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ABSTRACT: This article reports a scalable process development
for the production of alkyl esters through the esterification route by
utilizing fly ash as a catalyst. The catalyst consisting of mixed oxides
such as alumina, iron oxide, calcium oxide, magnesium oxide, and
silica was employed for the esterification reaction without
modification. The catalyst was evaluated for the conversion of
feedstock containing variable amounts of free fatty acids, mono/
dibasic acid, and alcohol/polyols into the corresponding alkyl
esters. Three types of fly ash catalysts, viz., FS-1, FP-1, and FC-1,
were chosen from three different industrial sources. Synthesis of
dimethyl adipate was studied as a model reaction. FS-1 fly ash gave
the highest yield of dimethyl adipate, whereas FC-1 gave a low
yield of dimethyl adipate. The recyclability of FS-1 was evaluated for three cycles, and no loss of yield was observed. Furthermore,
the catalyst FS-I was found to be capable of producing good yields for various esterification reactions with different substrates.

1. INTRODUCTION
Generation of minimum waste is one of the important
characteristics for designing and developing a green process.
Another hallmark is developing and utilizing suitable catalysts
that accelerate an otherwise slower or improbable reaction.
Alkyl esters find application in various industries including
oleochem, cosmetics, paints, fuels, emulsifiers, fragrances, and
pharmaceuticals.1−5

Fly ash is one of the biggest artificial wastes generated due to
industrialization. The source of this waste is the coal used as
fuel in the industry. An inorganic that is compositionally
different due to the source utilized as fuel is a challenge to the
industry with regard to its disposal.
Fly ash consists of mixed metal oxides (mainly SiO2, Al2O3,

Fe2O3, CaO, and MgO) and metal silicates.6−8 Metal oxides
and mixed metal oxides are known to possess catalytic
properties.9−15

The modified catalyst in the form of fly ash-supported metal
oxides has been employed as a recyclable solid catalyst for
organic reactions, viz., Knoevenagel condensation, esterifica-
tion, and transesterification reactions.16−22 Scientists have
recently developed a patented process for the industrially
applicable synthesis of biodiesel and biolubricant base oils
using fly ash as a heterogeneous catalyst.23,24 Apart from this,
there are limited applications of fly ash as a catalyst, reported
from industry.25

As mentioned earlier, reported methods use fly ash as merely
a support, and active metal oxides are doped on fly ash with

chemical treatment. These additional modification steps may
add extra costs, leading to a less economical process.
This article reports a scalable process for the production of

alkyl esters through the esterification route by utilizing fly ash
as a catalyst. This single-step heterogeneous catalytic method
for the production of alkyl esters uses fly ash as a catalyst
without any modification of the fly ash. This allows complete
conversion of feedstock containing any free mono- or dibasic
acid and long-chain fatty acids, alcohols, or diol into the
corresponding alkyl esters with minimal downstream process-
ing and generates minimum effluent waste at the end of the
process.
Conventionally, alkyl esters are produced through ester-

ification (Scheme 1, equation 1) and transesterification
reactions (Scheme 1, equation 2) using acid and alkali
catalytic systems.1,26−47
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Scheme 1. General Pathway for Esterification and
Transesterification Reactions
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In this study, synthesis of dimethyl adipate was taken as a
model reaction using adipic acid and methanol as reactants
(Scheme 2). Dimethyl adipate is a dibasic ester. Dibasic esters
are an important class of alkyl esters and used in different
industrial applications, viz., cosmetics, paints, and plasticiz-
ers.1−3

The fly ash catalyst samples were collected from different
industrial sources; those collected from the steel manufacturing
industry were named as FS-1, with FP-1 for those from the
thermal power industry and FC-1 for those from the alkali
chemical industry. After preliminary investigation, the fly ash
FS-1 catalyst which gave the highest yield for dimethyl adipate
was selected for further process optimization and scale-up
studies. Catalyst recovery and recycling were studied in detail
along with catalyst characterization before and after the
reaction. Other industrially important alkyl esters such as
methyl stearate, dioctyl phthalate, and ethylene glycol stearate
were also synthesized by this process.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All chemicals, viz., alcohols (methanol,

isopropyl alcohol, ethylene glycol, octanol) and carboxylic acid
feedstock (adipic acid, stearic acid, and ptathalic anhydride)
were purchased from commercial vendors. GC analytical
standards were purchased from Sigma. Individual oxides, viz.,
silica (SiO2 100−200 mesh size), alumina (C504-type), and
iron oxide were purchased from Sigma-Merck. Reactants were
used without purification. Various fly ash samples were
collected from different industries; those collected from the
steel manufacturing industry were named as FS-1, with FP-1
for those from the thermal power industry and FC-1 for those
from the alkali chemical industry. All fly ash catalysts were used
without modification. During the reuse experiments, the fly ash
was calcined at 500 °C for 1 h. For the control esterification
reaction, the mixture of oxides was prepared through physical
mixing, and the percentage of individual oxides in the mixture
was kept as per the composition of the FS-1 fly ash catalyst.
2.2. Analytical Techniques. XRD analysis of fly ash was

performed using a Panalytical diffractometer equipped with a
quartz monochromator and Cu Kα radiation (λ = 0.154059
nm). The X-ray diffraction (XRD) patterns were analyzed
using standard ICDD (International Center for Diffraction
data) files. Morphology was measured using Philips XL30
scanning electron microscopy (SEM). An energy dispersive X-
ray detector (EDX) mounted on the microscope was used for
the elemental analysis of the fly ash samples. The elemental
composition of various fly ash samples was determined by
atomic emission spectrometry with an inductively coupled
plasma atomic emission spectrometer (Agilent ICP-MPAES
4010), whereas silica was analyzed gravimetrically. A pH of 5%
for the fly ash solution was measured using a pH meter under
(200 rpm) constant stirring. Fourier-transform infrared
spectroscopy (FT-IR) analysis of fly ash samples was done
on a FT-IR spectrometer (Bruker Vertex) using the KBr palate
method having an IR scan range of 400−4000 cm−1. The BET
measurements of the fly ash catalysts were carried out on a
Micromeritics BET analyzer instrument (TriStar II 3020

Version 3.02). The acidity of fly ash catalysts was determined
as mmol per gram of the catalyst using n-butyl amine
titration.48,49 Catalyst samples were freshly dried at 120 °C
and cooled at room temperature in a desiccator before use.
Next, 0.2% Hammett indicators and 0.1 M n-butyl amine were
prepared in anhydrous benzene. A total of 0.2 g of the dried
catalyst was taken in 10 mL of anhydrous benzene. Next, 2 mL
of the Hammett indicator was added to the catalyst solution.
The solution was titrated against 0.1 M n-butyl amine solution.
After stepwise addition of n-butyl amine, the titration mixture
was stirred for 4 h at room temperature, and color change was
observed. The end point of titration gave the acid strength of
the catalyst. Esterification reaction monitoring and product
purity analysis were done on a Thermo scientific GC-FID
800+ series machine with a GC column having a 5%
phenylpolydimethylsiloxane-bonded stationary phase. The
operational temperature was up to 400 °C. The column
length was 15 m, and the internal diameter was 0.32 mm. GC
standards and reaction product samples were prepared in the
THF solvent for GC analysis. GC operation conditions for all
ester molecules were as follows (Table 1). The product purity
was determined through the % area method.

2.3. Reaction Parameters. For preliminary investigation,
the reaction was carried out for 1 mol acid feedstock. To
obtain complete conversion of feedstock, experiments were
carried out by varying the percentage of the catalyst (2.5−12.5
wt %), temperature (80−220 °C), and reaction time (1−5 h).
2.4. Optimized Process for Dimethyl Adipate for 1

Mol Acid Feedstock. The reaction was performed in a
stainless-steel high-pressure reactor (inner volume = 1 L;
maximum pressure = 100 bar; maximum temperature = 250
°C). In a typical experiment, 192 g of methanol (6 equivalents)
was mixed with 14.5 g of the fly ash catalyst (10% wt/wt of
acid feedstock) and transferred into a reactor, followed by
addition of 146 g of adipic acid (1 mol). The reactor was
closed, and the temperature of the reactor was set at 200 °C
with 200 rpm agitation under autogenous pressure. The
reaction was carried out for 4 h. After completion of the
reaction, the catalyst was recovered by simple filtration. The
excess solvent and water generated were evaporated to get the
reaction product. The product was analyzed by GC-FID. After

Scheme 2. Fly Ash-Catalyzed Synthesis of Dimethyl Adipate

Table 1. GC-FID Operation Conditions

entry parameters values

1 injector temperature 300 °C
2 injection volume 1 μL
3 split ratio 10
4 column temperature program

initial temperature 50 °C hold 1 min
rate 1 15 °C/min 180 °C
rate 2 7 °C/min 230 °C
rate 3 30 °C/min 300 °C hold 10 min

5 flow rate 3 mL/min
6 FID temperature 380 °C
7 carrier gas nitrogen
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filtration, the catalyst was washed with methanol to remove the
adsorbed material and heated at 500 °C for 1 h in a muffle
furnace and was used for further recycling experiments.
2.5. Process Scale-Up for Dimethyl Adipate. The

process was scaled up and validated for 40 mol adipic acid.
As shown in the process flow diagram (Figure 1), 0.590 kg

of the FS-1 fly ash catalyst, 5.840 kg of adipic acid (40 mol),
and 7.680 kg of methanol (240 mol, 6 equiv) were charged in a
25 L batch high-pressure reactor. The reaction was performed
for 4 h at 200 °C under autogenous pressure with agitation.
After completion of the reaction, the reaction mass was filtered
in a filtration assembly. After filtration, the catalyst was washed
with methanol and kept in a furnace at 500 °C for 1 h and
reused for the next batch. Catalyst recovery was 98% (0.584
kg), and the remaining was handling loss. The filtrate was again
transferred to a reactor, and the excess methanol and water
generated during the reaction was removed by vacuum
evaporation. A 7.715 kg product with 98.0% yield was
obtained after methanol removal against 7.760 kg theoretical
yield. The product was stored in a storage tank, while the
recovered methanol with water was stored in a recovery
storage tank (Figure 1).

3. RESULTS AND DISCUSSION
3.1. Characterization of Fly Ash Samples. The chemical

composition of fly ash is shown in Table 2. It mainly consists
of mixed metal oxides such as iron oxide, alumina, calcium
oxide, magnesium oxide, silica, etc.
FS-1 and FP-1 have more amounts of iron oxide, alumina,

and silica, which impart an acidic nature to the catalyst. FC-1
fly ash has a higher percentage of calcium oxide, which
indicates that FC-1 is basic in nature. This was also confirmed
by EDX analysis (Figure 3), which showed that there was a
high amount of alumina and silica in FS-1 and FP-1 fly ash
samples, while FC-1 has a high amount of calcium and sulfur as
compared to others. The pH of the water solution of fly ash
samples also confirmed the nature of the catalyst (Table 2).
FS-1 and FP-1 show very a mild acidic pH, while FC-1 has a
basic pH.

The BET measurement of fly ash catalysts (Table 2) shows
that the surface area of the FS-1 catalyst was higher than that of
the FP-1 and FC-1 fly ash catalysts. The FT-IR analysis of the
fly ash catalyst is shown in Figure 2. In FT-IR analysis, FS-1
and FP-1 catalysts show Si-O-Al asymmetric stretching
vibrations at 1072 and 1022 cm−1, respectively, and Si-O-Si
bending vibrations at 473 and 465 cm−1, respectively, which
confirms the aluminosilicate framework present in both fly ash

Figure 1. Process flow diagram for dimethyl adipate at the 40 mol scale.

Table 2. Elemental Composition, pH, and BET Surface Area
of Various Fly Ash Samples

entry parameters FS-1 FP-1 FC-1

1 SiO2% 58.9 60.3 18.8
2 Al2O3% 34.5 30.7 11.0
3 Fe2O3% 4.5 4.9 2.0
4 CaO % 0.2 0.5 31.0
5 MgO % 0.5 1.5 1.4
6 Sulfate % 0.10 0.12 24.1
7 pH of 5% solution 6.8 6.9 10.1
8 BET surface area (m2/g) 12.91 4.29 1.67

Figure 2. FT-IR analysis of the fly ash catalyst (FS-1, FP-1 and FC-1).
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catalysts. However, in the case of the FS-1 catalyst, the peak at
1072 cm−1 is sharper than that of the FP-1 catalyst with an
additional peak at 790 cm−1, which is due to the symmetric
stretching vibrations of Si-O-Al. This finding shows that the
FS-1 catalyst could have a prominent aluminosilicate frame-
work compared to the FP-1 catalyst, while in the case of the
FC-1 catalyst, intense peaks at 1456 cm−1 represent carbonate
groups, which may have resulted due to the formation of
CaCO3 from Ca(OH)2, which is associated with the CaO
present in the catalyst. The intense stretching vibration at 1148
cm−1 is due to the sulfate group present in the FC-1 catalyst.

The stretching vibration at 1004 cm−1 with lower intensity
indicates that the FC-1 catalyst has a lower percentage of
aluminosilicate framework compared to the FS-1 and FP-1
catalysts. The peak at 3629 cm−1 in the FC-1 catalyst is due to
OH stretching vibrations due to presence of Ca(OH)2. All
three fly ash catalysts show bending vibrations in between 1500
and 1600 cm−1, indicating the presences of a small quantity of
water in the fly ash catalyst. All the above-mentioned IR values
and their interpretation match with literature data.36,37

Figure 4 shows the SEM images of FS-1, FP-1, and FC-1,
before and after the reaction. The FS-1 catalyst showed

Figure 3. EDX analysis of fly ash catalysts (a) FS-1, (b) FP-1, and (c) FC-1.

Figure 4. SEM images of the fly ash catalyst. (a) FS-1, (b) FP-1, and (c) FC-1.
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irregular particle shape and size in the range of 5−100 μm
(Figure 4). However, FP-1 shows spherical particles shape
having a range of 2−50 μm. The FC-1 catalyst particles are
irregular in shape and size in the range of 10−100 μm.
The morphology of all three catalysts remains the same after

the reaction, which confirms that the fly ash catalyst remains
intact after the reaction. This was further confirmed by XRD
analysis of the catalyst (Figure 5). XRD analysis shows the

peaks of silica and alumina in all three catalysts, while there are
additional peaks in the FC-1 catalyst, which represents calcium
similar to the literature value. Even after the reaction, the XRD
pattern remains the same for all the catalyst.
3.2. Catalytic Evaluation and Recycling of the Fly Ash

Catalyst for the Model Reaction. Various reaction
parameters were studied for the conversion of adipic acid to
dimethyl adipate.
3.2.1. Effect of Temperature. Figure 6 shows the effect of

the temperature on the conversion of adipic acid for the fly ash
catalyst. It is important to note here that no significant
conversion of feedstock takes place at a temperature below 100
°C in the presence of the catalyst for all three fly ash samples.

As shown in Figure 6, the highest conversion of feedstock was
obtained at 200 °C with 100% selectivity. Above 200 °C, no
further improvement in conversion was observed, whereas FC-
1 showed less conversion at 200 °C compared to FS-1 and FP-
1 catalysts. It is noteworthy to mention here that the blank
experiment showed approximately 55% of conversion at 200
°C, and their after it remains constant even after an increase in
the reaction temperature.

3.2.2. Effect of the Reaction Time. The effect of the
reaction time is shown in Figure 7. Almost 70% reaction was

completed in first 2 h. At the 4th h, the conversion was 98%
with 100% selectivity for FS-1, 94% for FP-1, and 72% for FC-
1. By the 5th h, no further increase was observed in conversion,
which means that to obtain the maximum yield, 4 h is needed,
whereas for the blank experiment, approximately, 53% of
conversion was obtained at 3 h; with a further increase in time,
the conversion remains constant.

3.2.3. Effect of the Catalyst Amount and Catalyst Nature.
The effect of the catalyst amount is shown in Figure 8. Without
the catalyst, the conversion was 55%.

Figure 5. XRD of fly ash catalysts before and after the reaction (a)
FS-1, (b) FP-1, and (c) FC-1.

Figure 6. Effect of the reaction temperature on the % yield of
dimethyl adipate. Reaction conditions: adipic acid: 1 mol, methanol: 6
mol, catalyst amount: 10% wt/wt, and reaction time: 4 h.

Figure 7. Effect of the reaction time on the % yield of dimethyl
adipate. Reaction conditions: adipic acid: 1 mol, methanol: 6 mol,
reaction temperature: 200 °C, and catalyst amount: 10% wt/wt.
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For all three catalysts, 2.5% catalyst amount (wt/wt to the
acid feedstock) did not show much increase in conversion. For
5 and 7.5% catalyst amounts, there were increases in
conversion. The 10% catalyst gave the highest conversion.
Even at a higher catalyst amount, i.e., 12.5%, conversion
remained the same.
Under optimized reaction conditions (Table 3), the

maximum conversion was given by FS-1 (98%), whereas FP-

1 gave 94% and FC-1 fly ash gave the lowest (72%) at 200 °C.
This is because FS-1 and FP-1 fly ash samples have a higher
percentage of iron oxide, alumina, and silica and negligible
percentage of calcium and magnesium oxide. The prominent
silica and alumina framework present in the FS-1 fly ash
catalyst has a synergistic effect on the reaction with high
efficiency. Several Lewis acid systems which have active metal
centers such as aluminum, iron, zinc, tin, etc. catalyze the
esterification reaction very efficiently.13−15,37−46 The reported
heteropolyacid catalytic systems developed for the esterifica-
tion reaction showed that metal centers (Ti, Al, Fe, Zn, etc.)
present in the catalyst possess Lewis acidity, and they have
shown the influence of Lewis acidity on catalytic acitivies.44

Similarly, the catalytic system having the aluminosilicate
framework which has both Lewis and Bronsted sites showed
a synergistic effect in the esterification reaction.38 The FC-1
has a higher percentage of calcium oxide, which is basic in
nature. It is known that the esterification reaction slows down
in the presence of calcium oxide.47 From the above-mentioned
observations, it was found that the FS-1 fly ash catalyst
facilitates the reaction completion and gave the highest
conversion. As the FS-1 catalyst gave the highest yield of
dimethyl adipate, we used the FS-1 fly ash catalyst for further
investigation and scale-up studies under optimized reaction
conditions. The catalyst after the reaction was further treated
and studied for recovery and recyclability.

To support our observations for the FS-1 catalyst, we have
carried out the dimethyl adipate model reaction with individual
oxide and their mixture under optimized reaction conditions
(Table 4). It was observed that silica gave 89% yield of

dimethyl adipate, which was higher compared to that of
individual alumina and iron oxide. However, the mixture of all
three oxides gave 82% yield of dimethyl adipate. Silica
comprises milder acidity due to the acidic proton, whereas
aluminum metal imparts Lewis acidity to alumina due to its
empty d orbital, which catalyzes the reaction toward the
product side. Furthermore, the acidity of the fly ash catalyst
and mixture of individual oxides were determined using n-butyl
amine titration with different Hammett indicators to support
our observations (Table 5). All the catalysts gave positive
results to the methyl red indicator, but the other two indicators
were nonresponsive to the tested solutions. The analysis shows
that the FS-1 catalyst has a higher acidity (2.93 mmol/g) than
that of FP-1, FC-1, and the mixture of individual oxides. The
acidity data of the catalysts are in agreement with our
observation for the catalytic activity of the FS-1 catalyst, which
was the highest among the tested catalysts for the esterification
reaction. Similarly, the BET surface area of the FS-1 catalyst
was higher than that of the FP-1 and FC-1 fly ash catalysts.
These observations indicate that the FS-1 fly ash catalyst is
more active than the other tested catalysts. The silica and
alumina framework present in the FS-1 fly ash catalyst has a
synergistic effect in the esterification reaction, giving a higher
yield of dimethyl adipate (98%) than the individual oxides and
physical mixture of oxides. The probable reaction mechanism
is given in Figure 9.
The acid sites present on the silica and alumina framework

of the fly ash catalyst interact with carbonyl oxygen of free
acids.13,38 This interaction makes carbonyl carbon more
electron-deficient. Alcohol is introduced in the reaction,
which acts as a nucleophile and attacks the electron-deficient
carbonyl carbon of free acid. As the reaction proceeds, the
dehydration reaction takes place with loss of water molecules,
giving alkyl ester as the end product.
3.3. Catalyst Recycling. Catalyst recycling was inves-

tigated for three cycles (Figure 10). For the first two cycles, the
catalyst showed almost similar activity (98% conversion) with
100% selectivity as compared to the fresh catalyst. In the third
recycling, catalyst activity decreased slightly (97% conversion).
From recycling experiments, it was found that the fly ash
catalyst was successfully recycled for three cycles.
3.4. Specifications of Dimethyl Adipate Synthesized

in Scale-Up Studies. The important properties and
specification of dimethyl adipate obtained at the 40 mole
scale process are shown in Table 6. Dimethyl adipate obtained

Figure 8. Effect of the catalyst amount on the % yield of dimethyl
adipate. Reaction conditions: adipic acid: 1 mol, methanol: 6 mol,
reaction temperature: 200 °C, and reaction time: 4 h.

Table 3. Yield of Dimethyl Adipate under Optimized
Conditions for Fly Ash Catalystsa

entry fly ash catalysts % yield of dimethyl adipate

1 FS-1 98
2 FP-1 94
3 FC-1 72
4 without catalyst 55

aReaction conditions: adipic acid: 1 mol, methanol: 6 mol, catalyst:
10% wt/wt, reaction time: 4 h, and reaction temperature: 200 °C.

Table 4. Synthesis of Dimethyl Adipate Using Individual
Oxides and Mixture of Oxidesa

entry catalysts
dimethyl adipate

(% yield)

1 SiO2 89
2 Al2O3 84
3 Fe2O3 78
4 SiO2 65 % + 35 % Al2O3 mixture 86
5 SiO2 60 % + 35 % Al2O3 + 5 % Fe2O3 mixture 82

aReaction conditions: adipic acid: 1 mol, methanol: 6 mol, catalyst:
10% wt/wt, reaction time: 4 h, and reaction temperature: 200 °C.
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by our process has 98% purity and meets the specification
required for different industrial applications. Metal leaching
from the fly ash catalyst into the product was determined and
found to be below the detection level.
3.5. Process Scope for Different Industrially Impor-

tant Alkyl Esters. We further synthesized industrially
important esters from long-chain free fatty acids/dibasic
acids and alcohol/diol with an average yield of 97% (Table
7), which demonstrates the versatility and scalability of our
process.

4. CONCLUSIONS
This study demonstrates the utilization of fly ash as a catalyst,
which is able to convert the feedstock having free mono/
dibasic acid and alcohols/polyols into alkyl esters with the
highest selectivity and yield. The use of this fly ash catalyst for
the esterification reaction is more economic and advantageous
over processes using modified fly ash catalysts. The catalyst can
be separated by simple filtration after completion of the
reaction, with no water requirement. The catalyst is
successfully recovered and recycled. Among all fly ash catalysts,
the highest conversion was seen with FS-1 (98%) followed by
FP-1 and FC-1 fly ash catalysts. Successful demonstration of
the process at the kilogram scale for dimethyl adipate as a
model molecule by utilizing the FS-1 fly ash catalyst is

Table 5. Acidity Determination of the Catalysts Using n-Butyl Amine Titration

acid strength of the catalysts (mmol/g)

entry Hammett indicator

color of the indicator after
addition in the catalyst test

solution FS-1 FP-1 FC-1 SiO2 + Al2O3 + Fe2O3 60% + 35% + 5%

1 methyl red (pKa = +4.8) red in acid forms
yellow in the base form

red to all catalysts (+) 2.93 2.20 1.12 0.78

2 crystal violet (pKa = +0.8) yellow in acid
forms blue in the base form

blue to all catalysts (−) no color
change

no color
change

no color
change

no color change

3 p-nitro chlorobenzene (pKa = −12.70)
yellow in acid forms colorless in the base
form

colorless to all catalysts (−) no color
change

no color
change

no color
change

no color change

Figure 9. Probable reaction mechanism for the fly ash-catalyzed esterification reaction.

Figure 10. Effect of catalyst recycling on the % yield of dimethyl
adipate. Reaction conditions: adipic acid: 1 mol, methanol: 6 mol,
catalyst: 10% wt/wt, reaction time: 4 h, and reaction temperature: 200
°C.

Table 6. Important Properties of Dimethyl Adipate
Synthesized from Scale-Up Operations

entry product properties results

1 color and appearance pale-yellow clear liquid
2 melting point 9.0−11.00 °C
3 purity 98% by GC
4 moisture 0.10% max
5 acid value not more than 5.0
6 density 1.062 g/cc
7 metal impurities (Ca, Mg, Al, Fe, Si) below the detection limit
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achieved. The product obtained by our process meets the
industrial specification.
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