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Highlights
e The TCA-modified Indonesian natural zeolite was a promising catalyst for the bio-oil
esterification.
e A decrease in the total acid number of the esterified bio-oil was significant.
e The esterified bio-oil was stable while keeping the coke formation low.
e The esterification of the bio-oil using TCA/H-zeolite catalyst took place in a fast rate.
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Abstract

The bio-oil produced from the pyrolysis of biomass is highly corrosive due to the high content of
organic acids. These organic acids could be removed through an appropriate upgrading process, i.e.,
esterification using alcohols to form less polar esters. In this study, the bio-oil used as the feedstock in the
esterification was produced from the pyrolysis of Sengon wood with a particle size of 297 um at 600 °C.
The esterification was performed at 70 °C in the presence of a TCA-modified Indonesian zeolite catalyst
with various weight ratios of bio-oil-to-methanol and reaction times under a constant stirring rate of 500
rpm. The esterification progress was indicated by the decrease in the total acid number of the bio-oil after
esterification. No significant coke formation (< 0.05wt%) was observed indicating that the suppression of
repolymerisation could be achieved. This study showed that the esterification underwent in a fast rate,
indicated by the decrease in the total acid number of the bio-oil by 47.85% only over a 15-min esterification.
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Compared to the uncatalysed esterification, the TCA/zeolite-catalysed esterification showed a higher
decrease in the total acid number of the bio-oil up to 65.83%, due to the conversion of the carboxylic acids
to esters.

Keywords: Esterification, Sengon wood bio-oil, TCA-modified Indonesian zeolite, total acid number.

Introduction

The fossil fuel depletion has promoted the exploration of new renewable energy resources. Biomass
has been considered as a promising renewable energy resource due to its high availability, its
environmentally friendly properties and its zero competition with food sector [1]. A liquid fuel could be
produced as the main product from the fast pyrolysis of biomass [2] that is well known as bio-oil or
pyrolysis oil. Sengon wood, as an abundantly available feedstock in Indonesia was used in this study for
bio-oil production. Sengon wood contains lignin, cellulose, and hemicellulose of 26.1%, 45.4%, and 21.0%
and respectively [3], allowing a sustainable starting material for liquid fuel production.

The bio-oil produced from the pyrolysis of biomass could be used as a fuel for boilers, stationary as
well as sterling engines [4]. However, the bio-oil cannot be directly used as a fuel for transportation due to
several unfavourable properties such as high water content leading to low calorific value and high oxygen
content resulting in highly instable properties [5]. In addition, the bio-oil contains high amount of organic
acids making it highly corrosive and causing a big challenge during its use as a fuel or its compatibility
during further processing in the biorefinery [6]. A bio-oil upgrading is required for the bio-oil to meet the
requirements as liquid transportation fuels [7].

Esterification has been reported to show a great potential as bio-oil upgrading technique to reduce the
acids content of the bio-oil [8]. It converts the organic acids in the bio-oil to e.g., esters in the presence of
alcohols and acid catalysts [9]. The use of solid acid catalysts during the esterification of bio-oil has been
considered more beneficial in comparison with that of homogeneous catalysts due to the easy separation
resulting in a more efficient and cost-effective process [10]. Several solid acid catalysts such as ion
exchange resins [11], modified zirconia [12, 13], Amberlysts [14-16], solid acid catalyst from rice husk ash
[17], and heteropoly acids [18] have been used as a catalyst in the esterification of the “real” bio-oil as well
as model compounds mimicking bio-oil. In addition, zeolite-based catalysts have been reported to show a
great potential as a catalyst for esterification of bio-oil [19-23].

A special attention has been paid to Indonesian natural zeolite primarily in related to its application
as a catalyst for bio-oil upgrading. It has a good porosity and modifiable Brgnsted acid sites [24] at its
surface to anticipate the complicated compositions and behaviour of the bio-oil during the esterification.
The modification of Brgnsted acid sites at the Indonesian zeolite surface to improve the Brgnsted acidity
could enhance the catalytic activity of Indonesian zeolite during the esterification of the bio-oil.

The Brgnsted acidity of the Indonesian zeolite could be improved by strong acid modification, e.g.,
trichloroacetic acid (TCA) resulting in the zeolite with a better Brgnsted acidity [25]. However, the
application of TCA-modified Indonesian natural zeolite as a catalyst for esterification of bio-oil produced
from the fast pyrolysis of Sengon wood was rare. More studies to investigate the activity of the TCA-
modified Indonesian natural zeolite are necessary to evaluate its potential as a catalyst for the bio-oil
esterification. This study focused on the esterification of the bio-oil produced from the fast pyrolysis of
Sengon wood sawdust with various weight ratios of bio-oil-to-methanol and reaction times to investigate
the esterification behaviour of organic acids in the bio-oil primarily acetic acid in the presence of methanol
and TCA-modified Indonesian natural zeolite as a solid acid catalyst.

Materials and methods
Preparation and characterisation of a TCA-modified Indonesian natural zeolite catalyst

The Indonesian natural zeolite from Wonosari, Yogyakarta, Indonesia was used as a starting material
of the zeolite catalyst. It was purchased from CV. SSGT Zeolite, Indonesia. The natural zeolite was
prepared as previously reported [23]. Briefly, the natural zeolite with a particle size range of 100-120 pm
was activated using sequent chemical and physical activation method. Prior to activation process, the
natural zeolite was washed in distilled water and dried at 110 °C for 3 h to allow the physical contaminant
removal. “Pre-treated zeolite” corresponds the natural zeolite from this pre-treatment step.

The natural zeolite was chemically treated using 1% HF, 6 N HCl and 1 N NH.CI solutions (prepared
from 50% HF, 37% HCI, and solid NH4CI, obtained from E. Merck, respectively) in a sequence. This



Trends Sci. 202X; XX(XX): XXXXX 30f13

chemical activation was followed with a physical activation, i.e., calcination of the natural zeolite sample
at 500 °C under nitrogen atmosphere to produce “H-zeolite” catalyst.

The modification of the “H-zeolite” catalyst with chloroacetic acid was carried out as reported by
Avila et al. [5] with some adjustment. A 5 g of trichloroacetic acid (TCA) was dissolved in 9 mL of
demineralised water in an Erlenmeyer flask. A 10 g of “H-zeolite” was added in the TCA solution. The
mixture was then heated at 80 °C under a continuous stirring with a low stirring rate of 100 rpm until no
water left. The solid obtained was dried in an oven at 110 °C for 2 h resulting in the “TCA/H-zeolite”
catalyst.

The formation of the “TCA/H-zeolite” catalyst was confirmed based on the appearance of
characteristics vibration peaks at wavenumbers of 830 and 680 cm-1 (the stretching vibration of C-ClI
bonds) [25] in the IR spectrum. The IR spectrum of the “TCA/H-zeolite” catalyst was obtained using a
Perkin-Elmer Frontier Spotlight 200 type-Fourier transform infrared spectrophotometer. In addition, the
possible change in the crystalline structure of Indonesian natural zeolite was evaluated using a PANalytical
Xpert’3 Powder X-ray diffractometer.

The surface properties of the “TCA/H-zeolite” catalyst were characterised using a Quantachrome
Nova 1200e surface area analyser. The specific surface area, total pore volume and average pore radius
were determined using a BET-BJH isotherm adsorption. Moreover, the acidity of the “TCA/H-zeolite”
catalyst was determined using an ammonia adsorption. The amount of ammonia adsorbed at the catalyst
surface was assigned as the total acidity of the catalyst in mmol ammonia per gram catalyst. This
quantitative measurement of the catalyst acidity was combined with the analysis of the chemical
functionalities of the catalyst to confirm the presence of the new bonds of ammonia with the Lewis and
Brgnsted acid sites at the catalyst surface at wavenumbers of 1640, 1550, and 1450 cm™.

Catalytic esterification of Sengon wood bio-oil

The esterification of the bio-oil with methanol in the presence of “TCA/H-zeolite” catalyst was carried
out in a batch reactor system equipped with a temperature monitor and magnetic stirrer. The esterification
was conducted at 70 °C, with a catalyst loading of 10 wt%, a stirring rate of 500 rpm, and various weight
ratios of bio-oil-to-methanol of 1:1, 2:1, 1:2 and 1:3. The Sengon wood bio-oil used in the esterification
process was produced from the pyrolysis of Sengon wood sawdust with a particle size of 297 um at 600 °C
using a fixed-bed pyrolyser as previously reported [23]. The esterification with a weight ratio of bio-oil-to-
methanol which gave the highest decrease in the total acid number of the bio-oil after esterification
underwent that with various esterification times of 15, 30, 45 and 60 min.

After each experiment, the mixture of liquid esterification products and possible remaining reactants
was recovered and designated as the esterified bio-oil. The coke formation was determined based on the
weight difference of solid catalyst before and after the esterification. The yield of coke was calculated using
Equation (1) to close the mass balance.

Coke yield = Wreat=WPeat 110004 (1)

Whio—oil fed

Characterisation of the bio-oil after esterification

The esterified bio-oil after each esterification experiment was characterised, including the density,
viscosity and total acid number. The density and viscosity of the esterified bio-oil were determined using a
gravimetric method by means of a pycnometer and an Ostwald viscometer, respectively.

The total acid number (TAN) of the esterified bio-oil was measured using an SNI 01-3555-1998
procedure as follows. The bio-oil sample was dissolved in acetone to 96 wt% clear solution of bio-oil. A
2.5 g of the bio-oil solution was heated to boil and added with 2-3 drops of phenolphthalein solution. The
titration of the bio-oil solution was conducted using 0.1 N KOH solution until a light red colour appeared.
The total acid number of the esterified bio-oil was calculated using Equation (2).

Mw XN XV
TAN = KOH KOH”*VKOH

X dilution 2
Wsample

Results and discussion
The characteristics of TCA/H-zeolite catalyst

The important properties of the TCA/H-zeolite catalyst prepared in this study was investigated,
including the chemical functionalities, the possible change in the crystalline structure, the surface porosity,
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and the total acidity. The chemical functionalities of the TCA/H-zeolite catalyst were represented by the
spectra in Figure 1. The general featured functionalities of the zeolite with aluminosilicate framework were
shown by the appearance of a vibration peak —OH groups at 3200-3600 cm™. In addition, bending vibrations
of Al-OH/Si-OH were observed at 1650-1400 cm'?, while stretching vibrations of Si-O/Al-O were observed
at wavenumbers of 1250-950 cm* and 820-650 cm™.

The success of the zeolite modification with TCA was confirmed by the appearance of stretching
vibrations of C-Cl bonds at wavenumbers of 840 and 690 cm™! [25] at the IR spectrum of the TCA/H-zeolite
catalyst (Figure 1c). These vibrations indicated the chemical interaction between TCA and the -OH groups
of the zeolite.

The change in the crystalline structure of the zeolite over subsequent chemical and physical treatment
as well as TCA modification was evaluated through the XRD patterns of the pre-treated zeolite, H-zeolite
and the TCA/H-zeolite catalysts, as shown in Figure 2. The similar XRD patterns and peak intensity in
Figure 2 indicated that the zeolite did not undergo a significant change in the crystalline structure over the
subsequent treatments. Moreover, the intensity of the three highest peaks denoted that the mordenite
mineral structure was predominant in the zeolite catalysts.
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Figure 1. IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite.
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Figure 2. The diffraction patterns of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite.

The measurement of the total (Lewis and Brgnsted) acidity of the TCA/H-zeolite catalyst was
performed to support the data of IR spectra indicating the success of the zeolite modification with TCA.
The significant increase of the total acidity of the TCA/H-zeolite catalyst would further evidence of the
success modification in this study. In addition, the enhanced total acidity of the TCA/H-zeolite catalyst
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would promote a better esterification process as this acid active sites would play important roles in
catalysing the esterification of bio-oil with methanol [12].

The total acidity of the TCA/H-zeolite catalyst was conducted through ammonia adsorption in
combination with a gravimetric method. The amount of ammonia adsorbed at the catalyst surface would
provide the data the number of acid active sites interacting with the adsorbed ammonia [26, 27].

The total acidity of the TCA/H-zeolite catalyst in comparison with the pre-treated and H-zeolite is
presented in Table 1. A significant increase in the total acidity of the TCA/H-zeolite catalyst was observed,
1.7 folds from that of H-zeolite. It was most likely due to the modification of the zeolite with TCA resulting
in the chemical interaction of carbonyl oxygen or hydroxyl oxygen of TCA with the Brgnsted acid sites of
H-zeolite [28].

Table 1. The total acidity of the TCA/H-zeolite measured through ammonia adsorption.
Type of catalyst Total acidity (mmol NHs/g)

Pre-treated zeolite 0.94
H-zeolit 1.20
TCA/H-zeolit 3.28

Furthermore, the interaction between ammonia Lewis’s base and the Bronsted and Lewis sites of the
catalyst was evaluated through the IR spectra of the TCA/H-zeolite catalyst in Figure 3. The interaction of
ammonia with the Lewis and Brgnsted active sites was designated by the vibrations at wavenumbers of
1450 cm* and 1550-1640 cm, respectively [29].
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Figure 3. IR spectra of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite after NH3 adsorption.
The surface porosity of a catalyst is an important property of the catalyst in supporting the catalytic
performance. It was due to the presence of active sites at the catalyst surface including the catalyst pores

[30]. The surface porosity of the TCA/H-zeolite catalyst determined in this study included specific surface
area, total pore volume and average pore radius of the catalyst as presented in Table 2.

Table 2. The surface porosity of the TCA/H-zeolite determined by BET and BJH adsorption isotherms.

Type of catalyst  Surface area (m*g)  Total Pore Volume (cm%g)  Average Pore Radius (A)
Pre-treated zeolite 12.82 0.077 119.96
H-zeolit 22.26 0.065 588.35
TCA/H-zeolit 28.41 0.075 526.31

The surface porosity data in Table 2 showed that chemical and physical treatment towards the pre-
treated zeolite caused a significant increase (73.63%) in the surface area of the H-zeolite catalyst. It was
might due to the impurity removal and the formation of new pores during the treatment [31]. A further
increase (27.63%) in the specific surface area was also observed in the TCA/H-zeolite catalyst, probably
due to the surface modification using a strong acid TCA at the solid H-zeolite surface [32, 33].
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A significant increase of the average pore radius of the H-zeolite catalyst in comparison with the pre-
treated zeolite catalyst (3.9 folds) was also observed. The acid treatment followed with calcination at high
temperature of 500 °C probably could cause impurity removal resulting in an increase in the pore size of
the zeolite [32]. Moreover, the growth of the pore structure might take place due to the chemical treatment
during the preparation of the H-zeolite catalyst [34]. However, a slight decrease (~10%) of the average pore
radius was observed after the zeolite modification with TCA. The TCA introduction with a quite high
concentration (ca. 35%) at the H-zeolite surface followed with a low drying temperature (80 °C) might
promote the pore occupation by the TCA molecules, resulting in the decrease of the average pore size of
the zeolite [35].

Unlike the considerable changes in the specific surface area and average pore radius, the total pore
volume of the zeolite catalysts was almost unchanged; only ~15% of change was observed. The
insignificant change in the total pore volume accompanied with the increase in the average pore radius
might be probably attributed to the reduction of the pore depth at the zeolite surface. This would allow the
easier interaction between the surface-active sites and the reactants during the esterification of the bio-oil.

Production and Characterisation of the Bio-oil from the Pyrolysis of Sengon Wood Sawdust

The bio-oil used as the feedstock during the esterification in this study was produced from the fast
pyrolysis of Sengon wood sawdust with a particle size of 297 um at 600 oC using a fixed-bed pyrolyser.
The yield of the bio-oil was considerably high of 45.66 wt%, as presented in Table 3. Such high temperature
would help the lignocellulose macromolecules to undergo good decomposition during the pyrolysis [36].
Lignocellulose composes of lignin, cellulose and hemicellulose with specific decomposition temperatures.
Lignin would decompose at 300-550 °C, while hemicellulose and cellulose would decompose at 250-350
°C and 325-400 °C, respectively [37]. The rate of decomposition of lignocellulose macromolecules would
increase with increasing the pyrolysis temperature, resulting in more condensable light fractions [38], thus
high bio-oil yield. However, extremely high temperature would promote the production of the non-
condensable fractions resulting in higher yield of gaseous pyrolysis product [39].

Table 3. The yield of pyrolysis products produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 pum at 600 °C using a fixed-bed pyrolyser.

Type of product Yield (wt.%)
Bio-oil 45.66
Biochar 29.97
Gaseous product™ 24.37

*by difference

The physical and chemical properties of the Sengon wood bio-oil produced through fast pyrolysis
technique were measured, including the density, viscosity, and total acid number as shown in Table 4. The
density of the bio-oil was not directly related to the quality of the bio-oil. However, this property could
provide an indication whether heavy or light molecules were predominant in the bio-oil [40]. The low
density of the bio-oil produced in this study (1.07 g/mL) indicated that light molecules with relatively low
molecular weight were predominant due to severe decomposition process at 600 °C during the pyrolysis
resulting in more condensable light fractions.

Table 4. The characteristics of the bio-oil produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 pum at 600 °C using a fixed-bed pyrolyser.

Property (unit) Value (wt.%)
Density (g/mL) 1.07
Viscosity (cP) 2.40
TAN (mg KOH/qg) 0.73

Another parameter evaluated in this study for the bio-oil quality is viscosity. This parameter is
affected by the liquid temperature, the strength of intermolecular forces, and the molecular weight and the
amount of the soluble components in the liquid bio-oil [41]. The pyrolysis temperature of 600 °C has
resulted in the bio-oil with light components (short carbon chains, low molecular weight) in the
considerable amount, resulting in the bio-oil with a low viscosity of 2.40 cP (see Table 4) [42].

The total acid number of the Sengon wood bio-oil was determined by using an aliquot method, as
presented in Table 4. This parameter provided an estimation of the content of organic acids in the bio-oil



Trends Sci. 202X; XX(XX): XXXXX 70f 13

[43]. The high content of organic acids in bio-oil or liquid fuels would lead to corrosion to engines and/or
the equipment used in the further processes such as biorefinery [7]. The high total acid number (0.73 mg/g)
of the Sengon wood bio-oil used as the feedstock in the esterification process suggested the high organic
acid content in the bio-oil. It was likely due to the presence of organic acids such as carboxylic acids as a
result of the decomposition of the lignocellulose macromolecules at higher pyrolysis temperature [44]. The
acid removal from the bio-oil is extremely important to minimise the corrosiveness of the bio-oil prior to
its use as a fuel or its further processes in the biorefinery through an appropriate upgrading technique. A
bio-oil upgrading through an esterification technique using TCA/H-zeolite was investigated with different
weight ratios of bio-oil-to-methanol over various reaction times.

Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different weight ratios
of bio-oil-to-methanol

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst was
carried out with various weight ratios of bio-oil-to-methanol of 2:1, 1:1, 1:2 and 1:3. The liquid and the
possible formed coke after each esterification experiment were recovered to close the mass balance, as
presented in Table 5. The mass balance closure was higher than 90 wt% indicating a proper experimental
execution [45]. The coke yield in all experiments was very low of < 1 wt%. This indicated that the possible
repolymerisation between the reactive components in the bio-oil leading to the formation of coke could be
prevented during the bio-oil esterification [46] in the presence of the TCA/H-zeolite catalyst.

Table 5. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCAJ/H-zeolite catalyst at 70 °C with various weight ratios of bio-oil-to-methanol, a catalyst loading of 10
wit%, 60-min reaction time, and stirring rate of 500 rpm.

Weight ratio of BO-to- Recovered liquid Coke yield Total recovery
methanol (Wt%) (Wt%) (%)
2:1 94.11 0.0407 94.15
1:1 91.90 0.0404 91.94
1:2 91.88 0.0394 91.92
1:3 97.79 0.0334 97.82

The density, viscosity and total acid number of the liquid obtained after the TCA/H-zeolite-catalysed
esterification with various weight ratios of bio-oil-to-methanol were measured as presented in Table 6. The
density of the esterified oil insignificantly changed with relatively abundant addition of methanol compared
to the original mixture of the bio-oil and methanol before reaction in the case of the experiments with a
weight ratio of bio-oil-to-methanol of 1:2 and 1:3. The relatively unchanged density indicated the relatively
similar molecular weight of components in the bio-oil after esterification. The esterification would allow
the change in the bio-oil microstructure through the formation of esters or acetals [47]. The similar trend
was observed for the viscosity of the esterified oil; the more the methanol added during the esterification,
the lower the change in the viscosity of the bio-oil. The presence of methanol could enhance the bio-oil
stability [48] and further decrease the rate of aging during storage [49].

Table 6. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst at 70 °C with various weight ratios of bio-oil-to-methanol, catalyst loading of 10
wt%, 60-min reaction time, and stirring rate of 500 rpm.

Weight ratio of bio-oil-to-methanol

Bio-oil property 2:1 1:1 1:2 1:3

Initial Final Initial Final Initial Final Initial Final
Density (g/mL) 1.0227 1.0252 0.9861 0.9866 0.9415 0.9417 0.9153 0.9186
Viscosity (cP) 2.1094 2.2316 1.9417 2.0283 1.7896 1.8521 1.5643 1.6034
TAN (mg/g) 0.6921 0.3498 0.5852 0.2939 0.5316 0.2031 0.4132 0.1813

Unlike the insignificant changes in the bio-oil density and viscosity, a considerable change in the total
acid number of the esterified oil was observed after the esterification in the presence of the TCA/H-zeolite
catalyst, as presented in Table 6. The decrease in the total acid number of the bio-oil after esterification was
49.46%, 49.78%, 61.79% and 56.12% for the TCA/H-zeolite-catalysed esterification with a bio-oil-to-
methanol weight ratio of 2:1, 1:1, 1:2 and 1:3 respectively. The addition of extra methanol in the
esterification with a 1:2 weight ratio could promote the decrease in the total acid number of the bio-oil by
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ca 25% in comparison with that with a 2:1 and 1:1 weight ratio. The decrease in the total acid number of
the bio-oil after esterification could be an indication of the formation of esters as a result of the reaction
between carboxylic acids in the bio-oil feedstock and methanol in the presence of the TCA/H-zeolite
catalyst [50]. In addition, aldehydes in the bio-oil feedstock could also react with methanol in the presence
of acid catalysts, such as TCA/H-zeolite catalyst, to form acetals [51]. The extra addition of methanol in
the esterification system (in the case of that with a 1:2 and 1:3 weight ratio) could promote the equilibrium
shift to the products, resulting in the increase in the production of products, i.e., esters or acetals [52].

A further increase in the methanol addition in the esterification with a 1:3 weight ratio did not cause
a higher decrease in the total acid number of the bio-oil after esterification in the presence of the TCA/H-
zeolite catalyst. It might indicate that the equilibrium was not disturbed by the extra addition of methanol
in the 1:3 esterification experiment. The weight ratio of bio-oil-to-methanol of 1:2 was then chosen as the
condition in the further experiments with various reaction times.

Bio-oil Upgrading through TCA/H-zeolite-catalysed Esterification over Different Reaction
Times

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst over
different reaction times was carried out with a total recovery of > 90%, as listed in Table 7, indicating a
proper experimental execution. The recovered liquid contained the esterification products and possible
remaining reactants. Tabel 7 shows that the coke yield coke was very low (< 1 wt%), indicating that the
coke formation during the bio-oil esterification in the presence of the TCA/H-zeolite could be avoided [52].

Table 7. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol
of 1:2, stirring rate of 500 rpm, for 15-60 min reaction times.

Reaction time (min) Recovered liquid (wt%) Coke yield (wt%) Total (%)
15 92.95 0.0354 92.98
30 95.34 0.0370 95.38
45 92.92 0.0375 92.96
60 91.88 0.0394 91.92

Over prolonged reaction times, the density of the bio-oil after esterification underwent a negligible
change, only by < 1%, possibly due to the enhanced stability of the bio-oil during the esterification as is
shown in Table 8. The susceptibility of the reactive components of the bio-oil towards re-polymerisation
has lowered resulting in the bio-oil with similar compositions of molecular weight [53].

Table 8. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol
of 1:2, stirring rate of 500 rpm, for 15-60 min reaction times.

Esterification time (min)
Bio-oil property 15 30 45 60
Initial Final Initial Final Initial Final Initial Final
Density (g/mL) 0.9394 0.9399 0.9393 0.9401 0.9393 0.9406 0.9415 0.9417
Viscosity (cP) 17748 17908 1.7789 18040 1.7704 1.8308 1.7896 1.8521
TAN (mg/g) 0.5074 0.2646 0.5161 0.2588 0.5196 0.2241 0.5316  0.2032

The similar trend was observed for the viscosity of the bio-oil after esterification in the presence of
the TCA/H-zeolite over various reaction times. Insignificant changes in the bio-oil viscosity by 3-5% were
observed, indicating the prevention of the formation of heavy molecules during the catalysed esterification,
possibly by the formation of esters and acetals [47].

Alike the change in the total acid number of the bio-oil after esterification with various weight ratios
of bio-oil-to-methanol, the total acid number of that after the esterification over various reaction times
decreased considerably. Over a 15-min reaction time, the total acid number of the bio-oil after the catalysed
esterification decreased by 47.85%. A prolonged esterification of 30 min only caused a further decrease in
the total acid number of the bio-oil by 4% (with a 49.85% decrease). A further prolonged reaction times of
45 and 60 min caused a bit higher decrease in the total acid number of bio-oil by 13% and 8%, respectively
(with 56.78% and 61.78% decrease, respectively). These data suggested that carboxylic acids in the bio-oil
feedstock were converted to esters in a quite fast rate at the beginning of the esterification of the bio-oil in
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the presence of TCA/H-zeolite catalyst [50]. The rate of esterification became slower by longer reaction
times (30-60 min). Probably, the components of the bio-oil feedstock competed to attach to the active sites
of the catalysts over time resulting in the high surface coverage [54]. However, not all of these reactants
adsorbed at the catalyst surface could be accommodate to react with methanol as the co-adsorbed alcohol-
acids intermediates at the catalyst surface were required to allow the reactions to take place [9].

Comparing the Activity of Zeolite Catalysts during the Esterification of Sengon Wood Bio-oil

The activity of the TCA/H-zeolite catalyst during the esterification of the Sengon wood sawdust was
confirmed by comparing to that of the pre-treated zeolite and H-zeolite catalysts. The study was performed
using the following condition: a temperature of 70 °C, a weight ratio of bio-oil-to-methanol of 1:2 and a
reaction time of 60 min. A blank experiment in the absence of any catalyst was also carried out to support
the justification on the performance of the TCA/H-zeolite catalyst. The liquid after esterification as well as
the possible formed coke was recovered and weighed to close the mass balance as presented in Table 9.

Table 9. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol
of 1:2, stirring rate of 500 rpm for a 60-min reaction time.

Type of catalyst Recovered liquid (Wwt%)  Coke Yield (wt%)  Total (%)

NA 94.42 0.016 94.44
Pre-treated zeolite 93.18 0.043 93.23
H-zeolite 94.90 0.041 94.94
TCA/H-zeolite 91.88 0.039 91.92

The data in Table 9 suggested that negligible coke formation (< 1%) was observed. The presence of
methanol during the heating up bio-oil was significant in preventing the re-polymerisation of reactive
components in the bio-oil feedstock. The good mass balance closure in Table 9 indicated that the
experiments were carried out properly. The properties of the bio-oil after the esterification of the bio-oil in
the presence of various zeolite catalysts were investigated as listed in Table 10.

The density of the bio-oil after the esterification in Table 10 showed an insignificant change even in
the absence of a catalyst. It suggested that the addition of methanol gave a significant effect in stabilising
the reactive component of the bio-oil [53]. In contrast, the viscosity of the bio-oil after esterification in the
presence and absence of a catalyst has increased in a different level ranging from 3.94% to 39.97%. The
lowest increase in the viscosity of the bio-oil after esterification was observed for that in the presence of
the TCA/H-zeolite catalyst (3.94%), while the highest increase was observed for that in the presence of the
pre-treated zeolite catalyst (39.97%). The blank experiment in the absence of a catalyst did not show a
significant increase in the viscosity of the bio-oil after esterification possibly due to the limited interaction
of the reactive components in the bio-oil feedstock with methanol [55]. On the other hand, the presence of
the zeolite catalysts might promote the interaction between reactive components themselves or with
methanol [22]. The pre-treated zeolite might facilitate the interactions between reactive components to
polymerise and form bigger molecules with higher molecular weight. As a result, the viscosity of the bio-
oil increased significantly after esterification in the presence of the pre-treated zeolite catalyst.

Table 10. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol
of 1:2, stirring rate of 500 rpm for a 60-min reaction time.

Bio-oil property Reaction time Type of catalyst
(min) NA Pre-treated zeolite H-zeolite  TCA/H-zeolite

Density(g/mL) 0 0.9176 0.9101 0.9140 0.9415

60 0.9179 0.9347 0.9392 0.9417
Viscosity (cP) 0 1.7336 1.7257 1.7373 1.7896

60 1.8367 2.3055 2.1174 1.8521
TAN (mg/qg) 0 0.7006 0.6515 0.5731 0.5316

60 0.5947 0.4240 0.2843 0.2032

The bio-oil esterification in the presence of zeolite catalysts (pre-treated, H-zeolite and TCA/H-zeolite
catalysts) showed a significant decrease in the total acid number of the bio-oil after esterification by
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34.92%, 50.39% and 61.78%, respectively. It was clear that the modification of Indonesian zeolite using
TCA could enhance its activity in catalysing the esterification of the Sengon wood bio-oil. It was possibly
due to the increase in the acid active sites at the catalyst surface as the result of the TCA modification over
the zeolite catalyst [56].

Conclusions

This study investigated the activity of the TCA/H-zeolite catalyst during the bio-oil esterification in
the presence of methanol over various weight ratios of bio-oil-to-methanol and reaction times. The presence
of TCA/H-zeolite catalyst during the esterification of the bio-oil could suppress the formation of coke. In
the presence of TCA/H-zeolite, the weight ratios of bio-oil-to-methanol significantly affected the decrease
in the total acid number of the bio-oil after the esterification. Moreover, the esterification of Sengon wood
bio-oil in the presence of the TCA/H-zeolite catalyst took place in a fast rate, indicated by the decrease in
the total acid number of the bio-oil by 47.85% over a 15-min esterification. Compared to the uncatalysed
esterification, the presence of the TCA/H-zeolite catalyst could further enhance the decrease in the total
acid number up to 65.83%.

Acknowledgements

The authors would like to thank the Research and Community Service Institute, Universitas Negeri
Semarang for the financial support through “Penelitian Dasar” scheme 2021 with a contract number of
262.26.4/UN37/PPK.3.1/2021. This study has also received a support from the Directorate General of
Higher Education of the Republic of Indonesia through “Penelitian Dasar Unggulan Perguruan Tinggi
(PDUPT)” 2021 with a contract number of 132/SP2H/LT/DRPM/2021; 132/E4.1/AK.04.PT/2021 and
derivate contract number of 23.14.7/UN37/PPK.6.8/2021. The authors are also very grateful for the kind
help from Ms. Y.M. Rosanti for the experimental facilities.

References

[1] CL Williams, A Dahiya and P Porter. Introduction to bioenergy. In: A Dahiya (Ed.). Bioenergy
biomass to biofuels. Academic Press, United States, 2015, p. 5-36. https://doi.org/10.1016/C2012-0-
06230-8.

[2] N Canabarro, JF Soares, CG Anchieta, CS Kelling, and MA Mazutti. Thermochemical processes for
biofuels production from biomass. Sustain.  Chem. Process. 2013; 1(22), 1-10.
https://doi.org/10.1186/2043-7129-1-22.

[3] NS Hartati, E Sudarmonowati, W Fatriasari, E Hermiati, W Dwianto, R Kaida, K Baba, and T
Hayashi. Wood characteristic of superior Sengon collection and prospect of wood properties
improvement through genetic engineering. Wood Res. J. 2010; 1(2), 103-107.

[4] A Pattiya. Fast pyrolysis. In: L Rosendahl (Ed.) Direct thermochemical liquefaction for energy
applications. Woodhead Publishing, Cambridge, 2018, p. 3-28. https://doi.org/10.1016/B978-0-08-
101029-7.00001-1.

[5] G Lyu, S Wu, and H Zhang. Estimation and comparison of bio-oil components from different
pyrolysis conditions. Front. Energy Resour. 2015; 3(2), 1-11.
https://doi.org/10.3389/fenrg.2015.00028.

[6] GH Wienhage, ES Ramos, LM Chiarello, V Botton, and VR Wiggers. Acidity reduction of bio-
oil by methylic esterification reactions. Angolan Miner. Qil Gas J. 2021; 2(2), 21-27.
https://doi.org/10.47444/amogj.v2i2.4.

[71 NL Panwar and AS Paul. An overview of recent development in bio-oil upgrading and separation
techniques. Environ. Eng. Res. 2021; 26(5), 200382. https://doi.org/10.4491/eer.2020.382.

[8] X Hu. Stabilization of bio-oil via esterification in chemical catalysts for biomass upgrading. In: M
Crocker, E Santillan-Jimenez (Eds.) Chemical catalysts for biomass upgrading. Wiley Online Library,
Hoboken, 2019, p. 97-144. https://doi.org/10.1002/9783527814794.ch4.

[91 L Ciddor, JA Bennett, JA Hunns, K Wilson and AF Lee. Catalytic upgrading of bio-oils by
esterification. J. Chem. Technol. Biotechnol. 2015; 90(5), 780-795. https://doi.org/10.1002/jcth.4662.

[10] Y Liu, Z Li, JJ Leahy and W Kwapinski. Catalytically upgrading bio-oil via esterification. Energy
Fuels 2015; 29(6), 3691-3698. https://doi.org/10.1021/acs.energyfuels.5b00163

[11] J-JWang, J Chang and J Fan. Catalytic esterification of bio-oil by ion exchange resins. J. Fuel Chem.
Technol. 2010; 38(5), 560-564. https://doi.org/10.1016/S1872-5813(10)60045-X.



Trends Sci. 202X; XX(XX): XXXXX 11 of 13

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

W Thitsartarn and S Kawi. Transesterification of oil by sulfated Zr-supported mesoporous silica. Ind.
Eng. Chem. Res. 2011; 50, 7857-7865. https://doi.org/10.1021/ie1022817.

M Kim, C DiMaggio, SO Salley and NgKY Simon. A new generation of zirconia supported metal
oxide catalysts for converting low grade renewable feedstocks to biodiesel. Bioresour. Technol. 2012;
118, 37-42. https://doi.org/10.1016/j.biortech.2012.04.035.

P Weerachanchai, C Tangsathitkulchai and M Tangsathitkulchai. Effect of reaction conditions on the
catalytic esterification of bio-oil. Korean J. Chem. Eng. 2012; 29(2), 182-189.
https://doi.org/10.1007/s11814-011-0161-y.

X Hu, R Gunawan, D Mourant, C Lievens, X Li, S Zhang, W Chaiwat and C-Z Li. Acid-catalysed
reactions between methanol and the bio-oil from the fast pyrolysis of mallee bark. Fuel 2012; 97,
512-522. https://doi.org/10.1016/j.fuel.2012.02.032.

L Wu, X Hu, S Wang, D Mourant, Y Song, T Li and C-Z Li. Formation of coke during the
esterification of pyrolysis bio-oil. RSC Adv. 2016; 6, 86485-86493.
https://doi.org/10.1039/C6RA14939A.

B Sutrisno and A Hidayat. Upgrading of bio-oil from the pyrolysis of biomass over the rice husk ash
catalysts. IOP Conf. Ser.: Mater. Sci. Eng. 2016; 162, 012014. https://doi.org/10.1088/1757-
899X/162/1/012014

P Prasertpong and N Tippayawong. Upgrading of biomass pyrolysis oil model compound via
esterification:  kinetic study using heteropoly acid. Procedia 2019; 160, 253-2509.
https://doi.org/10.1016/j.egypro.2019.02.144.

M Milina, S Mitchell and J Pérez-Ramirez. Prospectives for bio-oil upgrading via esterification over
zeolite catalysts. Catal. Today 2014; 235, 176-183. https://doi.org/10.1016/j.cattod.2014.02.047.
KY Nandiwale, SK Sonar, PS Niphadkar, PN Joshi, SS Deshpande, VS Patil and VV Bokade.
Catalytic upgrading of renewable levulinic acid to ehyl levulinate biodiesel using
dodecatungstophosphoric acid supported on desilicated H-ZSM-5 as catalyst. Appl. Catal. A: Gen.
2013; 460-461, 90-98. https://doi.org/10.1016/j.apcata.2013.04.024.

N Fattahi, K Triantafyllidis, R Luque and A Ramazani. Zeolite-based catalysts: a valuable approach
toward ester bond formation. Catalysts, 2019; 9(758), 1-23. https://doi.org/10.3390/catal9090758.
A Osatiashtiani, B Puértolas, CCS Oliveira, JC Manayil, B Barbero, M Isaacs, C Michailof, E
Heracleous, J Pérez-Ramirez, AF Lee and K Wilson. On the influence of Si:Al ratio and hierarchical
porosity of FAU zeolites in solid acid catalysed esterification pre-treatment of bio-oil. Biomass
Convers. Biorefin. 2017; 7, 331-342; https://doi.org/10.1007/s13399-017-0254-x.

S Kadarwati, E Apriliani, RN Annisa, J Jumaeri, E Cahyono and S Wahyuni. Esterification of bio-oil
produced from sengon (Paraserianthes falcataria) wood using Indonesian natural zeolites. Int. J.
Renew. Energy Dev. 2021; 10(4), 747-754. https://doi.org/10.14710/ijred.2021.35970.

JM Miiller, GC Mesquita, SM Franco, LD Borges, JL de Macedo, JA Dias and SCL Dias. Solid-state
dealumination of zeolites for use as catalysts in alcohol dehydration. Microporous and Mesoporous
Mater. 2014; 204, 50-57. https://doi.org/10.1016/j.micromeso.2014.11.002.

MC Avila, NA Comelli, E Rodriguez-castellon, A Jiménez-Lopez, RC Flores, EN Ponzi and M
Ponzi. Study of solid acid catalysis for the hydration of a-pinene. J. Mol. Catal. A Chem. 2010; 322,
106-112. https://doi.org/10.1016/j.molcata.2010.02.028.

IV Mishin, TR Brueva and Gl Kapustin. Heats of adsorption of ammonia and correlation of activity
and acidity in heterogeneous catalysis. Adsorp. 2005; 11, 415-424. https://doi.org/10.1007/s10450-
005-5407-8.

F Giraud, C Geantet, N Guilhaume, S Loridant, S Gros, L Porcheron, M Kanniche and D Bianchi.
Individual amounts of lewis and Brgnsted acid sites on metal oxides from NHs; adsorption
equilibrium:  case of TiO, based solids. Catal. Today 2021; 373, 69-79.
https://doi.org/10.1016/j.cattod.2020.08.015ff.

X Li, Y Zhao, S Wang, Y Zhu and G Yang. DFT-D, study of the adsorption of bio-oil model
compounds in HZSM-5: C1-C4 carboxylic acids. Catal. Lett. 2016; 146, 2015-2024.
https://doi.org/10.1007/s10562-016-1821-7.

P Concepcion. Application of infrared spectroscopy in catalysis: impacts on catalysts’ selectivity. In:
M El-Azazy (Ed.) Infrared spectroscopy. IntechOpen, London 2018.
https://doi.org/10.5772/intechopen.73071

Y Pan, X Shen, L Yao, A Bentalib and Z Peng. Active sites in heterogeneous catalytic reaction on
metal and metal oxide: theory and practice. Catal. 2018; 8(10), 478.
https://doi.org/10.3390/catal8100478.



https://doi.org/10.1088/1757-899X/162/1/012014
https://doi.org/10.1088/1757-899X/162/1/012014
https://doi.org/10.1007/s13399-017-0254-x

Trends Sci. 202X; XX(XX): XXXXX 12 of 13

[31]

(32]

[33]

[34]

[35]

H Karami, M Kazemeini, S Soltanali and M Rashidzadeh. The effect of acid treatment and calcination
on the modification of zeolite X in diesel fuel hydrodesulphurization. Can. J. Chem. Eng. 2022
(Accepted manuscript). https://doi.org/10.1002/cjce.24350

R Zakaria, NA Jamalluddin and MZA Bakar. Effect of impregnation ratio and activation temperature
on the yield and adsorption performance of mangrove based activated carbon for methylene blue
removal. Results Mater. 2021; 10, 100183. https://doi.org/10.1016/j.rinma.2021.100183.

S Bhati, JS Mahur, S Dixit and ON Chobey. Study on effect of chemical impregnation on the surface
and porous characteristics of activated carbon fabric prepared from viscose rayon. Carbon Lett. 2014;
15(1), 45-49. https://doi.org/10.5714/CL.2014.15.1.045.

A Mara, K Wijaya, W Trisunaryati and M Mudasir. Effect of sulfuric acid treatment and calcination
on natural zeolites of Indonesia. Asian J. Chem. 2016; 28(1), 11-14.
https://doi.org/10.14233/ajchem.2016.19107.

M Bornhorst, P Walzel, A Rahimi, A Kharaghani, E Tsotsas, N Nestle, A Besser, FK Jager and T
Metzger. Influence of pore structure and impregnation—drying conditions on the solid distribution in
porous support materials. Dry. Technol. 2016; 34(16), 1964-1978.
https://doi.org/10.1080/07373937.2016.1147048.

[36] HL Ornaghi Jr., FG Ornaghi, RM Neves, F Monticeli and O Bianchi. Mechanisms involved in thermal

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

degradation of lignocellulosic fibers: a survey based on chemical composition. Cellulose 2020; 27,
4949-4961. https://doi.org/10.1007/s10570-020-03132-7.

T Kan, V Strezov and TJ Evans. Lignocellulosic biomass pyrolysis: a review of product properties
and effects of pyrolysis parameters. Renew. Sust. Energ. Rev. 2016; 57, 1126-1140.
https://doi.org/10.1016/j.rser.2015.12.185.

YH Chan, S Yusup, AT Quitain, Y Uemura and M Sasaki. Bio-oil production from oil palm biomass
via subcritical and supercritical hydrothermal liquefaction. J. Supercrit. Fluids 2014; 95, 407-412.
https://doi.org/10.1016/j.supflu.2014.10.014.

D Shen, R Xiao, H Zhang and S Gu. The overview of thermal decomposition of cellulose in
lignocellulosic biomass. In: TGM van de Ven, J Kadla (Eds.) Cellulose-biomass conversion.
IntechOpen, London, 2013. https://doi.org/10.5772/51883.

JJ Thomas, HM Jennings and AJ Allen. Relationships between composition and density of
tobermorite, jennite, and nanoscale CaO—SiO>—H>O0.  J. Phys. Chem. C 2010; 114(17), 7594—
7601. https://doi.org/10.1021/jp910733x.

M Kawahigashi and N Fujitake. Relationship between viscosity and molecular weight in an andosol
humic acid. Soil Sci. Plant Nutr. 2001; 47(2), 399-404,
https://doi.org/10.1080/00380768.2001.10408402.

A Nofiyanto, G Soebiyakto and P Suwandono, P. Studi proses pirolisis berbahan jerami padi terhadap
hasil produksi char dan tar sebagai bahan bakar alternatif. Proton 2019; 11(1), 21-28.
https://doi.org/10.31328/jp.v11i1.1228.

LK-E Park, J Liu, S Yiacoumi, AP Borole and C Tsouris. Contribution of acidic components to the
total acid number (TAN) of bio-oil. Fuel 2017; 200, 171-181.
https://doi.org/10.1016/j.fuel.2017.03.022.

SW Banks and AV Bridgwater. Catalytic fast pyrolysis for improved liquid quality. In: R Lugue, CSK
Lin, K Wilson, J Clark (Eds.) Handbook of biofuels production (Second Edition). Woodhead
Publishing, Cambridge, 2016, p. 391-429. https://doi.org/10.1016/B978-0-08-100455-5.00014-X.

C Ovalles, E Rogel, H Morazan and ME Moir. The importance of mass balances: case studies of
evaluation of asphaltene dispersants and antifoulants. In: C Ovalles, ME Moir (Eds.) The
Boduszynski continuum: contributions to the understanding of the molecular composition of
petroleum.  American  Chemical  Society, Washington D.C., 2018, p. 25-49.
https://doi.org/10.1021/bk-2018-1282.ch002.

L Wu, X Hu, S Wang, D Mourant, Y Song, T Li and C-Z Li. Formation of coke during the
esterification ~ of  pyrolysis  bio-oil. RSC  Adv. 2016; 6(89), 86485-86493.
https://doi.org/10.1039/C6RA14939A.

D Chen, J Zhou, Q Zhang and X Zhu. Evaluation methods and research progresses in bio-oil storage
stability. Renew. Sust. Energ. Rev. 2014; 40, 69-79. https://doi.org/10.1016/j.rser.2014.07.159.

Y Mei, M Chai, C Shen, B Liu and R Liu. Effect of methanol addition on properties and aging reaction
mechanism of bio-oil during storage. Fuel 2019; 244, 499-507.
https://doi.org/10.1016/j.fuel.2019.02.012.


https://doi.org/10.1002/cjce.24350

Trends Sci. 202X; XX(XX): XXXXX 13 of 13

[49]

[50]

[51]

[52]

[53]

[54]
[58]

[56]

LW Simdes, NT Miranda, RM Filho and MR Wolf. Upgrading technique of sugarcane bagasse bio-
oil heavy fraction for stability improvement. Chem. Eng. Trans. 2020; 80, 49-54.
https://doi.org/10.3303/CET2080009.

J Xu, J Jiang, W Dai, T Zhang and Y Xu. Bio-oil upgrading by means of ozone oxidation and
esterification to remove water and to improve fuel characteristics. Energy Fuels 2011; 25(4), 1798—
1801. https://doi.org/10.1021/ef101726g.

S Zhang, X Yang, H Zhang, C Chu, K Zheng, M Ju and L Liu. Liquefaction of biomass and upgrading
of bio-oil: a review. Molecules 2019; 24(12), 2250. https://doi.org/10.3390/molecules24122250.

X Zhang, L Chen, W Kong, T Wang, Q Zhang, J Long, Y Xu and L Ma. Upgrading of bio-oil to
boiler fuel by catalytic hydrotreatment and esterification in an efficient process. Energy 2015; 8(C),
83-90. https://doi.org/10.1016/j.energy.2015.02.035.

L Zhang, R Liu, R Yin, Y Mei and J Cai. Optimization of a mixed additive and its effect on
physicochemical properties of bio-oil. Chem. Eng. Technol. 2014; 37, 1181-1190.
https://doi.org/10.1002/ceat.201300786.

R Asadpour, NB Sapari, MH lIsa, S Kakooei and KU Orji. Acetylation of corn silk and its application
for oil sorption. Fibers Polym. 2015; 16, 1830-1835. https://doi.org/10.1007/s12221-015-4745-8.

F Wenting, L Ronghou, Z Weiqi, M Yuanfei and Y Renzhan. Influence of methanol additive on bio-
oil stability. Int. J. Agric. Biol. 2014; 7(3), 83—92. https://doi.org/10.3965/j.ijabe.20140703.010.

X Lian, Y Xue, Z Zhao, G Xu, S Han and H Yu. Progress on upgrading methods of bio-oil: a review.
Int. J. Energy Res. 2017; 41, 1798— 1816. https://doi.org/10.1002/er.3726.

Names of referees

1. Xun Hu, School of Material Science and Engineering, University of Jinan, Jinan 250022, PR China,
Country, Xun.Hu@outlook.com

2. Mortaza Gholizadeh, Faculty of Chemical and Petroleum Engineering, University of Tabriz,
Tabriz, Iran, m.gholizadeh@tabrizu.ac.ir

3. Shu Zhang, Joint International Research Laboratory of Biomass Energy and Materials, College of
Materials Science and Engineering, Nanjing Forestry University, Nanjing 210037, PR China,
s.zhang@njfu.edu

4. Yi Wang, School of Energy and Power Engineering, Huazhong University of Science and
Technology, Wuhan, P. R. China, alenwang@hust.edu.cn

5. Weerawut Chaiwat, Department of Chemical Engineering, Faculty of Engineering, Mahidol
University, Thailand, weerawut.cha@mahidol.ac.th



Trends in Sciences

1 S Trends in
1 Sciences

Submissions

Tasks 0 @ English @ View Site & srikadarwati

3632 / Kadarwatietal. / The Catalytic Activity of TCA-Mo Library

Workflow Publication
Submission Review Copyediting
Production
Submission Files Q Search
» [@ 6469-1 srikadarwati, S. April TiS Template
Kadarwati, 2022, MANUSCRIPT 8, (Full Article)
for TIS.docx 2022
» [ 6470-1 srikadarwati, April Cover Letter
Covering Letter.docx 8,
2022
» [ 65151 admin, 3632-TiS April TiS Template
Template (Full Article)-6469-1-2- 8, (Anonymized)
20220408.docx 2022
Download All Files
Pre-Review Discussions Add discussion
Name From Last Replies Closed
Reply
» Comments srikadarwati - 0
for the 2022-04-08

Editor 12:07 PM



Trends ih Seiences Tasks 0 @ English © View Site o Srikadarwati

Platform &
workflow by

OJS/ PKP



2. BUKTI KONFIRMASI REVIEW DAN HASIL REVIEW PERTAMA

(9 Mei 2022)



&

UNWERSITAS NEGER! SEMARANG Sri Kadarwati <srika@mail.unnes.ac.id>

[TiS] Manuscript Decision
1 message

Trends in Sciences (TiS) <journal.wu@gmail.com> Mon, May 9, 2022 at 7:52 PM
To: Sri Kadarwati <srika@mail.unnes.ac.id>, Riska Annisa <riskana40@gmail.com>, Evalisa Apriliani
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<samuelbudi@mail.unnes.ac.id>

Dear Dr. Sri Kadarwati, Riska Annisa, Evalisa Apriliani, Cepi Kurniawan, Samuel Budi Kusuma:

We have reached a decision regarding your submission to Trends in Sciences, "The The Catalytic Activity of TCA-
Modified Indonesian Natural Zeolite during the Esterification of Sengon Wood Bio-oil". Please revise the
manuscript carefully. The manuscript should be resubmitted along with point-by-point explanation according to
reviewers'comments. If you disagree with any of the comments, please state your reasons. All corrections are
mandatory and must be differentiated with red colour and submit it.

Our decision is to: Revise the Manuscript

We request that you send a revised manuscript within 30 days, otherwise it may be considered withdrawn.

PS. Please submit in Microsoft Word version with TiS template, the references should be in TiS format, please
recheck. Thank you very much for your kind helps.

STEP for upload revised version: Submissions > My Queue > My Assigned > ID number > Review > Revisions >
Article Component > Upload file
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Use of Tables and Figures

Good

Standard of English

Good

Clarity and conciseness

Excellent

Referee’s Comments

Abstract

TCA should be defined before using the abbreviation.

TCA/H-zeolite was reported in the body of the work not TCA/zeolite.

Introduction

3rd paragraph: ‘solid acid catalyst from’ change to ‘acid modified rice husk’ or any other expression
except the current one in the draft

Materials and Methods

Preparation and characterisation of TCA-modified Indonesian natural zeolite catalyst

2nd paragraph: What is the reason behind the use of percentage in diluting HF and moles for HCI and
NH4CI? Also why did the author use different concentration of the three acids used for treatment? The
last sentence should be cited (calcination of zeolite to H-zeolite).

3rd Paragraph: First sentence: Is the author using chloroacetic acid of trichloroacetic acid? TCA was
defined in the introduction section, subsequently, the abbreviation should be used, there is no need to
redefine it again.

Catalytic esterification of Sengon wood bio-oil

Ist sentence: Define TCA/H-zeolite before the use of the term in the body of this draft

The terms in equation 1 and 2 should be defined.

Page 5:

Table 1 and 2 should be merged for ease of discussion.

Last paragraph in Page 5: Clearly there is change in compounds present in the zeolite depending on the
treatment imposed and clearly average pore radius reduced for TCA/H-zeolite. The presence of XRF
result would have provided an insight into the extent of treatment on the change in compounds present
in zeolite and | will suggest that the author see how XRF can be added or any analysis that will show
the quantitative change in the compounds/elements present in zeolite upon modification.

Page 6.

The author did not state the standard properties of the oil in existence or give an indication of this oil.
Understanding the standard property that current bio-oil will complement or replace will guide in
following subsequent experiments.

Page 7.

Last sentence: The author insinuated that ester was formed after esterification, how do we know for
sure that ester was formed? There is no conclusive analysis that pointed in that direction. Which ester
dominates this oil? What is the change in functional group ini bio-oil and esterified oil?

It is expected that the author should conduct FTIR and ester profile on his oil. FTIR will give an insight
into the change in functional group. Clearly ester peaks will be seen in the spectra. Also, ester profile
will give an insight into the dominant ester in the oil formed.

Tables: The table captions are too long. The author should use simple English for his caption while a full
description of the table should be done in the body of the draft.

The property of the oil formed was not compared with previous research.

Reviewer E:
Recommendation: Revisions Required



Originality of the work
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Experimental design and methodology
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Adequacy of the discussion
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Technical accuracy
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Suitability of references
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Use of Tables and Figures

Excellent

Standard of English
Good

Clarity and conciseness

Excellent

Referee’s Comments

There are some questions regarding material selection that have not been discussed, the reasons for
the different weight ratios of bio-oil-to-methanol have not been explained. as well as research
deficiencies and suggestions for further researchers need to be added

Reviewer G:
Recommendation: Revisions Required

Originality of the work
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Experimental design and methodology

Good

Adequacy of the discussion

Good

Technical accuracy
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Suitability of references
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Use of Tables and Figures

Good

Standard of English

Good

Clarity and conciseness

Good

Referee’s Comments

This paper investigated the catalytic activity of TCA-modified Indonesian natural zeolite during the
esterification of Sengon wood bio-oil, the results showed that the TCA-modified Indonesian natural

zeolite was a promising catalyst for the bio-oil esterification. The results of this paper contribute to the

efficient use of bio-oil. However, the following questions need to be carefully considered before
publishing.

1. The coke yield of the bio-oil at 70 °C during the esterification cannot represent the coking tendency of
bio-oil. It is suggested to measure the coke yield during the utilization of bio-oil at higher temperatures.

2. What is the coke yield of bio-oil when heated at 70 °C, this data should be compared with the data in
Table 5.

3. The heavy components affect the viscosity of bio-oil, which is also suggested to discuss in this paper.

See the references: Fuel Processing Technology 199 (2020) 106299; Energy Fuels 2019, 33,
11292-11301.
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3. Bukti konfirmasi submit revisi pertama, respon kepada
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(3 Juni 2022)



Dear the editor of Trend in Sciences Journal,

Herewith we submit the revised version of the manuscript based on the reviewers’ comments along
with the reply to the comments.

The authors have worked hard to revise the manuscript. Please refer to the following detail to justify
the revision. The revision regarding the Reviewer A’s comments is yellow-highlighted; Reviewer E’s
comments are blue-highlighted; and Reviewer G’s comments are green-highlighted.

In addition to the revision based on the reviewers’ comments, the authors have ensured that the
manuscript has strictly followed the guideline and the journal template.

We do hope that the revision is satisfactory and this revised manuscript could be further considered
to be published in Trend in Sciences journal.

Thank you very much.

Sincerely yours,

Sri Kadarwati
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Highlights

The TCA-modified Indonesian natural zeolite catalyst has been successfully prepared.
The presence of the TCA/Indonesian natural zeolite during the esterification of bio-oil
produced from the pyrolysis of Sengon wood could greatly suppress the severe
repolymerisation leading to coke formation

The TCA/Indonesian natural zeolite-catalysed esterification of Sengon bio-oil
underwent in a fast rate.

The TCA/Indonesian natural zeolite catalyst showed a good performance in this study
in comparison with the uncatalysed esterification.
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Title: The Catalytic Activity of TCA-Modified Indonesian Natural Zeolite during the

Esterification of Sengon Wood Bio-oil

Reviewer A

No. Referee’s Comments Responses
Abstract Ihe corre({tlon 1'1as been proceeded as su§ge§ted.
1. | TCA should be defined before using the The esterification was perforrped %t 70°Cin
abbreviation. the presence ofa Frlchloro a(?etlc acid (TCA)-
modified Indonesian H-zeolite......... ”
s I b b el g
2. | TCA/H-zeolite was reported in the body of wasp L
the work not TCA/zeolite. the presence ofa Frlchloro agetlc acid (TCA)-
modified Indonesian H-zeolite......... ”
Introduction The correction has been proceeded as suggested.
3rd paragraph: ‘solid acid catalyst from’ e ion exchange resins [11], modified
3. | change to ‘acid modified rice husk’ or any zirconia [12, 13], Amberlysts [14-16], acid
other expression except the current one in the | modified rice husk ash [17], and heteropoly
draft acids [18] have been used as a catalyst........... ”
The use of different chemicals for the zeolite
activation was aimed for the different purposes.
Materials and Methods The different concentration of each used during
Preparation and characterisation of TCA- | the chemical activation was chosen based on the
modified Indonesian natural zeolite previous studies. The use of HF and HCI
catalyst solution, for example, was aimed to remove the
4 2nd paragraph: What is the reason behind the | silica and alumina, respectively, outside of the
" | use of percentage in diluting HF and moles zeolite framework. Meanwhile, the use of the
for HC1 and NH4Cl1? Also why did the author | NH4Cl solution was for the zeolite surface
use different concentration of the three acids | modification, i.e., by exchanging the
used for treatment? The last sentence should | exchangeable cations at the zeolite surface with
be cited (calcination of zeolite to H-zeolite). NH," in order to form H-zeolite after
calcination. Moreover, a cited references has
been added as suggested.
Preparation and characterisation of TCA- | The correction has been proceeded as suggested.
modified Indonesian natural zeolite
catalyst “A 5 g of TCA was dissolved in 9 mL of
5 3rd Paragraph: First sentence: Is the author demineralised water........ ”?
" | using chloroacetic acid of trichloroacetic
acid? TCA was defined in the introduction
section, subsequently, the abbreviation should
be used, there is no need to redefine it again.
. . . The definition of TCA/H-zeolite is stated in the
Catalytic esterification of Sengon wood d . .
bio-oil 3" paragraph of the sub-section ‘Preparation
6. and characterisation of TCA-modified

1* sentence: Define TCA/H-zeolite before the
use of the term in the body of this draft

Indonesian natural zeolite catalyst’




Catalytic esterification of Sengon wood
bio-oil

The definition of the terms in equation (1) and
(2) has been added.

“W'cq and WO are designated as the weight of
the “TCA/H-zeolite” catalyst after and before
the esterification of the bio-oil, respectively,
while Whiooil fed 18 the weight of the bio-oil fed in
each esterification experiment.” has been added

7. The terms in equation 1 and 2 should be for the equation (1). Meg nwhile, “MWon,
Nxkon, and Vkon are designated as the molecular
defined. ) .
weight, normal concentration and volume of
KOH solution, respectively. Meanwhile, W sampie
and dilution are designated as the weight of the
sample and the magnitude of dilution employed
during the measurement of TAN.” has been
added for the equation (2).
Page 5: Table 1 and 2 have been merged and the rest of
8. | Table 1 and 2 should be merged for ease of the tables have been adjusted.
discussion.
Page S: The authors are very thankful for the reviewer’s
Last paragraph in Page 5: Clearly there is suggestion. Unfortunately, the authors are afraid
change in compounds present in the zeolite could not add the XRF data in the manuscript.
depending on the treatment imposed and The manuscript has provided the data on the
clearly average pore radius reduced for main requirement of the catalyst, i.e., acid sites
TCA/H-zeolite. The presence of XRF result on the catalyst surface. The authors think that
9 would have provided an insight into the the current data presented in the manuscript is
" | extent of treatment on the change in adequate to support and explain the performance
compounds present in zeolite and I will of the TCA/H-zeolite catalyst during the
suggest that the author see how XRF can be esterification of the bio-oil.
added or any analysis that will show the
quantitative change in the
compounds/elements present in zeolite upon
modification.
Thank you for the comment. In the authors’
opinion, there is no properties standard of bio-
oil. The properties of bio-oil are strongly
Page 6. ffected by the feedstocks and pyrolysi
The author did not state the standard atiected by the feedStocks and pyrolysis -
. . . . conditions, e.g., pyrolysis temperature, particle
properties of the oil in existence or give an . f feedstocks. t Jconfi " £th
10.| indication of this oil. Understanding the s1z¢ of feedstocks, types/contiguration ot the
T reactors. In order to achieve the goal of the
standard property that current bio-oil will ) o .
. S production of liquid fuels, the comparison of the
complement or replace will guide in bio-oil with th 1 fuels i
following subsequent experiments. 10-O11 WIth Hhe comimeretal Tuets 1s more
suitable. While in this study, the authors
discussed one of several steps of the process of
the liquid fuels production.
Page 7. The FTIR data and its discussion has been added
Last sentence: The author insinuated that to discuss the formation of esterification
ester was formed after esterification. How do | products during the reaction.
11| we know for sure that ester was formed?
‘| There is no conclusive analysis that pointed in
that direction. Which ester dominates this oil?
What is the change in functional group in bio-
oil and esterified oil?
Page 7. The FTIR data has been added in each sub-
It is expected that the author should conduct section of Results and Discussion.
FTIR and ester profile on his oil. FTIR will
12.| give an insight into the change in functional
group. Clearly ester peaks will be seen in the
spectra. Also, ester profile will give an insight
into the dominant ester in the oil formed.
Page 7. The corrections have been made for the tables
13.| Tables: The table captions are too long. The with long caption as suggested.

author should use simple English for his




caption while a full description of the table
should be done in the body of the draft.

14.

Page 7.

The property of the oil formed was not

compared with previous research.

Thank you for the comments.

The experiments conducted in this study were
different in some extent from those conducted
previously, e.g. setting of experiments, focus,
feedstock, catalyst, etc. The authors think that
the comparison of the oil properties obtained in
this study with those conducted previously with
different reaction condition is not necessary.

Reviewer E

No. Referee’s Comments Responses
Introduction, Paragraph 1 The reason for choosing Sengon wood has been added.
The reasons for choosing sengon
wood over other types of wood should | “The high content of cellulose in Sengon wood would
also be discussed. Is the content of | result in the high yield of bio-oil [4]........ ”,

1. | lignin, cellulose and hemicellulose in
sengon wood the highest compared to
other types? And is sengon wood a
type of local plant that only exists in
Indonesia?

Materials and methods The longer drying time for the former process (after
Preparation and characterisation of soaked in water and rinsed seV'eral times) was required
a TCA-modified Indonesian to allow water (and .othgr posmble.mmstures) tg .
natural zeolite catalyst evaporate. Meanwhlle, in the zeolite mod.lﬁcatlon with
TCA, the sample itself looked dry (the mixture of H-

2. | In this section the heating process is zeolite and TCA was heated under continuous stirring at
carried out for 3 hours. 80 °C until no water macroscopically left). A shorter
While this section is 2 hours, is there | time of drying is needed to allow all water in the zeolite
a reason for the difference in drying pores to evaporate.
time?

Results and Discussion At first, we conducted the experiment with a weight
Bio-oil upgrading through TCA/H- | ratio of bio-oil-to-methanol of 2:1 and 1:1. The observed
zeolite-catalysed esterification over | bio-oil properties after esterification were compared.
different weight ratios of bio-oil-to- | This made us to continue the experiments with higher

3. | methanol amount of methanol to prevent the re-polymerisation
Is there any particular reason why to and to promote the esterification process, as reported in
use this comparison? Why not use a our previous study.

3:1 ratio for make it balance?

Conclusions The recgmmendation has been added after the

m to the shortcomings of Sonclusmq as sgggested. .

the research? And suggestions for The es.terlﬁcatlon at h1gh§r temperatures apd using a
4 | further researchers what should be pressurised reactor would improve the quality of the

done? Because this research is very
interesting, to certainly obtain
renewable energy in the future

esterified bio-oil. Furthermore, the combination between
hydrocracking and esterification could simultaneously
undergo in the presence of hydrogen and
hydroprocessing catalysts.”

Reviewer G

No. Referee’s Comments Responses
The coke yield of the bio-oil at 70 °C Thank you for the suggestion.
during the esterification cannot The experiments at higher temperatures could not be
1 represent the coking tendency of bio- carried out since the simple reflux reactor was used. A

oil. It is suggested to measure the coke
yield during the utilization of bio-oil at
higher temperatures.

pressurized reactor would be required to allow the
esterification at temperatures higher than solvent
(methanol) boiling point.




What is the coke yield of bio-oil when
heated at 70 °C, this data should be
compared with the data in Table 5.

The discussion on the coke formed during the
esterification of the bio-oil only in the absence of the
TCA/H-zeolite catalyst has been presented in the sub-
section Comparing the activity of zeolite catalysts
during the esterification of Sengon wood bio-oil.

The heavy components affect the
viscosity of bio-oil, which is also
suggested to discuss in this paper. See
the references: Fuel Processing
Technology 199 (2020) 106299 ;
Energy Fuels 2019, 33, 11292—-11301.

The authors did discuss about the relationship between
viscosity and heavy components (component with high
molecular weight). For an instance, “Insignificant
changes in the bio-oil viscosity by 3-5% were observed,
indicating the prevention of the formation of heavy
molecules during the catalysed esterification,
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Highlights

e The TCA-modified Indonesian natural zeolite was a promising catalyst for the bio-oil

esterification.

A decrease in the total acid number of the esterified bio-oil was significant.

The esterified bio-oil was stable while keeping the coke formation low.

o The esterification of the bio-oil using TCA/H-zeolite catalyst took place in a fast rate.

Graphical abstract

Fast pyrolysis
at 600 °C

Iy

Sengon wood
biomass, 257 pm

Abstract

Bic-oil {main product]

Biochar (by product)

eolite

Zeclites-catalysed
esterification, 70 °C,
500 rpm stirring |

Pre-treated indonesian A.cld-Lreated Indonesia

zeolite [H-zealite)

Esterified bie-oil

2@
2w -
E
Zn
H
E20
g
g, .
i M sendive

TCA-modified i
Indonesian zeclite
[TCA/H-ze0lite)

Findings
of the study

nmin

T5ms  30mn ASmn

&
H

£5 1

Chunge in TAN of the bio-oil (%]
. B oE B
A

Esterilicating time

The bio-oil produced from the pyrolysis of biomass is highly corrosive due to the high content of
organic acids. These organic acids could be removed through an appropriate upgrading process, i.e.,
esterification using alcohols to form less polar esters. In this study, the bio-oil used as the feedstock in the
esterification was produced from the pyrolysis of Sengon wood with a particle size of 297 um at 600 °C.
The esterification was performed at 70 °C in the presence of a trichloro acetic acid (TCA)-modified
Indonesian H-zeolite catalyst with various weight ratios of bio-oil-to-methanol and reaction times under a
constant stirring rate of 500 rpm. The esterification progress was indicated by the decrease in the total acid
number of the bio-oil after esterification. No significant coke formation (< 0.05wt%) was observed
indicating that the suppression of repolymerisation could be achieved. This study showed that the
esterification underwent in a fast rate, indicated by the decrease in the total acid number of the bio-oil by
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47.85% only over a 15-min esterification. Compared to the uncatalysed esterification, the TCA/zeolite-
catalysed esterification showed a higher decrease in the total acid number of the bio-oil up to 65.83%, due
to the conversion of the carboxylic acids to esters.

Keywords: Esterification, Sengon wood bio-oil, TCA-modified Indonesian zeolite, total acid number.

Introduction

The fossil fuel depletion has promoted the exploration of new renewable energy resources. Biomass
has been considered as a promising renewable energy resource due to its high availability, its
environmentally friendly properties and its zero competition with food sector [1]. A liquid fuel could be
produced as the main product from the fast pyrolysis of biomass [2] that is well known as bio-oil or
pyrolysis oil. Sengon wood, as an abundantly available feedstock in Indonesia was used in this study for
bio-oil production. Sengon wood contains lignin, cellulose, and hemicellulose of 26.1%, 45.4%, and 21.0%
and respectively [3]. The high content of cellulose in Sengon wood would result in the high yield of bio-oil
[4], allowing a sustainable starting material for liquid fuel production.

The bio-oil produced from the pyrolysis of biomass could be used as a fuel for boilers, stationary as
well as sterling engines [5]. However, the bio-oil cannot be directly used as a fuel for transportation due to
several unfavourable properties such as high water content leading to low calorific value and high oxygen
content resulting in highly instable properties [6]. In addition, the bio-o0il contains high amount of organic
acids making it highly corrosive and causing a big challenge during its use as a fuel or its compatibility
during further processing in the biorefinery [7]. A bio-oil upgrading is required for the bio-oil to meet the
requirements as liquid transportation fuels [8].

Esterification has been reported to show a great potential as bio-oil upgrading technique to reduce the
acids content of the bio-oil [9]. It converts the organic acids in the bio-oil to e.g., esters in the presence of
alcohols and acid catalysts [10]. The use of solid acid catalysts during the esterification of bio-oil has been
considered more beneficial in comparison with that of homogeneous catalysts due to the easy separation
resulting in a more efficient and cost-effective process [11]. Several solid acid catalysts such as ion
exchange resins [12], modified zirconia [13, 14], Amberlysts [15-17], acid modified rice husk ash [18], and
heteropoly acids [19] have been used as a catalyst in the esterification of the “real” bio-oil as well as model
compounds mimicking bio-oil. In addition, zeolite-based catalysts have been reported to show a great
potential as a catalyst for esterification of bio-oil [20-24].

A special attention has been paid to Indonesian natural zeolite primarily in related to its application
as a catalyst for bio-oil upgrading. It has a good porosity and modifiable Breonsted acid sites [25] at its
surface to anticipate the complicated compositions and behaviour of the bio-oil during the esterification.
The modification of Brensted acid sites at the Indonesian zeolite surface to improve the Bronsted acidity
could enhance the catalytic activity of Indonesian zeolite during the esterification of the bio-oil.

The Bronsted acidity of the Indonesian zeolite could be improved by strong acid modification, e.g.,
trichloroacetic acid (TCA) resulting in the zeolite with a better Bronsted acidity [26]. However, the
application of TCA-modified Indonesian natural zeolite as a catalyst for esterification of bio-oil produced
from the fast pyrolysis of Sengon wood was rare. More studies to investigate the activity of the TCA-
modified Indonesian natural zeolite are necessary to evaluate its potential as a catalyst for the bio-oil
esterification. This study focused on the esterification of the bio-oil produced from the fast pyrolysis of
Sengon wood sawdust with various weight ratios of bio-oil-to-methanol and reaction times to investigate
the esterification behaviour of organic acids in the bio-oil primarily acetic acid in the presence of methanol
and TCA-modified Indonesian natural zeolite as a solid acid catalyst.

Materials and methods
Preparation and characterisation of a TCA-modified Indonesian natural zeolite catalyst

The Indonesian natural zeolite from Wonosari, Yogyakarta, Indonesia was used as a starting material
of the zeolite catalyst. It was purchased from CV. SSGT Zeolite, Indonesia. The natural zeolite was
prepared as previously reported [24]. Briefly, the natural zeolite with a particle size range of 100-120 um
was activated using sequent chemical and physical activation method. Prior to activation process, the
natural zeolite was washed in distilled water and dried at 110 °C for 3 h to allow the physical contaminant
removal. “Pre-treated zeolite” corresponds the natural zeolite from this pre-treatment step.

The natural zeolite was chemically treated using 1% HF, 6 N HCl and 1 N NH4Cl solutions (prepared
from 50% HF, 37% HCI, and solid NH4Cl, obtained from E. Merck, respectively) in a sequence. This
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chemical activation was followed with a physical activation, i.e., calcination of the natural zeolite sample
at 500 °C under nitrogen atmosphere to produce “H-zeolite” catalyst [24].

The modification of the “H-zeolite” catalyst with chloroacetic acid was carried out as reported by
Avila et al. [6] with some adjustment. A 5 g of TCA was dissolved in 9 mL of demineralised water in an
Erlenmeyer flask. A 10 g of “H-zeolite” was added in the TCA solution. The mixture was then heated at
80 °C under a continuous stirring with a low stirring rate of 100 rpm until no water left. The solid obtained
was dried in an oven at 110 °C for 2 h resulting in the “TCA/H-zeolite” catalyst.

The formation of the “TCA/H-zeolite” catalyst was confirmed based on the appearance of
characteristics vibration peaks at wavenumbers of 830 and 680 cm™ (the stretching vibration of C-Cl bonds)
[26] in the IR spectrum. The IR spectrum of the “TCA/H-zeolite” catalyst was obtained using a Perkin-
Elmer Frontier Spotlight 200 type-Fourier transform infrared spectrophotometer. In addition, the possible
change in the crystalline structure of Indonesian natural zeolite was evaluated using a PANalytical Xpert’3
Powder X-ray diffractometer.

The surface properties of the “TCA/H-zeolite” catalyst were characterised using a Quantachrome
Nova 1200e surface area analyser. The specific surface area, total pore volume and average pore radius
were determined using a BET-BJH isotherm adsorption. Moreover, the acidity of the “TCA/H-zeolite”
catalyst was determined using an ammonia adsorption. The amount of ammonia adsorbed at the catalyst
surface was assigned as the total acidity of the catalyst in mmol ammonia per gram catalyst. This
quantitative measurement of the catalyst acidity was combined with the analysis of the chemical
functionalities of the catalyst to confirm the presence of the new bonds of ammonia with the Lewis and
Bronsted acid sites at the catalyst surface at wavenumbers of 1640, 1550, and 1450 cm™.

Catalytic esterification of Sengon wood bio-oil

The esterification of the bio-oil with methanol in the presence of “TCA/H-zeolite” catalyst was carried
out in a batch reactor system equipped with a temperature monitor and magnetic stirrer. The esterification
was conducted at 70 °C, with a catalyst loading of 10 wt%, a stirring rate of 500 rpm, and various weight
ratios of bio-oil-to-methanol of 1:1, 2:1, 1:2 and 1:3. The Sengon wood bio-oil used in the esterification
process was produced from the pyrolysis of Sengon wood sawdust with a particle size of 297 um at 600 °C
using a fixed-bed pyrolyser as previously reported [24]. The esterification with a weight ratio of bio-oil-to-
methanol which gave the highest decrease in the total acid number of the bio-oil after esterification
underwent that with various esterification times of 15, 30, 45 and 60 min.

After each experiment, the mixture of liquid esterification products and possible remaining reactants
was recovered and designated as the esterified bio-oil. The coke formation was determined based on the
weight difference of solid catalyst before and after the esterification. The yield of coke was calculated using
equation (1) to close the mass balance. W'cy and W0, are designated as the weight of the “TCA/H-zeolite”
catalyst after and before the esterification of the bio-oil, respectively, while Whio-oil fea 1S the weight of the
bio-oil fed in each esterification experiment.

0
Wricat—W" cat

Coke yield = x100% (D

Whio—oil fed

Characterisation of the bio-oil after esterification

The esterified bio-oil after each esterification experiment was characterised, including the density,
viscosity and total acid number. The density and viscosity of the esterified bio-oil were determined using a
gravimetric method by means of a pycnometer and an Ostwald viscometer, respectively.

The total acid number (TAN) of the esterified bio-oil was measured using an SNI 01-3555-1998
procedure as follows. The bio-oil sample was dissolved in acetone to 96 wt% clear solution of bio-oil. A
2.5 g of the bio-oil solution was heated to boil and added with 2-3 drops of phenolphthalein solution. The
titration of the bio-oil solution was conducted using 0.1 N KOH solution until a light red colour appeared.
The total acid number of the esterified bio-oil was calculated using Equation (2). MWxon, Nkown, and Vkon
are designated as the molecular weight, normal concentration and volume of KOH solution, respectively.
Meanwhile, Wsample and dilution are designated as the weight of the sample and the magnitude of dilution
employed during the measurement of TAN.

MwW, X N XV . .
TAN = —KOH ~"KOH""KOH » dilution )
Wsample
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Results and discussion
The characteristics of TCA/H-zeolite catalyst

The important properties of the TCA/H-zeolite catalyst prepared in this study was investigated,
including the chemical functionalities, the possible change in the crystalline structure, the surface porosity,
and the total acidity. The chemical functionalities of the TCA/H-zeolite catalyst were represented by the
spectra in Figure 1. The general featured functionalities of the zeolite with aluminosilicate framework were
shown by the appearance of a vibration peak ~OH groups at 3200-3600 cm™'. In addition, bending vibrations
of Al-OH/Si-OH were observed at 1650-1400 cm’!, while stretching vibrations of Si-O/Al-O were observed
at wavenumbers of 1250-950 cm™' and 820-650 cm™.

The success of the zeolite modification with TCA was confirmed by the appearance of stretching
vibrations of C-Cl bonds at wavenumbers of 840 and 690 cm' [26] at the IR spectrum of the TCA/H-zeolite
catalyst (Figure 1c). These vibrations indicated the chemical interaction between TCA and the —OH groups
of the zeolite.

The change in the crystalline structure of the zeolite over subsequent chemical and physical treatment
as well as TCA modification was evaluated through the XRD patterns of the pre-treated zeolite, H-zeolite
and the TCA/H-zeolite catalysts, as shown in Figure 2. The similar XRD patterns and peak intensity in
Figure 2 indicated that the zeolite did not undergo a significant change in the crystalline structure over the
subsequent treatments. Moreover, the intensity of the three highest peaks denoted that the mordenite
mineral structure was predominant in the zeolite catalysts.
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Figure 1. IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite.
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Figure 2. The diffraction patterns of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite.
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The measurement of the total (Lewis and Brensted) acidity of the TCA/H-zeolite catalyst was
performed to support the data of IR spectra indicating the success of the zeolite modification with TCA.
The significant increase of the total acidity of the TCA/H-zeolite catalyst would further evidence of the
success modification in this study. In addition, the enhanced total acidity of the TCA/H-zeolite catalyst
would promote a better esterification process as this acid active sites would play important roles in
catalysing the esterification of bio-oil with methanol [13].

The total acidity of the TCA/H-zeolite catalyst was conducted through ammonia adsorption in
combination with a gravimetric method. The amount of ammonia adsorbed at the catalyst surface would
provide the data the number of acid active sites interacting with the adsorbed ammonia [27, 28].

The total acidity of the TCA/H-zeolite catalyst in comparison with the pre-treated and H-zeolite is
presented in Table 1. A significant increase in the total acidity of the TCA/H-zeolite catalyst was observed,
1.7 folds from that of H-zeolite. It was most likely due to the modification of the zeolite with TCA resulting
in the chemical interaction of carbonyl oxygen or hydroxyl oxygen of TCA with the Bronsted acid sites of
H-zeolite [29].

Table 1. The total acidity and the surface porosity of the zeolite catalysts.

Type of catalvst Total acidity Surface area Total Pore Volume Average Pore Radius
P Y5t (mmol NHy/g) (m¥g) (cm¥/g) A)

Pre-treated 0.94 12.82 0.077 119.96

zeolite

H-zeolite 1.20 22.26 0.065 588.35

TCA/H-zeolite 3.28 28.41 0.075 526.31

Furthermore, the interaction between ammonia Lewis’s base and the Bronsted and Lewis sites of the
catalyst was evaluated through the IR spectra of the TCA/H-zeolite catalyst in Figure 3. The interaction of
ammonia with the Lewis and Brensted active sites was designated by the vibrations at wavenumbers of
1450 cm™! and 1550-1640 cm’!, respectively [30].
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Figure 3. IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite after NH3 adsorption.

The surface porosity of a catalyst is an important property of the catalyst in supporting the catalytic
performance. It was due to the presence of active sites at the catalyst surface including the catalyst pores
[31]. The surface porosity of the TCA/H-zeolite catalyst determined in this study included specific surface
area, total pore volume and average pore radius of the catalyst as presented in Table 1.

The surface porosity data in Table 1 showed that chemical and physical treatment towards the pre-
treated zeolite caused a significant increase (73.63%) in the surface area of the H-zeolite catalyst. It was
might due to the impurity removal and the formation of new pores during the treatment [32]. A further
increase (27.63%) in the specific surface area was also observed in the TCA/H-zeolite catalyst, probably
due to the surface modification using a strong acid TCA at the solid H-zeolite surface [33, 34].
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A significant increase of the average pore radius of the H-zeolite catalyst in comparison with the pre-
treated zeolite catalyst (3.9 folds) was also observed. The acid treatment followed with calcination at high
temperature of 500 °C probably could cause impurity removal resulting in an increase in the pore size of
the zeolite [33]. Moreover, the growth of the pore structure might take place due to the chemical treatment
during the preparation of the H-zeolite catalyst [35]. However, a slight decrease (~10%) of the average pore
radius was observed after the zeolite modification with TCA. The TCA introduction with a quite high
concentration (ca. 35%) at the H-zeolite surface followed with a low drying temperature (80 °C) might
promote the pore occupation by the TCA molecules, resulting in the decrease of the average pore size of
the zeolite [36].

Unlike the considerable changes in the specific surface area and average pore radius, the total pore
volume of the zeolite catalysts was almost unchanged; only ~15% of change was observed. The
insignificant change in the total pore volume accompanied with the increase in the average pore radius
might be probably attributed to the reduction of the pore depth at the zeolite surface. This would allow the
easier interaction between the surface-active sites and the reactants during the esterification of the bio-oil.

Production and characterisation of the bio-oil from the pyrolysis of Sengon wood sawdust

The bio-oil used as the feedstock during the esterification in this study was produced from the fast
pyrolysis of Sengon wood sawdust with a particle size of 297 pm at 600 °C using a fixed-bed pyrolyser.
The yield of the bio-oil was considerably high of 45.66 wt%, as presented in Table 2. Such high temperature
would help the lignocellulose macromolecules to undergo good decomposition during the pyrolysis [37].
Lignocellulose composes of lignin, cellulose and hemicellulose with specific decomposition temperatures.
Lignin would decompose at 300-550 °C, while hemicellulose and cellulose would decompose at 250-350
°C and 325-400 °C, respectively [38]. The rate of decomposition of lignocellulose macromolecules would
increase with increasing the pyrolysis temperature, resulting in more condensable light fractions [39], thus
high bio-oil yield. However, extremely high temperature would promote the production of the non-
condensable fractions resulting in higher yield of gaseous pyrolysis product [40].

Table 2. The yield of pyrolysis products produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 um at 600 °C using a fixed-bed pyrolyser.

Type of product Yield (wt.%)
Bio-oil 45.66
Biochar 29.97
Gaseous product*® 24.37
*by difference

The physical and chemical properties of the Sengon wood bio-oil produced through fast pyrolysis
technique were measured, including the density, viscosity, and total acid number as shown in Table 3. The
density of the bio-oil was not directly related to the quality of the bio-oil. However, this property could
provide an indication whether heavy or light molecules were predominant in the bio-oil [41]. The low
density of the bio-oil produced in this study (1.07 g/mL) indicated that light molecules with relatively low
molecular weight were predominant due to severe decomposition process at 600 °C during the pyrolysis
resulting in more condensable light fractions.

Table 3. The characteristics of the bio-oil produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 um at 600 °C using a fixed-bed pyrolyser.

Property (unit) Value (wt.%)
Density (g/mL) 1.07
Viscosity (cP) 2.40
TAN (mg KOH/g) 0.73

Another parameter evaluated in this study for the bio-oil quality is viscosity. This parameter is
affected by the liquid temperature, the strength of intermolecular forces, and the molecular weight and the
amount of the soluble components in the liquid bio-oil [42]. The pyrolysis temperature of 600 °C has
resulted in the bio-oil with light components (short carbon chains, low molecular weight) in the
considerable amount, resulting in the bio-oil with a low viscosity of 2.40 cP (see Table 3) [43].

The total acid number of the Sengon wood bio-o0il was determined by using an aliquot method, as
presented in Table 3. This parameter provided an estimation of the content of organic acids in the bio-oil
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[44]. The high content of organic acids in bio-oil or liquid fuels would lead to corrosion to engines and/or
the equipment used in the further processes such as biorefinery [8]. The high total acid number (0.73 mg/g)
of the Sengon wood bio-oil used as the feedstock in the esterification process suggested the high organic
acid content in the bio-oil. It was likely due to the presence of organic acids such as carboxylic acids as a
result of the decomposition of the lignocellulose macromolecules at higher pyrolysis temperature [45]. The
acid removal from the bio-oil is extremely important to minimise the corrosiveness of the bio-oil prior to
its use as a fuel or its further processes in the biorefinery through an appropriate upgrading technique. A
bio-oil upgrading through an esterification technique using TCA/H-zeolite was investigated with different
weight ratios of bio-oil-to-methanol over various reaction times.

Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different weight ratios
of bio-oil-to-methanol

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst was
carried out with various weight ratios of bio-oil-to-methanol of 2:1, 1:1, 1:2 and 1:3 at 70 °C, a catalyst
loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm. The liquid and the possible
formed coke after each esterification experiment were recovered to close the mass balance, as presented in
Table 4. The mass balance closure was higher than 90 wt% indicating a proper experimental execution [46].
The coke yield in all experiments was very low of < 1 wt%. This indicated that the possible repolymerisation
between the reactive components in the bio-oil leading to the formation of coke could be prevented during
the bio-oil esterification [47] in the presence of the TCA/H-zeolite catalyst.

Table 4. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of BO-to- Recovered liquid Coke yield Total recovery
methanol (wt%) (wt%) (%)
2:1 94.11 0.0407 94.15
1:1 91.90 0.0404 91.94
1:2 91.88 0.0394 91.92
1:3 97.79 0.0334 97.82

The density, viscosity and total acid number of the liquid obtained after the TCA/H-zeolite-catalysed
esterification with various weight ratios of bio-oil-to-methanol at 70 °C were measured as presented in
Table 5. A catalyst loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm were employed
during each experiment. The density of the esterified oil insignificantly changed with relatively abundant
addition of methanol compared to the original mixture of the bio-oil and methanol before reaction in the
case of the experiments with a weight ratio of bio-oil-to-methanol of 1:2 and 1:3. The relatively unchanged
density indicated the relatively similar molecular weight of components in the bio-oil after esterification.
The esterification would allow the change in the bio-oil microstructure through the formation of esters or
acetals [48]. The similar trend was observed for the viscosity of the esterified oil; the more the methanol
added during the esterification, the lower the change in the viscosity of the bio-oil. The presence of
methanol could enhance the bio-oil stability [49] and further decrease the rate of aging during storage [50].

Table 5. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of bio-oil-to-methanol

Bio-oil property 2:1 1:1 1:2 1:3

Initial Final Initial Final Initial Final Initial Final
Density (g/mL) 1.0227 1.0252 0.9861 0.9866 0.9415 0.9417 0.9153 0.9186
Viscosity (cP) 2.1094 2.2316 1.9417 2.0283 1.7896 1.8521 1.5643 1.6034
TAN (mg/g) 0.6921 0.3498 0.5852 0.2939 0.5316 0.2031 0.4132 0.1813

Unlike the insignificant changes in the bio-oil density and viscosity, a considerable change in the total
acid number of the esterified oil was observed after the esterification in the presence of the TCA/H-zeolite
catalyst, as presented in Table 5. The decrease in the total acid number of the bio-oil after esterification was
49.46%, 49.78%, 61.79% and 56.12% for the TCA/H-zeolite-catalysed esterification with a bio-oil-to-
methanol weight ratio of 2:1, 1:1, 1:2 and 1:3 respectively. The addition of extra methanol in the
esterification with a 1:2 weight ratio could promote the decrease in the total acid number of the bio-oil by
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ca 25% in comparison with that with a 2:1 and 1:1 weight ratio. The decrease in the total acid number of
the bio-oil after esterification could be an indication of the formation of esters as a result of the reaction
between carboxylic acids in the bio-oil feedstock and methanol in the presence of the TCA/H-zeolite
catalyst [51]. In addition, aldehydes in the bio-oil feedstock could also react with methanol in the presence
of acid catalysts, such as TCA/H-zeolite catalyst, to form acetals [52]. The extra addition of methanol in
the esterification system (in the case of that with a 1:2 and 1:3 weight ratio) could promote the equilibrium
shift to the products, resulting in the increase in the production of products, i.e., esters or acetals [53].

A further increase in the methanol addition in the esterification with a 1:3 weight ratio did not cause
a higher decrease in the total acid number of the bio-oil after esterification in the presence of the TCA/H-
zeolite catalyst. It might indicate that the equilibrium was not disturbed by the extra addition of methanol
in the 1:3 esterification experiment. The weight ratio of bio-oil-to-methanol of 1:2 was then chosen as the
condition in the further experiments with various reaction times.
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Figure 4. The IR spectra of (A) the fresh bio-oil and the bio-oils after esterification with a weight ratio of
bio-oil-to-methanol of (B) 2:1, (C) 1:1, (D) 1:2 and (E) 1:3 in the presence of the TCA/H-zeolite catalyst.

Further observation on the possible formation of esterification products, e.g., esters, an FTIR
measurement was conducted towards the fresh bio-oil (the bio-oil before the esterification) and the bio-oils
after the esterification with different weight ratios of bio-oil-to-methanol in the presence of the TCA/H-
zeolite catalyst. The IR spectra of the fresh and esterified bio-oils are depicted in Figure 4. A considerable
increase in the peak intensity of the hydroxyl and C—H alkane groups at wavenumbers of 3350 cm™! and
2950-2800 cm™!, respectively, in the esterified bio-oils (Figure 4(B)-(E)) was observed, possibly due to the
formation of esters [54]. In addition, a significant increase in the peak intensity of C—O groups at a
wavenumber of 1000 cm™! was observed as an indication of the presence of methanol in the reaction system,
as well as the formation of ester [53]. Meanwhile, the decrease in the peak intensity at a wavenumber of
1750 cm! designated for the carbonyl groups from carboxylic acids, aldehydes and ketones [52], possibly
due to its conversion to acetals [55, 56].

Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different reaction times

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst over
different reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol of
1:2, stirring rate of 500 rpm was carried out with a total recovery of > 90%, as listed in Table 6, indicating
a proper experimental execution. The recovered liquid contained the esterification products and possible
remaining reactants. Table 6 shows that the coke yield coke was very low (< 1 wt%), indicating that the
coke formation during the bio-oil esterification in the presence of the TCA/H-zeolite could be avoided [53].

Over prolonged reaction times, the density of the bio-oil after esterification underwent a negligible
change, only by < 1%, possibly due to the enhanced stability of the bio-oil during the esterification as is
shown in Table 7. The susceptibility of the reactive components of the bio-oil towards re-polymerisation
has lowered resulting in the bio-oil with similar compositions of molecular weight [57].



Trends Sci. 202x; XX(XX): XXXXX 90of15

Table 6. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst for 15-60 min reaction times.

Reaction time (min) Recovered liquid (wt%) Coke yield (wt%) Total (%)
15 92.95 0.0354 92.98
30 95.34 0.0370 95.38
45 92.92 0.0375 92.96
60 91.88 0.0394 91.92

Table 7. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst for 15-60 min reaction times.
Esterification time (min)
Bio-oil property 15 30 45 60
Initial Final Initial Final Initial Final Initial Final
Density (g/mL) 0.9394 09399 09393 0.9401 09393 0.9406 0.9415 0.9417
Viscosity (cP) 1.7748 17908 1.7789 1.8040 1.7704 1.8308 1.7896  1.8521
TAN (mg/g) 0.5074 0.2646  0.5161 0.2588 0.5196  0.2241  0.5316  0.2032

The similar trend was observed for the viscosity of the bio-oil after esterification in the presence of
the TCA/H-zeolite over various reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of
bio-oil-to-methanol of 1:2, stirring rate of 500 rpm. Insignificant changes in the bio-oil viscosity by 3-5%
were observed, indicating the prevention of the formation of heavy molecules during the catalysed
esterification, possibly by the formation of esters and acetals [48].
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Figure 5. The IR spectra of the bio-oils after a (A) 0-min, (B) 15-min, (C) 30-min, (D) 45-min and (E)
60-min esterification in the presence of the TCA/H-zeolite catalyst.

Alike the change in the total acid number of the bio-oil after esterification with various weight ratios
of bio-oil-to-methanol, the total acid number of that after the esterification over various reaction times
decreased considerably. Over a 15-min reaction time, the total acid number of the bio-oil after the catalysed
esterification decreased by 47.85%. A prolonged esterification of 30 min only caused a further decrease in
the total acid number of the bio-oil by 4% (with a 49.85% decrease). A further prolonged reaction times of
45 and 60 min caused a bit higher decrease in the total acid number of bio-oil by 13% and 8%, respectively
(with 56.78% and 61.78% decrease, respectively). These data suggested that carboxylic acids in the bio-oil
feedstock were converted to esters in a quite fast rate at the beginning of the esterification of the bio-oil in
the presence of TCA/H-zeolite catalyst [S1]. The rate of esterification became slower by longer reaction
times (30-60 min). Probably, the components of the bio-oil feedstock competed to attach to the active sites



Trends Sci. 202x; XX(XX): XXXXX 10 of 15

of the catalysts over time resulting in the high surface coverage [58]. However, not all of these reactants
adsorbed at the catalyst surface could be accommodate to react with methanol as the co-adsorbed alcohol-
acids intermediates at the catalyst surface were required to allow the reactions to take place [10].

A measurement using an FTIR spectrophotometer was conducted towards the fresh bio-oil and the
bio-oils obtained after the TCA/H-zeolite-catalysed esterification over different reaction times. The IR
spectra of the bio-oils before and after esterification over different reaction times are presented in Figure 5.
A similar observation of the IR spectra with those in Figure 4 was obtained. An increase in the peak intensity
of the hydroxyl and C—H groups at wavenumbers of 3350 and 2950-2800 cm™!, respectively, was observed
in Figure 5, indicating the formation of water as a side-product of esterification between methanol and
carboxylic acids [55, 56]. The formation of esters was also indicated by the increase in the C—O groups at
a wavenumber of 1000 cm™! [53]. Moreover, the carbonyl-containing compounds as designated by the peaks
at a wavenumber 1750 cm™! [53] in the bio-oil were possibly converted to acetals [55], as indicated by the
decrease in the corresponding peak intensity.

Comparing the activity of zeolite catalysts during the esterification of Sengon wood bio-oil

The activity of the TCA/H-zeolite catalyst during the esterification of the Sengon wood sawdust was
confirmed by comparing to that of the pre-treated zeolite and H-zeolite catalysts. The study was performed
using the following condition: a temperature of 70 °C, a weight ratio of bio-oil-to-methanol of 1:2 and a
reaction time of 60 min. A blank experiment in the absence of any catalyst was also carried out to support
the justification on the performance of the TCA/H-zeolite catalyst. The liquid after esterification as well as
the possible formed coke was recovered and weighed to close the mass balance as presented in Table 8.

Table 8. The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
various catalysts.
Type of catalyst Recovered liquid (wt%)  Coke Yield (wt%)  Total (%)

NA 94.42 0.016 94.44
Pre-treated zeolite 93.18 0.043 93.23
H-zeolite 94.90 0.041 94.94
TCA/H-zeolite 91.88 0.039 91.92

The data in Table 8 suggested that negligible coke formation (< 1%) was observed. The presence of
methanol during the heating up bio-oil was significant in preventing the re-polymerisation of reactive
components in the bio-oil feedstock. The good mass balance closure in Table 8 indicated that the
experiments were carried out properly. The properties of the bio-oil after the esterification of the bio-oil in
the presence of various zeolite catalysts at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-
oil-to-methanol of 1:2, stirring rate of 500 rpm for a 60-min reaction time were investigated as listed in
Table 9.

Table 9. The density, viscosity and total acid number of the bio-oil after esterification in the presence of
the zeolite catalysts.

Bio-oil property Reactiqn time Type of catalyst
(min) NA Pre-treated zeolite H-zeolite ~ TCA/H-zeolite

Density(g/mL) 0 0.9176 0.9101 0.9140 0.9415

60 0.9179 0.9347 0.9392 0.9417
Viscosity (cP) 0 1.7336 1.7257 1.7373 1.7896

60 1.8367 2.3055 2.1174 1.8521
TAN (mg/g) 0 0.7006 0.6515 0.5731 0.5316

60 0.5947 0.4240 0.2843 0.2032

The density of the bio-oil after the esterification in Table 9 showed an insignificant change even in
the absence of a catalyst. It suggested that the addition of methanol gave a significant effect in stabilising
the reactive component of the bio-oil [53]. In contrast, the viscosity of the bio-oil after esterification in the
presence and absence of a catalyst has increased in a different level ranging from 3.94% to 39.97%. The
lowest increase in the viscosity of the bio-oil after esterification was observed for that in the presence of
the TCA/H-zeolite catalyst (3.94%), while the highest increase was observed for that in the presence of the
pre-treated zeolite catalyst (39.97%). The blank experiment in the absence of a catalyst did not show a
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significant increase in the viscosity of the bio-oil after esterification possibly due to the limited interaction
of the reactive components in the bio-oil feedstock with methanol [59]. On the other hand, the presence of
the zeolite catalysts might promote the interaction between reactive components themselves or with
methanol [23]. The pre-treated zeolite might facilitate the interactions between reactive components to
polymerise and form bigger molecules with higher molecular weight. As a result, the viscosity of the bio-
oil increased significantly after esterification in the presence of the pre-treated zeolite catalyst.

The bio-oil esterification in the presence of zeolite catalysts (pre-treated, H-zeolite and TCA/H-zeolite
catalysts) showed a significant decrease in the total acid number of the bio-oil after esterification by
34.92%, 50.39% and 61.78%, respectively. It was clear that the modification of Indonesian zeolite using
TCA could enhance its activity in catalysing the esterification of the Sengon wood bio-oil. It was possibly
due to the increase in the acid active sites at the catalyst surface as the result of the TCA modification over
the zeolite catalyst [60].

Transmmitance (a.u.)
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T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 6. The IR spectra of the esterified bio-oils in the presence of (A) no catalyst, (B) pre-treated
zeolite, (C) H-zeolite and (E) the TCA/H-zeolite catalysts.

The change in the functionalities of the bio-oils before and after the esterification of the bio-oils in
the absence and presence of a catalyst was investigated using an FTIR spectrophotometer, as presented in
Figure 6. The high peak intensity of the C—O groups in the esterified bio-oils in Figure 6 indicated the
formation of esters [53]. The presence of the TCA/H-zeolite did promote the formation of esters (and
possibly other esterification products, e.g., acetals [56]) in comparison with that of other zeolite catalysts.

Conclusions

This study investigated the activity of the TCA/H-zeolite catalyst during the bio-oil esterification in
the presence of methanol over various weight ratios of bio-oil-to-methanol and reaction times. The presence
of TCA/H-zeolite catalyst during the esterification of the bio-oil could suppress the formation of coke. In
the presence of TCA/H-zeolite, the weight ratios of bio-oil-to-methanol significantly affected the decrease
in the total acid number of the bio-oil after the esterification. Moreover, the esterification of Sengon wood
bio-oil in the presence of the TCA/H-zeolite catalyst took place in a fast rate, indicated by the decrease in
the total acid number of the bio-oil by 47.85% over a 15-min esterification. Compared to the uncatalysed
esterification, the presence of the TCA/H-zeolite catalyst could further enhance the decrease in the total
acid number up to 65.83%.

The esterification at higher temperatures and using a pressurised reactor would improve the quality
of the esterified bio-oil. Furthermore, the combination between hydrocracking and esterification could
simultaneously undergo in the presence of hydrogen and hydroprocessing catalysts.
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Abstract

The bio-oil produced from the pyrolysis of biomass is highly corrosive due to the high content of
organic acids. These organic acids could be removed through an appropriate upgrading process, i.e.,
esterification using alcohols to form less polar esters. In this study, the bio-oil used as the feedstock in the
esterification was produced from the pyrolysis of Sengon wood with a particle size of 297 um at 600 °C.
The esterification was performed at 70 °C in the presence of a trichloro acetic acid (TCA)-modified
Indonesian H-zeolite catalyst with various weight ratios of bio-oil-to-methanol and reaction times under a
constant stirring rate of 500 rpm. The esterification progress was indicated by the decrease in the total acid
number of the bio-oil after esterification. No significant coke formation (< 0.05 wt%) was observed
indicating that the suppression of repolymerisation could be achieved. This study showed that the
esterification underwent in a fast rate, indicated by the decrease in the total acid number of the bio-oil by
47.85 % only over a 15-min esterification. Compared to the uncatalysed esterification, the TCA/zeolite-
catalysed esterification showed a higher decrease in the total acid number of the bio-oil up to 65.83 %, due
to the conversion of the carboxylic acids to esters.

Keywords: Esterification, Sengon wood bio-oil, TCA-modified Indonesian zeolite, Total acid number

Introduction

The fossil fuel depletion has promoted the exploration of new renewable energy resources. Biomass
has been considered as a promising renewable energy resource due to its high availability, its
environmentally friendly properties and its zero competition with food sector [1]. A liquid fuel could be
produced as the main product from the fast pyrolysis of biomass [2] that is well known as bio-oil or
pyrolysis oil. Sengon wood, as an abundantly available feedstock in Indonesia was used in this study for
bio-oil production. Sengon wood contains lignin, cellulose, and hemicellulose 0f 26.1, 45.4 and 21.0 % and
respectively [3]. The high content of cellulose in Sengon wood would result in the high yield of bio-oil [4],
allowing a sustainable starting material for liquid fuel production.

The bio-oil produced from the pyrolysis of biomass could be used as a fuel for boilers, stationary as
well as sterling engines [5]. However, the bio-oil cannot be directly used as a fuel for transportation due to
several unfavourable properties such as high water content leading to low calorific value and high oxygen
content resulting in highly instable properties [6]. In addition, the bio-o0il contains high amount of organic
acids making it highly corrosive and causing a big challenge during its use as a fuel or its compatibility
during further processing in the biorefinery [7]. A bio-oil upgrading is required for the bio-oil to meet the
requirements as liquid transportation fuels [8].

Esterification has been reported to show a great potential as bio-oil upgrading technique to reduce the
acids content of the bio-oil [9]. It converts the organic acids in the bio-oil to e.g., esters in the presence of
alcohols and acid catalysts [10]. The use of solid acid catalysts during the esterification of bio-oil has been
considered more beneficial in comparison with that of homogeneous catalysts due to the easy separation
resulting in a more efficient and cost-effective process [11]. Several solid acid catalysts such as ion
exchange resins [12], modified zirconia [13,14], Amberlysts [15-17], acid modified rice husk ash [18], and
heteropoly acids [19] have been used as a catalyst in the esterification of the “real” bio-oil as well as model
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compounds mimicking bio-oil. In addition, zeolite-based catalysts have been reported to show a great
potential as a catalyst for esterification of bio-oil [20-24].

A special attention has been paid to Indonesian natural zeolite primarily in related to its application
as a catalyst for bio-oil upgrading. It has a good porosity and modifiable Bronsted acid sites [25] at its
surface to anticipate the complicated compositions and behaviour of the bio-oil during the esterification.
The modification of Brensted acid sites at the Indonesian zeolite surface to improve the Bronsted acidity
could enhance the catalytic activity of Indonesian zeolite during the esterification of the bio-oil.

The Bronsted acidity of the Indonesian zeolite could be improved by strong acid modification, e.g.,
trichloroacetic acid (TCA) resulting in the zeolite with a better Bronsted acidity [26]. However, the
application of TCA-modified Indonesian natural zeolite as a catalyst for esterification of bio-oil produced
from the fast pyrolysis of Sengon wood was rare. More studies to investigate the activity of the TCA-
modified Indonesian natural zeolite are necessary to evaluate its potential as a catalyst for the bio-oil
esterification. This study focused on the esterification of the bio-oil produced from the fast pyrolysis of
Sengon wood sawdust with various weight ratios of bio-oil-to-methanol and reaction times to investigate
the esterification behaviour of organic acids in the bio-oil primarily acetic acid in the presence of methanol
and TCA-modified Indonesian natural zeolite as a solid acid catalyst.

Materials and methods

Preparation and characterisation of a TCA-modified Indonesian natural zeolite catalyst

The Indonesian natural zeolite from Wonosari, Yogyakarta, Indonesia was used as a starting material
of the zeolite catalyst. It was purchased from CV. SSGT Zeolite, Indonesia. The natural zeolite was
prepared as previously reported [24]. Briefly, the natural zeolite with a particle size range of 100 - 120 pum
was activated using sequent chemical and physical activation method. Prior to activation process, the
natural zeolite was washed in distilled water and dried at 110 °C for 3 h to allow the physical contaminant
removal. “Pre-treated zeolite” corresponds the natural zeolite from this pre-treatment step.

The natural zeolite was chemically treated using 1 % HF, 6 N HCl and 1 N NH4Cl solutions (prepared
from 50 % HF, 37 % HCI, and solid NH4Cl, obtained from E. Merck, respectively) in a sequence. This
chemical activation was followed with a physical activation, i.e., calcination of the natural zeolite sample
at 500 °C under nitrogen atmosphere to produce “H-zeolite” catalyst [24].

The modification of the “H-zeolite” catalyst with chloroacetic acid was carried out as reported by
Avila et al. [6] with some adjustment. A 5 g of TCA was dissolved in 9 mL of demineralised water in an
Erlenmeyer flask. A 10 g of “H-zeolite” was added in the TCA solution. The mixture was then heated at
80 °C under a continuous stirring with a low stirring rate of 100 rpm until no water left. The solid obtained
was dried in an oven at 110 °C for 2 h resulting in the “TCA/H-zeolite” catalyst.

The formation of the “TCA/H-zeolite” catalyst was confirmed based on the appearance of
characteristics vibration peaks at wavenumbers of 830 and 680 cm™ (the stretching vibration of C-Cl bonds)
[26] in the IR spectrum. The IR spectrum of the “TCA/H-zeolite” catalyst was obtained using a Perkin-
Elmer Frontier Spotlight 200 type-Fourier transform infrared spectrophotometer. In addition, the possible
change in the crystalline structure of Indonesian natural zeolite was evaluated using a PANalytical Xpert’3
Powder X-ray diffractometer.

The surface properties of the “TCA/H-zeolite” catalyst were characterised using a Quantachrome
Nova 1,200e surface area analyser. The specific surface area, total pore volume and average pore radius
were determined using a BET-BJH isotherm adsorption. Moreover, the acidity of the “TCA/H-zeolite”
catalyst was determined using an ammonia adsorption. The amount of ammonia adsorbed at the catalyst
surface was assigned as the total acidity of the catalyst in mmol ammonia per gram catalyst. This
quantitative measurement of the catalyst acidity was combined with the analysis of the chemical
functionalities of the catalyst to confirm the presence of the new bonds of ammonia with the Lewis and
Bronsted acid sites at the catalyst surface at wavenumbers of 1,640, 1,550 and 1,450 cm ™.

Catalytic esterification of sengon wood bio-oil

The esterification of the bio-oil with methanol in the presence of “TCA/H-zeolite” catalyst was
carried out in a batch reactor system equipped with a temperature monitor and magnetic stirrer. The
esterification was conducted at 70 °C, with a catalyst loading of 10 wt%, a stirring rate of 500 rpm, and
various weight ratios of bio-oil-to-methanol of 1:1, 2:1, 1:2 and 1:3. The Sengon wood bio-oil used in the
esterification process was produced from the pyrolysis of Sengon wood sawdust with a particle size of 297
pum at 600 °C using a fixed-bed pyrolyser as previously reported [24]. The esterification with a weight ratio
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of bio-oil-to-methanol which gave the highest decrease in the total acid number of the bio-oil after
esterification underwent that with various esterification times of 15, 30, 45 and 60 min.

After each experiment, the mixture of liquid esterification products and possible remaining reactants
was recovered and designated as the esterified bio-oil. The coke formation was determined based on the
weight difference of solid catalyst before and after the esterification. The yield of coke was calculated using
Eq. (1) to close the mass balance. W'c, and WO, are designated as the weight of the “TCA/H-zeolite”
catalyst after and before the esterification of the bio-oil, respectively, while Whio.oil fea 1S the weight of the
bio-oil fed in each esterification experiment.

0
Wicat—W" cat

Coke yield = x100% 1

Whio—-oil fed

Characterisation of the bio-oil after esterification

The esterified bio-oil after each esterification experiment was characterised, including the density,
viscosity and total acid number. The density and viscosity of the esterified bio-oil were determined using a
gravimetric method by means of a pycnometer and an Ostwald viscometer, respectively.

The total acid number (TAN) of the esterified bio-oil was measured using an SNI 01-3555-1998
procedure as follows. The bio-oil sample was dissolved in acetone to 96 wt% clear solution of bio-oil. A
2.5 g of the bio-oil solution was heated to boil and added with 2-3 drops of phenolphthalein solution. The
titration of the bio-oil solution was conducted using 0.1 N KOH solution until a light red colour appeared.
The total acid number of the esterified bio-oil was calculated using Eq. (2). MWkon, Nkon, and Vkon are
designated as the molecular weight, normal concentration and volume of KOH solution, respectively.
Meanwhile, Wample and dilution are designated as the weight of the sample and the magnitude of dilution
employed during the measurement of TAN.

MWkoH X NkoHXVKOH
TAN =

X dilution 2)
Wsample

Results and discussion

The characteristics of TCA/H-zeolite catalyst

The important properties of the TCA/H-zeolite catalyst prepared in this study was investigated,
including the chemical functionalities, the possible change in the crystalline structure, the surface porosity,
and the total acidity. The chemical functionalities of the TCA/H-zeolite catalyst were represented by the
spectra in Figure 1. The general featured functionalities of the zeolite with aluminosilicate framework were
shown by the appearance of a vibration peak —OH groups at 3,200 - 3,600 cm™'. In addition, bending
vibrations of Al-OH/Si-OH were observed at 1,650 - 1,400 cm™!, while stretching vibrations of Si-O/Al-O
were observed at wavenumbers of 1,250 - 950 and 820 - 650 cm .

The success of the zeolite modification with TCA was confirmed by the appearance of stretching
vibrations of C-Cl bonds at wavenumbers of 840 and 690 cm™ [26] at the IR spectrum of the TCA/H-
zeolite catalyst (Figure 1(c)). These vibrations indicated the chemical interaction between TCA and the —
OH groups of the zeolite.

The change in the crystalline structure of the zeolite over subsequent chemical and physical treatment
as well as TCA modification was evaluated through the XRD patterns of the pre-treated zeolite, H-zeolite
and the TCA/H-zeolite catalysts, as shown in Figure 2. The similar XRD patterns and peak intensity in
Figure 2 indicated that the zeolite did not undergo a significant change in the crystalline structure over the
subsequent treatments. Moreover, the intensity of the 3 highest peaks denoted that the mordenite mineral
structure was predominant in the zeolite catalysts.
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Figure 1 IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite.
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Figure 2 The diffraction patterns of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite.

The measurement of the total (Lewis and Brensted) acidity of the TCA/H-zeolite catalyst was
performed to support the data of IR spectra indicating the success of the zeolite modification with TCA.
The significant increase of the total acidity of the TCA/H-zeolite catalyst would further evidence of the
success modification in this study. In addition, the enhanced total acidity of the TCA/H-zeolite catalyst
would promote a better esterification process as this acid active sites would play important roles in
catalysing the esterification of bio-oil with methanol [13].

The total acidity of the TCA/H-zeolite catalyst was conducted through ammonia adsorption in
combination with a gravimetric method. The amount of ammonia adsorbed at the catalyst surface would
provide the data the number of acid active sites interacting with the adsorbed ammonia [27,28].

The total acidity of the TCA/H-zeolite catalyst in comparison with the pre-treated and H-zeolite is
presented in Table 1. A significant increase in the total acidity of the TCA/H-zeolite catalyst was observed,
1.7 folds from that of H-zeolite. It was most likely due to the modification of the zeolite with TCA resulting
in the chemical interaction of carbonyl oxygen or hydroxyl oxygen of TCA with the Bronsted acid sites of
H-zeolite [29].
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Table 1 The total acidity and the surface porosity of the zeolite catalysts.

Type of Total acidity Surface area Total pore volume Average pore radius
catalyst (mmol NHs/g) (m?%/g) (ecm®/g) A)
Pre-treated 0.94 12.82 0.077 119.96
zeolite
H-zeolite 1.20 22.26 0.065 588.35
TCA/H-zeolite 3.28 28.41 0.075 526.31

Furthermore, the interaction between ammonia Lewis’s base and the Bronsted and Lewis sites of the
catalyst was evaluated through the IR spectra of the TCA/H-zeolite catalyst in Figure 3. The interaction of
ammonia with the Lewis and Brensted active sites was designated by the vibrations at wavenumbers of
1,450 cm™ and 1,550 - 1,640 cm™', respectively [30].

I S e
C \\_\_ /_,_// Bronsted acid Y / v
TCA/H-zeolite 1403 |
Lewis acdd \ |
Lewis aad \/
> ~/~1408 N |
B —— N
< ]
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Figure 3 IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite after NH3 adsorption.

The surface porosity of a catalyst is an important property of the catalyst in supporting the catalytic
performance. It was due to the presence of active sites at the catalyst surface including the catalyst pores
[31]. The surface porosity of the TCA/H-zeolite catalyst determined in this study included specific surface
area, total pore volume and average pore radius of the catalyst as presented in Table 1.

The surface porosity data in Table 1 showed that chemical and physical treatment towards the pre-
treated zeolite caused a significant increase (73.63 %) in the surface area of the H-zeolite catalyst. It was
might due to the impurity removal and the formation of new pores during the treatment [32]. A further
increase (27.63 %) in the specific surface area was also observed in the TCA/H-zeolite catalyst, probably
due to the surface modification using a strong acid TCA at the solid H-zeolite surface [33,34].

A significant increase of the average pore radius of the H-zeolite catalyst in comparison with the pre-
treated zeolite catalyst (3.9 folds) was also observed. The acid treatment followed with calcination at high
temperature of 500 °C probably could cause impurity removal resulting in an increase in the pore size of
the zeolite [33]. Moreover, the growth of the pore structure might take place due to the chemical treatment
during the preparation of the H-zeolite catalyst [35]. However, a slight decrease (~10 %) of the average
pore radius was observed after the zeolite modification with TCA. The TCA introduction with a quite high
concentration (ca. 35 %) at the H-zeolite surface followed with a low drying temperature (80 °C) might
promote the pore occupation by the TCA molecules, resulting in the decrease of the average pore size of
the zeolite [36].
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Unlike the considerable changes in the specific surface area and average pore radius, the total pore
volume of the zeolite catalysts was almost unchanged; only ~15 % of change was observed. The
insignificant change in the total pore volume accompanied with the increase in the average pore radius
might be probably attributed to the reduction of the pore depth at the zeolite surface. This would allow the
easier interaction between the surface-active sites and the reactants during the esterification of the bio-oil.

Production and characterisation of the bio-oil from the pyrolysis of sengon wood sawdust

The bio-oil used as the feedstock during the esterification in this study was produced from the fast
pyrolysis of Sengon wood sawdust with a particle size of 297 um at 600 °C using a fixed-bed pyrolyser.
The yield of the bio-oil was considerably high of45.66 wt%, as presented in Table 2. Such high temperature
would help the lignocellulose macromolecules to undergo good decomposition during the pyrolysis [37].
Lignocellulose composes of lignin, cellulose and hemicellulose with specific decomposition temperatures.
Lignin would decompose at 300 - 550 °C, while hemicellulose and cellulose would decompose at 250 - 350
and 325 - 400 °C, respectively [38]. The rate of decomposition of lignocellulose macromolecules would
increase with increasing the pyrolysis temperature, resulting in more condensable light fractions [39], thus
high bio-oil yield. However, extremely high temperature would promote the production of the non-
condensable fractions resulting in higher yield of gaseous pyrolysis product [40].

Table 2 The yield of pyrolysis products produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 um at 600 °C using a fixed-bed pyrolyser.

Type of product Yield (wt.%)
Bio-oil 45.66
Biochar 29.97

Gaseous product* 24.37

*by difference

The physical and chemical properties of the Sengon wood bio-oil produced through fast pyrolysis
technique were measured, including the density, viscosity, and total acid number as shown in Table 3. The
density of the bio-oil was not directly related to the quality of the bio-oil. However, this property could
provide an indication whether heavy or light molecules were predominant in the bio-oil [41]. The low
density of the bio-oil produced in this study (1.07 g/mL) indicated that light molecules with relatively low
molecular weight were predominant due to severe decomposition process at 600 °C during the pyrolysis
resulting in more condensable light fractions.

Table 3 The characteristics of the bio-oil produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 um at 600 °C using a fixed-bed pyrolyser.

Property (unit) Value (wt.%)
Density (g/mL) 1.07
Viscosity (cP) 2.40
TAN (mg KOH/g) 0.73

Another parameter evaluated in this study for the bio-oil quality is viscosity. This parameter is
affected by the liquid temperature, the strength of intermolecular forces, and the molecular weight and the
amount of the soluble components in the liquid bio-oil [42]. The pyrolysis temperature of 600 °C has
resulted in the bio-oil with light components (short carbon chains, low molecular weight) in the
considerable amount, resulting in the bio-oil with a low viscosity of 2.40 cP (see Table 3) [43].

The total acid number of the Sengon wood bio-oil was determined by using an aliquot method, as
presented in Table 3. This parameter provided an estimation of the content of organic acids in the bio-oil
[44]. The high content of organic acids in bio-oil or liquid fuels would lead to corrosion to engines and/or
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the equipment used in the further processes such as biorefinery [8]. The high total acid number (0.73 mg/g)
of the Sengon wood bio-oil used as the feedstock in the esterification process suggested the high organic
acid content in the bio-oil. It was likely due to the presence of organic acids such as carboxylic acids as a
result of the decomposition of the lignocellulose macromolecules at higher pyrolysis temperature [45]. The
acid removal from the bio-oil is extremely important to minimise the corrosiveness of the bio-oil prior to
its use as a fuel or its further processes in the biorefinery through an appropriate upgrading technique. A
bio-oil upgrading through an esterification technique using TCA/H-zeolite was investigated with different
weight ratios of bio-oil-to-methanol over various reaction times.

Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different weight ratios
of bio-oil-to-methanol

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst was
carried out with various weight ratios of bio-oil-to-methanol of 2:1, 1:1, 1:2 and 1:3 at 70 °C, a catalyst
loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm. The liquid and the possible
formed coke after each esterification experiment were recovered to close the mass balance, as presented in
Table 4. The mass balance closure was higher than 90 wt% indicating a proper experimental execution
[46]. The coke yield in all experiments was very low of < 1 wt%. This indicated that the possible
repolymerisation between the reactive components in the bio-oil leading to the formation of coke could be
prevented during the bio-oil esterification [47] in the presence of the TCA/H-zeolite catalyst.

Table 4 The mass balance closure during the esterification of the sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of BO-to-methanol Recm(fss'te‘e)z)liquid C‘;';g: ;ld Total (l;zc)overy
2:1 94.11 0.0407 94.15
1:1 91.90 0.0404 91.94
1:2 91.88 0.0394 91.92
1:3 97.79 0.0334 97.82

The density, viscosity and total acid number of the liquid obtained after the TCA/H-zeolite-catalysed
esterification with various weight ratios of bio-oil-to-methanol at 70 °C were measured as presented in
Table 5. A catalyst loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm were employed
during each experiment. The density of the esterified oil insignificantly changed with relatively abundant
addition of methanol compared to the original mixture of the bio-oil and methanol before reaction in the
case of the experiments with a weight ratio of bio-oil-to-methanol of 1:2 and 1:3. The relatively unchanged
density indicated the relatively similar molecular weight of components in the bio-oil after esterification.
The esterification would allow the change in the bio-o0il microstructure through the formation of esters or
acetals [48]. The similar trend was observed for the viscosity of the esterified oil; the more the methanol
added during the esterification, the lower the change in the viscosity of the bio-oil. The presence of
methanol could enhance the bio-oil stability [49] and further decrease the rate of aging during storage [50].

Table 5 The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of bio-oil-to-methanol

Bio-oil property 2:1 1:1 1:2 1:3

Initial Final Initial Final Initial Final Initial Final

Density (g/mL) 1.0227 1.0252  0.9861 09866 0.9415 0.9417 09153 09186
Viscosity (cP) 2.1094 22316 1.9417 2.0283 1.7896 1.8521 1.5643  1.6034
TAN (mg/g) 0.6921  0.3498 0.5852 0.2939 0.5316 0.2031 0.4132 0.1813
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Unlike the insignificant changes in the bio-oil density and viscosity, a considerable change in the total
acid number of the esterified oil was observed after the esterification in the presence of the TCA/H-zeolite
catalyst, as presented in Table 5. The decrease in the total acid number of the bio-oil after esterification
was 49.46, 49.78, 61.79 and 56.12 % for the TCA/H-zeolite-catalysed esterification with a bio-oil-to-
methanol weight ratio of 2:1, 1:1, 1:2 and 1:3 respectively. The addition of extra methanol in the
esterification with a 1:2 weight ratio could promote the decrease in the total acid number of the bio-oil by
ca 25 % in comparison with that with a 2:1 and 1:1 weight ratio. The decrease in the total acid number of
the bio-oil after esterification could be an indication of the formation of esters as a result of the reaction
between carboxylic acids in the bio-oil feedstock and methanol in the presence of the TCA/H-zeolite
catalyst [51]. In addition, aldehydes in the bio-oil feedstock could also react with methanol in the presence
of acid catalysts, such as TCA/H-zeolite catalyst, to form acetals [52]. The extra addition of methanol in
the esterification system (in the case of that with a 1:2 and 1:3 weight ratio) could promote the equilibrium
shift to the products, resulting in the increase in the production of products, i.e., esters or acetals [53].

A further increase in the methanol addition in the esterification with a 1:3 weight ratio did not cause
a higher decrease in the total acid number of the bio-oil after esterification in the presence of the TCA/H-
zeolite catalyst. It might indicate that the equilibrium was not disturbed by the extra addition of methanol
in the 1:3 esterification experiment. The weight ratio of bio-oil-to-methanol of 1:2 was then chosen as the
condition in the further experiments with various reaction times.
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Figure 4 The IR spectra of (A) the fresh bio-oil and the bio-oils after esterification with a weight ratio of
bio-oil-to-methanol of (B) 2:1, (C) 1:1, (D) 1:2 and (E) 1:3 in the presence of the TCA/H-zeolite catalyst.

Further observation on the possible formation of esterification products, e.g., esters, an FTIR
measurement was conducted towards the fresh bio-oil (the bio-oil before the esterification) and the bio-oils
after the esterification with different weight ratios of bio-oil-to-methanol in the presence of the TCA/H-
zeolite catalyst. The IR spectra of the fresh and esterified bio-oils are depicted in Figure 4. A considerable
increase in the peak intensity of the hydroxyl and C-H alkane groups at wavenumbers of 3,350 cm™! and
2,950 - 2,800 cm ™!, respectively, in the esterified bio-oils (Figures 4(B) - 4(E)) was observed, possibly due
to the formation of esters [54]. In addition, a significant increase in the peak intensity of C-O groups at a
wavenumber of 1,000 cm™' was observed as an indication of the presence of methanol in the reaction
system, as well as the formation of ester [53]. Meanwhile, the decrease in the peak intensity at a
wavenumber of 1,750 cm™' designated for the carbonyl groups from carboxylic acids, aldehydes and
ketones [52], possibly due to its conversion to acetals [55,56].
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Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different reaction times

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst over
different reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol of
1:2, stirring rate of 500 rpm was carried out with a total recovery of > 90 %, as listed in Table 6, indicating
a proper experimental execution. The recovered liquid contained the esterification products and possible
remaining reactants. Table 6 shows that the coke yield coke was very low (< 1 wt%), indicating that the
coke formation during the bio-oil esterification in the presence of the TCA/H-zeolite could be avoided [53].

Over prolonged reaction times, the density of the bio-oil after esterification underwent a negligible
change, only by < 1 %, possibly due to the enhanced stability of the bio-oil during the esterification as is
shown in Table 7. The susceptibility of the reactive components of the bio-oil towards re-polymerisation
has lowered resulting in the bio-oil with similar compositions of molecular weight [57].

Table 6 The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst for 15 - 60 min reaction times.

Reaction time (min) Recovered liquid (wt%) Coke yield (wt%) Total (%)
15 92.95 0.0354 92.98
30 95.34 0.0370 95.38
45 92.92 0.0375 92.96
60 91.88 0.0394 91.92

Table 7 The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst for 15 - 60 min reaction times.

Esterification time (min)

Bio-oil property 15 30 45 60

Initial Final Initial Final Initial Final Initial Final

Density (g/mL) 09394  0.9399 0.9393 0.9401 0.9393 09406 09415 0.9417
Viscosity (cP) 1.7748  1.7908  1.7789  1.8040 1.7704  1.8308 1.7896  1.8521
TAN (mg/g) 0.5074 0.2646  0.5161 0.2588 0.5196 0.2241  0.5316  0.2032

The similar trend was observed for the viscosity of the bio-oil after esterification in the presence of
the TCA/H-zeolite over various reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of
bio-oil-to-methanol of 1:2, stirring rate of 500 rpm. Insignificant changes in the bio-oil viscosity by 3 - 5
% were observed, indicating the prevention of the formation of heavy molecules during the catalysed
esterification, possibly by the formation of esters and acetals [48].
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Figure 5 The IR spectra of the bio-oils after a (A) 0-min, (B) 15-min, (C) 30-min, (D) 45-min and (E) 60-
min esterification in the presence of the TCA/H-zeolite catalyst.

Alike the change in the total acid number of the bio-oil after esterification with various weight ratios
of bio-oil-to-methanol, the total acid number of that after the esterification over various reaction times
decreased considerably. Over a 15-min reaction time, the total acid number of the bio-oil after the catalysed
esterification decreased by 47.85 %. A prolonged esterification of 30 min only caused a further decrease in
the total acid number of the bio-oil by 4 % (with a 49.85 % decrease). A further prolonged reaction times
of 45 and 60 min caused a bit higher decrease in the total acid number of bio-oil by 13 and 8 %, respectively
(with 56.78 and 61.78 % decrease, respectively). These data suggested that carboxylic acids in the bio-oil
feedstock were converted to esters in a quite fast rate at the beginning of the esterification of the bio-oil in
the presence of TCA/H-zeolite catalyst [S1]. The rate of esterification became slower by longer reaction
times (30 - 60 min). Probably, the components of the bio-oil feedstock competed to attach to the active sites
of the catalysts over time resulting in the high surface coverage [58]. However, not all of these reactants
adsorbed at the catalyst surface could be accommodate to react with methanol as the co-adsorbed alcohol-
acids intermediates at the catalyst surface were required to allow the reactions to take place [10].

A measurement using an FTIR spectrophotometer was conducted towards the fresh bio-oil and the
bio-oils obtained after the TCA/H-zeolite-catalysed esterification over different reaction times. The IR
spectra of the bio-oils before and after esterification over different reaction times are presented in Figure
5. A similar observation of the IR spectra with those in Figure 4 was obtained. An increase in the peak
intensity of the hydroxyl and C-H groups at wavenumbers of 3,350 and 2,950 - 2,800 cm™!, respectively,
was observed in Figure 5, indicating the formation of water as a side-product of esterification between
methanol and carboxylic acids [55,56]. The formation of esters was also indicated by the increase in the C-
O groups at a wavenumber of 1,000 cm™' [53]. Moreover, the carbonyl-containing compounds as designated
by the peaks at a wavenumber 1,750 cm™' [53] in the bio-o0il were possibly converted to acetals [55], as
indicated by the decrease in the corresponding peak intensity.

Comparing the activity of zeolite catalysts during the esterification of sengon wood bio-oil

The activity of the TCA/H-zeolite catalyst during the esterification of the Sengon wood sawdust was
confirmed by comparing to that of the pre-treated zeolite and H-zeolite catalysts. The study was performed
using the following condition: a temperature of 70 °C, a weight ratio of bio-oil-to-methanol of 1:2 and a
reaction time of 60 min. A blank experiment in the absence of any catalyst was also carried out to support
the justification on the performance of the TCA/H-zeolite catalyst. The liquid after esterification as well as
the possible formed coke was recovered and weighed to close the mass balance as presented in Table 8.
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Table 8 The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
various catalysts.

Type of catalyst Recovered liquid (wt%) Coke Yield (wt%) Total (%)
NA 94.42 0.016 94.44
Pre-treated zeolite 93.18 0.043 93.23
H-zeolite 94.90 0.041 94.94
TCA/H-zeolite 91.88 0.039 91.92

The data in Table 8 suggested that negligible coke formation (< 1 %) was observed. The presence of
methanol during the heating up bio-oil was significant in preventing the re-polymerisation of reactive
components in the bio-oil feedstock. The good mass balance closure in Table 8 indicated that the
experiments were carried out properly. The properties of the bio-oil after the esterification of the bio-oil in
the presence of various zeolite catalysts at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-
oil-to-methanol of 1:2, stirring rate of 500 rpm for a 60-min reaction time were investigated as listed in
Table 9.

Table 9 The density, viscosity and total acid number of the bio-oil after esterification in the presence of the
zeolite catalysts.

L Reaction time Type of catalyst
Bio-oil property .
(min) NA Pre-treated zeolite =~ H-zeolite =~ TCA/H-zeolite

) 0 09176 0.9101 0.9140 0.9415
Density(g/mL)

60 0.9179 0.9347 0.9392 0.9417

) ) 0 1.7336 1.7257 1.7373 1.7896
Viscosity (cP)

60 1.8367 2.3055 2.1174 1.8521

TAN (mg/g) 0 0.7006 0.6515 0.5731 0.5316

60 0.5947 0.4240 0.2843 0.2032

The density of the bio-oil after the esterification in Table 9 showed an insignificant change even in
the absence of a catalyst. It suggested that the addition of methanol gave a significant effect in stabilising
the reactive component of the bio-oil [53]. In contrast, the viscosity of the bio-oil after esterification in the
presence and absence of a catalyst has increased in a different level ranging from 3.94 - 39.97 %. The lowest
increase in the viscosity of the bio-oil after esterification was observed for that in the presence of the
TCA/H-zeolite catalyst (3.94 %), while the highest increase was observed for that in the presence of the
pre-treated zeolite catalyst (39.97 %). The blank experiment in the absence of a catalyst did not show a
significant increase in the viscosity of the bio-oil after esterification possibly due to the limited interaction
of the reactive components in the bio-oil feedstock with methanol [59]. On the other hand, the presence of
the zeolite catalysts might promote the interaction between reactive components themselves or with
methanol [23]. The pre-treated zeolite might facilitate the interactions between reactive components to
polymerise and form bigger molecules with higher molecular weight. As a result, the viscosity of the bio-
oil increased significantly after esterification in the presence of the pre-treated zeolite catalyst.

The bio-oil esterification in the presence of zeolite catalysts (pre-treated, H-zeolite and TCA/H-zeolite
catalysts) showed a significant decrease in the total acid number of the bio-oil after esterification by 34.92,
50.39 and 61.78 %, respectively. It was clear that the modification of Indonesian zeolite using TCA could
enhance its activity in catalysing the esterification of the Sengon wood bio-oil. It was possibly due to the
increase in the acid active sites at the catalyst surface as the result of the TCA modification over the zeolite
catalyst [60].
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Figure 6 The IR spectra of the esterified bio-oils in the presence of (A) no catalyst, (B) pre-treated zeolite,
(C) H-zeolite and (E) the TCA/H-zeolite catalysts.

The change in the functionalities of the bio-oils before and after the esterification of the bio-oils in
the absence and presence of a catalyst was investigated using an FTIR spectrophotometer, as presented in
Figure 6. The high peak intensity of the C-O groups in the esterified bio-oils in Figure 6 indicated the
formation of esters [53]. The presence of the TCA/H-zeolite did promote the formation of esters (and
possibly other esterification products, e.g., acetals [56]) in comparison with that of other zeolite catalysts.

Conclusions

This study investigated the activity of the TCA/H-zeolite catalyst during the bio-oil esterification in
the presence of methanol over various weight ratios of bio-oil-to-methanol and reaction times. The presence
of TCA/H-zeolite catalyst during the esterification of the bio-oil could suppress the formation of coke. In
the presence of TCA/H-zeolite, the weight ratios of bio-oil-to-methanol significantly affected the decrease
in the total acid number of the bio-oil after the esterification. Moreover, the esterification of Sengon wood
bio-oil in the presence of the TCA/H-zeolite catalyst took place in a fast rate, indicated by the decrease in
the total acid number of the bio-oil by 47.85 % over a 15-min esterification. Compared to the uncatalysed
esterification, the presence of the TCA/H-zeolite catalyst could further enhance the decrease in the total
acid number up to 65.83 %.

The esterification at higher temperatures and using a pressurised reactor would improve the quality
of the esterified bio-oil. Furthermore, the combination between hydrocracking and esterification could
simultaneously undergo in the presence of hydrogen and hydroprocessing catalysts.
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Abstract

The bio-oil produced from the pyrolysis of biomass is highly corrosive due to the high content of
organic acids. These organic acids could be removed through an appropriate upgrading process, i.e.,
esterification using alcohols to form less polar esters. In this study, the bio-oil used as the feedstock in the
esterification was produced from the pyrolysis of Sengon wood with a particle size of 297 um at 600 °C.
The esterification was performed at 70 °C in the presence of a trichloro acetic acid (TCA)-modified
Indonesian H-zeolite catalyst with various weight ratios of bio-oil-to-methanol and reaction times under a
constant stirring rate of 500 rpm. The esterification progress was indicated by the decrease in the total acid
number of the bio-oil after esterification. No significant coke formation (< 0.05 wt%) was observed
indicating that the suppression of repolymerisation could be achieved. This study showed that the
esterification underwent in a fast rate, indicated by the decrease in the total acid number of the bio-oil by
47.85 % only over a 15-min esterification. Compared to the uncatalysed esterification, the TCA/zeolite-
catalysed esterification showed a higher decrease in the total acid number of the bio-oil up to 65.83 %, due
to the conversion of the carboxylic acids to esters.

Keywords: Esterification, Sengon wood bio-oil, TCA-modified Indonesian zeolite, Total acid number

Introduction

The fossil fuel depletion has promoted the exploration of new renewable energy resources. Biomass
has been considered as a promising renewable energy resource due to its high availability, its
environmentally friendly properties and its zero competition with food sector [1]. A liquid fuel could be
produced as the main product from the fast pyrolysis of biomass [2] that is well known as bio-oil or
pyrolysis oil. Sengon wood, as an abundantly available feedstock in Indonesia was used in this study for
bio-oil production. Sengon wood contains lignin, cellulose, and hemicellulose of 26.1, 45.4 and 21.0 % and
respectively [3]. The high content of cellulose in Sengon wood would result in the high yield of bio-oil [4],
allowing a sustainable starting material for liquid fuel production.

The bio-oil produced from the pyrolysis of biomass could be used as a fuel for boilers, stationary as
well as sterling engines [5]. However, the bio-oil cannot be directly used as a fuel for transportation due to
several unfavourable properties such as high water content leading to low calorific value and high oxygen
content resulting in highly instable properties [6]. In addition, the bio-oil contains high amount of organic
acids making it highly corrosive and causing a big challenge during its use as a fuel or its compatibility
during further processing in the biorefinery [7]. A bio-oil upgrading is required for the bio-oil to meet the
requirements as liquid transportation fuels [8].

Esterification has been reported to show a great potential as bio-oil upgrading technique to reduce the
acids content of the bio-oil [9]. It converts the organic acids in the bio-oil to e.g., esters in the presence of
alcohols and acid catalysts [10]. The use of solid acid catalysts during the esterification of bio-oil has been
considered more beneficial in comparison with that of homogeneous catalysts due to the easy separation
resulting in a more efficient and cost-effective process [11]. Several solid acid catalysts such as ion
exchange resins [12], modified zirconia [13,14], Amberlysts [15-17], acid modified rice husk ash [18], and
heteropoly acids [19] have been used as a catalyst in the esterification of the “real” bio-oil as well as model
compounds mimicking bio-oil. In addition, zeolite-based catalysts have been reported to show a great
potential as a catalyst for esterification of bio-oil [20-24].
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A special attention has been paid to Indonesian natural zeolite primarily in related to its application
as a catalyst for bio-oil upgrading. It has a good porosity and modifiable Brgnsted acid sites [25] at its
surface to anticipate the complicated compositions and behaviour of the bio-oil during the esterification.
The modification of Brgnsted acid sites at the Indonesian zeolite surface to improve the Brgnsted acidity
could enhance the catalytic activity of Indonesian zeolite during the esterification of the bio-oil.

The Brgnsted acidity of the Indonesian zeolite could be improved by strong acid modification, e.g.,
trichloroacetic acid (TCA) resulting in the zeolite with a better Bronsted acidity [26]. However, the
application of TCA-modified Indonesian natural zeolite as a catalyst for esterification of bio-oil produced
from the fast pyrolysis of Sengon wood was rare. More studies to investigate the activity of the TCA-
modified Indonesian natural zeolite are necessary to evaluate its potential as a catalyst for the bio-oil
esterification. This study focused on the esterification of the bio-oil produced from the fast pyrolysis of
Sengon wood sawdust with various weight ratios of bio-oil-to-methanol and reaction times to investigate
the esterification behaviour of organic acids in the bio-oil primarily acetic acid in the presence of methanol
and TCA-modified Indonesian natural zeolite as a solid acid catalyst.

Materials and methods

Preparation and characterisation of a TCA-modified Indonesian natural zeolite catalyst

The Indonesian natural zeolite from Wonosari, Yogyakarta, Indonesia was used as a starting material
of the zeolite catalyst. It was purchased from CV. SSGT Zeolite, Indonesia. The natural zeolite was
prepared as previously reported [24]. Briefly, the natural zeolite with a particle size range of 100 - 120 pm
was activated using sequent chemical and physical activation method. Prior to activation process, the
natural zeolite was washed in distilled water and dried at 110 °C for 3 h to allow the physical contaminant
removal. “Pre-treated zeolite” corresponds the natural zeolite from this pre-treatment step.

The natural zeolite was chemically treated using 1 % HF, 6 N HCl and 1 N NH4ClI solutions (prepared
from 50 % HF, 37 % HCI, and solid NH4CI, obtained from E. Merck, respectively) in a sequence. This
chemical activation was followed with a physical activation, i.e., calcination of the natural zeolite sample
at 500 °C under nitrogen atmosphere to produce “H-zeolite” catalyst [24].

The modification of the “H-zeolite” catalyst with chloroacetic acid was carried out as reported by
Avila et al. [6] with some adjustment. A 5 g of TCA was dissolved in 9 mL of demineralised water in an
Erlenmeyer flask. A 10 g of “H-zeolite” was added in the TCA solution. The mixture was then heated at
80 °C under a continuous stirring with a low stirring rate of 100 rpm until no water left. The solid obtained
was dried in an oven at 110 °C for 2 h resulting in the “TCA/H-zeolite” catalyst.

The formation of the “TCA/H-zeolite” catalyst was confirmed based on the appearance of
characteristics vibration peaks at wavenumbers of 830 and 680 cm™* (the stretching vibration of C-Cl bonds)
[26] in the IR spectrum. The IR spectrum of the “TCA/H-zeolite” catalyst was obtained using a Perkin-
Elmer Frontier Spotlight 200 type-Fourier transform infrared spectrophotometer. In addition, the possible
change in the crystalline structure of Indonesian natural zeolite was evaluated using a PANalytical Xpert’3
Powder X-ray diffractometer.

The surface properties of the “TCA/H-zeolite” catalyst were characterised using a Quantachrome
Nova 1,200e surface area analyser. The specific surface area, total pore volume and average pore radius
were determined using a BET-BJH isotherm adsorption. Moreover, the acidity of the “TCA/H-zeolite”
catalyst was determined using an ammonia adsorption. The amount of ammonia adsorbed at the catalyst
surface was assigned as the total acidity of the catalyst in mmol ammonia per gram catalyst. This
quantitative measurement of the catalyst acidity was combined with the analysis of the chemical
functionalities of the catalyst to confirm the presence of the new bonds of ammonia with the Lewis and
Brgnsted acid sites at the catalyst surface at wavenumbers of 1,640, 1,550 and 1,450 cm™.

Catalytic esterification of sengon wood bio-oil

The esterification of the bio-oil with methanol in the presence of “TCA/H-zeolite” catalyst was
carried out in a batch reactor system equipped with a temperature monitor and magnetic stirrer. The
esterification was conducted at 70 °C, with a catalyst loading of 10 wt%, a stirring rate of 500 rpm, and
various weight ratios of bio-oil-to-methanol of 1:1, 2:1, 1:2 and 1:3. The Sengon wood bio-oil used in the
esterification process was produced from the pyrolysis of Sengon wood sawdust with a particle size of 297
um at 600 °C using a fixed-bed pyrolyser as previously reported [24]. The esterification with a weight ratio
of bio-oil-to-methanol which gave the highest decrease in the total acid number of the bio-oil after
esterification underwent that with various esterification times of 15, 30, 45 and 60 min.
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After each experiment, the mixture of liquid esterification products and possible remaining reactants
was recovered and designated as the esterified bio-oil. The coke formation was determined based on the
weight difference of solid catalyst before and after the esterification. The yield of coke was calculated using
Eqg. (1) to close the mass balance. W'cat and W0 are designated as the weight of the “TCA/H-zeolite”
catalyst after and before the esterification of the bio-oil, respectively, while Whic-oil fed is the weight of the
bio-oil fed in each esterification experiment.

, w0
Coke yield = “€—"<2 x1 %, 1)
bio—oil fed

Characterisation of the bio-oil after esterification

The esterified bio-oil after each esterification experiment was characterised, including the density,
viscosity and total acid number. The density and viscosity of the esterified bio-oil were determined using a
gravimetric method by means of a pycnometer and an Ostwald viscometer, respectively.

The total acid number (TAN) of the esterified bio-oil was measured using an SNI 01-3555-1998
procedure as follows. The bio-oil sample was dissolved in acetone to 96 wt% clear solution of bio-oil. A
2.5 g of the bio-oil solution was heated to boil and added with 2-3 drops of phenolphthalein solution. The
titration of the bio-oil solution was conducted using 0.1 N KOH solution until a light red colour appeared.
The total acid number of the esterified bio-oil was calculated using Eq. (2). MWkon, Nkon, and Vkon are
designated as the molecular weight, normal concentration and volume of KOH solution, respectively.
Meanwhile, Wsample and dilution are designated as the weight of the sample and the magnitude of dilution
employed during the measurement of TAN.

MW X N xXV . .
TAN = MWkon X NKOHXVKOH o it 1o 2
Wsample

Results and discussion

The characteristics of TCA/H-zeolite catalyst

The important properties of the TCA/H-zeolite catalyst prepared in this study was investigated,
including the chemical functionalities, the possible change in the crystalline structure, the surface porosity,
and the total acidity. The chemical functionalities of the TCA/H-zeolite catalyst were represented by the
spectra in Figure 1. The general featured functionalities of the zeolite with aluminosilicate framework were
shown by the appearance of a vibration peak —OH groups at 3,200 - 3,600 cm™. In addition, bending
vibrations of Al-OH/Si-OH were observed at 1,650 - 1,400 cm™2, while stretching vibrations of Si-O/Al-O
were observed at wavenumbers of 1,250 - 950 and 820 - 650 cm™.

The success of the zeolite modification with TCA was confirmed by the appearance of stretching
vibrations of C-Cl bonds at wavenumbers of 840 and 690 cm™ [26] at the IR spectrum of the TCA/H-
zeolite catalyst (Figure 1(c)). These vibrations indicated the chemical interaction between TCA and the —
OH groups of the zeolite.

The change in the crystalline structure of the zeolite over subsequent chemical and physical treatment
as well as TCA modification was evaluated through the XRD patterns of the pre-treated zeolite, H-zeolite
and the TCA/H-zeolite catalysts, as shown in Figure 2. The similar XRD patterns and peak intensity in
Figure 2 indicated that the zeolite did not undergo a significant change in the crystalline structure over the
subsequent treatments. Moreover, the intensity of the 3 highest peaks denoted that the mordenite mineral
structure was predominant in the zeolite catalysts.
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Figure 1 IR spectra of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite.
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Figure 2 The diffraction patterns of a) pre-treated zeolite, b) H-zeolite and c) TCA/H-zeolite.

The measurement of the total (Lewis and Brgnsted) acidity of the TCA/H-zeolite catalyst was
performed to support the data of IR spectra indicating the success of the zeolite modification with TCA.
The significant increase of the total acidity of the TCA/H-zeolite catalyst would further evidence of the
success modification in this study. In addition, the enhanced total acidity of the TCA/H-zeolite catalyst
would promote a better esterification process as this acid active sites would play important roles in
catalysing the esterification of bio-oil with methanol [13].

The total acidity of the TCA/H-zeolite catalyst was conducted through ammonia adsorption in
combination with a gravimetric method. The amount of ammonia adsorbed at the catalyst surface would
provide the data the number of acid active sites interacting with the adsorbed ammonia [27,28].

The total acidity of the TCA/H-zeolite catalyst in comparison with the pre-treated and H-zeolite is
presented in Table 1. A significant increase in the total acidity of the TCA/H-zeolite catalyst was observed,
1.7 folds from that of H-zeolite. It was most likely due to the modification of the zeolite with TCA resulting
in the chemical interaction of carbonyl oxygen or hydroxyl oxygen of TCA with the Bransted acid sites of
H-zeolite [29].
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Table 1 The total acidity and the surface porosity of the zeolite catalysts.

Type of Total acidity Surface area Total pore volume Average pore radius
catalyst (mmol NH3/g) (m?g) (cm®/g) A
Pre-treated 0.94 12,82 0.077 119.96
zeolite
H-zeolite 1.20 22.26 0.065 588.35
TCA/H-zeolite 3.28 2841 0.075 526.31

Furthermore, the interaction between ammonia Lewis’s base and the Breonsted and Lewis sites of the
catalyst was evaluated through the IR spectra of the TCA/H-zeolite catalyst in Figure 3. The interaction of
ammonia with the Lewis and Brgnsted active sites was designated by the vibrations at wavenumbers of
1,450 cm™ and 1,550 - 1,640 cm™2, respectively [30].
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Figure 3 IR spectra of a) pre-treated zeolite, b) H-zeolite and ¢) TCA/H-zeolite after NH3 adsorption.

The surface porosity of a catalyst is an important property of the catalyst in supporting the catalytic
performance. It was due to the presence of active sites at the catalyst surface including the catalyst pores
[31]. The surface porosity of the TCA/H-zeolite catalyst determined in this study included specific surface
area, total pore volume and average pore radius of the catalyst as presented in Table 1.

The surface porosity data in Table 1 showed that chemical and physical treatment towards the pre-
treated zeolite caused a significant increase (73.63 %) in the surface area of the H-zeolite catalyst. It was
might due to the impurity removal and the formation of new pores during the treatment [32]. A further
increase (27.63 %) in the specific surface area was also observed in the TCA/H-zeolite catalyst, probably
due to the surface modification using a strong acid TCA at the solid H-zeolite surface [33,34].

A significant increase of the average pore radius of the H-zeolite catalyst in comparison with the pre-
treated zeolite catalyst (3.9 folds) was also observed. The acid treatment followed with calcination at high
temperature of 500 °C probably could cause impurity removal resulting in an increase in the pore size of
the zeolite [33]. Moreover, the growth of the pore structure might take place due to the chemical treatment
during the preparation of the H-zeolite catalyst [35]. However, a slight decrease (~10 %) of the average
pore radius was observed after the zeolite modification with TCA. The TCA introduction with a quite high
concentration (ca. 35 %) at the H-zeolite surface followed with a low drying temperature (80 °C) might
promote the pore occupation by the TCA molecules, resulting in the decrease of the average pore size of
the zeolite [36].
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Unlike the considerable changes in the specific surface area and average pore radius, the total pore
volume of the zeolite catalysts was almost unchanged; only ~15 % of change was observed. The
insignificant change in the total pore volume accompanied with the increase in the average pore radius
might be probably attributed to the reduction of the pore depth at the zeolite surface. This would allow the
easier interaction between the surface-active sites and the reactants during the esterification of the bio-oil.

Production and characterisation of the bio-oil from the pyrolysis of sengon wood sawdust

The bio-oil used as the feedstock during the esterification in this study was produced from the fast
pyrolysis of Sengon wood sawdust with a particle size of 297 pm at 600 °C using a fixed-bed pyrolyser.
The yield of the bio-oil was considerably high of 45.66 wt%, as presented in Table 2. Such high temperature
would help the lignocellulose macromolecules to undergo good decomposition during the pyrolysis [37].
Lignocellulose composes of lignin, cellulose and hemicellulose with specific decomposition temperatures.
Lignin would decompose at 300 - 550 °C, while hemicellulose and cellulose would decompose at 250 - 350
and 325 - 400 °C, respectively [38]. The rate of decomposition of lignocellulose macromolecules would
increase with increasing the pyrolysis temperature, resulting in more condensable light fractions [39], thus
high bio-oil yield. However, extremely high temperature would promote the production of the non-
condensable fractions resulting in higher yield of gaseous pyrolysis product [40].

Table 2 The yield of pyrolysis products produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 pm at 600 °C using a fixed-bed pyrolyser.

Type of product Yield (wt.%)
Bio-oil 45.66
Biochar 29.97

Gaseous product* 24.37

*by difference

The physical and chemical properties of the Sengon wood bio-oil produced through fast pyrolysis
technique were measured, including the density, viscosity, and total acid number as shown in Table 3. The
density of the bio-oil was not directly related to the quality of the bio-oil. However, this property could
provide an indication whether heavy or light molecules were predominant in the bio-oil [41]. The low
density of the bio-oil produced in this study (1.07 g/mL) indicated that light molecules with relatively low
molecular weight were predominant due to severe decomposition process at 600 °C during the pyrolysis
resulting in more condensable light fractions.

Table 3 The characteristics of the bio-oil produced from the pyrolysis of Sengon wood sawdust with a
particle size of 297 pum at 600 °C using a fixed-bed pyrolyser.

Property (unit) Value (wt.%)

Density (g/mL) 1.07

Viscosity (cP) 2.40
TAN (mg KOH/qg) 0.73

Another parameter evaluated in this study for the bio-oil quality is viscosity. This parameter is
affected by the liquid temperature, the strength of intermolecular forces, and the molecular weight and the
amount of the soluble components in the liquid bio-oil [42]. The pyrolysis temperature of 600 °C has
resulted in the bio-oil with light components (short carbon chains, low molecular weight) in the
considerable amount, resulting in the bio-oil with a low viscosity of 2.40 cP (see Table 3) [43].

The total acid number of the Sengon wood bio-oil was determined by using an aliquot method, as
presented in Table 3. This parameter provided an estimation of the content of organic acids in the bio-oil
[44]. The high content of organic acids in bio-oil or liquid fuels would lead to corrosion to engines and/or
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the equipment used in the further processes such as biorefinery [8]. The high total acid number (0.73 mg/g)
of the Sengon wood bio-oil used as the feedstock in the esterification process suggested the high organic
acid content in the bio-oil. It was likely due to the presence of organic acids such as carboxylic acids as a
result of the decomposition of the lignocellulose macromolecules at higher pyrolysis temperature [45]. The
acid removal from the bio-oil is extremely important to minimise the corrosiveness of the bio-oil prior to
its use as a fuel or its further processes in the biorefinery through an appropriate upgrading technique. A
bio-oil upgrading through an esterification technique using TCA/H-zeolite was investigated with different
weight ratios of bio-oil-to-methanol over various reaction times.

Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different weight ratios
of bio-oil-to-methanol

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst was
carried out with various weight ratios of bio-oil-to-methanol of 2:1, 1:1, 1:2 and 1:3 at 70 °C, a catalyst
loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm. The liquid and the possible
formed coke after each esterification experiment were recovered to close the mass balance, as presented in
Table 4. The mass balance closure was higher than 90 wt% indicating a proper experimental execution
[46]. The coke yield in all experiments was very low of < 1 wt%. This indicated that the possible
repolymerisation between the reactive components in the bio-oil leading to the formation of coke could be
prevented during the bio-oil esterification [47] in the presence of the TCA/H-zeolite catalyst.

Table 4 The mass balance closure during the esterification of the sengon wood bio-oil in the presence of
TCAJ/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of BO-to-methanol ReCO\ESVrt%(/:iO)I iquid Co(mgg (;Id Total (ch;overy
2:1 94.11 0.0407 94.15
1:1 91.90 0.0404 91.94
1:2 91.88 0.0394 91.92
1:3 97.79 0.0334 97.82

The density, viscosity and total acid number of the liquid obtained after the TCA/H-zeolite-catalysed
esterification with various weight ratios of bio-oil-to-methanol at 70 °C were measured as presented in
Table 5. A catalyst loading of 10 wt%, a 60-min reaction time, and a stirring rate of 500 rpm were employed
during each experiment. The density of the esterified oil insignificantly changed with relatively abundant
addition of methanol compared to the original mixture of the bio-oil and methanol before reaction in the
case of the experiments with a weight ratio of bio-oil-to-methanol of 1:2 and 1:3. The relatively unchanged
density indicated the relatively similar molecular weight of components in the bio-oil after esterification.
The esterification would allow the change in the bio-oil microstructure through the formation of esters or
acetals [48]. The similar trend was observed for the viscosity of the esterified oil; the more the methanol
added during the esterification, the lower the change in the viscosity of the bio-oil. The presence of
methanol could enhance the bio-oil stability [49] and further decrease the rate of aging during storage [50].

Table 5 The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst with various weight ratios of bio-oil-to-methanol.

Weight ratio of bio-oil-to-methanol
Bio-oil property 2:1 1:1 1:2 1:3

Initial Final Initial Final Initial Final Initial Final
Density (g/mL) 1.0227 1.0252 0.9861 0.9866 0.9415 0.9417 0.9153 0.9186
Viscosity (cP) 2.1094 22316 19417 2.0283 1.7896 1.8521 1.5643 1.6034
TAN (mg/g) 0.6921 0.3498 0.5852 0.2939 0.5316 0.2031 0.4132 0.1813
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Unlike the insignificant changes in the bio-oil density and viscosity, a considerable change in the total
acid number of the esterified oil was observed after the esterification in the presence of the TCA/H-zeolite
catalyst, as presented in Table 5. The decrease in the total acid number of the bio-oil after esterification
was 49.46, 49.78, 61.79 and 56.12 % for the TCA/H-zeolite-catalysed esterification with a bio-oil-to-
methanol weight ratio of 2:1, 1:1, 1:2 and 1:3 respectively. The addition of extra methanol in the
esterification with a 1:2 weight ratio could promote the decrease in the total acid number of the bio-oil by
ca 25 % in comparison with that with a 2:1 and 1:1 weight ratio. The decrease in the total acid number of
the bio-oil after esterification could be an indication of the formation of esters as a result of the reaction
between carboxylic acids in the bio-oil feedstock and methanol in the presence of the TCA/H-zeolite
catalyst [51]. In addition, aldehydes in the bio-oil feedstock could also react with methanol in the presence
of acid catalysts, such as TCA/H-zeolite catalyst, to form acetals [52]. The extra addition of methanol in
the esterification system (in the case of that with a 1:2 and 1:3 weight ratio) could promote the equilibrium
shift to the products, resulting in the increase in the production of products, i.e., esters or acetals [53].

A further increase in the methanol addition in the esterification with a 1:3 weight ratio did not cause
a higher decrease in the total acid number of the bio-oil after esterification in the presence of the TCA/H-
zeolite catalyst. It might indicate that the equilibrium was not disturbed by the extra addition of methanol
in the 1:3 esterification experiment. The weight ratio of bio-oil-to-methanol of 1:2 was then chosen as the
condition in the further experiments with various reaction times.

Transmittance (a.u.)
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Figure 4 The IR spectra of (A) the fresh bio-oil and the bio-oils after esterification with a weight ratio of
bio-oil-to-methanol of (B) 2:1, (C) 1:1, (D) 1:2 and (E) 1:3 in the presence of the TCA/H-zeolite catalyst.

Further observation on the possible formation of esterification products, e.g., esters, an FTIR
measurement was conducted towards the fresh bio-oil (the bio-oil before the esterification) and the bio-oils
after the esterification with different weight ratios of bio-oil-to-methanol in the presence of the TCA/H-
zeolite catalyst. The IR spectra of the fresh and esterified bio-oils are depicted in Figure 4. A considerable
increase in the peak intensity of the hydroxyl and C-H alkane groups at wavenumbers of 3,350 cm™ and
2,950 - 2,800 cm™, respectively, in the esterified bio-oils (Figures 4(B) - 4(E)) was observed, possibly due
to the formation of esters [54]. In addition, a significant increase in the peak intensity of C-O groups at a
wavenumber of 1,000 cm™ was observed as an indication of the presence of methanol in the reaction
system, as well as the formation of ester [53]. Meanwhile, the decrease in the peak intensity at a
wavenumber of 1,750 cm™ designated for the carbonyl groups from carboxylic acids, aldehydes and
ketones [52], possibly due to its conversion to acetals [55,56].
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Bio-oil upgrading through TCA/H-zeolite-catalysed esterification over different reaction times

The esterification of the Sengon wood bio-oil in the presence of the TCA/H-zeolite catalyst over
different reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-oil-to-methanol of
1:2, stirring rate of 500 rpm was carried out with a total recovery of > 90 %, as listed in Table 6, indicating
a proper experimental execution. The recovered liquid contained the esterification products and possible
remaining reactants. Table 6 shows that the coke yield coke was very low (< 1 wt%), indicating that the
coke formation during the bio-oil esterification in the presence of the TCA/H-zeolite could be avoided [53].

Over prolonged reaction times, the density of the bio-oil after esterification underwent a negligible
change, only by < 1 %, possibly due to the enhanced stability of the bio-oil during the esterification as is
shown in Table 7. The susceptibility of the reactive components of the bio-oil towards re-polymerisation
has lowered resulting in the bio-oil with similar compositions of molecular weight [57].

Table 6 The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
TCA/H-zeolite catalyst for 15 - 60 min reaction times.

Reaction time (min) Recovered liquid (wt%b) Coke yield (wt%o) Total (%)
15 92.95 0.0354 92.98
30 95.34 0.0370 95.38
45 92.92 0.0375 92.96
60 91.88 0.0394 91.92

Table 7 The density, viscosity and total acid number of the bio-oil after esterification in the presence of
TCA/H-zeolite catalyst for 15 - 60 min reaction times.

Esterification time (min)

Bio-oil property 15 30 45 60

Initial Final Initial Final Initial Final Initial Final

Density (g/mL) ~ 0.9394 0.9399 0.9393 0.9401 0.9393 09406 0.9415 0.9417
Viscosity (CP) ~ 1.7748  1.7908 17789 1.8040 1.7704 1.8308 1.7896 1.8521
TAN (mg/g) 05074 02646 05161 0.2588 05196 0.2241 05316  0.2032

The similar trend was observed for the viscosity of the bio-oil after esterification in the presence of
the TCA/H-zeolite over various reaction times at 70 °C with a catalyst loading of 10 wt%, a weight ratio of
bio-oil-to-methanol of 1:2, stirring rate of 500 rpm. Insignificant changes in the bio-oil viscosity by 3 - 5
% were observed, indicating the prevention of the formation of heavy molecules during the catalysed
esterification, possibly by the formation of esters and acetals [48].
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Figure 5 The IR spectra of the bio-oils after a (A) 0-min, (B) 15-min, (C) 30-min, (D) 45-min and (E) 60-
min esterification in the presence of the TCA/H-zeolite catalyst.

Alike the change in the total acid number of the bio-oil after esterification with various weight ratios
of bio-oil-to-methanol, the total acid number of that after the esterification over various reaction times
decreased considerably. Over a 15-min reaction time, the total acid number of the bio-oil after the catalysed
esterification decreased by 47.85 %. A prolonged esterification of 30 min only caused a further decrease in
the total acid number of the bio-oil by 4 % (with a 49.85 % decrease). A further prolonged reaction times
of 45 and 60 min caused a bit higher decrease in the total acid number of bio-oil by 13 and 8 %, respectively
(with 56.78 and 61.78 % decrease, respectively). These data suggested that carboxylic acids in the bio-oil
feedstock were converted to esters in a quite fast rate at the beginning of the esterification of the bio-oil in
the presence of TCA/H-zeolite catalyst [51]. The rate of esterification became slower by longer reaction
times (30 - 60 min). Probably, the components of the bio-oil feedstock competed to attach to the active sites
of the catalysts over time resulting in the high surface coverage [58]. However, not all of these reactants
adsorbed at the catalyst surface could be accommodate to react with methanol as the co-adsorbed alcohol-
acids intermediates at the catalyst surface were required to allow the reactions to take place [10].

A measurement using an FTIR spectrophotometer was conducted towards the fresh bio-oil and the
bio-oils obtained after the TCA/H-zeolite-catalysed esterification over different reaction times. The IR
spectra of the bio-oils before and after esterification over different reaction times are presented in Figure
5. A similar observation of the IR spectra with those in Figure 4 was obtained. An increase in the peak
intensity of the hydroxyl and C-H groups at wavenumbers of 3,350 and 2,950 - 2,800 cm™, respectively,
was observed in Figure 5, indicating the formation of water as a side-product of esterification between
methanol and carboxylic acids [55,56]. The formation of esters was also indicated by the increase in the C-
O groups at a wavenumber of 1,000 cm™ [53]. Moreover, the carbonyl-containing compounds as designated
by the peaks at a wavenumber 1,750 cm™ [53] in the bio-oil were possibly converted to acetals [55], as
indicated by the decrease in the corresponding peak intensity.

Comparing the activity of zeolite catalysts during the esterification of sengon wood bio-oil

The activity of the TCA/H-zeolite catalyst during the esterification of the Sengon wood sawdust was
confirmed by comparing to that of the pre-treated zeolite and H-zeolite catalysts. The study was performed
using the following condition: a temperature of 70 °C, a weight ratio of bio-oil-to-methanol of 1:2 and a
reaction time of 60 min. A blank experiment in the absence of any catalyst was also carried out to support
the justification on the performance of the TCA/H-zeolite catalyst. The liquid after esterification as well as
the possible formed coke was recovered and weighed to close the mass balance as presented in Table 8.
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Table 8 The mass balance closure during the esterification of the Sengon wood bio-oil in the presence of
various catalysts.

Type of catalyst Recovered liquid (wt%b) Coke Yield (wt%) Total (%0)
NA 94.42 0.016 94.44
Pre-treated zeolite 93.18 0.043 93.23
H-zeolite 94.90 0.041 94.94
TCA/H-zeolite 91.88 0.039 91.92

The data in Table 8 suggested that negligible coke formation (< 1 %) was observed. The presence of
methanol during the heating up bio-oil was significant in preventing the re-polymerisation of reactive
components in the bio-oil feedstock. The good mass balance closure in Table 8 indicated that the
experiments were carried out properly. The properties of the bio-oil after the esterification of the bio-oil in
the presence of various zeolite catalysts at 70 °C with a catalyst loading of 10 wt%, a weight ratio of bio-
oil-to-methanol of 1:2, stirring rate of 500 rpm for a 60-min reaction time were investigated as listed in
Table 9.

Table 9 The density, viscosity and total acid number of the bio-oil after esterification in the presence of the
zeolite catalysts.

o Reaction time Type of catalyst
Bio-oil property . - - -
(min) NA Pre-treated zeolite ~ H-zeolite ~ TCA/H-zeolite

. 0 0.9176 0.9101 0.9140 0.9415
Density(g/mL)

60 0.9179 0.9347 0.9392 0.9417

] ] 0 1.7336 1.7257 1.7373 1.7896
Viscosity (cP)

60 1.8367 2.3055 2.1174 1.8521

TAN (mg/g) 0 0.7006 0.6515 0.5731 0.5316

60 0.5947 0.4240 0.2843 0.2032

The density of the bio-oil after the esterification in Table 9 showed an insignificant change even in
the absence of a catalyst. It suggested that the addition of methanol gave a significant effect in stabilising
the reactive component of the bio-oil [53]. In contrast, the viscosity of the bio-oil after esterification in the
presence and absence of a catalyst has increased in a different level ranging from 3.94 - 39.97 %. The lowest
increase in the viscosity of the bio-oil after esterification was observed for that in the presence of the
TCA/H-zeolite catalyst (3.94 %), while the highest increase was observed for that in the presence of the
pre-treated zeolite catalyst (39.97 %). The blank experiment in the absence of a catalyst did not show a
significant increase in the viscosity of the bio-oil after esterification possibly due to the limited interaction
of the reactive components in the bio-oil feedstock with methanol [59]. On the other hand, the presence of
the zeolite catalysts might promote the interaction between reactive components themselves or with
methanol [23]. The pre-treated zeolite might facilitate the interactions between reactive components to
polymerise and form bigger molecules with higher molecular weight. As a result, the viscosity of the bio-
oil increased significantly after esterification in the presence of the pre-treated zeolite catalyst.

The bio-oil esterification in the presence of zeolite catalysts (pre-treated, H-zeolite and TCA/H-zeolite
catalysts) showed a significant decrease in the total acid number of the bio-oil after esterification by 34.92,
50.39 and 61.78 %, respectively. It was clear that the modification of Indonesian zeolite using TCA could
enhance its activity in catalysing the esterification of the Sengon wood bio-oil. It was possibly due to the
increase in the acid active sites at the catalyst surface as the result of the TCA modification over the zeolite
catalyst [60].
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Figure 6 The IR spectra of the esterified bio-oils in the presence of (A) no catalyst, (B) pre-treated zeolite,
(C) H-zeolite and (E) the TCA/H-zeolite catalysts.

The change in the functionalities of the bio-oils before and after the esterification of the bio-oils in
the absence and presence of a catalyst was investigated using an FTIR spectrophotometer, as presented in
Figure 6. The high peak intensity of the C-O groups in the esterified bio-oils in Figure 6 indicated the
formation of esters [53]. The presence of the TCA/H-zeolite did promote the formation of esters (and
possibly other esterification products, e.g., acetals [56]) in comparison with that of other zeolite catalysts.

Conclusions

This study investigated the activity of the TCA/H-zeolite catalyst during the bio-oil esterification in
the presence of methanol over various weight ratios of bio-oil-to-methanol and reaction times. The presence
of TCA/H-zeolite catalyst during the esterification of the bio-oil could suppress the formation of coke. In
the presence of TCA/H-zeolite, the weight ratios of bio-oil-to-methanol significantly affected the decrease
in the total acid number of the bio-oil after the esterification. Moreover, the esterification of Sengon wood
bio-oil in the presence of the TCA/H-zeolite catalyst took place in a fast rate, indicated by the decrease in
the total acid number of the bio-oil by 47.85 % over a 15-min esterification. Compared to the uncatalysed
esterification, the presence of the TCA/H-zeolite catalyst could further enhance the decrease in the total
acid number up to 65.83 %.

The esterification at higher temperatures and using a pressurised reactor would improve the quality
of the esterified bio-oil. Furthermore, the combination between hydrocracking and esterification could
simultaneously undergo in the presence of hydrogen and hydroprocessing catalysts.
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