimidinones/thiones in the pres-
ence of covalently anchored sulfonic acid onto silica gel,
which has been reported [6]. Various types of alcohols and
phenols are converted to the corresponding ether using a
solid silica-based sulfonic acid [7].

The heterogeneous catalysts can be used in place of
homogeneous catalysts, e.g. use of solid catalysts (sul-
fonated hyper cross-linked polystyrene resin, sulfonated
polyvinyl alcohol and sulfated zirconia) for transesterifi-
cation of triglycerides and esterification of free fatty acid
for biodiesel production [8]. Oils with high amount of Free
Fatty Acid (FFA) are becoming one of the most promising
alternatives to produced biodiesel; due to its low cost.
Different catalysts, such as solid resins, zeolite and
enzymes were tested for the direct esterification reaction of
pure oleic acid with different alcohols [9].

Enzymatic Esterification

In the case of enzymatic esterification reactions, water is
produced during the reaction due to hydrophobic solvents
and water phase in the system. A subject of study was the
synthesis of geranyl acetate, one of the most known aro-
matic compound. A hydrophobic (polypropylene) matrix
was shown to be a much better carrier in the reactions
performed in an organic solvent than a hydrophilic (poly-
amide) membrane being tested [10]. Biocatalytic synthesis
of esters using Rhizopus oryzae resting cells has also been
reported [11].

Supercritical and Subcritical Alcohol Esterification
To predict the performance of packed-bed plug flow
bioreactor operating under supercritical conditions, the

reaction kinetic data can be provided e.g. kinetics of
esterification of oleic acid and ethanol using Biocatalyst
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Lypozyme. It was found that under higher alcohol con-
centrations, the reaction experienced substrate inhibition.
The latter was identified to be competitive inhibition under
moderate alcohol concentrations and non-competitive
inhibitions under high alcohol concentrations [12].

Microwave Assisted Esterification

Inspired by the concept of Ionic Liquids (ILs), study showing
modified Mukaiyama’s reagent, 2-chloro-1-methylpyri-
dinium iodide, from ionic solid into liquids by changing its
anion can be useful for microwave assisted ‘greener’ trans-
esterification. The microwave irradiation was more effective
in esterifying N-acetyl-L-phenylalanine than the conven-
tional reflux method for its esterification [13].

Amberlyst-15 has been demonstrated to be an effective
catalyst for the Fischer type synthesis of esters in a
heterogeneous, aqueous system. Even the factory-dried
Amberlyst-15 resin contains traces of moisture. In addition,
the Amberlyst-15 is highly hygroscopic and readily adsorbs
water from the air upon short exposure to ambient condi-
tions. In studies of microwave-assisted chemical conver-
sions it is important to concentrate on possible factors
influencing reaction progress. Since 2.45 GHz microwaves
are “tuned” to heat water with high efficiency. In principle,
water present in the catalytic resin could facilitate super-
heating of the resin, leading to an increased reaction rate
under microwave radiation and also facilitate proton
transfer which influence the reaction kinetics. To test the
effect of water contained within the resin upon reaction
progress, rates of reactions have been measured. These
reactions were heated by microwave radiation and classical
heating, in the presence of catalytic resin loaded with
varying amounts of water [14].

Trans-Esterification Reactions

Trans-esterification (alcoholysis) is a reversible reaction of
a fat or oil with an alcohol to form esters and glycerol,
catalyzed by base/alkalis, acids or enzymes. Excess alcohol
is required to favor the reaction in the forward direction
[8]. Novel water tolerant sulfonic acid based periodic
mesoporous organo silicas having either phenylene or ethyl
as bridge and methyl propyl sulfonic acid as functionalized
group, which have been developed for efficient biodiesel
production via direct trans-esterification of various oils
(sunflower, canola, corn, refined olive and extracted oil
from olive sludge) with methanol. By comparing the cat-
alytic performance of these acids with well-known (SBA-
Pr—SOzH), it was revealed that catalyst bearing an ethyl
bridging group is a more reactive catalytic system in bio-
diesel production [15]. The use of homogeneous sulfuric
acid was used to prevent soap formation in biodiesel
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production using either esterification or trans-esterification.
It has been reported as a promising and recyclable catalyst
for trans-esterification of various vegetable oils, by
emphasizing the possibility to control both acidity and
hydrophobicity of the catalysts [15].

Previous Kinetics Studies of Esterification Reactions

Catalytic activity of esterification reactions are generally
confirmed by H-NMR and IR spectroscopy [1]. Shah et al.
[16] reported esterification of FFAs in acid oil (a byproduct
of oil refining) to obtain biodiesel using sulfonic acid-
functionalized silica (SiO,—Pr—SO3;H) as promising solid-
acid catalyst. The conditions affecting conversion to Fatty
Acid Methyl Esters (FAME), for example reaction tem-
perature, reaction time, catalyst concentration, and metha-
nol-to-oil molar ratio, were investigated and optimized.
The highest conversion obtained under the optimized
conditions was 96.78 %. Shah et al. [16] made the
assumptions, which include (1) The negligible rate of the
non-catalyzed reaction compared with that of the catalyzed
reaction (2) The oil phase reaction occurred (3) constant
concentration of methanol due to high oil-to-methanol
molar ratio and (4) reversible heterogeneous esterification
of FFA. Rate constants of the reaction at different tem-
peratures were determined on the basis of the increase in
the amount of FAME as a function of time [16].

The kinetics of acetic acid esterification with ethyl
alcohol, in vapor phase, have been studied in the presence
of decationized zeolite catalysts [17]. Different solid acid
catalysts were used to assess their efficacy in esterification
reaction of ethanol and maleic acid [18]. Esterification
kinetics of acetic acid with isobutanol in 1,4-dioxan as a
solvent without adding a catalyst and catalyzed by ion-
exchange resins were carried out using a batch reactor.
The effect of catalyst type, stirrer speed, the effects of
reaction temperature and catalyst loading on the initial
reaction rate, the effect of speed of agitation and the
conversion of acetic acid versus time were also investi-
gated [19]. Four homogeneous acidic catalysts were tested
for their ability to catalyze the esterification reaction of
oleic acid and oleyl alcohol to produce oleyl acetate [20].
Yadav et al. [18] reviewed and reported that p-toluene-
sulfonic acid as homogenous catalyst which can be used
for esterification of maleic anhydride and ethanol. Ester-
ification of different acids (acetic, propanoic and pen-
tanoic) with alcohols (methanol, ethanol, 1-propanol,
butanol and 2-butanol) was studied in the presence of
heterogeneous and homogeneous catalysts [21]. An opti-
mal continuous procedure was developed for the esterifi-
cation of ethanol with maleic acid by using sulfonic acid
functionalized silica as catalyst in a packed bed reactor
[22].

The esterification of ethylene glycol with acetic acid
was investigated in a batch reactor in presence of a strongly
acidic cation exchange resin (Amberlyst 15). The reaction
of ethylene glycol with acetic acid in presence of cation-
exchange resin proceeds in two consecutive reversible
steps as shown in Fig. 1 [23]. A complete kinetic modeling,
and simulation were carried out to design a catalytic dis-
tillation column for removing acetic acid from wastewater
[16]. Sulfonated polyvinyl alcohol catalyst has been stud-
ied in the same way the esterification of oleic acid and
rearrangement of o-pinene. The activity of the catalyst was
compared with sulfonated macro reticular polystyrene resin
Amberlyst-35 and Nafion. In the esterification reaction,
sulfonated polyvinyl alcohol showed a better activity than
Nafion and the Amberlyst-35 resin catalyst [8, 9]. The
esterification of salicylic acid with methanol was carried
out over a series of Ce*™ modified cation-exchange resins.
The effect of different reaction conditions was studied on
the conversion of salicylic acid, and the optimal reaction
parameters were obtained. The reusability of Ce*™ modi-
fied cation-exchange resins was also studied by using sal-
icylic acid and methanol as model substrates. The
mechanism was proposed for the esterification of salicylic
acid with methanol over Ce*" modified cation-exchange
resins [24]. Ketalization of acetone with 1,4- and 1,2-diols
was carried out in the presence of cation exchange resin
catalysts to obtain corresponding cyclic dioxepins, diox-
epanes and dioxolanes. The reaction was equilibrium
controlled and low conversions were achieved in batch
mode, and kinetics was explained by a pseudo homoge-
neous model. The effects of different configurations as well
as various parameters were studied in detail to arrive at
optimum conditions [25]. The reactive distillation provides
an attractive alternative for reaction/separation processes
with reversible reactions, especially for etherification and
esterification. The esterification of acetic acid with five
different alcohols, ranging from C; to Cs, have been
studied [26].

Types, Preparation and Synthesis of Catalyst
for Esterification Reactions

The factors to be considered when synthesizing catalyst are
the optimum structure for efficient use, main characteristics
of the catalysts and their preparation method as well as
auxiliary steps be carried out to achieve the best charac-
teristics of the resulting catalyst [27].

Polymer Supported Sulfonic Acid Resins

Synthetic ion exchange materials based on coal and phe-
nolic resins were first introduced for industrial use during
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Fig. 1 Esterification of
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the 1930s. A few years later resins consisting of poly-
styrene with sulphonate groups to form cation exchangers
or amine groups to form anion exchangers were developed
(Fig. 2). These two kinds of resin are still the most com-
monly used resins today [28].

Conventional ion exchange resins consists of a cross-
linked polymer matrix with a relatively uniform distribu-
tion of ion-active sites throughout the structure. A cation
exchange resin with a negatively charged matrix and
exchangeable positive ions (cations) is shown in Fig. 3. Ion
exchange materials are sold as spheres or sometimes
granules with a specific size and uniformity to meet the
needs of a particular application [29].

Diethoxymethane was prepared in batch mode as well as
in continuous reactive distillation column from ethanol and
aqueous formaldehyde in the presence of a macroporous
cation-exchange resin Indion-130 [30].

Diethyl maleate is an important intermediate extensively
used in the production of latex emulsion polymers, ther-
moplast and thermoset plastics. Yadav et al. [18] found and
delineated the efficacy of Indion-170, Amberlyst-36,
Amberlyst-15 as most effective heterogeneous catalysts for
the esterification of maleic acid with ethanol [18]. The
activities are in order of cation-exchange capacity on dry
basis for Amberlyst-36, and Amberlyst-15 are 5.40 and

4.8 mequiv./g, respectively, whereas these values are
reported less than 0.5 mequiv./g for clays. The character-
istic properties of the cation exchanged resins are given in
Table 1 [18].

Chakrabarti et al. presented a review of the literature
pertaining to catalysis by cation exchange resins empha-
sizing to the literature during nineties [31]. A variety of
reactions catalyzed by cation exchange resins have been
tabulated according to their broad classification; industri-
ally important reactions have been also delineated. Exam-
ples, where the use of ion exchange resin catalysis has led
to an improvement in the selectivity of the desired prod-
ucts, have also been discussed. Approaches for the inter-
pretation of kinetic data and modeling have been reviewed.
The use of ion exchange resins for the removal of impu-
rities from mixtures and the separation of close-boiling
compounds by exploiting their different chemical reactivity
has been highlighted [31].

All the reactions generally catalyzed by mineral acids,
can be carried out in the presence of cation exchange resin
as catalyst with some of the advantages. The physical
properties of relevant cation exchange resins are listed in
Table 1. Chakrabarti et al. reported many more reactions
catalyzed by ion exchange resins in Table 2 which
lists [31].

Fig. 2 Someh examples of ion —CH—CH,—CH—CH, ﬁH—C‘H;— CH—CHy— CH——CHy— CH—CHy
exchange resins: a a strongly SO.H SOH | | P .
acidic sulphonated polystyrene =3 @' 505 /A V/\\\/ 2753
ti h in, b \ /,'J
cation exchange resin, ba > LS N
strongly basic quaternary anion G .
exchange resin. Reprinted with SOsH CH:NR; OH
L c ’ — CH—CHy—CH—CH> “H—CH>y—CH— —CH—CH,—CH—CH;—CH—CH;—CH—
permission of Ref. [28] CH—=CHy—CH—CHp—CH—CH C‘H -
~.__~CH;NR; OH o
@ O] O
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Fig. 3 Cation exchange resin
schematic showing negatively
charged matrix and
exchangeable positive ions.
Reprinted with permission of
Ref. [29]

s
o7

S0, H*

WX

Table 1 Characteristic properties of cation exchanged resins

Particulars Amberlyst-15
Manufacturer Rohm and Hass
Polymer type MR

Matric type SAC
Functional group -S0; H"
Standard ionic form H"

Particle size range 0.5

% moisture Dry
Operating temperature (°C) 120

Total exchange capacity (mequi./g) 4.7
Crosslinking density (% DVB) 20

Surface area (mz/g) 44

Pore volume (ml/g) 0.41

Modified using permission of Ref. [18]

Various ion exchange resin have been reported for the
separation of close boiling compound, such as separation of
isobutylene/1-butene, m-cresol/p-cresol, 2,6-xylenol/p-
cresol  henol/o-chlorophenol,  o-ethylphenol/guaiacol,
a-naphthol/3-naphthol, ethanol/isopropanol, 2-nitroben-
zaldehyde/3-nitro-benzaldehyde, isopropanol/tert-butanol
2-methylbutanal/methyl isopropyl ketone. These resins
have also been reported for the removal of formaldehyde

impurity from aquepyl ketoneous solution of butynediol,
p-cresol impurity from 2,6-xylenol, a-naphthol impurity
from naphthol. Acid-catalyzed reactions are industrially
important and the proper choice of the catalyst is vital to
make a process cost-effective. The acid-catalyzed reactions
can be carried out with both homogeneous and heteroge-
neous catalysts. Heterogeneous catalysts have certain
prominent advantages over their homogeneous counterpart,
such as easy separation of the catalyst, better selectivity
and reusability of the catalyst. Heterogeneous catalysts
which are generally employed for acid-catalyzed reactions
zeolites, ion exchange resins, acid-activated clays [31]. The
kinetics of the esterification reaction of propionic acid with
1-propanol over the ion-exchange resin has been studied
[32].

Sulfonated Poly (Styrene-Co-divinylbenzene) Ion
Exchange Resins

Hypercrosslinked resin catalysts differ from conventional
cross-linked polystyrene in having much more extensive
cross-linking, by methylene groups linked with neighbor-
ing styrene units. In fact, if applied to polystyrene resins
with existing permanent macro porosity, the additional
crosslinking results in additional micro porosity in a hier-
archical pore structure of catalyzed [8]. Polystyrene-sup-
ported sulfonic acid catalysts have been extensively studied
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Table 2 More reactions to be catalyzed by ion exchange resins

Reaction

System

Catalyst

Acetal formation

Alkylation of benzene/substituted benzene

Alkylation of naphthalene

Alkylation of phenol/substituted phenols

Condensation

Decomposition/cracking

Dimerization/oligomerization

Epoxidation

Esterification of olefins

Esterification of alcohols

Etherification

Glyoxal 4 3-hydroxypropene

Cyclohexanone + ethylene glycol or 1,3-
propanediol

Benzene + propylene

Benzene + 1-dodecene

Benzene + styrene

Phenol + propylene

Phenol + propylene

Phenol + butenes

Phenol + a-methylstyrene

Phenol + IB

Phenol + DIB

Phenol + propylene trimer
Phenol + cyclohexene

0-Cresol + 4-methyl-I-pentene
m-Cresol + IB

p-Cresol + IB

Hydro quinones + IB

Methyl N-phenyl carbamate + formaldehyde
Phenol + acetone

o-Benzoyl benzoic acid
to-Undecylenic acid

Cumene hydroperoxide

IA Amberlyst-15

AMS

Formaldehyde

Ricebran oil 4+ hydrogen peroxide
Cottonseed oil + hydrogen peroxide

1-Butene/isobutylene/1-octene/1-
dodecene + acetic acid

Cyclohexene + acetic acid
Styrene + acetic acid
Propylene + chloroacetic acid
Propylene + myristic acid

(4-Oxo-pentanoic acid/c/s-pinanoic acid/trans-
aconitic

acid/(S)-mandelic acid/oleic acid malonic acid

monoethyl ester) + methanol

Dimethyl phosphoramidothioate + acetic
anhydride

IB + ethanol

IA + methanol

IA + ethanol

IB + ethylene glycol IB

Propylene glycol

(DIB/methyl pentene/pinene) + methanol

Glucose + methanol

Sulfonic acid resin
Amberlyst-15

Amberlyst-15

Amberlyst-15, Amberlyst XN-1010
Nation-H, Amberlyst-15
Amberlyst-15

Amberlyst-15

Amberlyst XN-010

Amberlyst-15

Sulfonic acid resin

Amberlyst-15, Amberlyst XN-1010
Amberlyst XN-1010

Amberlyst-15

Amberlyst-15

Amberlyst-15

Amberlyst- 15

Amberlyst-15

Cation exchange resin

Cation exchange resin

Sulfonic acid resin

Amberlyst- 15

Amberlyst XN-1010

Polystyrene sulfonic acid
Amberlyst-15

Ion exchange resin

Strongly acidic ion exchange resin
Ion exchange resin

Amberlyst-15

Amberlyst-15
Amberlyst-15, Amberlyst XN-1010
Amberlyst-15
Amberlyst-15
Amberlyst-15

Amberlyst-15

Amberlyst-15, Amberlyst-35
Amberlyst-15

Amberlyst-15, Amberlyst-35

Acidic ion exchange resin, Amberlyst-15
Amberlyst-15

Amberlyst-15

Amberlyst-15

@ Springer
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Table 2 continued

Reaction System Catalyst

Hydration IB + water Amberlyst-15, Amberlyst XN-1010
Isopentenes + water Amberlyst-15, Amberlyst XN-1010
Citronellol + water Amberlyst-15
AMS + water Amberlyst-15, Amberlite IR-120

Hydrolysis Ethylene glycol mono-tert-butyl ether 4+ water Amberlyst-15

Isomerization

2,2-Dimethyl-1,3-dioxolane + water
Styrene oxide

Mixture of 3-methyltetrahydrophthalic
anhydride and 4-methyltetrahydrophthalic
anhydride

Rearrangement 2,3-Dimethyl-2,3-butanediol
Thioacetalization Ethanedithiol + (benzaldehyde/2-furfural)
Transesterification Dodecyl acetate 4 n-butanol
Miscellaneous Aniline + phthalic anhydride —

N-phenylphthalimide
1,3,5-Trioxane + alkyl cyanide
1,3,5-Triacylperhydro-1,3,5-triazines
Methanol + (benzamide substituted hydrazide)
[N-Methoxybenzamide — Corresponding ester
1-Butene + hydrogen sulphide
2-Butanethiol + di-butyl sulfide

B-Hydroxy ester ~ fused and
spiro — butyrolactone

1A + acetic anhydride
3,4-dimethyl-pent-3-ene-2-one + 3,4-dimethyl-

Amberlyst-15
Amberlyst-15
Amberlyst-15

Amberlyst-15
Amberlyst-15
Amberlyst-15
Amberlyst-15

Amberlyst-15

Amberlyst-15

Amberlyst-15

Amberlyst-15

Amberlyst-15

pent-4-ene-2-one

DIB + acetic anhydride KU-23, 4,6,6-

Amberlyst-15

Trimethyl- hept-3-ene-2-one + 6,6-
Dimethylhept-4-ene-2-one

Diisoamylene + acetic anhydride — 3,4,5,6,6-

Amberlyst-15

pentamethylhept-3-ene-2-one + 3,5,6,6-
tetramethyl-hept-4-ene-2-one + 3,4,5,6,6,-
pentamethyl-hept-4-ene-2-one

Aziridine + ammonia

Ethylene diamine

Amberlyst-15

Modified using permission of Ref. [31]

in the direct esterification of FFA and similar reactions.
Most studies of polystyrene sulfonic acid resins have been
based on those with permanent macro porosity such as
Amberlysts-15, 35 and 36 (sometimes referred to as
“macroreticular” resins), surprisingly, that some “gel”
resins can exhibit slightly higher activities. Conventional
macro porous polystyrene resins rely on polymer
crosslinking with divinylbenzene and the incorporation of
an inert porogen compound at the polymerization stage to
impart permanent porosity. They are synthesized by car-
rying out a second crosslinking reaction on
polystyrene/divinylbenzene using typically chloro dimethyl
ether with a suitable Friedel-Crafts catalyst [8]. Acidic

cation exchange resin supported polymer materials are well
established and widely reported in literatures for use in
liquid phase reactions. Commercially available resin cata-
lysts are produced in the form of spherical beads with
diameters of 0.5-1.0 mm. Commercially produced ion
exchange resins exist in two main forms, gel and macro
porous. Gel type resins are polymerized as uniform beads
with smooth external surfaces. Macro porous resins are
polymerized as beads in the presence of additional com-
pound known as porogens which is to be trapped within the
polystyrene and after polymerization is complete they are
dissolved out leaving spherical beads with a degree of
permanent porosity [33].
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Fig. 4 Block diagram for \ /
preparation of SAES [4, 6, 7, 15, A &
16] AN /
N\ /
N
Surface o
Activation y

* Predetermined amount of amorphous silica gel

* Refluxed in 6 M hydrochloric acid for 24 h in 500 ml RBF
» Washed with distilled water

Solid material filtered off and then dried at 110 °C for 10 h

This dried mass was then used for the preparation of 3-
mercaptopropylsilica

Grafting of
Organosilane
functional group

Refluxed with 3MPTMS + toluene) at 109.3 °C for 18 h

* Solid mass was filtered off

» Washed to remove free or unreacted 3SMPTMS with toluene in
Soxhlet apparatus for 18 h

* The solid mass was dried in oven at 100 °C overnight to obtaine

surface bound thiol group 3MPS (SiO,-Pr-SH)

\\ / « Oxidation of thiol group of 3MPS in excess 30 % H,0, (10 ml/g
L of solid) for 24 h at room temperature.
\ * Acidification, in presence of concentrated H,SO, in methanol.
* The solid product SAFS filtered off and washed with distilled
Oxidation, water.
‘;‘;‘ggﬁigﬁg’ » Complete protonation of all the sulphonic groups, the solid

material suspendedin 10 wt % H,SO, solution for 5 h.

 Solid mass SAFS filtered off , washed and dried at 100 °C
overnight.

/

Sulfonated Fluorinated Polymer Resins

Per-fluorinated sulfonic acid based ion exchange resins are
currently of high interest when compared to the commer-
cially available sulfonated polymeric supported resins. The
comparatively higher acid strength is believed to be due to
the presence of the highly electronegative fluorinated
regions of the resin. Nafion is a copolymer of tetra fluoro
ethene and perfluoro-2-(fluoro sulfonyl ethoxy) propyl
vinyl ether. It has been found to increase many reaction
when compared to traditional homogenous catalysts,
including alkylations, acylations, isomerizations, esterifi-
cations, hydrations, dehydrations, nitrations and etherifi-
cations. The resin is commercially available in bead form
having a small surface area of less than 0.02 m*/g, and a
concentration of only 0.8 mmol/g acid sites. The subse-
quent surface area of the catalyst was greatly increased,
despite its much lower concentration of acid sites at
0.1 mmol/g, and yet there was an increased accessibility to

@ Springer

the active acid sites due to the sol-gel synthesis of a porous
material support. The silica supported sulfonated Nafion
composite is also commercially available and was resear-
ched here as another benchmark comparison to not only the
sulfonated polymeric resins, but also to the synthesized
silica supported materials [33].

Sulfonated Silica Gels

The grafting route was employed in the synthesis of
Sulfonic Acid Functionalized Silica (SAFS) SiO,—Pr—
SO;3H. The procedure is summarized in following Fig. 4.
All these modified catalysts can be characterized by
Fourier Transformation Infrared Spectroscopy (FTIR),
Thermo Gravimetric Analysis (TGA), Field Emission
Scanning Electron Microscope (FESEM), BET surface
analysis and X-Ray Diffraction (XRD). These character-
izations confirm that the surface of inorganic substances is
modified satisfactorily.
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Fig. 5 Preparation of SiO,—Pr—
SO;H as solid acid catalyst.
Reprinted with permission of
Ref. [3]

Si0;

Silica supported sulfonic acid catalysts can be a better
alternative to commercially available sulfonic acid resins
and zeolites. Sulfonic acid resins such as Amberlyst-15
suffer from low surface area and thermal stability while
zeolites provide some reaction products with high con-
version and selectivity [5]. However, these catalysts also
suffer from diffusion restrictions due to small pore diam-
eter which makes them unsuitable for liquid phase reac-
tions, especially with bulky molecules such as 1,3-dioxane
and 1,3-dioxolanes. To overcome this drawback, a number
of silica supported “green catalysts” (non-volatile, recov-
erable, and easy-to-synthesize) such as sulfonic acid or
MCM-41 sulfonic acid have been employed in esterifica-
tion, processes. However, the tedious work-up procedure
(several hours of refluxing), use of hazardous chemicals
such as tetraethoxy silane, poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), cetyl
trimethyl ammonium bromide etc., either as the silica
source or template, are considered the main drawbacks of
this type of catalysts. One-step process was used to syn-
thesize a silica supported acid catalyst using rice husk ash
as a cheap silica source in a short preparation time (32 min)
under ambient conditions [5]. The waste by-product silica
after thermal activation (1 h at 800 °C temperature) is
possible to use in hardened cement paste having 7 MPa
strength [34]. Several types of sulfonic acid-functionalized
silica has been synthesized and applied as an alternative to
traditional sulfonic resins in catalyzing chemical transfor-
mations [7].

Sulfonic-acid-functionalized silica have been used as an
efficient heterogeneous acid catalyst for the preparation of
amides by reaction of various benzylic, allylic and tertiary
alcohols with various nitriles in good to excellent yields
under solvent-free conditions. The simplicity of the reac-
tion, recovery of catalyst without loss of reactivity, high
yield of products, and short reaction time represent
improvements over many existing methods. For prepara-
tion of the SiO,—Pr-SO3;H as solid acid catalyst, func-
tionalization of SiO, with —SO3;H group was performed by
direct synthesis or post grafting. As shown in Fig. 5, SiO,
was functionalized with 3-mercaptopropyltrimethoxysilane

MPTS

J_’J

2 2

/'\ /3\
[l gmon Il

SiO;-Pr-SH Si0:-Pr-SOzH

(MPTMS), then the thiol groups of the product were oxi-
dized to sulfonic acid by hydrogen peroxide [3].

The reaction of 3-mercaptopropylsilica and chlorosul-
fonic acid in chloroform afforded silica bonded S-sulfonic
acid which was used as a catalyst for the room temperature
synthesis of quinoxaline derivatives from 1,2-diamino
compounds and 1,2-dicarbonyl compounds [8]. A one-pot
method was also employed to immobilize sulfonic acid
onto silica obtained from rice husk ash using MPTMS to
form a solid catalyst [5]. Gupta et al. reported a novel
covalent anchored sulfonic acid onto the surface of silica
which was further investigated for the Bignelli reaction for
the synthesis of 3,4-dihydropyrimidinones/thiones [6]. To
study the reusability of SiO,—Pr—SOsH, this catalyst was
regenerated by recovering from drying, washing with
acetone and hexane, and then allowed for filtration. The
reutilization tests revealed reduction in catalytic activity
determined by acid-base titration. This attrition of catalytic
activity may be caused by deposition of reactants inside
pores of the catalyst support, although deactivation of
active sites by esterification of sulfonic acid groups are, to
some extent, also responsible. FTIR spectra of SiO,—Pr—
SO;H before and after use shown in Fig. 6a illustrates the
bands at 1092, 800, and 464 cm~! which are assigned to
Si—O-Si stretching and bending vibrations, respectively, of
Si0,. Weak absorbance at 1470 and 1420 cm™' was
assigned to bending vibrations of methylene groups, and
broad absorbance observed in the region 2850-3000 cmfl,
corresponding to the methylene stretching vibrations of the
propyl chains, indicated incorporation of the organic moi-
ety. Furthermore, disappearance of a weak peak at
2580 cm ™' (assigned to S—H stretching) confirms complete
oxidation of thiol groups to sulfonic acid groups. These
results are in accordance with the TGA analysis. The peaks
corresponding to the S=0 stretching vibrations of sulfonic
acid were normally observed in the range
1000-1200 cm ™. The presence of sulfonic acid groups is
also apparent from the presence of weak bands at
1370 cm ™', assigned to asymmetric stretching of SO,
moieties. For all the samples, the peaks associated with the
noncondensed Si~OH groups at 470 cm™ "' are present, and
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Fig. 6 a FTIR spectra of SiO,—Pr-SO;H before and after the third reuse, b TGA analysis of thiol and sulfonic acid-functionalized silica.

Reprinted with permission of Ref. [16]

the strong peak at approximately 1630 cm™' is mainly
from the bending vibration of adsorbed H,O [16].

To examine the extent of oxidation of the thiol func-
tionality, thermal analysis curves of the thiol and organic
sulfonic acid-functionalized silica were obtained (Fig. 6b).
The TGA plot of both materials confirmed the incorpora-
tion of organic functionality in the silica framework and
complete oxidation of the thiol groups to sulfonic acid. The
TGA plot of SiO,—Pr-SO;H shows sharp weight loss
below 100 °C and at 460 °C, which correspond to loss of
physisorbed water and decomposition of organic sulfonic
acid groups, respectively; Additional weight loss in the
region of 360 °C was observed for SiO,—Pr-SH; this is
attributed to loss of organo-sulfur fragments. Complete
oxidation of thiol groups to sulfonic acid groups was fur-
ther confirmed because negligible weight loss at 360 °C
was observed (Fig. 6b). Furthermore, weight loss at
450-540 °C corresponds to 10 % incorporation of organic
functionality into the silica framework, which is in accor-
dance with the theoretical value [16].

Sulfonated Silica Gels (Grafting Route)

Commercially available amorphous silica is prepared by a
sol—gel technique using an aqueous silicate solution with
subsequent acidification, neutralization and polymeriza-
tion reactions to form the silica hydrogel, or from reaction
of silicon alkoxides with water, and the subsequent
hydrolysis and self-condensation reactions to form the
polysilicate. Functionalization of the amorphous silica gel
can be achieved by grafting the desired functional groups
to the silica surface. It is reported that various types of
organo silane functional group ethers such as MPTMS,
2-4-chlorosulfonyltrimethoxysilane and  2-4-chlorosul-
fonylphenylethyltrimethoxysilane (CSPTMS) was grafted.

@ Springer

Bi-functionalization of the material can also be achieved
by the grafting of an additional phenyl group using phenyl
triethoxy silane. Oxidation and acidification of the thiol
groups to sulfonic acid was achieved by oxidation with
hydrogen peroxide and acidification with sulfuric acid [33].

Propyl Sulfonic Acid Functionalized Silica Gel ~SiO,—Pr—
SO;H is a highly effective, reusable, and environmentally
benign catalyst for biodiesel production from waste low-
cost oil feedstock with a high FFA content. Surface func-
tionalization of silica gel was carried out by overnight
evacuation, drying, reflux heating, stirring, isolation by
filtration, washing hot toluene several times, and dried in
oven at 110 °C for 5 h [16].

Oxidation For oxidation of the thiol group of the func-
tionalized silica (SiO,—Pr—SH), a tenfold excess 30 %
H,0,; have been used as oxidizing agent. The solid product
(SiO,—Pr-SO5;H) was isolated by filtration, washing with
distilled water, and then suspended in 10 % H,SO, solution
for 4 h to ensure complete protonation of all sulfonic acid
groups. Finally, the product was isolated by filtration,
washed with water then ethanol, and air dried [16]. SiO,—
Pr—SO3H catalyst was prepared by taking mixture of SiO,
in dry toluene with (3-mercaptopropyl) trimethoxy silane,
followed by their reflux, filtration, washing and drying.
Then, resulting 3-mercaptopropylsilica (MPS) was oxi-
dized with H,O, and H,SO, in methanol for 24 h, filtered
and washed with H,O and acetone. The modified SiO,—Pr—
SO;H was dried, which can be used as a solid acid catalyst
in the organic synthesis [3].

Acidification One-step preparation of solid silica sulfonic
acid was also reported by mixing RHA with NaOH at
80 °C for 30 min followed by addition of MPTMS,
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titration with nitric acid under constant stirring, addition of
H,O, + ethanol mixture, centrifuging, separation, washing
with acetone and drying and finally grounding to a fine
powder [5].

Sulfonated Mesoporous Silicas (Co-condensation Route)

Hybrid hierarchically organized, monolithic silica gels
comprising periodically arranged mesopores and a cellular
macroscopic network have been prepared via a co-con-
densation approach of tetrakis (2-hydroxyethyl) orthosili-
cate and chloro methyl trimethoxysilane or
3-(chloropropyl)-triethoxysilane, respectively. Subsequent
conversion of the chloro into azido groups via nucleophilic
substitution with NaNj3, followed by a Cu(I)-catalyzed 1,3-
dipolar cyclo addition with several alkynes was success-
fully conducted within the monolithic gel structure [35].

Sulfonated mesoporous silica gels have been produced
by co-condensation sol-gel synthesis routes, which enable
the incorporation of the organic functional groups within
the silica structure during synthesis with pore directing
surfactant agents. This tailoring of the pore size also
enables the material to be synthesized more specifically
with regards its organic functionalization for control of the
materials surface properties, hydrophilicity/hydrophobicity
modification, alteration of the surface reactivity of the
material. MPTMS was functionalized hexagonally struc-
tured mesoporous material [33]. Mesoporous type catalyst
material can be synthesized via a co-condensation of
alkoxy silanes and 3-mercapto propyl trimethoxy silane
which is further oxidized and acidified to yield propyl
sulfonic acid groups anchored onto the silica framework
[33].

Inorganic Solid Supported Acid Catalysts

Alumina, zirconia, chromia, iron oxide, etc. pillared clays
have attracted interest as solid acid catalysts for several
acid-catalyzed reactions [1]. Molecularly imprinted
organic—inorganic hybrid composite materials with con-
trolled swelling and adsorption properties were prepared
through copolymerization and the sol—gel process by using
methacrylic acid, methacryloxy propyl trimethoxy silane
and Tetraethyl orthosilicate (TEOS) [36]. Esterification of
maleic anhydride with ethanol [2] and methanol [37] over
Al-MCM- (Si/Al = 50,100 and 150) and zeolite was
reported in the liquid phase at different temperature.
Monoesterification of maleic anhydride to monoethyl
maleate was found to be fast and independent in the
presence of catalyst. The absence of isomerization of die-
thyl maleate to diethyl fumarate over AI-MCM-41 molec-
ular sieves is a significant advantage. Al-MCM-41 is
convenient replacement for hazardous sulphuric acid used

in the industrial esterification of maleic anhydride with
ethanol [2, 37]. A comparative study of activated carbon
with evaluation of Fuller’s earth for the adsorption of
mercury from aqueous solutions has been also reported
[38]. Removal characteristics of Reactive Black 5 dye can
be obtained by using surfactant-modified activated carbon
[39] Effect of hydrophobic and hydrophilic properties of
solid acid catalysts on the esterification of maleic anhy-
dride with ethanol was also studied [2]. A novel sustainable
process based on catalytic reactive distillation is proposed
for manufacturing biodiesel via fatty acid esterification
using metal oxides as solid acid catalysts which are
investigated [40]. The pros and cons of manufacturing
biodiesel via fatty acid esterification using solid acid cat-
alysts were investigated. The most promising candidates
were found to be the sulfated metal oxides that can be used
to develop a sustainable esterification process based on
catalytic reactive distillation [41].

Acid Treated Clays

Porous solids, particularly clay catalysts have attracted
considerable attention as catalysts for a variety of organic
reactions. Acid activated clays are used as catalysts, cata-
lyst beds, adsorbents, and bleaching earth in industry. Acid
activated clays constitute a widely available inexpensive
solid source of protons, which are effective in a number of
novel and industrially significant reactions and processes.
Smectite clays and their modified forms were used as
efficient catalysts in the esterification of alkenes with car-
boxylic acids. Esterification reactions on Fe-montmoril-
lonite clay has been also reported. Highly efficient
esterification of carboxylic acids with alcohols by mont-
morillonite-enwrapped titanium as a heterogeneous acid
catalyst has been studied. Esterification of succinic anhy-
dride with p-cresol and dicarboxylic acids to diesters were
studied over cation exchanged montmorillonite clay
catalysts.

The surface of inorganic clays like bentonite, montmo-
rillonite and kaoline were modified by acid treatment
methodology in two steps, surface activation and proto-
nation of activated surface, as summarized in Fig. 7.

H-exchanged Indian bentonite and cation-exchanged
clays were prepared by using AlCl;, FeCl;, CrCl;, MnCl,,
or ZnCl,, with clay at room temperature [1]. Lemic et al.
[42] successfully achieved a surface modification of sepi-
olite with quaternary amines [42]. Nanocomposites of
polystyrene, acrylonitrile butadiene styrene copolymer and
high impact polystyrene were prepared with two new
homologous benzimidazolium surfactants used as organic
modifications for the clays [43]. As a result of the cross-
linking process between sodium alginate, Aluminium pil-
lared clay (Al-Mont-PILC) or surfactant-modified pillared
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Fig. 7 Block di showi /
'8 o lagram, Stowing *Predetermined amount of clay sample was slurried with distilled water and
general procedure of surface /
e / allowed to swell overnight at room temperature.
modification of clay [1, 43, 44, N\

46, 47, 56, 57, 63, 70, 73]

Acid Activated
clay

*Concentrated sulfuric acid (98%), acid to clay ratio on weight basis 0.3,
was added slowly drop by drop to the clay-water slurry.

*Slurry kept at 90 °C for 16 h and then 1000 ml chilled water added to stop
the reaction, pH of the mixture was maintained at 2.

*The slurry was washed several times with hot double distilled water in
centrifuge until it becomes free of SO,> ions

*The acid activated clay was dried overnightat 110 °C and ground to a fine |
powder.

/ //

clay.
Protonation of

acid activated

~

pd *Acid activated clay was added to aqueous solution of 0.5 M hydrochloric
N acid for 18 h at room temperature. Solution to clay ratio of 40 ml/gm of

*The resulting slurry washed several times with distilled water in centrifuge.
*The resulting solid was dried overnightat 110°C in a oven and then ground
clay to fine powder. )

/
=

clay (CTAB-Al-Mont-PILC) and divalent cation (Ca*"),
gel-like beads were obtained under different ratios of
PILCs versus alginate. These clays have been utilized for
removal of a neutral/anionic biocide (pentachlorophenol)
and a cationic dye (safranine) from aqueous solutions [44].
Hexadecyltrimethyl ammonium HDTMA™ pillared mont-
morillonites were obtained by pillaring different amounts
of the HDTMA bromide into sodium montmorillonite (Na—
Mt) in an aqueous solution [45]. Blachier et al. for better
understanding of the interaction between a polycationic
quaternary amine polymer and different clay minerals:
montmorillonite and kaolinite. For this, adsorption iso-
therms on the clay surfaces were measured which revealed
that cation exchange plays an important role in the
adsorption process [46].

The influence of structural characteristics of series of
surfactant—clay complexes on their sorption capacities
toward naphthalene were examined [47]. Li et al. reported
the preparation of sodium dodecyl sulfate modified iron
pillared montmorillonite and its application for the removal
of aqueous Cu(Il) and Co(Il) [48]. Simillarly, Eren et al.
reported method of adsorption of basic dye from aqueous
solutions by modified sepiolite [49]. A cationic surfactant
modified bentonite has been used for an adsorption study of
textile dye Reactive Blue 19 dye [50]. Bentonite has been
studied extensively because of its strong adsorption
capacity [51]. The adsorption of anionic surfactants SDS
and sodium bis [2-ethylhexil] sulfosuccinate (AOT) on
hydrotalcite (HT) and the adsorption of 2,4-dichlorophenol
(DCP) on HT and its modified forms from aqueous solu-
tions was studied [52]. Fly ash is currently being generated
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at a rate of million tons every year and represents an
important waste problem. Bentonite and molasses are used
in a wide range of applications. Based on the experimental
data, it was seen that Orhaneli fly ash and molasses waste
could be evaluated for Zn** adsorption from wastewater,
environmentally [53]. HDTMA-modified natural mordenite
and HDTMA-modified natural clinoptilolite have been
proposed for the removal of As(V) from aqueous solution
[54].

A novel class of cationic gemini surfactants were pre-
pared and used as modifiers for sodium montmorillonite
(MMT-Na). These modified materials have the potential
for removal of environment pollutants such as pesticides,
phenol, etc. or being used as antimicrobial materials [55].
Removal of copper (Cu?*") and zinc (Zn*") from aqueous
solutions is investigated using Cankir1 bentonite, a natural
clay. It is concluded that natural clay can be used as an
effective adsorbent for removing Cu?* and Zn** from
aqueous solutions [56]. The removal of the pollutant
Supranol Yellow was studied by using different clays: clay
exchanged with sodium and hydroxyaluminic polycation
pillared clays in the presence or absence of non-ionic
surfactant. Sorption study of an acid dye from an aqueous
solutions using modified clays is also reported [57].
Adsorption of Supranol Yellow from aqueous solution by
surfactant-treated aluminum/chromium-intercalated ben-
tonite [58] was also reported.

Two-step kinetic study on the adsorption and desorption
of reactive dyes at cationic polymer/bentonite [59] and
copper ions on Na-montmorillonite [60] were studied.
Adsorption properties of Congo Red from aqueous solution
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onto surfactant-modified montmorillonite [61] have been
also reported. Cationic polyelectrolyte/bentonite prepared
by ultrasonic technique and its use as adsorbent for Reac-
tive Blue K-GL dye [62]. Effect of sonication on the par-
ticle size of montmorillonite clays [63] and adsorption of
Direct Red 2 on bentonite modified by cetyltrimethyl
ammonium bromide were also studied [64]. Adsorption of
acid blue from aqueous solutions onto Na-bentonite and
DTMA-bentonite [65] was also studied. The removal of
phenol from aqueous solutions by adsorption using sur-
factant-modified bentonite and kaolinite [66] and simulta-
neous sorption of phosphate and phenanthrene to inorgano—
organo-bentonite from water [67] were studied. Mecha-
nism of p-nitrophenol adsorption from aqueous solution by
HDTMA *-pillared montmorillonite was studied for
implications for water purification [68] and removal of
phenol from aqueous solutions by adsorption onto
organomodified bentonite [69] were studied. A high-sur-
face-area clay catalyst surfactant-treated montmorillonite
[70] was also reported. Preparation of bentonite supported
nano titanium dioxide photo catalysts by electrostatic self-
assembly method [71] have been accounted. Adsorption
equilibrium and kinetic studies of strontium on Mg-ben-
tonite, Fe-bentonite and illite/smectite [72] have also
important considerations.

Mesostructured materials belonging to a new class of
solid acids known as porous clay heterostructures have
been prepared by chemical modification of a natural clay,
by using a cationic surfactant, a neutral amine, and an
equimolar mixture of bis(triethoxysilyl) benzene and
TEOS. This mixtures was stirred at 50 °C with CTAB,
separated from the solution and washed with water until pH
7. The air-dried ion-exchanged clay was then stirred
overnight with a mixture of TEOS and BTEB in the
presence of a neutral amine as co-surfactant, which was
followed by 4-12 h mixing, filtration and drying [73].

Conclusions

A literature survey revealed that propyl sulfonic acid-
functionalized silica was found to be a promising solid-acid
catalyst in view of its simple preparation, easy separation,
reusability, and high activity. To enhance the reusability of
the catalyst, further work must be conducted on regenera-
tion of active sites. As alternatives, stepwise processes
using microstructured reactors, lignin-derived carbona-
ceous catalysts, solid super acid catalyst, and a variety of
enzymes have been used.

One possible way of overcoming such drawbacks (high
reaction temperature, active site leaching, longer reaction
time, high catalyst cost, and catalyst deactivation) is to
bind sulfonic acid groups to inert support materials to

obtain solid-acid catalysts. In such solids, the reactive
centers are highly mobile, similar to those of homogeneous
catalysts, and at the same time they have the advantage of
recyclability, similar to heterogeneous catalysts.

On the basis of this idea, several types of sulfonic acid-
functionalized silica have been synthesized and applied as
alternatives to traditional sulfonic resins for catalyzing
chemical transformations. The esterification of maleic acid
with ethanol was studied by using different solid acid
catalysts, i.e. Amberlyst-15 here, which was reported
active catalyst as compared to Amberlyst-36.

The cationic ion exchange resins offer distinct advan-
tages as catalyst for acid-catalyzed reactions, compared to
the use of homogeneous catalysts and other heterogeneous
catalysts. A variety of reactions can be carried out with
cationic ion exchange resins as the catalyst. Efforts are
being made to develop perfluorosulfonic acid resin with
high surface area fibres, employing organo polysiloxane
substrates rather than polystyrene, to boost their activity
and thermal stability. Modified ion exchange resin may
have the requisite potential for different industrially
important reactions. It would be desirable to develop cat-
alysts having large pore sizes so that bulkier molecules,
such as terpenes, can be reacted via esterification, etheri-
fication and hydration. These catalysts can be used in an
optimization study to determine the best reaction condi-
tions by means of a statistical experimental design.
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