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12-Tungstophosphoric acid (TPA) supported on mesoporous molecular material (Mobile Composition of
Matter — MCM-48) was synthesized, characterized and its use as a heterogeneous catalyst was explored
for biodiesel production via oleic acid esterification with methanol. The effect of various reaction pa-
rameters such as molar ratio, mass of catalyst, reaction time and reaction temperature was evaluated.
The catalyst shows excellent activity (95% conversion) towards biodiesel production. The kinetic study
revealed that the esterification of oleic acid follows the first order rate law with activation energy of
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40.3 k] mol . The catalyst was recyclable after simple regeneration without significant loss in conver-
sion. The excellent catalytic activity over the present catalyst was extended to transesterification reaction
for biodiesel production from waste cooking oil and jatropha oil, as low cost feedstock. The physico-
chemical properties of the produced biodiesel were further studied and the results show that the ob-
tained properties are comparable with the ASTM specifications. Scale up procedure shows excellent
conversions. A single step production procedure was also suggested for biodiesel production.
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Recent progress on supported polyoxometalates
for biodiesel synthesis via esterification and
transesterification

Nilesh Narkhede, Sukriti Singh and Anjali Patel*

Biodiesel is now recognized as a “green fuel” that has several advantages over conventional diesel. In the
present review we discuss the catalytic esterification and transesterification reactions to the clean syn-
thesis of biodiesel, over most readily investigated supported polyoxometalates to meet future societal
demands. Here for the first time, we are reviewing biodiesel synthesis using supported lacunary poly-
oxometalates; also how the prevailing reaction conditions like reaction time, alcohol content, temp-
erature, and catalyst amount affect the catalytic activity of the catalyst is discussed in detail. The new
results for supported lacunary polyoxometalates are included where the effect of catalysts and supports
was correlated with the catalytic activity.
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Mono lacunary phosphotungstate (PW,,) anchored to MCM-41 was synthesized and characterized by
various physicochemical techniques. Preliminary studies for biodiesel production by esterification of
oleic acid was carried out and study was further extended to transesterification of waste cooking oil.
The Kinetic study reveals that the reactions follow first order kinetics and activation energy for transes-
terification was 64.1 kJ/mol. The present catalyst can be recycled without any significant change in % con-
version. The high activity of this new catalyst for transesterification reactions suggests an alternative path
as well as reduction in cost for the production of biodiesel under mild reaction conditions.

© 2015 Elsevier Ltd. All rights reserved.
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The technology of deriving biofuels from sustainable bio-resources has been
receiving much attention globally due to its potential impact in terms of
environment friendliness, low energy intensive operations and optimal
utilization of bio-resources. Bio-diesel is considered an equal replacement of
diesel which can be made from esterification of free fatty acids (FFAs) with low
molecular weight alcohols or transesterification of triglycerides (TGs) of virgin
or used vegetable oils (either edible or non-edible) [1-3] (Chart 1). It is meant
to be produced in India mainly from Jatropha curcas and, to an extent, from
other non-edible virgin oils (in particular Karanj or Pongamia pinnata). It
requires little or no engine modification up to 20% blend (known as B20) in

petroleum diesel [3].

Qil feedstock Bio-Diesel r—gDisposal

o
CH;-O-C-R
(o]

3 R-OH
Alcohol

o
|

CH,-O-C-R

Triacylglycerol

FAME
(Fatty Acid Methyl Ester)

Chart 1. Schematic of biodiesel production and glycerol generation as waste.

Compared to diesel, using bio-diesel fulfil following benefits [4-7]:

> Substantially reduces emissions of unburned hydrocarbons (HC), carbon
monoxide (CO), sulfates, polycyclic aromatic hydrocarbons, nitrated
polycyclic aromatic hydrocarbons, and particulate matter (PM).

> Bio-diesel also reduces greenhouse gas emissions because carbon dioxide
released from bio-diesel combustion is offset by the carbon dioxide
sequestered while growing the different edible, non-edible oil or other
feedstock.

> Use of 100% blend (B100) reduces carbon dioxide emissions by more than
75% compared to petroleum diesel. Its higher cetane number improves the

combustion quality.

Page 89



Chapter 2 (A): Biodiesel Synthesis...

> Due to the existence of low volatility nature of biodiesel, it is easier and safe
to handle it than petroleum.

> Biodiesel is cost effective because it is produced locally.

Biodiesel status today

On a world scale, biodiesel finds applications as fuel for domestic vehicular
use, railways as well as in aircrafts in many countries. Most of the countries
have been focusing on the development of biofuels to negate the effects of
rising crude oil prices apart from addressing vehicular pollution and global
warming. In 2007, McDonalds of UK announced it would start producing
biodiesel from the waste oil, by-product of its restaurants. This fuel would be
used to run its fleet [8]. British train operating company Virgin Trains claimed
to have run the UK's first "biodiesel train", which was converted to run on 80%
petroleum based diesel and 20% biodiesel [9]. Also in 2007, Disneyland began
running the park trains on B98 (98% biodiesel). The program was discontinued
in 2008 due to storage issues, but in January 2009, it was announced that the
park would then be running all trains on biodiesel manufactured from its own
used cooking oils. On November 7, 2011 United Airlines flew the world's first
commercial aviation flight on a microbially derived biofuel using Solajet,
Solazyme's algae-derived renewable jet fuel. Neste’s NEXBTL renewable
diesel is now being used by the city and county of San Francisco, California
since December 11, 2015. This switch from petroleum diesel to renewable
diesel will achieve a significant 50 percent greenhouse gas emissions reduction
to the city’s diesel fleet [10]. India, being one of the developing countries with
huge energy demand is increasingly focusing on an alternative source of fuel.
In biodiesel production process, raw materials account for almost 75% of total
biodiesel cost. As a by-product of biodiesel synthesis, glycerol can be sold to

match the diesel prices (Chart 1).
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Basically all vegetable oils and animal fat can be used as feedstock for biodiesel

production (Chart 2).

35

"00

* Jatropha
Oil

Edible oil
Non-Edible oil &5+~

Waste Cookin

Chart 2. Different feedstocks for biodiesel production.
Most of these oils and fats have a similar chemical composition having chain
length of 16 and 18 carbons as well as saturation or unsaturation, however they
contain different amounts of individual fatty acids. Methyl esters from these
fatty acids have similar combustion characteristics as in diesel engine, because
the major components are straight chain hydrocarbons with a chain length of
about 16 carbons (hexadecane/cetane). In the recent times, major source of
feedstocks for biodiesel production are soybean oil, coconut oil, sunflower oil

and palm oil [11-15].

Several methodologies are available, which utilize homogeneous,
heterogeneous as well as bio-catalysts for the synthesis of biodiesel. Although
enzymatic catalysts are very selective and present high conversions using low
oil to alcohol molar ratios [16], they are very expensive and show unstable
activities [17]. Supercritical conditions require high temperature and hence

increasing the overall cost of biodiesel production processes.

The conventional biodiesel production technology involves the use of alkaline
homogeneous catalysts such as NaOH and KOH but sometimes CH3;ONa or
CH50K are also employed [18-20] mainly in large-scale production plants.

These are not compatible for feedstocks with large amounts of FFAs and
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moisture due to soaps formation that strongly affect the feasibility of glycerol
separation. The traditional liquid acids such as HCI and H25O4 were found to
be more efficient [21] but they suffers from the traditional problems and higher

costs. Hence alternative methods have been developed for biodiesel synthesis.

Heterogeneous acid catalyzed transesterification reactions have the strong
potential to replace homogeneous catalyst because of its obvious advantages
such as their insensitiveness to FFA content, simultaneously occurrence of
esterification and transesterification, avoiding washing step, low product

contamination and easy separation as well as recycling of the catalyst [22-24].

Number of reports are available for esterification of FFAs using different
heterogeneous acid catalysts such as, clays [25], zeolite [26-28], ion exchange
resin [28-30], carbon based material [28, 31], metal oxides as well as sulfated
metal oxides [28, 32-33], WO;/ZrO: [34-35] and propylsulfonic acid

functionalized mesoporous silica [36-37].

Recently, anchored HsPW12040 have received tremendous interest in biodiesel
production due to their known advantages. As there are number of reports
available for the same, for the sake of simplicity, we have categorized them on
basis of following class of supports: Metal oxides (Silica, Alumina, Zirconia,
Niobia), Clays, Carbons, Zeolites and Mesoporous silicas/Metal organic
frameworks (MOFs).

e H3PW1204 supported to metal oxides supports (SiO2, ZrO2, Nb2Os, Al2O3

and Taz0s)

Dalai and co-workers have reported the use of Hs3PW1204 impregnated on to
four different supports such as hydrous zirconia, silica, alumina and activated
carbon [38]. Synthesized catalysts were used for the biodiesel production from

low quality canola oil. The HsPW12040 anchored to ZrOz showed best activity.

Castanheiro and co-workers synthesized series of HsPW12040, supported on

silica [39] and catalysts were used for esterification of palmitic acid with
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methanol. It was observed that the catalytic activity decreases in the series:

PW-silica > SiW-silica > PMo-silica.

Essayem and group have reported H3PW12040/SiO2 and CsHPW12049 for
transesterification of rapeseed oil [40]. These catalysts possessed Brensted
acidity of high strength and catalytic activity, better than H2SO4 and H3POs,
however the acid strength didn’t necessarily correlate with catalytic activity.
Zirconia is another metal oxide which has attracted much attention because of
its known advantages. Halligudi and group have carried out the comparative
study of zirconia anchored H3PW1204 in transesterification of sunflower oil

with methanol [41].

Guo et al. reported synthesis of mesostructured Ta>Os -based hybrid catalysts
functionalized by both alkyl-bridged organosilica moieties and H3zPW12040.
Different loadings from 3.6 to 20.1 %, were obtained by a one-step sol-gel
hydrothermal route in the presence of a triblock copolymer surfactant. The
catalyst showed a promising activity in the esterification of lauric acid and
myristic acid, in the transesterification of tripalmitin, as well as soybean oil [42-

44].

Dias and co-workers have reported the synthesis, characterization and
application of H3PW12040/ZrO> catalyst for esterification of oleic acid with

ethanol as a model reaction to produce long chain ester [45].

Sai Prasad and co-workers reported HsPW12040 anchored to hydrous zirconia
for the esterification of palmitic acid with methanol [46]. The catalyst with 20
wt% HisPW12040 calcined at 300 °C exhibited the highest activity. Different
kinetic models were applied to correlate the experimental kinetic data and
kinetic parameters were evaluated. The same group have reported H:PW12040
anchored to SnO» for the esterification of palmitic acid with methanol [47]. The
catalyst with 15 wt% H3sPW1204 was reported as the best composition of the

catalyst, calcined at the temperature of 400 °C.
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Niobium is an interesting and noteworthy catalyst as well as a support for
different catalytic reactions. The catalytic applications of niobium compounds
have increased in recent years [48-50]. Niobia can also be used as a promoter
and also as a solid acid catalyst. Since it is reducible over a wide temperature
range, niobia is also known as a typical strong metal support interacting with
oxide. Sai Prasad and group have reported the catalytic activity of H3PW12040
impregnated on niobium oxide for esterification of palmitic acid and
transesterification of used cooking oil [48-50]. The esterification activity was
correlated with acidity of the catalysts, which is dependent on the presence of
intact Keggin ions on the support. Effect of calcination temperature was
studied and it was observed that the new phase WO3 was observed for catalyst

calcined above 500 °C.

Biodiesel synthesis from crude jatropha oil was carried out by Badday et al.
using an ultrasound-assisted process [51]. Several y-alumina anchored
H3PW12040 catalysts were synthesized and characterized to elucidate their
catalytic behaviours. Different design models such as full factorial design,
Taguchi’s algorithm and response surface methodology have been established

for optimizing the data.

Sheikh and co-workers synthesised catalysts: HsPW1204 and Cs exchanged
H3PW12040 anchored to supports, ZrOz and SiO; [52]. Leaching of the active
species during 1 h reaction, based upon final conversion at specified reaction
conditions, fell in the following order: 20% H3PW12040/ALO; = 20%
H3PW12040/ Z1O2> 20%WQO3/ ZrO; > 20% HzPW12040/ 5102 > CsHPW.

o H3PW1204 supported to clays
Yadav and co-workers reported the use of different lower and higher
alcohols viz.; methanol, ethanol, n-propanol and n-octanol, for the synthesis of
respective fatty acid esters by transesterification of vegetable oil (triglycerides)
[53]. The superacid H3PW12040 was used to increase the acidity and so the

activity by loading on to K-10. The best catalyst (10% H3sPW12040/Clay) was
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further investigated for the different refined, crude, cooked vegetable oil. The
same group has also reported the use of H3PW12O4 anchored to K-10
montmorillonite clay for transesterification of edible and non-edible oil at very
high temperatures and pressure [54]. The activity decreases significantly
during the fourth recycle and any post treatment cannot be given to regenerate
the catalysts due to the alteration in clay pore structure, because of a collapse

resulting in a severe reduction in surface area.

The esterification of FFA, oleic acid was carried out over H3zPW12040
immobilized on the 3-aminopropyltriethoxysilane (H2N(CHz2)3Si(OC2Hs)s)
functionalized Palygorskite by Wang and group. 15% (w/w) H3PW12040
catalyst, H3PW12040/APTES-Pa showed excellent activity and steady

reusability up to four cycles [55].

Amazon kaolin flint was also successfully utilized by Barros and co-workers
as a support for incorporation of HsPW1204 in different proportions, 20, 40
and 60 wt% via. impregnation in aqueous solution (HCl 0.1 and 0.5 mol L-1)
and acetonitrile [56]. The catalytic results showed that H;PW12040 anchored on
metakaolins with acid treatment promoted good conversion of oleic acid
esterification, followed by a gradual increase with added support in

H3PW12040.

Bokade et al. [57] have reported the synthesis of methyl oleate biodiesel over
H3PW12040 anchored montmorillonite K10 by response surface methodology
and kinetic modelling. The 20% (w/w) H3PW12040/K10 follows green
principles with potential advantages of complete oleic acid conversion, at

milder operating conditions.

Pires and co-workers compared kaolin waste, MK700, and SBA-15
impregnated with HsPW12040 [58]. The obtained solid acid catalysts were
characterized by various techniques. The surface acidities were measured by

acid-base titrations with KOH. The catalytic activity of the catalysts were
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evaluated for the esterification of deodorized palm oil (DDPO) and 25%
H3PW12040/ MK700 was found to be best. From the results, it was concluded
that the studied solids (MK700) are promising supports and appear to be
attractive heterogeneous catalysts for preparation of esters from low quality

oils and fats.

e H3PW1204 supported on Carbon

Activated carbon fibre (ACF) has also been used as a support for
heterogenizing H3:PW12040 by Monge et al. [59]. They further demonstrated
that washing with ethanol and H>SOs provides an acidic medium which
reduces H3PW1204 leaching and H* coming from the H>SO4 regenerate the
active sites and thereby maintains the catalytic activity for a higher number of

cycles.

Badday et al. have reported optimization of biodiesel production process from
jatropha oil catalyzed by activated carbon-anchored H3PW12040 catalyst under
application of ultrasonic energy [60]. Influence of ultrasonic energy on
different process was elucidated. Also they have not observed any leaching
which revealed that the reaction was predominately heterogeneous in nature.
Very recently the same group reported ultrasound-assisted transesterification
of crude Jatropha oil by activated carbon-anchored H3PW12040 catalyst [61].
They have elucidated the effect of water and FFA contents in the jatropha oil
on the reaction. The catalysts showed moderate water tolerance to a limit of

1% w/w water content.

e H3PW120Og anchored to Zeolites

Patel and group demonstrated the use of HsPW12040 anchored to Hf [62] for
biodiesel production by esterification of oleic acid. The catalyst showed high
activity and high turnover number- 1048. The kinetic study as well as Koros-
Nowak test were carried out, and it was found that esterification of oleic acid

follows first order kinetics with the calculated activation energy Ea = 45.2 k]
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mol-l. Preliminary studies for transesterification of Jatropha oil and waste

cooking oil were also carried out.

Dalai and co-worker have demonstrated the use of H-Y, H-B and H-ZSM-5
zeolites as supports for Hs3PW12040 [63]. Their catalytic activity was tested for
esterification of FFA present in the green seed canola (GSC) oil, and
transesterification of GSC oil using a stirred tank reactor for biodiesel
production. In this study, HiPW12040 impregnated HY zeolite showed higher
catalytic activity for esterification, and HsPW12040 impregnated Hf3 zeolite
showed higher catalytic activity for the transesterification reaction compared
to other catalysts. A catalyst, 55% H3PW12040/H-f3 showed optimum catalytic
activity for both esterification and transesterification. Also, the catalyst was
also used for etherification of by-product glycerol. Further, the same group
reported application of HsPW1204 impregnated HY zeolite for esterification
of FFA of GSC oil [64]. A 10.2% H3PW1204 loaded HY zeolite showed

optimum catalytic activity in esterification of oleic acid.

e H3PWi12040 anchored to Mesoporous silica/MOFs
The discovery of the M-41S family of mesoporous materials (especially MCM-
41 and MCM-48) [65-66] has greatly increased the range of supports for

preparing heterogeneous catalysts as discussed in General Introduction.

Castanheiro et al. reported a detailed study on esterification of palmitic acid
for biodiesel production over Hs3PW1204 immobilized on SBA-15 [67]. They
observed small leaching of the HsPW12040 from SBA-15 to liquid phase during

the reaction.

Patel et al. reported synthesis and characterization of Hs3PW12040 anchored to
MCM-41 [68] and SBA-15 [69] for esterification of palmitic acid and oleic acid,
respectively with methanol. The transesterification reaction of waste cooking
oil was also carried out for biodiesel production. Both the catalysts showed

good recyclability up to four cycles without any loss in activity. The excellent
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catalytic performance was attributed to the large surface area and pore
diameter of the mesoporous supports as well as the acidic strength of

H3PW12040.

Dalai and coworkers reported synthesis of Hs3PW12040 anchored using organic
functional group and was incorporated into the SBA-15 [70]. Catalytic activity
was tested for esterification and transesterification of canola oil. They observed
that organically functionalized H3PW12040 anchored to SBA-15 shows higher
catalytic activity for esterification of FFA, whereas H3PW12049 incorporated
into SBA-15 shows higher catalytic activity for transesterification of waste

green seed canola oil.

Fazaeli et al. synthesized H3PW12040 anchored to Al-functionalized SBA-15
mesoporous molecular sieve featuring a well-defined three-dimensional (3D)
mesoporosity [71]. The prepared catalyst (HsPW12040/ A1-SBA-15) was tested
for the esterification process of palmitic acid to produce methyl palmitate. The
effects of the methanol/ oil ratio, catalyst amounts, reaction time, and reaction
temperature on the conversion are also reported in this paper. By using a 35
wt% of H3PW12040/ AI-SBA-15 with methanol/oil molar ratio of 20:1 at reflux
of methanol, the oil maximum conversion was achieved over the solid catalyst

under mild conditions.

An inherent challenge in using metal-organic frameworks (MOFs) for catalysis
is how to access the catalytic sites generally confined inside the porous
structure, in particular for substrates larger than the pores. In this regard Jiu
and group [72] demonstrated the synthesis of cubic and octahedral crystal
forms of NENU type MOFs and used them to encapsulate H;PW12049. The
cubic crystals were then applied for biodiesel production, reaching maximum
conversion of fatty acids (Ci2-Cz2) in comparison to <22% using octahedral

crystals.
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The present chapter comprises of biodiesel synthesis via. esterification of oleic
acid and transesterification of soybean oil over the synthesized catalysts.
Influence of various reaction parameters (catalyst amount, acid/alcohol molar
ratio, reaction time and temperature) on catalytic performance was studied to
optimize the conditions for obtaining maximum conversions. All the catalysts
were regenerated and reused up to four cycles and regenerated catalysts were
characterized for acidic strength, FT-IR, Raman and XRD analysis. The quality
of biodiesel synthesized by transesterification of soybean oil was tested by 'H-

NMR, FT-IR, acid value, flash point, pour point and viscosity.

EXPERIMENTAL

Materials

All used chemicals were of A. R. grade. Oleic acid and methanol were
purchased from Merck. All the oil samples were procured from local market
and used without any pre-treatment. Waste cooking oil was obtained from

household activities.

Catalytic reactions

Esterification of oleic acid

The esterification of oleic acid (0.01 mol) with methanol (0.4 mol) and 100 mg
catalyst, was carried out in a 50 mL batch reactor fitted with a double walled
air condenser, Dean-Stark apparatus, magnetic stirrer and guard tube. The
reaction mixture was heated at 60 °C for 8 h. The obtained products were
evaluated on a gas chromatograph (Nucon-5700) using a BP1 capillary column
(30 m length, 0.25 mm internal diameter). GC programming parameters:
Injector temperature= 240 ©C, Detector temperature= 260 °C, Column
temperature= 80-250 °C with rate 10 °C/min. Product identification was done

by comparison with standard authentic sample, methyl oleate.
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Transesterification of soybean oil

Reaction was carried out in a 100 mL glass reactor, provided with mechanical
stirring, thermometer and condenser. In a typical run, 5 g oil was added to
reactor vessel followed by methanol (40 g) and catalyst addition (250 mg). The
reaction mixture was refluxed at 65 °C for 8 h with constant stirring (600 rpm)
in order to keep the system uniform in temperature and suspension. After
completion of reaction, mixture was rotary evaporated at 50 °C to separate
excess methanol. The conversion of FFA to biodiesel was calculated by means
of acid value (AV) of oil layer with following equation,

AV,
Conversion(%) = (1 — AV]zz

)><100

Where, AVpp is acid value of biodiesel (oil layer) and AVso refers to acid value

of soybean oil [68, 73-74].

RESULTS AND DISCUSSION
2A (I) Esterification of oleic acid and transesterification of oils over

PWi15/MCM-41 and PW1/MCM-41.

The esterification of oleic acid (OA) with methanol over the present catalyst is
shown in Scheme 1. The esterification reaction is an equilibrium-limited
reaction. In order to overcome the equilibrium limitation of the esterification

of oleic acid, the reaction was carried out by taking methanol in excess.
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Scheme 1. Esterification of oleic acid with methanol.
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Esterification of OA over PW1i,/MCM-41 [68]
The optimized conditions for esterification of OA over (PWi2)3/MCM-41
(conversion 99%) are as follows,

Mole ratio of OA to methanol: 1:40

Amount of catalyst : 100 mg
Reaction temperature : 60 °C
Reaction time :10h

e Esterification of OA over PW1,/MCM-41.

Effect of % loading of PWn1

To study the effect of % loading (Figure 1) esterification reaction was carried
out with (PWn)i/MCM-41, (PWn)2/MCM-41, (PW11)3/MCM-41 and
(PW11)a/MCM-41. It was observed that with an increase in the % loading of
PWi1, % conversion also increases. For 30% PWi loading, maximum
conversion was obtained. The enhanced catalytic activity for 30% PW11 is due
to the higher acidity, surface area and good dispersion of active species inside
the mesopores of MCM-41. On increasing the % loading to 40%, no significant
increase in conversion was observed, which might be due to the blocking of
the active sites due to formation of multilayer on the support. This multilayer
formation can hinder the reactant molecules to reach out to the active sites and
intern there is no significant increase in the conversion. Hence, (PW11);/ MCM-

41 was considered for further studies.

80

0 -J I I l
10 20 30 40

% Loading

% Conversion
B [}
(=] (=]

[3%]
S

Figure 1. Effect of % loading of PW11: mole ratio OA: methanol- 1:40, catalyst

amount- 100 mg, temperature- 60 °C, time- 8 h.
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Effect of mole ratio of OA to methanol

Variation of OA/methanol mole ratio was carried out to see its effect on
esterification reaction. The reaction was carried out with 100 mg catalyst for 8
h at 60 °C (Figure 2). In order to improve the rate of esterification, higher molar
ratio of OA to alcohol was employed. It can be observed from Figure 2 that the
OA conversion increases with an increase in OA/methanol mole ratio and
reaches an optimum of 60 % conversion at 1:40 mole ratio. With an added
increase in the molar ratio there was only a small increase in conversion. Hence,

1:40 molar ratio was selected for obtaining high conversion.

80

60-
40
0 . ; ;
1:10 1:50

1:20 1:40
Mole Ratio

% Conversion

Figure 2. Effect of mole ratio OA: methanol: catalyst amount- 100 mg,
temperature- 60 °C, time- 8 h.

Effect of catalyst amount
The effect of catalyst amount on OA conversion was investigated. The catalyst

amount was varied in the range from 50-150 mg (Figure 3).

80

60 -
404
ZO-I
04
50 75

100 125 150
Catalyst Amount (mg)

% Conversion

Figure 3. Effect of catalyst amount: mole ratio- 1:40, temperature- 60 °C, time-

8 h.
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It was observed from Figure 3, that the OA conversion increases with the
increase in amount of (PW11);/MCM-41 and reaches a maximum of 72%
conversion with 125 mg catalyst. An increase in conversion with an increase in
the catalyst amount can be attributed to an increase in the availability, number
of catalytically active sites and acidity of the catalyst. However, with a further

increase in the amount of catalyst, the OA conversion remains constant.

Effect of reaction time

The effect of reaction time on OA conversion was investigated (Figure 4). It was
observed that OA conversion increases with an increase in reaction time. The
maximum OA conversion was 89 % in 14 h. With further increase in the
reaction time there is no significant increase in the conversion, which might be
due to blocking of the active sites with the product molecules and attainment

of equilibrium. After 14 h, no significant increase in conversion was observed.

100
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% Conversion
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Figure 4. Effect of reaction time: mole ratio- 1:40, catalyst amount- 125 mg,

temperature- 60 °C.
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Effect of reaction temperature

The esterification of OA is typically an endothermic reaction. Effect of reaction
temperature on OA conversion was studied (Figure 5) and it was found that as
the reaction temperature increases conversion of OA also increases from 45-60

oC. At 60 °C, 89% OA conversion was achieved in 14 h.

100

80
60
40+
20 J
0
45 50 55 60 65

Temperature("C)

% Conversion

Figure 5. Effect of reaction temperature: catalyst amount- 125 mg, mole ratio-

1:40, time- 14 h.

Optimized conditions: (89% conversion) mole ratio OA to alcohol- 1:40;

amount of catalyst- 125 mg, temperature- 60 °C and time- 14 h.

Kinetic study

A detailed kinetic study was carried out for esterification of OA over
(PW11)3/MCM-41. In all the experiments, reaction mixtures were analyzed at
fixed interval of time using GC. The esterification of OA with methanol was
carried in 1:40 molar ratio, since methanol was taken in large excess, the rate

law is expected to follow first order dependence.

The plot of log Co/C versus time (Figure 6) shows a linear relationship of OA
consumption with respect to time. With an increase in reaction time there is a
gradual and linear decrease in the OA concentration over (PWi1)3/MCM-41.
These observations indicate that the esterification of OA follows first order

dependence with respect to time.
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Figure 6. First-order plot for esterification of OA over (PW11)s/MCM-41.

This was further supported by the study of the effect of catalyst concentration
on the rate of esterification of OA. Catalyst concentration was calculated based
on active amount of PW11 (mmol) taken for the heterogeneous catalyst. The
catalyst concentration was varied from 3x10-3 to 12x103 mmol at a fixed
substrate concentration of 10 mmol and at a temperature of 60 °C. It can be
observed from Figure 7, that rate of reaction increases linearly with an increase

in catalyst concentration.

0.24
0.22 -
0.20 - *
0.18 -
0.16 -
0.14 -
0.12 -

0.10 T T T T T
0.003 0.005 0.007 0.009 0.011 0.013
Catalyst concentration (mmol)

-3

Reaction rate x 10

Figure 7. Plot of reaction rate versus catalyst concentrations.
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The graph of In k versus 1/T was plotted (Figure 8) and value of activation
energy (Ea) was determined from plot using the Arrhenius equation.

k = AeEa/RT Eq. (1)
The calculation of activation energy refers to apparent term, without
considering the adsorption process.

-4.5

-5.0
-55
-6.0

In k

-6.5
-7.0

-7.5
0.00293  0.00298 0.00303 0.00308 0.00313

uT
Figure 8. Arrhenius plot for determination of activation energy.

It was important to recognize that whether the reaction rate is diffusion/mass
transfer limited or truly governed by the chemical step, where the catalyst is
being used to its maximum capacity. It is reported that the activation energy
for diffusion limited reactions is as low as 10-15 kJ/mol. The reactions whose
rates are truly governed by a chemical step usually show activation energy
excess of 25 k] /mol [75]. The observed activation energy was 54.3 k] mol-! for
(PW11)3/ MCM-41 and hence, the rate was truly governed by chemical step and

there was no diffusion/mass transport limitation.
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o Transesterification of Soybean oil

Soybean oil (SO) is a vegetable oil and is one of the most widely consumed
cooking oil. The main FFA constituents of SO are Palmitic acid (11%), Stearic
acid (4%), Oleic acid (23%), Linoleic acid (54%) and Linolenic acid (8%) [76].
Thus, SO possesses triglyceride esters of both saturated and unsaturated FFA
and is perfect feedstock to study the catalytic behaviour. In addition to this,
waste cooking oil (WCO) is also an interesting alternative for low cost biodiesel
feedstock which can be obtained from canteens, restaurants and houses.
General scheme for biodiesel production via. transesterification of triglyceride

is shown in Scheme 2.

?

el
°‘»J}J Catalyst , ©® ® Y o
P g =R X

Triglyceride Methanol (Biodiesel) Glycerol
Alkylester

Scheme 2. Biodiesel production from transesterification of triglyceride.

Various properties of SO and WCO are given in Table 1.
Table 1. Properties of SO and WCO investigated in the present work.

Properties SO WCO
Colour Pale yellow Pale yellow
Acid value, mg KOH/g 0.467 419
Saponification value, mg KOH/g 178.3 190.4
Iodine value, g I2/100g oil 121.4 99.3
Average Molecular weight, g/mol ~ 946.5 904

Acid values and saponification values were determined by acid-base titration
and from these values average molecular weight was determined using

following equation,

(56.1 X 1000 X 3)
SV — AV

Where, SV denotes saponification value and AV denotes to acid value.
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Effect of reaction parameters such as loading, oil/alcohol ratio, catalyst

amount, time and temperature were studied to optimize conditions.

Effect of % loading of PW1y/PW11

To study the effect of % loading of PW12/ PW11 transesterification reaction was
carried out with 10-40% loaded catalysts (Figure 9). It was observed that with
increase in % loading of PW12/PW11, % conversion was also increased up to
30% loading. The enhanced activity could be assigned to the increase in active
sites. For 30 and 40% loadings, difference in the conversion was not significant.

Hence, 30% loaded catalysts were selected for carrying out detailed study.

100 17 gy (PW,)) /MCM-41
1 (PW,,) /MCM-41
80+
<
2
2 60-
>
5
O 40
X
20+
0-
10 20 30 40
% Loading

Figure 9. Effect of % loading of PW12/PW11: w/w ratio SO to alcohol- 1:4,

catalyst amount- 250 mg, temperature- 65 °C and time- 8 h.

Effect of catalyst amount

Effect of catalyst amount on SO conversion was investigated by varying the
catalyst amount in the range 75 mg- 300 mg (Figure 10). The SO conversion
increased with the increase in catalyst amount and reaches a maximum of 93%
conversion for (PWi2)s/MCM-41 and 85% conversion for (PWi1)s/MCM-41
with 250 mg catalyst. The increase in conversion could be attributed to an
increase in the number of available catalytically active sites. However, with
further increase in catalyst amount to 300 mg, the conversion remains constant

due to attainment of saturation/equilibrium conversion.
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Figure 10. Effect of catalyst amount: w/w ratio of oil to alcohol- 1:4,

temperature- 65 °C and time- 8 h.

Effect of ratio (W/W) SO to methanol

Transesterification reaction to produce biodiesel consists of a series of
consecutive reversible reactions to produce 3 moles of ester and glycerol. Effect
of molar ratios of oil to methanol (Figure 11) was studied and it was seen that
on increasing the methanol ratio, viscosity of reaction mixture decreases. This
promotes better mixing between reactants and catalyst, which enhances the
rate of mass transfer. Eventually resulting to higher conversion within a fixed
reaction time. The % conversion accordingly increases with the increase in
mole ratio. In the present reaction conditions i.e. 1:4 molar ratio, 93% and 85%
conversion was achieved respectively for (PWi2);/MCM-41 and
(PW11)3s/ MCM-41.

100 -| I (PW,,) /MCM-41
CI(PW,)/MCM-41

80+

60

401
201
0-

11 1:2 1:3 14 15
Wit. Ratio (oil: methanol)
Figure 11. Effect of weight ratio of oil/methanol: catalyst amount- 250 mg,

% Conversion

temperature- 65 °C and time- 8 h.
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Effect of reaction time

The conversion of SO increases with increase in reaction time from 2-7 h
(Figure 12). On increasing the reaction time to 8 h maximum conversion is
achieved for both the catalysts, but on further increasing time to 8 h, no
significant increase in the % conversion was observed. These results indicated

that for maximum conversion 8 h reaction time was optimum.

100

I (PW ) /MCM-41
1 (PW,,) /MCM-41

80

60

404

% Conversion

20+

0- ]
2 3 4 5 6
Time (h)
Figure 12. Effect of reaction time: wt. ratio of oil/alcohol- 1:4, catalyst amount-

250 mg, temperature- 65 °C.

Effect of reaction temperature
The effect of temperature on reaction was studied and it was seen that the

temperature evidently affects both reaction rate and conversion of SO into

biodiesel (Figure 13).
1004 . (PW,,) /MCM-41
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Figure 13. Effect of reaction temperature: w/w ratio of oil to alcohol- 1:4,

catalyst amount- 250 mg and time- 8 h.

Page 110



Chapter 2 (A): Biodiesel Synthesis...

With increase in temperature from 45 to 60 °C, conversion increases linearly. It
was seen that a maximum conversion was obtained at 65 °C for both the
catalysts. On the other hand, conversion levels off for temperatures beyond 65
°C, which can be ascribed to attainment of boiling point of methanol. Birla et
al. [77] demonstrated that for temperatures higher than methanol boiling point
of 65 °C, it vaporizes, thus, methanol remains in vapor phase in reactor and
was less available in reaction environment. Hence, maximum conversion, 93%

for (PW12)3/ MCM-41 and 85% for (PW11)s/ MCM-41, was obtained at 65 °C.

Optimized conditions: [93% conversion for (PWi2)s/MCM-41 and 85%
conversion for (PWi1)s/MCM-41] wt. ratio of SO/methanol (W/W)- 1:4,

catalyst amount- 250 mg, time- 8 h, temperature- 65 °C, stirring speed- 600 rpm.

o Transesterification of WCO
The optimised conditions for transesterification of WCO over (PW12)3/ MCM-
41 [68] (85% conversion) are as follows:

Mole ratio oil to alcohol : 1:8,

Amount of catalyst : 300 mg
Temperature :65°C
Time :16 h

Detailed optimization studies for transesterification of WCO over
(PW11)s/MCM-41 (Figure 14) were also carried out.

~
S

S &

&
% Conversion

Figure 14. Optimization of reaction parameters for transesterification of WCO

over (PW11)3/ MCM-41.
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Optimized conditions: [90% conversion- (PW11)s/MCM-41] w/w ratio oil to
methanol- 1:8, catalyst wt.%- 7 (350 mg), time- 16 h and temperature- 65 °C.

Under optimized conditions different oil feedstocks were also studied and %

conversion as well as their properties are given in Table 2.

Table 2. Transesterification of different triglycerides with methanol.

Properties JO SfO CcO MO
Acid value (mg KOH g1) 37.11 0.18 0.37 1.85
Saponification value (mg KOH g1) 2304  196.3 193.6  203.6
lodine value (g I./100g oil) 108 115.2 1104  125.0
Average Molecular weight (g mol1) 871 858 871 834
Conversion (%)2 86 80 85 87

Reaction conditions: 2 (PW11)s/MCM-41: catalyst amount- 350 mg, oil/methanol w/w
ratio- 1: 8, temperature- 65 °C, time- 16 h. JO- Jatropha oil, SfO- Sunflower oil, CO-
Cottonseed oil, MO- Mustard oil.

Control experiments and Heterogeneity tests
The control experiment using PW12/PW11 and MCM-41 was carried out under

optimized conditions of both the reactions (Table 3).

Table 3. Control experiments for esterification 2 and transesterification .

Catalyst % Conv.OA2 TON % Conv.SOP  TON
MCM-41 8 - 6 -
PW1 92 902 88 234
(PW12)3/ MCM-41* 99 1015 93 247
PW11 80 854 75 210
(PW11)s/ MCM-41** 89 950 85 239

Catalyst amount-* PWiz- 23 mg and PWh1- 28.8 mg, @ (PW12)s/MCM-41- 100 mg, *
(PW11)s/MCM-41- 125 mg, mole ratio * OA/alcohol- 1:40, * time- (PW12)s/MCM-41-
8 h, (PW11)MCM-41- 14 h, temp.- 60 °C; v57.6 mg (PW12/PWh1), b(PW12)s/MCM-
41 and (PW11)s/MCM-41- 250 mg, ©SO/Alcohol-1:4, ? time- 8 h, temperature- 65 °C.
Turnover number (TON)= moles of product obtained/moles of catalyst (active species).
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Heterogeneity test was carried out by filtering the catalyst from the reaction
mixture at 60 °C after 8 h and the filtrate was allowed to react up to 14 h (OA
esterification) (Table 4). The reaction mixture of 8 h and filtrates were analyzed
by gas chromatogram. No change in % conversion of filtrate indicates that the
present catalyst falls into category C [78]. Category C means, that there is no
leaching of the active species (PW12/PW11) from the support. Heterogeneity
test for transesterification of SO (Table 4) was also carried out as described

above and it was found that catalysts are truly heterogeneous in nature.

Table 4. Heterogeneity tests for (PW12)3/ MCM-41 and (PW11)s/ MCM-41.

Reaction Catalyst % Conversion TON
(PW12)3/MCM-41 (4 h) 2 68 697
Filtrate (8 h) 2 68 697
OA
(PW11)s/MCM-41 (8 h) b 70 747
Filtrate (14 h) b 70 747
(PW12)3s/MCM-41 (4 h) 65 173
Filtrate (8 h) 65 173
SO
(PW11)3/MCM-41 (4 h) 63 337
Filtrate (8 h) 63 337

Esterification of OA: catalyst amount- 2100 mg, b 125 mg, mole ratio OA/methanol-
1:40, temperature- 60 °C. Transesterification of SO: W/W ratio- 1:4, catalyst amount-
250 mg, temperature- 65 °C.

Recycling and regeneration of catalysts

Catalytic activity of regenerated catalysts

The catalyst recycling is a key parameter to consider the feasibility of a solid
catalyst for biodiesel production; since it can reduce the overall process costs.
After the reactions, the catalysts were separated from the reaction mixture by
simple centrifugation; first washing was done with methanol to remove the

products, then the subsequent washings were done by distilled water. The
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catalysts were then dried at 100 °C, and recovered catalysts were charged for
the further run. (Figure 15). There was no appreciable change in the %

conversion for both reactions even after using regenerated catalyst up to four

cycles.
I Oleic acid esterification "] SO transesterification 100 I Oleic acid esterification [ SO transesterification
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80 -
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Figure 15. Recycling of catalysts under optimized conditions of OA
esterification, SO transesterification, (a) (PW1);/MCM-41 and (b)
(PW11)3/MCM-41.

Characterization of Regenerated catalysts

The regenerated catalysts were characterized by EDS, FT-IR, FT-Raman, XRD
and n-butyl amine acidity value in order to confirm the retention of the catalyst
structure, after the completion of the reaction. Absence of any leaching of W
and P from catalyst was confirmed by carrying out an analysis of the used
catalyst (EDS) as well as the product mixtures after the reaction (AAS). The
EDS analysis (in wt%) of the reused catalyst R-(PW12)3/MCM-41 did not show
any appreciable loss in the tungsten content as compared to the fresh catalyst
(fresh catalyst, W-18.0; P-0.3; used catalyst, W-17.8; P-0.3). The EDS analysis (in
wt%) of the reused catalyst R-(PW11);/ MCM-41 did not show any appreciable
loss in the tungsten content as compared to the fresh catalyst (fresh catalyst,
W-16.2; P-0.18; used catalyst, W-16.0; P-0.17). Analysis of the product mixtures
shows that if any W was present it was below the detection limit, which
corresponds to less than 1 ppm (by AAS). These observations strongly suggest

that there is no leaching of any active species from the support.
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No appreciable shift in FT-IR band position of the recycled catalyst compared
to fresh catalyst indicates retention of Keggin structure on MCM-41 (Figure 16).
FT-IR spectra of recycled catalyst (Figure 16a, b) shows retention of W=0O and
W-O-W bands, respectively at 962 and 896 cm1. No appreciable shift in the FT-
IR band position of regenerated catalyst compared to fresh one indicates

retention of PW12/PW11 structure into MCM-41.
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/" Recycled |
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Figure 16. FT-IR spectra of fresh and recycled catalysts, (a) (PW12)s/ MCM-41
and (b) (PW11);/ MCM-41.

Raman spectra of recycled catalysts (Figure 17) shows retention of typical
bands of PW12/PW11 even after recycling. The spectrum is slightly different
from the fresh one in terms of intensity. However, no appreciable shift suggests

retention of structure after recycling.
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Figure 17. FT-Raman spectra of fresh and recycled catalysts, (a) (PW12)s/ MCM-
41 and (b) (PW11)3/MCM-41.
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XRD patterns (Figure 18) of the recycled catalysts were identical with the fresh
one suggesting the retention of MCM-41 framework as well as Keggin unit

(PW12/PWr) in the recycled catalysts.
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Figure 18. XRD patterns of fresh and recycled catalysts, a) (PW12)3/MCM-41
and b) (PW11)s/ MCM-41.

Further, the acidity value for fresh [(PW12);/MCM-41- 3.6 mequiv. g7,
(PW11)3/MCM-41- 3.0 mequiv. g] and reused catalysts [(PW12)s/MCM-41- 3.2
mequiv. g1, (PW11)s/MCM-41- 2.9 mequiv. g'] also did not show any
appreciable change in acidity. Hence there was no deactivation of the catalysts

and the catalysts were truly heterogeneous nature.
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2A (II) Esterification of OA and transesterification of oils over PW15/MCM-
48 and PW1,/MCM-48.

e Esterification of OA
Optimization studies for maximum conversion was carried out similar to the

previous section (I).

Effect of % loading of PW15/PW11

To study the effect of % loading of PW12/PW11, reaction was carried out with
10-40% PW12/PW11 loadings (Figure 19). It was observed that with an increase
in the % loading of PW12/PW11, % conversion also increases. This may be due
to the increase in value of total acidity (acidity of PWi2 based catalyst is more
than PW11 based catalyst). For 30% PW12/PW11loading, maximum conversion
was obtained. For 30% and 40% loading there is no significant increase in total
acidity and conversion. Hence, the catalyst containing 30% loading of

PW12/PW11, were used for detailed study.
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Figure 19. Effect of % loading of PW12/PW1i1: molar ratio of OA /alcohol- 1:20,
catalyst amount- 100 mg, temperature- 60 °C, time- 8 h for (PW12)3/MCM-48
and 14 h for (PW11);/ MCM-48.
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Effect of mole ratio of OA to methanol

OA conversion can be increased by introducing an excess amount of methanol
to shift the equilibrium in the forward direction i.e. towards the product side.
In order to test the effect of molar ratio, esterification reaction was carried out
by varying mole ratio of oleic acid to methanol, with 100 mg of the catalyst for
8 hat 60 °C. It can observed from Figure 20, that OA conversion increases with
increase in acid to methanol ratio and reaches a maximum at 1:20 mole ratio.
With further increase in mole ratio, no significant increase in conversion was
observed. Hence 1:20 molar ratio of oleic acid to methanol was optimized for

further studies.
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Figure 20. Effect of molar ratio OA/methanol: catalyst amount- 100 mg,
temperature- 60 °C, time- 8 h for (PW12)s/ MCM-48 and 14 h for (PW11)3/ MCM-
48.

Effect of catalyst amount

In this study, catalyst mass was varied within a range of 50-150 mg (Figure 21).
The OA conversion increased with increase in amount of both the catalysts and
reaches an optimum at 100 mg. The increase in conversion with an increase in
the catalyst amount can be attributed to an increase in the availability and
number of catalytically active sites. 100 mg catalyst gives 95% conversion for

(PW12)3/ MCM-48 and 89% conversion for (PW11)s/ MCM-48.

Page 118



Chapter 2 (A): Biodiesel Synthesis...
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Figure 21. Effect of catalyst amount: molar ratio OA/methanol- 1:20,
temperature- 60 °C, time- 8 h for (PW12)s/ MCM-48 and 14 h for (PW11)3/ MCM-
48.

Effect of reaction time

In order to determine the effect of reaction time on the conversion, reactions
were carried out at the different reaction times, by keeping other reaction
parameters constant, namely catalyst amount (100 mg), OA/methanol molar
ratio (1:20) and temperature constant (60 °C). It was observed from Figure 22,
that conversion increases with increase in the reaction time. The maximum
conversion of OA was obtained in 8 h for (PW12)3/MCM-48 and 14 h for

(PW11)3/MCM-48.
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Figure 22. Effect of reaction time: molar ratio OA/methanol- 1:20, catalyst
amount- 100 mg, temperature- 60 °C, time- 8 h for (PW12)s/MCM-48 and 14 h
for (PW11)s/ MCM-48.
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Effect of reaction temperature

To study the effect of reaction temperature, temperature was varied between
40-70 °C while keeping the other parameters constant. The primary advantage
of a higher temperature is to obtain a shorter reaction time, hence in the present
conditions it was found that with increase in reaction temperature %
conversion also increases (Figure 23). The results in figure, reveal that 45%, 66 %
conversion was found corresponding to 40 °C and 50 °C, respectively. Highest
conversion was achieved at 60 °C and further increase in temperature did not
improve the conversion. This may be due to the fact that temperatures higher
than the methanol boiling point (65 °C) causes methanol to vaporize. Thus,
methanol remained in the vapor phase in the reactor and was less available in

the reaction environment. Hence, 60 °C was optimum for obtaining maximum

conversion.
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Figure 23. Effect of reaction temperature: molar ratio OA/methanol- 1:20,
catalyst amount- 100 g, time- 8 h for (PWi2)s/MCM-48 and 14 h for
(PW11)3/MCM-48.

Optimized conditions: [95% Conversion (PW12)3/ MCM-4 and 89% Conversion
(PW11)3/MCM-48]: mole ratio OA/methanol- 1:20, catalyst amount- 100 mg,
temperature- 60 °C and time- 8 h for (PWi2)s3/MCM-48 and 14 h for
(PW11)3/MCM-48.
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Kinetic study

A detailed kinetic study was carried out on esterification of OA over
(PW12)3/MCM-48 and (PW11)3/MCM-48. The plot of log Co/C versus time
shows linear relation with respect to time (Figure 24). With an increase in
reaction time there is a linear decrease in the OA concentration. This
observation indicates that the esterification of OA follows first order

dependence with respect to time.
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Figure 24. First order plot for esterification of OA over (a) (PW12)3/MCM-48
and (b) (PW11)3/MCM-48.

The catalyst concentration was varied from 4x10-3 to 12x10-* mmol at a fixed
substrate concentration of 10 mmol at 60 °C. It was observed from plot of
reaction rate versus catalyst concentration (Figure 25) that rate of reaction

increases with an increase in the catalyst concentration.
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Figure 25. Plot of reaction rate versus catalyst concentrations over (a)

(PW12)3/ MCM-48 and (b) (PW11)3/ MCM-48.
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The graph of In k versus 1/T was plotted (Figure 26) and the values Ea were
determined from the plot using Arrhenius Equation. In the present case the
observed value of Ea was 40.3 k] mol! for (PW12)3/ MCM-48 and 52.3 k] mol
for (PW11)s/ MCM-48. These results suggest that the rate is truly governed by a

chemical step and the reaction was not surface type diffusion limited catalysis.
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Figure 26. Arrhenius plots for determination of activation energy, a)

(PWi2)3/ MCM-48 and b) (PWi1)3/ MCM-48.

The value of Ea for (PW12)s/MCM-48 was found to be low as compared to
(PW11)3/MCM-48, which suggests the order of catalyst, (PW12)3/MCM-48 >
(PW11)3/ MCM-48.
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e Transesterification of SO

Effect of % loading of PW15/PW11

To study the effect of % loading of PW12/PW11 on MCM-48, reaction was
carried out with 10-40% loaded catalysts (Figure 27). It was observed that with
increase in % loading of PW12/PW11, conversion was also increases up to 30%
loading. The enhanced activity could be assigned to increase in the active sites
PW12/PWh11. Further, 40% loaded catalysts showed no significant increase in

the conversion. Hence, 30% loaded catalysts were selected for detailed study.

100 -
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Figure 27. Effect of % loading of PW12/PWi1: molar ratio SO/ methanol- 1:4,

catalyst amount- 250 mg, temperature- 65 °C, time- 8 h.

Effect of catalyst amount

Effect of catalyst amount on oil conversion was investigated by varying the

amount in range 100-300 mg (Figure 28).
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Figure 28. Effect of catalyst amount: molar ratio SO/methanol- 1:4,

temperature- 65 °C, time- 8 h.
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The conversion increased with the increase in amount of both catalysts and
reached a maximum of 97% for (PW12)s/ MCM-48 and 91% for (PW11)3/ MCM-
48 with 250 mg catalyst. The increase in the conversion can be attributed to an
increase in the number of available catalytically active sites. However, with a
further increase in the amount of catalyst to 300 mg, the conversion remains
constant due to attainment of saturation/equilibrium conversion. Hence, 250

mg catalyst amount was optimised for further reactions.

Effect of ratio (W/W) oil to methanol

Transesterification reaction consists of a series of consecutive reversible
reactions to produce three moles of esters and one mole of glycerol. The effect
of w/w ratio of SO to methanol was studied in the range of 1: 1 to 1: 5 (Figure
29) and it was seen that on increasing the methanol ratio the viscosity of
reaction mixture decreases. This promotes better mixing between reactants and
catalyst, which enhances the rate of mass transfer. This eventually results in a
higher conversion within a fixed reaction time. The conversion accordingly
increases with increase in methanol ratio up to 1: 4. On further increasing the
molar ratio no significant increase in conversion was observed, which might
be due to saturation of active sites with methanol molecules rather than oil. At
optimum 1: 4 w/w ratio, maximum conversion was achieved for both the

catalysts.
100
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Figure 29. Effect of ratio of SO/methanol (W/W): catalyst amount- 250 mg,

temperature- 65 °C, time- 8 h.
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Effect of reaction time

The conversion of SO over both the catalysts increases with increase in the time
from 2 to 8 h (Figure 30). At 8 h, the conversion was maximum for both the
catalysts, but on further increasing the reaction time there was no significant
increase in the percentage conversion. On further increasing the reaction time
there was no significant increase in conversion, due to the blocking of active

sites by glycerol molecules formed during the reaction.
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Figure 30. Effect of reaction time: wt. ratio of SO/methanol- 1:4, catalyst

% Conversion

10

amount- 250 mg, temperature- 65 °C.

Effect of reaction temperature
The effect of temperature on the reaction was studied and it was observed that
temperature evidently affects both the reaction rate and conversion of SO

(Figure 31).
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Figure 31. Effect of reaction temperature: W/W ratio of SO/methanol- 1:4,
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catalyst amount- 250 mg, time- 8 h.
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At 50 °C, 52% conversion for (PWi2)3/MCM-48 and 50% conversion for
(PW11)3/MCM-48 was observed. But with a subsequent increase in
temperature, percentage conversion was also increased. It was observed that a
maximum conversion was obtained at 65 °C for both the catalysts. On the other
hand, the conversion decreased for temperatures beyond 65 °C which can be
ascribed to attainment of boiling point of methanol. Thus, methanol remained

in the vapour phase in the reactor and was less available for the reaction.

Optimized conditions: [97% conversion- (PWi2);/MCM-48 and 91%
conversion- (PW12)3/MCM-48], wt. ratio SO/ methanol (W/W)- 1: 4, catalyst

amount- 250 mg, time- 8 h, temperature- 65 °C, stirring speed- 600 rpm.

o Transesterification of WCO

Application of the present catalysts was extended to transesterification of

WCO with methanol (Figure 32) and detailed optimisation, similar to SO was

carried out.

% Conversion

Figure 32. Optimization reaction parameters for transesterification of WCO

over (a) (PW12)s/MCM-48, and (b) (PW11)s/ MCM-48.

Optimized conditions: [95% conversion for (PWiz)s/MCM-48, and 86%
conversion for (PW11)3/ MCM-48)], w/w ratio oil to alcohol 1:8; catalyst wt.%-

6 (300 mg); time 16 h and temperature 65 °C.
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Under optimized conditions, different oil feedstocks were also studied and %

conversion as well as their properties are given in (Table 5).

Table 5. Transesterification of different triglycerides with methanol.

Properties JO StO CcO MO
Acid value (mg KOH g1) 37.11 0.18 0.37 1.85
Saponification value (mg KOH g-1) 2304 1963 193.6  203.6
Iodine value (g I./100g oil) 108 115.2 1104  125.0
Average Molecular weight (g mol1) 871 858 871 834
Conversion (%)2/b 93/85 88/82  90/81 90/83

Reaction conditions: amount of catalyst- 300 mg, oil/methanol w/w ratio- 1:8,

temperature- 65 °C, time- 16 h. @ (PW12)5/MCM-48, v (PW11)s/MCM-48.

Control experiments and Heterogeneity tests

The control experiments with MCM-48 and PW12/PW11 were also carried out
under optimized conditions for both the reactions (Table 6). It was observed
from table that MCM-48 was not much active towards both the reactions,

indicating that the catalytic activity was mainly due to PW12/PWi1.

Table 6. Control experiments for esterification 2 and transesterification ».

Catalyst % Conv.OA2 TON=2 % Conv.SOP TONP
MCM-48 10 - 8 -
PW1 92 902 88 234
(PW12)3/MCM-48 95 1189 97 266
PW1i 80 854 75 210
(PW11)3/MCM-48 90 960 91 267

Catalyst amount- ¢ PW1/PWii- 23 mg, @ supported catalyst- 100 mg, mole ratio
OA/alcohol- 1:40, @ time- (PW12)s/MCM-41- 8 h, (PW11)5/MCM-41- 14 h, temp.- 60
°C; v57.6 mg (PWio/PWhy), b supported catalyst- 250 mg, b SO/alcohol- 1:4, b time- 8
h, temperature- 65 °C.
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The same reaction was carried out by taking the active amount of PW12/PW11
and it was observed that catalytic activities of PW12/PW11 have been retained
in the respective catalysts indicating that PW12/PW11 behaves as real active
species. Thus, we were successful in anchoring PWi2/PW11 to MCM-48
without any significant loss in activity and hence in overcoming the traditional

problems of homogeneous catalysis.

Heterogeneity test (Table 7) was carried out by filtering the catalyst from the
reaction mixture at 60 °C after 4 h and subsequently the filtrate was allowed to
react up to 8 h. The reaction mixture of 4 h and filtrates were analysed by GC.
Similar heterogeneity test was also carried out for reaction of SO. No change in
the % conversion of OA and SO indicates that the catalysts falls into category

C [78] and the catalysts are truly heterogeneous in nature.

Table 7. Heterogeneity tests for different reactions.

Reaction  Catalyst % Conversion  TON
(PW12)3/MCM-48 (4 h) 68 697
OA Filtrate (8 h) 68 697
(PW11)s/ MCM-48 (8 h) 70 747
Filtrate (14 h) 70 747
(PW12)3/MCM-48 (4 h) 65 173
Filtrate (8 h) 65 173
% (PWi11)s/ MCM-48 (4 h) 63 337
Filtrate (8 h) 63 337

Esterification of OA: catalyst amount- 100 mg, mole ratio OA/methanol- 1:20,
temperature- 60 °C. Transesterification of SO: W/W ratio of SO/methanol- 1:4,
catalyst amount- 250 mg, temperature- 65 °C.
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Recycling and regeneration of catalysts

Catalytic activity of regenerated catalysts

The catalyst was recycled to test its activity as well as stability (Figure 33).
Catalysts from different reactions were recovered following the procedure
discussed in section 2A (I). The recovered catalyst was charged for the
subsequent run. Recycling study by transesterification of SO was also carried
out using similar procedure. There was no appreciable change in conversion

for both reactions even after using regenerated catalyst up to four cycles.
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Figure 33. Recycling of the catalysts under optimized conditions, (a) OA

esterification and (b) Transesterification of SO.

Characterization of regenerated catalysts

The regenerated catalysts were characterized by EDS, FT-IR, Raman, XRD and
acidity measurement. The EDS analysis (in wt%) of the reused catalyst R-
(PW12)3/MCM-48 was carried out and values are close to the fresh catalyst
(Fresh: W- 17.7, P- 0.30; Recycled: W- 17.4, P- 0.30). EDS analyses of R-
(PW11)3/MCM-48 shows that the values are close to fresh catalyst (Fresh: W-
15.9, P-0.18; Recycled: W-15.0, P-0.164). The leaching of tungsten (W) from
catalysts was confirmed by carrying out an analysis of the product mixtures
(by AAS). Analysis of the product mixtures show that if any W was present it
was below the detection limit, which corresponds to less than 1 ppm. On the
basis of these results, it can be concluded that there was no leaching of

PW12/PWi1 species from the support. The FT-IR data for the fresh as well as
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the regenerated catalysts are presented in Figure 34. No appreciable shift in the
FT-IR band position of the regenerated catalysts compared to fresh catalyst
indicates the retention of Keggin structure of PW12/PW11 on MCM-48.
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Figure 34. FT-IR spectra of fresh and recycled catalysts, (a) (PW12)s/ MCM-48
and (b) (PWa1)s/ MCM-48.

This was further confirmed by Raman spectra of reused catalysts, showing
retention of the typical bands of PW12/PWi1 (Figure 35). However, the
spectrum is slightly different from the fresh one in terms of intensity, although

this might not be significant in the reutilization of the catalysts.
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Figure 35. Raman spectra of fresh and recycled catalysts, (a) (PW12)s/ MCM-48
and (b) (PW11)3/ MCM-48.
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XRD also shows no change in the property of recycled catalysts (Figure 36)
indicating retention of pore structure of MCM-48 as well as the Keggin
structure. Further, the acidity value of fresh [(PW12)3/MCM-48- 3.9 mequiv. g
L, (PW11)3/ MCM-48- 3.4 mequiv. g'] and reused catalyst [(PW12);/ MCM-48-
3.5 mequiv. g1, (PW11)s/MCM-48- 3.2 mequiv. g'] also did not show any

appreciable change in acidity. Hence there was no deactivation of the catalyst.
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Figure 36. XRD patterns of fresh and recycled catalysts, (a) (PW12)s/ MCM-48
and (b) (PW11);/ MCM-48.

Intensity (a.u)
Intensity (a.u)

0

Characterization of biodiesel derived from transesterification of SO and WCO
The biodiesel sample from transesterification of SO as well as WCO was
characterized by FT-IR and TH-NMR analysis. The biodiesel i. e. fatty acid ester
obtained by transesterification reaction was designated by BDSO and BDWCO.

FT-IR analysis for fatty acid methyl esters

The FT-IR spectra have been used to identify functional groups and the bands
corresponding to various stretching and bending vibrations in the sample of
biodiesel derived from soybean oil (Figure 37). The position of carbonyl group
in FT-IR is sensitive to substituent effects and to the structure of the molecule.
The methoxy ester carbonyl group in BDSO appears at 1744 cm-!. The band at
3465 cm! corresponds to the overtone of ester functional group. The C-O
stretching vibration in BDSO shows two asymmetric coupled vibrations at 1162

cm! and 1098 cm -1 due to C-C(=0)-O and 1031 cm! due to O-C-C.
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Figure 37. FT-IR spectrum of biodiesel samples, BDSO and BDWCO.

The FT-IR spectrum (Figure 37) of BDWCO exhibited bands at 1743 cm ! and
1741 cm! characteristic for methoxy ester carbonyl group. The overtone of ester
functional group was observed at 3465 cm'l. The C-O stretching vibration
revealed two coupled vibrations at 1119 cm! and 1171 cm? due to (C-C(=0)-

O) and at 1017 cm as a result of (O-C-C).

TH NMR of biodiesel samples

Biodiesel samples were characterized by TH-NMR spectroscopy (Figure 38).
The characteristic peak of methoxy protons was observed as a singlet- 3.678
ppm and a triplet of CHz protons at 2.296 ppm for BDSO and 2.8 ppm for
BDWCO. These two peaks are the distinct for the confirmation of methyl esters

present in biodiesel. These data confirm the formation of high quality of

biodiesel.
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Figure 38. TH-NMR of biodiesel sample, BDSO and BDWCO.
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Properties of biodiesel produced

The physical and chemical properties of biodiesel were studied. The biodiesel
was prepared in the laboratory scale. The biodiesel sample BDSO, BDWCO
were analysed for various properties. The properties measured were compared
with the ASTM specifications and the results are presented in Table 8. Acid
value is a measure of the FFA content of the biodiesel. Free fatty acids in the oil
indicate incomplete transesterification or oxidative degradation where fatty
acid methyl ester molecules are regenerated during shelving. Acid numbers
higher than 0.8 mg KOH/ g have been associated with fuel system deposits and
reduced life of fuel pumps and filters [79-80]. The acid value of BDSO and
BDWCO were found to be quite below the required limit. The kinematic
viscosity indicates the flow capability of any fuel and it was found that it was
within the limits of ASTM standards for BDSO and BDWCO. Flash point is the
lowest temperature at which vapours from a fuel will ignite on application of
a small flame under standard test conditions. The flash point of BDSO,
BDWCO sample falls within the limits of ASTM standard.

Table 8. Properties of synthesised biodiesel with different feedstocks.

ASTM D6751  ASTM D 975

Property Testing Standard, Standard, BDSO BDWCO
procedure Biodiesel diesel fuel

ﬁglo_il /\;alue, mg ASTN;I;l%O— 0.5 i <0.05 <08

Viscosity at40°C ~ ASTM D446 19to6 1.3to4.1 51 4.8

Flash point (°C) - 100 to 170 60 to 80 164 110

Pour point (°C) ASTM D97 -15to 10 (-35) to 15 4 -2

Biodiesel is safer than petro-diesel to handle and store because it has a little bit
higher flash point than petro-diesel. The pour point of BDSO was 4, which may
be due to the higher content of unsaturated fatty acid in raw soybean oil. The
results were found to be within the specified limits and BDSO, BDWCO was

suitable not only for the tropical region but also for moderate temperate region.

Page 133



Chapter 2 (A): Biodiesel Synthesis...

However, further research and development on additional fuel properties and

the effects of biodiesel on the engine are necessary.

Probable reaction mechanism over the present catalysts (PW12/PW11 anchored
to MCM-41/MCM-48) can be explained as below. Hexagonal pore dimension
and high surface area of the present catalyst facilitates the diffusion of large
triglyceride molecules inside the catalyst surface leading to high conversion.
The carbocation is formed by acid sites of the catalyst with the carbonyl oxygen
[81]. A tetrahedral intermediate is formed by nucleophilic attack of methanol
to the carbocation. The tetrahedral intermediate eliminates H>O to form

biodiesel. This mechanism can be extended to di-glycerides or tri-glycerides.

Scale up experiments and possible industrial scheme for biodiesel
production

In the present work, an attempt was also made to scale up the experiment for
transesterification of SO, WCO and JO for biodiesel synthesis using up to 300
g feedstock over (PW12)3/ MCM-48 under optimized conditions for comparison
with the batch scale. The sample was further separated using centrifuge.

Experimental setup and separation of biodiesel has been shown in Figure 39.

Methanol + Catalyst
layer

Biodiesel
layer

Glycerol
layer

Figure 39. Scale up experiment (left), biodiesel and glycerol separation (right).

Similar results can be expected with other oil feedstocks for scale up
experiments, without changing any mechanistic requirement of the system.

Hence, depending on the requirements, the size of the unit can be scaled up to
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get higher production capacity. A possible scheme of this integrated process

using heterogeneous acid catalysts is shown in Figure 40.
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Figure 40. Process for biodiesel production over heterogeneous acid catalysts.

After completion of transesterification reaction settling can be used to separate
the two products, i.e. crude glycerol and biodiesel. After settling, crude
glycerol is washed with water to remove impurities and the traces of the
catalyst. In heterogeneous catalysis, the reaction mainly takes place on the
surface of active sites. Hence, after completion of reaction, the unreacted as
well as by-product molecules must be removed from the surface in order to

activate the catalyst for next run.
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Conclusions

>

The present catalysts showed excellent activities for biodiesel synthesis via
esterification of FFA, oleic acid.

Kinetic studies show that esterification of oleic acid follows first order rate
law without any diffusion or mass transfer limitation.

The present catalysts also exhibits outstanding activities for transesterification
of triglyceride feedstock, soybean oil and waste cooking oil with methanol
under mild conditions.

The recycling studies showed that both the catalysts can be reused several
times without any significant loss in the activity.

The EDS, FT-IR, FT-Raman, XRD as well as acidity measurements of reused
catalysts shows no structural changes or loss in acidity indicating catalytic
systems are stable.

The higher activities enables the catalysts to be used for different feedstocks
that are rich in FFAs.

We have successfully developed scale up experiments for environmentaly
benign biodiesel production from soybean oil and waste cooking oil.

From the catalytic activity as well as kinetic studies the order of catalysts
was found to be (PW12)3/MCM-48 > (PWi2);/MCM-41> (PWi1)3/MCM-48>
(PW11)yMCM-41.
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added byproduct from biodiesel production was investigated. Conditions for maximum conversion was
optimized by varying different reaction parameters, such as, glycerol/acetic acid mole ratio, amount of
the catalyst, reaction time and reaction temperature. The kinetic study was carried out, and it was found
that esterification of glycerol follows first order kinetics and the rates are not mass transfer limited. Also
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MCM-41 alcohols were also carried out under optimized conditions to see the effect of chain length and type of
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Valorisation of Glycerol

Glycerol is one of the most versatile and valuable chemical substances known,
with more than a thousand uses and applications [1-3]. It is the main coproduct
of biodiesel and rapid development in biodiesel production is leading to a
dramatic increase in its production. Due to its versatile physical and chemical
properties use of glycerol in advanced organic syntheses is now emerging as a

fascinating challenge for chemists (Chart 1).

* Glycerol is commercially produced by the fermentation of sugars such as
glucose and fructose, either directly or as a by-product of the industrial
conversion of lignocellulose into ethanol.

¢ It is a potentially important bio refinery feedstock, available as a by-
product in the production of biodiesel, which in turn reduces the overall

OH Glyv:::‘t’: 5| economy of biodiesel as well as glycerol production.

’ o Effort is needed to redeem glycerol surplus and glut situation which might
or ruin the economy and market of glycerol.

gl;fehr);l? * Glycerol synthesis and by-production are closely linked to these industries.

OH
* The innovative development of glycerol-based products can advance the

production of biodiesel at small to moderate scale facilities,
+ Expand the product market and increase revenue of biofuel industries.

* Large number of chemicals could be derived from glycerol.
Whatcan be| © Catalysis represents a critical approach to green chemical technology in the

done with activation and utilization of glycerol.
the glycerol?

Chart 1. Outlook for glycerol valorisation
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The wide realm of glycerol applications are presented in Chart 2 [4-6].

‘ - 1,3-dioxanes, 1,3-dioxolane

Glycerol carbonate
Dihydroxy acetone,
Oxndatlon Glyceraldehyde

Carbo“ lation

Mono, Di, Tri ‘ .
acetyl glycerol Rednctlon 1,2-Propanediol,
1,3-Propanediol
Etherification Dehydration
Mono, D1, Tri tert : -
butyl ethers Acrolein, Acetic acid

Chart 2. Various glycerol transformations.

The transformations of glycerol into fuel oxygenates by esterification reaction
[7-9] are among chemical reactions that draw interest of many researchers. One
of its potential and promising values has been envisioned for the automotive
and bio-refinery industries to transform it into fuel additive. Acetyl glycerol’s
[10-12] have been identified as valuable replacement of fuel additive which
depends on depleting sources, price uncertainty and growing environmental
concern of petroleum feedstock. Various application of these products can be
summarised in Table 1.

Table 1. Applications of products derived from glycerol esterification.

Products Applications References
Monoacetyl glycerol Manufacture of explosives, tanning agent,
(MAG) and solvent for dyes. [10]
Diactyl glycerol Plasticizer, softening agent and solvent.
(DAG) Best use as fuel additive. [7,13]
Solvent for dissolving or diluting drugs
Triacetyl glycerol and organic compounds. Best use as fuel [12, 14, 15]
(TAG) additive for improving the anti-knocking, T

cold and viscosity properties of biodiesel.

Page 147



Chapter 2B: Esterification of Alcohols........

The reaction of glycerol with acetic acid affords a mixture of acetyl glycerol
(MAG, DAG, TAG). To increase the selectivity for TAG especially, a large
excess of acetic acid should be used. The production of TAG in high selectivity
by the direct reaction with acetic acid is difficult, because the reaction is

consecutive and the water formed may shift the equilibrium.

Number of heterogeneous catalysts are reported for glycerol esterification
reaction such as Zeolite [16], Amberlyst-15 [16-18], niobic acid [16], Starbon
acid, ion exchange resins [19], sulfated activated carbon [11], sulfated zirconia
[20-22] and sulphated alumina [23], functionalized mesoporous silica-type
SBA-15 [12], mesoporous silica MCM-41 sulphonated and functionalized with
different alkyl chains (methyl, ethyl, propyl and phenyl) [12], Niobium [24],
Zirconia [25, 26], hydroxylated magnesium fluorides [26], reaction under
supercritical carbon dioxide (scCO2) [27], sulfonic acid (SOsH) carbonized
sucrose [28] as well as sulfonic acid functionalized cellulose [29] and graphene
oxide [30] have been reported. Some of the above reactions comprising of
sulfated activated carbon, ion exchange resins, Amberlyst etc. are marked by
the limitation of high reaction pressure, temperature (120 °C) and activation of

the catalysts, which poses a question on sustainability.

The literature survey shows that there are number of reports on glycerol
esterification using anchored Hi;PW12O4. Ferreira et al. [31] reported
H3PW1204 immobilized into a silica matrix was used in the esterification of
glycerol with acetic acid. High molar ratio of glycerol to acetic acid leads in
lower selectivity values to MAG, which can be explained due to the high
glycerol conversion promote the DAG and TAG formation. Same group [32]
carried out glycerol esterification with HsPMo012040 acid encaged in USY
zeolite. After 3 h of reaction time the glycerol conversion was 68%, with a
selectivity of 59% to DAG, 37% to MAG and 2% to TAG. Ferreira and co-worker
[33] later supported HsPW12O40 on activated carbon. After 3 h of reaction, the
glycerol conversion was 86%, with a selectivity of 63% to DAG, 25% to MAG

Page 148



Chapter 2B: Esterification of Alcohols........

and 11% to TAG. The amount of active species in the catalyst, after the
reactions, was measured by ICP. The catalyst only lost 10% of the H3PW12040

from the activated carbon support.

Lingaiah and group reported niobic acid supported H3PW12040 [34]. The
catalysts exhibited excellent acetylation activity within short reaction time. The
catalyst showed 90% conversion within 30 min of reaction time. They found
that acidity of the catalysts depends upon the amount of H3PW12040 on niobic
acid. The glycerol conversion was well correlated with the acidity of the
catalysts. The selectivity during glycerol acetylation not only depends on the
nature of catalyst but also on reaction time. Same group [35] carried out
synthesis of H3PW1204 supported on Cs-containing ZrO: catalyst. They
suggested that Cs-containing catalysts possess stronger acidic sites compared
to the catalyst without Cs. The esterification activity and selectivity not only
depended on the nature of the catalyst but also on reaction parameters such as

temperature, time and mole ratio of glycerol to acetic acid.

Khayoon and Hameed [36] developed hybrid SBA-15 functionalized with
H3PMo012040. 15% loaded catalyst showed corresponding selectivity of 86% for
both DAG and TAG at the best reaction conditions of 110 °C. Temperature was
found to be a dominant parameter controlling the endothermic esterification

of glycerol with acetic acid and enhances the formation of DAG and TAG.

Zhu and co-workers [37] reported synthesis of bio-additives over zirconia
supported catalysts using HsSiW12040, Hs3PW12040 and HzPMo12040 as active
compounds. A 93.6% combined selectivity of DAG and TAG with complete
glycerol conversion was obtained at 120 °C and 4 h of reaction time in the

presence of HsSiW12040/ ZrOs.

Kim et al. [38] carried out comparative study of various types of solid acids,
including silica-alumina (HUSY), HsPMo01:Os supported on NbOs and

mesoporous SBA-15 etc. The acid strength affected the rates, showing an
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increase in the intrinsic glycerol conversion turnover rate with an enhancement

in the acid strength when the analogous type of solid acids were compared.

Recent literature reports show that, monoglyceride can be synthesized using
direct esterification of glycerol with fatty acid in the presence of acidic catalyst
and supported POMs have been used for the same. Hoo and Abdullah [39],
showed synthesis of highly uniformed SBA-15 catalysts functionalized with
H3PW12040. Characterization results showed that suitable Hs3PW12040 loading
was beneficial for acid catalyzed glycerol esterification with lauric acid. High
lauric acid conversion (70%) and monolaurin yield (50%) were shown in 6 h at
160 °C. Its ordered mesoporosity evidently resulted in shape selectivity effect
to suppress by-products formation. Later the same group [40] showed kinetic
evaluation for selective esterification of glycerol with lauric acid using post-

impregnated H3PW12040 on SBA-15.

Very recently, Betiha and co-workers [41] carried out synthesis of micro-
mesopores HoN-PDVC  polymer and reported the first successful
immobilization of catalytically active acidic Hs3PW12040 material on the surface
and pores of HoN-PDVC framework material through ionic bonding
interaction. The obtained catalyst exhibited high activity for glycerol
acetylation under mild conditions (T- 100 °C, Gly: AA- 1:8 and time- 3 h) and
also showed high selectivity towards TAG than previously described reports.
Although the conversions and selectivity’s towards the esters are good, new
methods are needed to be explored wherein the reaction can proceed even at
relatively lower molar ratios, catalyst amounts and temperatures. Thus, it is

still a challenge to design a green and sustainable process for the same.
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Esterification of Benzyl alcohol

Benzyl alcohol is a promising molecule in organic chemistry as number of
organic transformations are possible. The huge amount of applications of
alcohols has recently increased the interest in the synthesis of a variety of

aromatic compounds by esterification via acid catalysis [42-43].

> Benzyl acetates are widely used in paints, coatings, adhesives, cleaners and
printing industries.

> They have a very low solubility in water and used as extraction solvents for
fine chemicals and pharmaceuticals, particularly for certain antibiotics.

> They are used as components of aroma with pleasant reminiscent of jasmine.
Widely used in perfumery and cosmetics for its aroma.

> In synthetic flavorings to impart apple and pear flavors [44].

Due to the known disadvantages of homogeneous catalysts [45] the use of solid
acids are convenient and also effective for acid-catalyzed reactions. A literature
survey shows that many solid acid catalysts such as zeolites [46], ion exchange
resins [47], Bronsted acidic ionic liquids [48, 49], NbCls/ Al>Os [50] and metal
coated nanoparticals [51] have been found to be efficient catalysts in benzyl

alcohol esterification.

Halligudi and group [52] carried out liquid phase esterification of benzyl
alcohol to benzyl acetate with acetic acid over HsSiW12040 supported on
zirconia embedded inside SBA-15 (HsSiW12040/ZrO2/SBA-15). Catalytic
activities have been correlated with acidity of the catalysts. The catalyst with
15 wt.% loading showed good catalytic activity with maximum 59%
conversion and >96.1% selectivity to benzyl acetate as compared with other

isomers at 373 K.

With a focus on recent developments in the conversion of glycerol and benzyl
alcohol into value-added chemicals, we describe in this chapter the sustainable

route towards solvent free valorisations of glycerol via esterification as well as
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benzyl alcohol with acetic acid over phosphotungstates (PW12/PW?11) anchored
to MCM-41/MCM-48. The effects of different reaction variables such as
catalyst concentration, mole ratio and reaction time were studied to optimize
the conditions for maximum conversion. The catalysts were also recycled up

to four times without any significant loss in the conversion.

EXPERIMENTAL

Materials

All chemicals used were of A.R. grade. 12-tungstophosphoric acid (PW12),
sodium tungstate, disodium hydrogen phosphate, glycerol (Gly), benzyl

alcohol (BA) and acetic acid (AA) were used as received from Merck.

Catalytic reactions

Esterification of alcohols

The esterification of Gly (10 mmol) with AA (60 mmol); esterification of BA (10
mmol) with AA (20 mmol) was carried out in a 50 mL batch reactor provided
with a double walled air condenser, Dean-Stark apparatus, magnetic stirrer,
and a guard tube. The reaction mixture was refluxed at 100 °C for different time
intervals. The obtained products were analysed on a GC (Shimatzu-2014) using
a capillary column (RTX-5). GC analyses for Gly reactions were carried out
according to following temperature program: initially, the oven temperature-
80 °C, then the temperature increased from 80 °C to 240 °C, with a rate- 5
°C/min and finally to 280 °C with a rate- 30 °C/min. Products were identified
by comparison with the authentic samples and finally by gas chromatography

mass spectroscopy (GC-MS).
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RESULTS AND DISCUSSION
2B (I) Esterification of Gly and BA over PW1;/MCM-41 and PW1,/MCM-41.

e Esterification of Gly

The products obtained by esterification of Gly are shown in Scheme 1.
Esterification is an equilibrium-limited reaction and in order to overcome the
equilibrium limitation the reaction is carried out by taking AA in excess. The
effect of various reaction parameters such as Gly/AA molar ratio, catalyst

amount, time, and temperature was studied.

OH

Catalyst OCOCH; OCOCH, OCOCH; OCOCH,J
HO OH Acetic acid /[
r‘[ (f “OCOCH; K[OCOCH OCOCH
Glycerol e OCOCH OCOCHJ
Mono-acetyl glycerol Di-acetyl glycerol Tri-acetyl glycerol
(MAG) (DAG) (TAG)

Scheme 1. Glycerol esterification reaction with acetic acid.

Effect of % loading of PW1/PW11

To study the effect of % loading reaction was carried out with 10-40% loading
(Figure 1). It was observed that with an increase in the % loading of
PW12/PW11, % conversion also increases. For 30% PWi2/PWi1 loading,

maximum conversion was obtained.
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Figure 1. Effect of % loading of PW12/PW11: mole ratio of Gly: AA-1:6, catalyst

amount - 150 mg, temperature- 100 °C, time- 6 h.

On increasing the % loading to 40%, no significant increase in conversion was

observed which might be due to blocking of the active sites due to formation
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of multilayer on the support. This was also evident from value of surface area,
which decreases for 40% loadings. This multilayer formation can hinder the
reactant molecules to react with the active sites and intern there was significant

increase in the conversion. Hence, 30% of PW12/PW11 anchored to MCM-41

was considered for further studies.

Effect of mole ratio of Gly: AA

To see the effect of Gly: AA mole ratio, the reaction was carried out by varying
the mole ratio. Reaction was studied with initial molar ratio of Gly: AA varying
from 1:1 to 1:9. It was observed from Figure 2 that the conversion increases
with an increase in Gly: AA mole ratio and reaches a maximum of 87% for
(PW12)3/MCM-41, at 1:6 molar ratio. With further increase in molar ratio there

was only a small increase in conversion. Hence, the molar ratio of 1:6 was

optimized.
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Figure 2. Effect of mole ratio Gly/ AA: catalyst amount - 150 mg, temperature-
100 oC, time- 6 h.
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Effect of catalyst amount

The catalyst amount was varied in the range 50 to 200 mg (Figure 3). It was
observed from figure that initially the activity increases with an increase in
catalyst amount. On further increasing catalyst amount from 100 to 150 mg,
maximum conversion of Gly was obtained for both the catalysts. Under these
conditions, after 150 mg there was no significant increase in the conversion
with increase in catalyst amount. The distribution of DAG + TAG product was

also optimum for both the catalysts with 150 mg amount.
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Figure 3. Effect of catalyst amount: mole ratio of Gly: AA-1:6, temperature- 100
oC, time- 6 h.

Effect of reaction time
The effect of reaction time on conversion of Gly was studied (Figure 4). It was

observed that Gly conversion increases with reaction time.
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Figure 4. Effect of reaction time: mole ratio of Gly: AA- 1:6, catalyst amount-

2 3

150 mg, temperature- 100 °C.
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Initially, at the start of reaction, selectivity towards MAG was high and as the
reaction prolonged, selectivity towards DAG and TAG increased at the
expense of MAG. The increase in selectivity for DAG and TAG with time is
mainly due to the further esterification of MAG. Further, Gly conversion was
nearly completed within 6 h time for (PW12);/MCM-41. The high catalytic
activity of both the catalysts can be mainly co-related with the presence of
intact Keggin ions on the supports. With further increase in the reaction time
there was no significant increase in the conversion as well as distribution of the
ester products. At 6 h, an optimum 88% conversion was achieved with 75%
selectivity for DAG+TAG for (PW12)3/MCM-41. Similar trend in activity was
observed for (PW11);/ MCM-41.

Effect of temperature
The effect of temperature on conversion was studied and it was found that with
an increase in temperature from 70 to 100 °C the % conversion increases and

product distribution of esters changes, which is as expected (Figure 5).
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Figure 5. Effect of reaction temperature: mole ratio of Gly: AA- 1:6, catalyst

amount- 150 mg, reaction time- 6 h.

At higher temperature, higher selectivity towards DAG and TAG was
obtained. This can be explained due to the enhanced subsequent endothermic
esterification of Gly with AA, at elevated temperature. At 100 °C, Gly
maximum conversion (88%) was obtained for (PW12)3/MCM-41. On further

increasing the temperature, product distribution of higher esters remains
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almost constant due to fast reaction rate and attainment of equilibrium for
(PW12)3/MCM-41. However, for (PWi1)3/MCM-41 there was saturation in
conversion after 100 °C, but only slight enhancement in DAG selectivity.

Hence, 100 °C temperature was found to be optimum.

Optimized conditions: [88% conversion for (PW12);/ MCM-41, 89% Conversion
for (PW11)s/MCM-41] mole ratio Gly/AA- 1:6, catalyst amount- 150 mg,
temperature- 100 °C and time- 6 h.

Kinetic study
A detailed study on the kinetic behaviour was carried out for esterification of
Gly over (PW12)3/MCM-41 and (PWi1)s/MCM-41. The esterification of Gly

with AA was carried out with a 1:6 molar ratio and different reaction time.

The plot of log Co/C versus time (Figure 6) shows a linear relationship of Gly
consumption with respect to time over both the catalysts. With increase in time,
there was gradual increase in Gly conversion over both the catalysts. The rate
law is expected to follow first order dependence. This was further supported

by the study of the effect of catalyst concentration on the rate of reaction.
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Figure 6. First-order plot for esterification of Gly over, (a) (PW12)s/ MCM-41
and (b) (PW11)s/MCM-41.
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The catalyst concentration was varied at a fixed substrate concentration of 10
mmol and at 100 °C temperature. It can be observed from Figure 7, that the rate

of reaction increases with an increase in the catalyst concentration.
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Figure 7. Plot of reaction rate versus catalyst concentrations for esterification

of Gly over (a) (PW12)3/MCM-41 and (b) (PW11)s/ MCM-41.

The graph of In k versus 1/T was plotted (Figure 8) and the value Ea was
determined. On increasing temperature from 333 K to 383 K there was linear
increase in reaction rate due to activation of catalytic species. Ea for
(PW12)3/MCM-41 was found to be 42.3 k] mol! and for (PW11);/MCM-41 it
was 43 k] mol! indicating that the rate is truly governed by the chemical step

and there was no diffusion limitation/mass transfer limitation.
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Figure 8. Arrhenius plots for determination of Ea, (a) (PW12)s/ MCM-41 and (b)
(PW11)3/MCM-41.

The Ea for (PWi2)s/MCM-41 was found to be low as compared to
(PW11)3/ MCM-41 suggesting the following order,
> (PW12)3/MCM-41 > (PW11)3/ MCM-41.
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o Esterification of Benzyl alcohol (BA)
Esterification of BA gives benzyl acetate (Scheme 2) and in order to overcome
the equilibrium limitation, reaction was carried out by taking excess AA in

order to favour the forward reaction.

(0]
OH )K
Acetic acid °
S -
~——
Catalyst

Benzyl alcohol Benzyl acetate

Scheme 2. Esterification of Benzyl alcohol.

Effect of % loading of PW1/PW11

To study the effect of % loading of PW12/PWi1 esterification reaction was
carried out with 10-40% loaded catalysts (Figure 9). It was observed that with
increase in the % loading of PW12/PW11, % conversion was also increases up
to 30% loading. The enhanced activity could be due to increase in the active
sites. For 30% and 40% loadings, the difference in conversion was not
significant. Hence, 30% loaded catalysts were selected for carrying out detailed

study.
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Figure 9. Effect of % loading: mole ratio of BA: AA- 1:2, catalyst amount - 150
mg, temperature- 100 °C, time- 1 h.
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Effect of mole ratio of BA to AA

The effect of mole ratio of BA to AA was studied by taking 150 mg catalyst and
subjecting to reaction for 1 h at 100 °C. It was observed from Figure 10 that
upon increasing the concentration of acid 2 times, higher conversion was
obtained. For both the catalysts conversion increased with an increase in BA:
AA mole ratio and becomes almost constant after 1:2 mole ratio. Hence, 1:2
molar ratio was optimized for obtaining optimum conversion of 87% and 79%

for (PW12)3/ MCM-41 and (PW11)s/ MCM-41 respectively.
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Figure 10. Effect of mole ratio of BA/AA: catalyst amount- 150 mg,

temperature- 100 °C and time- 1 h.

Effect of catalyst amount
The effect of catalyst amount on BA conversion was investigated (Figure 11)

by increasing the catalyst amount from 50 to 200 mg.
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Figure 11. Effect of catalyst amount: mole ratio BA: AA- 1:2, temperature- 100
°C and time-1 h.
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It was observed from Figure 11, that the conversion increases with an increase
in catalyst amount and reaches a maximum- 87% for (PWi2);/MCM-41,
respectively, with 150 mg catalyst. However, with a further increase in amount
of catalyst, there was no considerable increase in conversion. Similar trend of

reaction was observed for (PW11)s/ MCM-41.

Effect of reaction time

The effect of reaction time on conversion was studied and it was observed
(Figure 12) that there was an increase in conversion with increase in reaction
time. As the reaction time was prolonged, further esterification of BA was
enhanced. Conversion reaches 96% in 2 h for (PW12);/ MCM-41, however, for
(PW11)3/MCM-41 higher reaction time (3 h) was needed for obtaining
maximum (90%) conversion. Both catalysts give single selectivity (100%)

towards benzyl acetate without formation of any side products.

| (PW, ) /MCM-41 [ (PW, ) /MCM-41 |

100
90
80
70
60
50
40 ~
30
20
10+

0 = T T T
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Reaction time (h)

% Conversion

Figure 12. Effect of reaction time: mole ratio BA: AA- 1:2, catalyst amount- 150

mg, temperature- 100 °C.
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Effect of reaction temperature

In order to determine the most favourable temperature, reaction was carried
out at different temperatures 70-110 °C, keeping other parameters fixed (molar
ratio- 1:2, catalyst amount- 150 mg) (Figure 13). The results show that
conversion increases with an increase in temperature from 70 to 90 °C. Only a
negligible improvement in conversion was observed on increasing
temperature from 100 to 110 °C, so the temperature of 100 °C was found

optimized for the maximum conversion of BA.
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Figure 13. Effect of reaction temperature: mole ratio BA: AA- 1:2, catalyst
amount- 150 mg, and time- 2 h for (PW12)3/ MCM-41 and 3 h for (PW11)s/ MCM-
41.

Optimized conditions: [96% conversion for (PWi2)s/MCM-41 and 90%
conversion for (PW11)3/ MCM-41] mole ratio of BA to AA-1:2, catalyst amount-
150 mg, temperature- 100 °C, time- 2 h for (PW12);/MCM-41 and 3 h for
(PW11)s/MCM-41.

Page 162



Chapter 2B: Esterification of Alcohols........

Kinetic study

A detailed kinetic study was carried out over (PWi2)3/MCM-41 and
(PW11)3/MCM-41. The plot of log Co/C versus time (Figure 14) shows a linear
correlation of alcohol consumption with respect to time. With an increase in
reaction time there was a gradual and linear decrease in alcohol concentration
over both catalysts. These observations indicate that esterification of BA

follows first order dependence with respect to time.
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Figure 14. First-order plot for esterification of BA over, (a) (PW12)s3/MCM-41
and (b) (PW11)3/ MCM-41.

It was observed from Figure 15, that rate of reaction increases with an increase
in the catalyst concentration. Plot of reaction rate versus catalyst concentration
(Figure 15) also shows a linear relationship for (PWi2)3/MCM-41 and
(PW11)s/ MCM-41.
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Figure 15. Plot of reaction rate versus catalyst concentrations for esterification

of BA over, (a) (PW12)s/MCM-41 and (b) (PW11);/ MCM-41.
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The graph of In k versus 1/T was plotted (Figure 16), and value of Ea was
determined from the plot. On increasing temperature from 343 to 373 K, the
rate constant increases, due to activation of catalytic species. The Ea for
(PW12)3/MCM-41 was found to be 30.7 k] mol?l, and 32.5 kJjmol! for
(PW12)3/MCM-41, hence, in both cases the rate is truly governed by the

chemical step and there was no diffusion limitation/mass transport limitation.
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Figure 16. Arrhenius plot for determination of Ea over, (a) (PW12)3/ MCM-41

and (b) (PW11)s/ MCM-41.

The Ea value for (PW12)s/MCM-41 was found to be low as compared to
(PW11)3/MCM-41, and hence the order is,
> (PW12)s/MCM-48 > (PW11)3/ MCM-48.
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Control experiments and Heterogeneity tests

The control experiment of Gly and BA was carried (Table 2) and it was
observed, that the support MCM-41 was not much active towards esterification
and catalytic activity of active species PW12/PW11 has been retained in the

catalysts. Thus, we were successful in synthesizing heterogeneous catalysts.

Table 2. Control experiments for esterification of Gly? and BAP with AA.

Catalyst % Cor;ybersmn I/;sélectlv;tz - TON o/t
No catalyst 8/5 - - -

MCM-41 20/15 30 - -

PW12 89/90 45 5  742/750
(PW12)s/MCM-41 87/96 60 15 725/800
PW11 80/88 40 10 629/694
(PW11)s/ MCM-41 89/90 49 13 700/710

% Conversion based on substrate: “ mole ratio- 1:6, amount of PW12/PWh1- 34.6 mg,
catalyst- 150 mg, time- 6 h;?mole ratio- 1:2, amount of PW1/PWr1- 34.6 mg, catalyst-
150 mg, time- 2 h for (PW12)5/MCM-41 and 3 h for (PW11)s/MCM-41.

Heterogeneity test [53] was carried out for esterification of Gly and BA. The
catalysts were filtered from the reaction mixture after 4 h and allowed the
filtrate to react up to 7 - 8 h (Gly reaction) Figure 17. The reaction mixture of 4
h and filtrate was analysed by GC. No change in % conversion or % selectivity
was found indicating the present catalyst falls into category C. Similar
observation was obtained for BA esterification (Figure 18). There was no
leaching of PW12/PW11 from the support and present catalysts are truly

heterogeneous in nature.
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Figure 17. Heterogeneity test for esterification of Gly over (a) (PW12)s/ MCM-
41 and (b) (PW11)3/ MCM-41; mole ratio Gly/ AA- 1:6, catalyst amount- 150 mg,

time- 6 h, temperature- 100 °C.
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Figure 18. Heterogeneity test for esterification of BA over (a) (PW12)s/ MCM-41
and (b) (PW11)3/MCM-41; mole ratio BA/AA- 1:2, catalyst amount- 150 mg,
time- 2 h for (PW12)3/ MCM-41 and 3 h for (PW11)3/ MCM-41, temperature- 100
oC.

Recycling and regeneration of catalysts

The catalysts were recycled up to four times in order to test their activity in
successive runs for esterification of Gly (Figure 19) and BA (Figure 20). The
catalysts were separated from the reaction mixture by simple centrifugation,
washed with 5 mL methanol and then with 5 mL distilled water, dried at 100
°C in an oven for 10 h and the recovered catalysts were charged for the further
runs. Thus, the catalysts can be reused up to four cycles with minimal loss in

the activity.

Page 166



Chapter 2B: Esterification of Alcohols........

100 I % Conversion NN MAG [ZZZZZ] DAG

%0, (PW,),/MCM-41 I

80 4
70+
60 4
50 4
40
30+
20+
10 ~

I % Conversion N MAG 7] DA

(PW,)/MCM-41 I

[
o
o

ity

o =N @
o o o
L L L

IS
o
1

N

% Conversion/Selectivity
8

% Conversion/ Selectiv
g
1

=N
o o
L L

o
L

Figure 19. Recycling study for esterification of Gly: molar ratio of Gly: AA-1:6,

catalyst amount- 150 mg, time- 6 h, and temperature- 100 °C.

| (PW,) /MCM-41 ] (PW, ) /MCM-41 |

100
90
80

[y

© 704

®

u>> 60

S 50

o 40
30
20
10 -

% C

Fresh 1st 2nd 3rd 4th
Cycles

Figure 20. Recycling study for esterification of BA: molar ratio of BA: AA-1:2,
catalyst amount- 150 mg, time- 2 h for (PWi2)s/MCM-41 and 3 h for
(PW11)3/MCM-41, and temperature- 100 °C.

Characterisation of regenerated catalysts
Further, recycled catalysts were characterized for acidic strength, FT-IR,
Raman and XRD analysis in order to see any structural change. The results are

previously presented in Chapter 2a, hence they are not included here again.
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2B (II) Esterification of Gly and BA over PW1;/MCM-48 and PW1,/MCM-48.

e Esterification of Gly
Optimisation studies for maximum conversion was carried out similar to the

previous section (I).

Effect of % loading of PW1y/PW11

The effect of % loading of PW12/PW11, on esterification reaction was carried
out with 10 to 40% loadings (Figure 21). It was observed that with increase in
the % loading of PW12/PW11, % conversion also increases. From acidity
measurements it was observed that the acidity increases with increase in
PW12/PWi1 loading (Table 8, Chapter 1). The value of total acidity is directly
related to the concentration of active species, PW12/PW11. Hence, increase in

total acidity with increase in % loading of PW12/PW11 was obvious.
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Figure 21. Effect of % loading of PW12/PW11: mole ratio of Gly: AA-1:6, catalyst

amount - 150 mg, temperature- 100 °C, time- 6 h.

On increasing the loading from 30 to 40%, there was no significant difference
in % conversion. In this work, the target products were both DAG and TAG
due to their industrial importance and maximum selectivity for DAG and TAG
was observed for 30% PWi2/PWn loaded catalyst. Hence, the catalyst

containing 30% loading of PW12/PW11 was selected for further detail studies.
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Effect of mole ratio of Gly: AA

The influence of molar ratio was examined- 1:1, 1:3, 1:5, 1:6 and 1:9, at fixed
temperature- 100 °C and keeping the catalyst amount to 150 mg (Figure 22). It
was observed from Figure 22, that Gly conversion increases with increase in
Gly/AA molar ratio and reaches a maximum at 1:6. Presence of excess AA can
promote the formation of DAG and TAG rather than MAG which can be
explained by the excess esterification agent that drives the reaction towards

formation of higher glycerol acetates. Similar trend in catalytic activity was

observed for (PW11)3/ MCM-48.
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Figure 22. Effect of mole ratio: catalyst amount- 150 mg, temperature- 100 °C,

time- 6 h.

Effect of catalyst amount
Effect of catalyst amount was investigated by varying the amount within a

range of 50-200 mg (Figure 23).
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Figure 23. Effect of catalyst amount: mole ratio of Gly: AA- 1:6, temperature-
100 oC, time- 6 h.
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Increasing the catalyst amount resulted in promoting Gly conversion. This is
due to increase in total number of accessible active sites, which could
effectively drive esterification to completion. Increasing the catalyst amount up
to 150 mg resulted in 99% Gly conversion and high selectivity for DAG and
TAG. However, on increasing catalyst amount from 150-200 mg for both the
catalysts, there was no significant increase in conversion as well as selectivity.
The maximum conversion 99% for (PWi2);/MCM-48 and 91% for
(PW11)3/MCM-48 was obtained with 150 mg catalyst.

Effect of reaction time

Effect of reaction time on Gly conversion was studied (Figure 24). Conversion
increases with increase in reaction time. It was observed that initially no TAG
was observed but as the reaction time was prolonged selectivity for TAG
improved. This is due to the fact that with increase in time, esterification of
MAG to DAG and TAG was enhanced due to nucleophilic attack of the
remaining hydroxyl groups of MAG moiety on the acid site-acetic acid
complex. Gly conversion was 99% in 5 h over (PW12);/ MCM-48 and combined
selectivity for DAG+TAG observed was 80% with 30% selectivity towards
TAG. Similarly, Gly conversion was 91% in 6 h over (PW11)3/MCM-48 and
combined selectivity for DAG+TAG observed was 80% with 20% selectivity
towards TAG.
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Figure 24. Effect of reaction time: mole ratio of Gly: AA- 1:6, catalyst amount-

150 mg, temperature- 100 °C.
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Effect of reaction temperature

Influence of temperature (Figure 25) was studied in the range 70 - 110 °C. It is
very well known that Gly esterification takes place at endothermic conditions.
The primary advantage of higher temperatures is a shorter reaction time.
Hence, with temperature higher than 90 °C, there was observed increase in the

conversion.

100

I MAG —»— % Conversion

MAG —»— % Conversion

[

/ 2
) (Pw,)/mCm-48 || .S

70 80 90 100 110 70 80 90 100 110
Reaction temperature (°C) Reaction Temperature (°C)

Figure 25. Effect of reaction temperature: mole ratio of Gly: AA- 1:6, catalyst
amount- 150 mg, time- 5 h for (PW12)3/ MCM-48 and 6 h for (PW11)3/MCM-48.

At higher reaction temperature, higher selectivity towards the desired DAG
and TAG products were observed for both the catalysts. This can be explained
due to the enhanced subsequent (from MAG — DAG — TAG) endothermic
esterification at elevated temperatures. At 100 °C, maximum conversion of
glycerol was observed along with highest selectivity for DAG and TAG for
both the catalysts.

Optimized conditions: [99% conversion (PW12);/ MCM-48 and 91% conversion
(PW11)3/MCM-48] mole ratio of Gly/AA- 1:6, catalyst amount- 150 mg, time-
5 h for (PW12)3/ MCM-48 and 6 h for (PW11)3/ MCM-48 and temperature- 100
oC.
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Kinetic study

The plot of log C,/ C versus time (Figure 26) shows a linear relationship of Gly
consumption with respect to time. With increase in reaction time there is a
gradual and linear decrease in the Gly concentration over both the catalysts.
These observations indicate that esterification of Gly follows first order

dependence with respect to time.
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Figure 26. First-order plot for esterification of Gly over, (a) (PW12)s/ MCM-48
and (b) (PW11);/ MCM-48.

The catalyst concentration was varied at fixed substrate concentration of 10
mmol and at temperature 100 °C. It can be observed from the Figure 27 that
rate of reaction increases with increase in the catalyst concentration. The plot

of reaction rate versus catalyst concentration (Figure 27) also show a linear

relationship.
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The graph of In k versus. 1/T was plotted (Figure 28) and the value of
activation energy (Ea) was determined from the plot. In the present case, Ea
was 36.8 kJ/mol for (PW12)s/ MCM-48 and 42.3 k] /mol for (PW11)3/ MCM-48
and hence the rate was truly governed by chemical step where the catalyst was

used to its maximum and there was no diffusion limitation/mass transfer

limitation.
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Figure 28. Arrhenius plots for determination of Ea, (a) (PW12)3/ MCM-48 and
(b) (PW11)s/ MCM-48.

From the values of Ea the order of catalyst was concluded as, (PW12)3/ MCM-
48 > (PW11)3/ MCM-48.

o Esterification of BA
Esterification of BA with AA was carried out over (PW12);/ MCM-48 and
(PW11)3/MCM-48. Optimisation studies for maximum conversion was carried

out similar to the previous section (I).

Effect of % loading of PW15/PW11

Catalytic activity over different loadings of PW12/PW11 was carried out and
from Figure 29, it was observed that conversion increases on increasing
PW12/PW11 loading. The enhanced catalytic activity could be directly
correlated with the increase in PW12/PWa1 active species and the surface

acidity of the catalysts (which increases for 30% loading as compared to MCM-
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48). 40% loaded catalysts showed no significant increase in the conversion of
BA. For most active catalyst (30% loading), 98% conversion and 100% benzyl
acetate selectivity was obtained for (PWiz)s/MCM-48. Similar trend in
catalytic activity was observed for (PW11);/ MCM-48.
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E (PW,,)/MCM-48
CI(PW,,)/MCM-48

% Conversion

Figure 29. Effect of % loading of PW12/PW1i1: mole ratio of BA: AA-1:2, catalyst

amount - 150 mg, temperature- 100 °C, time- 2 h.

Effect of mole ratio of BA:AA

Experiments were carried out to see the effect of mole ratio of BA: AA (Figure
30). It was observed that on increasing the concentration of acid to 2 times,
higher conversion was obtained, which further becomes almost constant after
1:2 molar ratio in 2 h. So, considering the economic aspects, 1:2 molar ratio was

optimized for further studies. Under these conditions 98% conversion was

obtained for (PW12)3/MCM-48 and 93% for (PW11)3/ MCM-48.
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Figure 30. Effect of mole ratio: catalyst amount - 150 mg, temperature- 100 °C,

% Conversion

time- 2 h.
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Effect of catalyst amount

The effect of catalyst amount (50-200 mg) on conversion was studied (Figure
31). On increasing the catalyst amount, conversion also increases and reaches
a saturation at 150 mg. Increase in conversion can be accredited to an increase
in the number of available catalytically active sites. Hence, 150 mg catalyst

amount was considered optimum for maximum conversion.
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Figure 31. Effect of catalyst amount: mole ratio of BA: AA- 1:2, time- 2 h,

temperature- 100 °C.

Effect of reaction time
The effect of reaction time on conversion was studied and it was observed
(Figure 32) that there was an increase in conversion with an increase in reaction

time.

] I (PW,)/MCM-48 - (PW, )/MCM 48 I

100
90 +
80
704
60
50 4
40+
304
20 4
10 4

% Conversion
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Figure 32. Effect of reaction time: mole ratio BA: AA-1:2, catalyst amount - 150
mg, temperature- 100 °C.
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As the reaction time was prolonged, further esterification of BA was enhanced.
Therefore, long reaction time has become one of the vital factors to drive the
reaction to completion. The conversion increases with increase in reaction time
from 1 h up to 2 h for both the catalysts. However, on further increasing
reaction time, conversion does not increase. Hence, reaction time of 2 h was

considered to be optimum for maximum conversion.

Effect of reaction temperature

The effect of temperature on BA conversion was studied and it was seen that
temperature evidently affects both the reaction rate and conversion of BA
(Figure 33). With subsequent increase in the temperature, conversion was also
increases. It can be seen that at 100 °C optimum conversions were obtained for

both the catalysts.
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Figure 33. Effect of reaction temperature: mole ratio BA: AA- 1:2, catalyst

amount - 150 mg, temperature- 100 °C.

Optimized conditions: [98% conversion (PW12);/ MCM-48 and 93% conversion
(PW11)3/MCM-48] mole ratio BA to AA- 1:2, catalyst amount- 150 mg,
temperature- 100 °C, time- 2 h.
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Kinetic study

A detailed study on the kinetic behaviour was tested for esterification of BA
over both the catalysts. The plot of log (Co/C) versus time (Figure 34) shows a
linear association of BA consumption with respect to time for both the

catalysts. Since AA was taken in large excess, the rate law follows first-order

dependence.
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Figure 34. First-order plot for esterification of BA with AA over (a)

(PWi2)3/ MCM-48 and (b) (PW11)s/ MCM-48.

The catalyst concentration (Figure 35) was varied in different time interval at a
fixed substrate concentration of 10 mmol and at 100 °C temperature. The plot

of reaction rate versus catalyst concentration shows linear relationship.
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Figure 35. Plot of reaction rate versus catalyst concentrations over (a)

(PW12)3/ MCM-48 and (b) (PW11)3/ MCM-48.

Page 177



Chapter 2B: Esterification of Alcohols........

The graph of In k versus 1/T was plotted (Figure 36) and value of activation
energy (Ea) was calculated from the plot. Ea for (PW12);/ MCM-48 was 29.7 k]
mol?and 31.2 k] mol? for (PW11)s/ MCM-48 and hence, it was concluded that

reaction rate was truly governed by chemical step without any diffusion/mass

transport limitations.
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Figure 36. Arrhenius plots for determination of Ea over (a) (PW12)s/ MCM-48

and (b) (PW11)s/ MCM-48,

Based on the values of Ea the order is found to be, (PWi2);/MCM-48 >
(PW11)3/MCM-48.
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Control experiments and Heterogeneity tests

The control experiments with MCM-48 and PW12/ PW11 were carried out under
optimized conditions (Table 3). Reaction was carried out with active amount
of PW12/PWi1 and it was observed that catalytic activities of PW12/PW11 have
been retained in the respective catalysts indicating that PW12/PW11 behaves as
real active species. Thus, we were successful in anchoring PW12/PW11 to MCM-

48 and hence in overcoming traditional problems of homogeneous catalysis.

Table 3. Control experiments for esterification of Gly? and BAP with AA.

% Conversion % Selectivity 2

Catalyst b DAC TAC TON a/b
No catalyst 8/5 - - -

MCM-48 35/15 30 - -

PWi2 89/90 45 5 742/750
(PW12)s/ MCM-48 99/98 50 30  825/816
PW11 80/88 40 10 629/694
(PW11)s/ MCM-48 91/93 60 20 715/733

% Conversion based on substrate: @ mole ratio 1:6, amount of PW1/PWii- 34.6 mg,
Catalyst- 150 mg, time- 5 h for (PW12)s MCM-48 and 6 h for (PWi1)s/MCM-48, b
mole ratio- 1:2, amount of PW12/PWhi- 34.6 mg, catalyst- 150 mg, time- 2 h.

Heterogeneity test (Figure 37) was carried out for Gly by filtering catalyst from
the reaction mixture at 100 °C after 3 h and 4 h for (PW12);/MCM-48 and
(PW11)3/ MCM-48 respectively, and filtrate was allowed to react up to 7 h. The
reaction mixture without filtration and filtrate after filtration were analyzed by
GC. No change in % conversion and % selectivity was found indicating that
active species does not leach and the catalysts are truly heterogeneous in

nature. Similar heterogeneity test was carried out for BA (Figure 38).
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Figure 37. Heterogeneity test for esterification of Gly: mole ratio Gly/AA- 1:6,

catalyst amount- 150 mg, temperature- 100 °C.
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Figure 38. Heterogeneity test for esterification of BA: mole ratio BA/AA-1:2,

catalyst amount- 150 mg, temperature- 100 °C.

Recycling and regeneration of catalysts

The catalysts were recycled up to four times in order to test their activity in
successive runs for Gly esterification (Figure 39). The catalysts were separated
from reaction mixture by simple centrifugation, washed with 5 mL methanol
and then with 5 mL distilled water, dried at 100 °C in an oven for 10 h and
recovered catalysts were charged for the further runs. Similar recycling study
was also carried out for BA esterification over both the catalysts (Figure 40).
Thus, the catalysts can be reused up to four cycles with minimal loss in the

activity.
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Figure 39. Recycling study for esterification of Gly: molar ratio of Gly: AA-1:6,

catalyst amount- 150 mg, time- 5 h for (PW12)s/ MCM-48, 6 h for (PW11)3/ MCM-

48 and temperature- 100 °C.
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Figure 40. Recycling study for esterification of BA: mole ratio of BA: AA-1:2,

catalyst amount- 150 mg, time- 2 h and temperature- 100 °C.
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Substrate scope for different alcohols

For esterification reaction, set of primary and secondary alcohols were selected
(Table 4). Under the optimized reaction conditions linear alcohols such as n-
butanol and benzyl alcohol led to >90% conversion, whereas cyclic alcohols led
to <55% conversion. Aliphatic primary alcohols give good conversion as
compared to aliphatic secondary alcohol. Lower conversion in the case of cyclic

alcohols may be due to ring strain.

Table 4. Esterification reaction of different alcohol substrates.

Alcohols Esters % Yield a/b/c/d TON a/b/c/d

HOA© )L/\Q 96/90/98/93  891/816/910/843

o

oo TN )J\O/\/\

92/85/95/87  854/770/882/789

70/53/72/59  650/480/668/535

60/44/68/45 557/398/631/408

O/ AQ 60/50/62/50 557/452/572/453
OH
@/ )ko/Q 49/40/52/40  454/361/479/362

Reaction conditions: mole ratio BA/AA- 1:2, catalyst amount- 150 mg, time- 2 h for
(PWi12)yyMCM-41, ¢ (PWi2)yMCM-48, 4 (PWi1)s MCM-48 and 3 h for ?
(PWi1)yyMCM-41, temperature- 100 °C.
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Probable mechanism for esterification reactions

The probable mechanism for esterification of Gly with AA is presented in
Scheme 3 (a). The interaction of acidic sites with acetic acid results in formation
of a higher positive charge on the carbonyl group. Accordingly, the hydroxyl
group of glycerol attacks the carbon atom of the carbonyl, which results in
formation of new C-O bond between oxygen atom of hydroxyl group of
glycerol and the carbon atom of carbonyl. New MAG molecule is formed with
the elimination of water. The formation of MAG at initial stages of reaction is
evident from gas chromatography results. Subsequent formation of DAG and
TAG was evidence to the fact that acidity plays role in the conversion and

agrees well with the above mechanistic investigation.

[W’here, - =PW,/PW, ]

HO 07 “CH,

0 .
- H CJ\OH S
OH - 3 \Ph 07 “CH, - o J\OH

HsC._'_OH °0@®
g HyC._] OH, b HC_ ' OH
% \(L/_)\—f (b) E

Scheme 3. Probable reaction mechanism for acid catalysed esterification of (a)

Gly with AA and (b) BA with AA.

Due to steric constraints, the primary hydroxyl group preferentially proceeds
with a nucleophilic attack on acetic acid, thus leading to formation of 1-MAG
than 2-MAG. Subsequently, the MAG undergoes further esterification with
acetic acid and leads to formation of DAG and TAG. It is known that the Lewis
acid sites can also act as active catalytic sites involved in the formation of

reactive nucleophilic intermediate [26]. Hence, on the basis of above
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explanation it was reported that both Bronsted and Lewis acidic sites play a

role in the conversion which can be rate determining step.

The proposed reaction mechanism for esterification of BA has been presented
in Scheme 3b. The interaction of the carbonyl oxygen of AA with the active
species (PW12/PW11) of the catalyst generates a carbocation. The nucleophilic
attack of BA to the carbocation yields a tetrahedral intermediate. The

tetrahedral intermediate eliminates H>O to form one mole of BA [54].

Comparison of active species and supports for acid catalysed reactions
Effect of active species PW1/PWi1

Comparison of effect of active species (PW12/PW11) anchored to the supports,
MCM-41 and MCM-48 for various acid catalysed reactions were carried out
under similar reaction conditions. Table 5 describes the activity of MCM-41
anchored PW12/PW11 for different acid catalysed reaction. It is clear that
activity of (PW12)s/ MCM-41 is higher than that of (PW11)s/MCM-41 for both
transesterification as well as esterification reactions of OA, Gly and BA. This
can be explained as follows: The activity of catalysts were found to be
consistent with the acidic strength of both the catalysts. The acidic character of
polyoxometalates is mainly due to the acidic addenda atoms i.e. tungsten in
the present case and removal of one tungsten-oxygen unit from the parent
PWh12 is expected to decrease the acidity and as a result activity of the PWis.
This can be seen by the decrease in the values of acidic strength of

(PW11)3/MCM-41 as compared to (PW12)3/MCM-41 (Table 5).
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The surface area of (PWi1)s/MCM-41 (252 m?/g) was lower than
(PW12)3/MCM-41 (360 m?/g). This suggests that the catalytic activity of both
the catalysts is not directly proportional to the surface area confirming that the
present catalytic systems are not surface type heterogeneous in which the
catalytic activity is directly proportional to surface area. Hence, it can be
concluded that the present catalytic system is pseudo-liquid type (I)
heterogeneous catalyst where activity is directly proportional to the acidic
strength of the catalyst. The order of the catalytic activity was (PW12)s/MCM-
41 > (PW11)3/MCM-41 for all the acid catalysed reactions. Similar trend was
found in the case of catalysts comprising PW12/PW11 and MCM-48 support.
The catalytic activity was found to be depending on the acidic strength of the
catalysts (Table 6). The order of activity was (PWi);/MCM-48 >
(PW11)3/MCM-48 for all the acid catalysed reactions.

Effect of Supports

It is known that, ‘Support’ does not play always merely a mechanical role but
it can also modify the catalytic properties of the POMs. In order to see the effect
of supports, the catalytic activities of PW12/PW11 anchored to different
supports MCM-41 and MCM-48 have been compared under identical reaction
conditions for various acid catalysed esterification reactions (Table 7). In

almost all the reactions, (PW,,),/MCM-48 exhibited excellent activity as
compared to that of (PW,,)./MCM-41. Similarly activity of (PW,,),/MCM-48

was better than that of (PW11);/ MCM-41.

The acidity of support is responsible for the catalytic activity, as it is well
known that MCM-41 as well as MCM-48 both exhibit acidic character. MCM-
48 (2.2 mequiv./g) is more acidic than MCM-41 (2.0 mequiv./g). Therefore, the
higher value of total acidity for (PW12)s/ MCM-48 as well as for (PW11);/ MCM-
48 was observed collectively from PW12/PWi1 as well as support MCM-48. The

trend in the activity of all the catalysts was in good agreement with their acidic
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strength. The catalyst (PW12)s/MCM-48 having highest acidic strength and

produced better conversions.

Table 7. Effect of supports on different esterification reactions.

Surface  Pore Acidic Total % % %
Catalyst area  width strength acidity Conv. Conv. Conv.
m2/g) (A)  (mV) (mequiv./g) BA Gly OA
(PW,,),/MCM-41 360 30.1 410 3.6 96 88 98
(PW,,),/MCM-48 286 20.2 450 3.9 98 99 95
(PW,),/MCM-41 252 30.0 250 3.0 90 89 89
(PW,),/MCM-48 318 27.5 290 3.4 93 91 90

Among all the catalysts (Table 7), MCM-48 based catalysts proved to be best

catalyst for in terms of conversion, high TON as well as lower Ea value. It is

known that MCM-48 has well-ordered 3D pore network which allows better

dispersion of the active species. This high dispersion leads to better mass

transfer which allows the product and reactant molecules to move in the

channels of support. The selection of MCM-48 as best support was thus

performed, taking into account the acidity, pore geometry and Kinetic studies.
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Conclusions

> The present catalyts exhibit excellent conversion for esterficiation of glycerol
with acetic acid under mild conditions.

> High selectivity towards DAG and TAG products were obtained and
selectivity of the products found to be depend on the acidity of the catalysts.

> Present catalysts also displays outstanding activities for esterification of
benzyl alcohol to synthesize benzyl acetate.

» Kinetic studies for both the reactions indicated absence of mass transfer/
diffusion limitation and it follows first order rate law.

» Control experiments and heterogeneity test proved catalysts to be truly
heterogeneous in nature.

> The catalysts were regenerated and reused successfully up to four cycles
without significant loss in the activity.

» Overall economic and environmatal benefits were accomplished as glycerol, a
byproduct of biodiesel, has been utilized to give value added products.

> The order of catalytic activity for acid catalysed esterification and
tranesterification was:

> In terms of support MCM-48 > MCM-41.
> In terms of catalysts (PW12)/MCM-48 > (PWi2)yyMCM-41 >
(PW11)3MCM-48 > (PW11)3yMCM-41.
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