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ABSTRACT

To ensure stable high prices for glycerol, it is essential to process glycerol into high-value products. The low price of
glycerol and the high cost of its separation could potentially turn glycerol into waste, ultimately disrupting ecologi-
cal stability. However, converting glycerol into triacetin through a reaction with acetic acid poses challenges due to
the presence of water in the reaction system. Water is a byproduct of triacetin synthesis. The presence of water can
significantly reduce reaction performance, causing reverse reactions toward reactants and hindering the diffusion-
reaction process, which is the core stage in triacetin synthesis. Therefore, this research was conducted to analyze
the phenomenon and the extent of water’s influence on the performance of triacetin synthesis reaction based on the
acetic acid conversion produced. Additionally, this research attempts to model the reaction process with a simple
mathematical model to understand the phenomena occurring. Observations were conducted using two different batch
reactors: one equipped with a condenser (which allowed for water condensation) and the other without a condenser
(where water evaporated). The reactions were carried out at temperatures ranging from 90 to 110 °C for 4 hours,
with a stirring speed of 700 rpm. The reactant ratio varied between 1:3 and 1:5 mol of glycerol per mole of acetic
acid. Reaction results were analyzed using acid-base titration and GC MS for acetic acid conversion and the percent-
age of triacetin produced. This research demonstrated that increasing the reactant ratio to 1:3 mol of glycerol per
mole of acetic acid at 90 °C and raising the reaction temperature positively influenced the conversion of acetic acid.
The reactor without a condenser achieved significantly higher acetic acid conversion compared to the reactor with
a condenser, and the optimal reaction kinetics model identified was the second-order kinetics model. This research
provides good information regarding the influence of water on reaction performance in triacetin synthesis. The aim
of this research is to collaborate with prior studies to enhance the understanding of the triacetin synthesis process.
Further observation is needed, as the main product, triacetin, produced is still relatively small compared to the inter-
mediate products, monoacetin and diacetin.
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INTRODUCTION

This condition affects the increase in global bio-
diesel production. In 2021 alone, global biodiesel

Biodiesel as an energy blend has been proven
to reduce gas emissions compared to fossil fuels
without biodiesel mixture (Khalaf et al., 2024).
Environmental issues and global warming have
led many countries such as America, Brazil, the
European Union, and Indonesia (Eremeeva et al.,
2023; Wirawan et al., 2024) to start implementing
energy blends between fossil fuels and biodiesel.
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production reached 40 million tons (Eremeeva et
al., 2023) and experienced an increase of about
50% to 60.7 million tons in 2022 (Awogbemi and
Kallon, 2023). The biodiesel production process
always produces a by-product in the form of glyc-
erol, amounting to 10% of the biodiesel produc-
tion capacity (Pandit et al., 2023). So, it can be
interpreted that for every 100 liters of biodiesel
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produced, about 10 liters of glycerol will be gener-
ated. As biodiesel production continues to increase
due to rising biodiesel consumption, the amount
of glycerol produced will automatically increase
as well. According to economic law, if a product
is abundant in the market but the demand of that
product remains constant, the potential price of
that product will decrease. However, the process
of purifying glycerol to achieve marketable glyc-
erol requires significant costs. This is because the
glycerol purification process requires a long route
through the separation process in the distillation
unit. The feared condition is that glycerol will be
considered no longer economical and will become
waste, potentially being discarded into the environ-
ment. This event is certainty not desired by either
biodiesel producers or the community, because if
this happens, it will cause environmental pollution.

Based on studies conducted by Rahmat et al.,
2010 and Sriratchatchawan et al. (2022) during the
period 0f2003-2020, it was shown that the increase
in glycerol production has significantly impacted
the decrease in selling price of glycerol products

in the market. The selling price of glycerol, which
was initially around 36 cents/liter in 2003, dropped
to 9 cents/liter in 2020 (Sriratchatchawan et al.,
2022). This condition is very concerning if pre-
ventive action is not taken immediately, namely
by preparing alternative technologies for process-
ing glycerol into other more economical products.
Diversification of glycerol processing into other
products will increase the absorption of glycerol
itself, so that the price of glycerol remains stable,
and the concept of zero waste in biodiesel produc-
tion can be achieved. In this research, an attempt is
made to process glycerol into a biodiesel additive
in the form of triacetin compound. The synthesis
of triacetin itself basically follows the concept of
esterification reaction, where the reaction occurs
between glycerol and acetic acid to form triacetin
as presented in Figure 1.

The details of Figure 1 can be described as
shown in Figure 2, where triacetin can be formed
through a 3-step reaction. In the first step, glyc-
erol (G) and acetic acid (AA) react to form mono-
acetin (MA) + water, in the second step, MA and

C;3Hg0Os5
(Glycerol)

3 CH;COOH
(Acetic acid)

CoH,406
(Triacetin)

3 H,0O
(Water)

Figure 1. Illustration of the reaction between glycerol and acetic acid to form triacetin and water
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Figure 2. Illustration of triacetin synthesis
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AA react to form diacetin (DA) + water, and fi-
nally, DA reacts again with AA to form triacetin
(TA) + water (W) (Sandid et al., 2024).

The diversification of glycerol into triacetin,
based on economic studies, turns out to be very
profitable. According to a simulation by Pandit et
al. (2023), the production of triacetin from glyc-
erol can generate a gross profit margin (GPM)
of $60.5 million/year (based on calculations for
100,000 tons of glycerol). Moreover, based on
technical studies, when triacetin is added to fos-
sil fuel + biodiesel (biodiesel blend), it produces
significantly lower gas emissions compared to

biodiesel without triacetin (Kalyani et al., 2023).
Observations conducted on B20 biodiesel (80%
fossil fuel and 20% biodiesel) + 2% triacetin
showed a reduction in NOx by 27.5% and CO by
45.95% compared to emissions from B-20 com-
bustion (Cakmak, 2021). Therefore, based on
economic assessments and technical tests, triac-
etin is worthy of further development.
Essentially, research related to triacetin from
glycerol has been conducted (Table 1). Based on
the literature review, no studies have been found
examining the impact of water compounds in the
reaction system on the performance of triacetin

Table 1. Synthesis of triacetin using glycerol and acetic acid

Raw materials

Operational condition

Research results

References

Glycerol and acetic acid
with aluminum and silica
caatlysts extracted from
clay using NaOH and HCI

Reactant ratio of 1:6.6 to 1:11.5 mol

of glycerol per mole of acetic acid,
reaction temperature of 90 °C, catalyst
concentration of wt%, stirring speed set
at 300 rpm, reaction time of 3 hours,
using a batch reactor with a catalyst size
of 90 mesh

The optimum condition was
achieved at 1:1.89 mol of
glycerol per mole of acetic acid
with a glycerol conversion of
87.40% using a silica catalyst

Yanti et al., 2019

Glycerol and acetic acid
with CeO,-ZrO, based
catalyst

Reactant ratio of 1:3 to 1:20 mol of
glycerol per mole of acetic acid, reaction
temperature of 70 to 110 °C, catalyst
concentration of 1 to 7 wt%, constant
stirring speed, reaction time of 5 hours,
using a circulating batch reactor

The optimum condition was
achieved at 1:10 mol of
glycerol per mole of acetic acid,
5wt% catalyst, and reaction
temperature of 100 °C with
glycerol conversion of 99.12%
and triacetin selectivity of
21.26%

Kulkarni et al., 2020

Glycerol and acetic acid
with silica-based catalyst
from rice husk

Reactant ratio of 1:3 mol of glycerol per
mole of acetic acid, reaction temperature
of 100 °C, catalyst concentration of

5 wt%, stirring speed set at 400 rpm,
reaction time of 0.5 hours, using a batch
reactor with microwave assistance

The monoacetin, diacetin, and
triacetin produced are 39.9%,
56.9%, and 3.1% respectively

Tasuna and
Hidayatillah, 2021

Glycerol and acetic acid
with Pd/AC-based catalyst

Reactant ratio of 1:5 to 1:10 mol of
glycerol per mole of acetic acid, reaction
temperature of 80 to 110 °C, catalyst
concentration of 0.5 to 2.5 wt%, stirring
speed set at 400 rpm; reaction time of
1.5 hours, using a batch reactor in a
microwave

The optimum condition was
achieved at 1:10 mol of
glycerol per mole of acetic
acid, 0.718t% catalyst, and
reaction temperature of 110

°C with glycerol conversion of
96.64% and triacetin selectivity
of 0.231%

Azmi et al., 2023

Glyserol and acetic acid
with Amberlyst 36 catalyst

Reactant ratio of 1:6 to 1:12 mol of
glycerol per mole of acetic acid, reaction
temperature of 100 to 130 °C, catalyst
concentration of 2.5 to 7.5 wt%, stirring
speed set at 100 to 800 rpm, reaction
time of 8 hours, using a batch reactor

The optimum condition

was achieved at 1:9 mol of
glycerol per mole of acetic
acid, catalyst 5wt%, and
reaction temperature of 120
°C with glycerol conversion
of approximately 98%

and triacetin selectivity of
approximately 27%

Sandid et al., 2024.

Glycerol and

acetic acid with
Cs3.5H0.sPW1,04¢/K-10
(Cs-DTP-K10) catalyst

Reactant ratio of 1:9 mol of glycerol per
mole of acetic acid, reaction temperature
of 120 °C, stirring speed set at 800

rpm, reaction time of 4 hours, catalyst
concentration of 0.01 g/cm?®

A glycerol conversion rate of
92% was achieved, resulting
in the production of acetin,
diacetin, and triacetin

Yadav and Katole,
2025

Glycerol and acetic acid
with biochar acid catalyst

Reactant ratio of 1:6 mol of glycerol per
mole of acetic acid, reaction temperature
of 100 °C, reaction time is 4 hours,
catalyst amount of 150 mg

90% glycerol conversion
resulted in the formation of
acetin, diacetin, and triacetin,
comprising 42.2%, 53.4%, and
4.2% respectively

Jagadish et al., 2025
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synthesis. This research aims to observe the ac-
tual phenomena that occur due to the presence of
water in the reaction system during the triacetin
synthesis process. Specifically, it focuses on how
water affects the conversion of reactants, mainly
the acetic acid produced. For this purpose, obser-
vations were conducted with a batch reaction sys-
tem using two different equipment setups. First,
the reaction was carried out by installing a con-
denser on the reaction system so that evaporated
water returns to the reaction system. Second, the
reaction was carried out without a condenser, al-
lowing the water to evaporate into the environ-
ment. Theoretically, water is a byproduct of this
reaction (Fig. 1), and the presence of water will
disrupt the diffusion-reaction process between
reactants and catalysts. This occurs because glyc-
erol and acetic acid dissolve well in water, cre-
ating a barrier that prevents the reactants from
diffusing and reacting. This condition will affect
the reaction rate and performance of the reaction.
Additionally, when reactants dissolve in water,
especially reactants in the form of acetate, it will
interfere with the interaction between acetic acid
and intermediate products such as monoacetin or
diacetin to form triacetin (referring to the reaction
stages in Fig. 2). Therefore, this research was con-
ducted to analyze the phenomena and the extent
of water’s influence on the performance of the tri-
acetin synthesis reaction based on the conversion
of the produced acetic acid. Furthermore, this re-
search also aims to develop a simple mathematical
model to understand better the reaction process
and the phenomena occurring. The results of this
research will provide additional information and
complement previous studies on triacetin synthe-
sis to develop further triacetin synthesis toward a
more effective, efficient, and economical reaction
process. The activated clinoptilolite type natural

zeolite from Lampung, Indonesia, is utilized as a
catalyst in this research to use of abundant local
resources that have not been maximally benefited
from. This research focuses on the effects of reac-
tion temperature and the ratio of reactants. This
matter is based on the concept that the reaction
rate in liquid-solid reactions will be influenced by
temperature and reactant ratio factors. In simple
terms, the diffusion-reaction process in this study
can be illustrated in Figure 3. Referring to Fig-
ure 3 (Fogler, 2006), if the system has reached
steady-state conditions, the external diffusion rate
is equal to the internal diffusion rate, which is also
equal to reaction rate. Under these conditions, the
reaction rate can be expressed with Equation 1

and Equation 2.
dc _ pdC _p dC _ on
E_Da_Dedr_kCT (1
dc
L s ke (C-C) =k (C—C)=kC} ()
where: D (C_&Cb) — external diffusion (mol/dm?s),
k C"— esterification reaction rate (mol/
dm’s), D, =2 _internal diffusion (mol/

dm?s), D and D, — external esterification
reaction rate (dm?/s), C and C, — reactant
concentrations in outer layer of catalyst
and inside the catalyst bulk (mol/dm?), 6
— film layer (dm), r — catalyst radius (dm),
k — reaction rate constant (1/s (mol/dm’)™1),
n — reaction order (dimensionless), k_ and
k,— external mass transfer constant and
internal mass transfer constant (1/s).

The temperature parameter (T) will affect the
value of the diffusivity coefficient (D) according
to the Wilke-Chang formula (Putera et al., 2024),
and the reaction rate constant (k) refers to the Ar-
rhenius equation (Amr et al., 2023; Okonye et
al., 2023). Thus, by integrating the temperature

Figure 3. Illustration of: (a) diffusion-reaction in the esterification reaction between glycerol and acetic acid with
natural zeolite catalyst, and (b) step by step process of reactants (glycerol and acetic acid — C)
diffusing and reacting to form products (Triacetin and water — P)
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parameter and reactant concentration, it is expect-
ed that the reaction rate and the resulting triacetin
product will be maximized, resulting in effective
and efficient operating conditions.

The selection of natural zeolite in the form
of clinoptilolite natural zeolite from Lampung,
Indonesia (Intang et al., 2024; Al Muttaqii et al.,
2024) as a catalyst in this research is because this
zeolite has a fairly good performance as a catalyst
(Al Muttagqii et al., 2024; Hasanudin et al., 2024),
although pretreatment is indeed necessary before
use so that the diffusion-reaction process can pro-
ceed quickly.

MATERIALS AND METHODS

Materials and research equipment

The raw materials used included acetic acid
of the Merck brand with 96% concentration, pur-
chased from the Shopee-Indonesia marketplace.
The Glycerol used was technical grade glycerol
with 99% concentration, also purchased from the
Shopee-Indonesia marketplace. Natural clino-
ptilolite zeolite, used as a catalyst, was obtained
from Lampung-Indonesia. Before use, the zeolite
underwent pretreatment with 6 N sulfuric acid.
This pretreatment was performed to remove im-
purities contained within and to increase the acid-
ity and surface area of the zeolite. The expectation
was that the diffusion-reaction process in triacetin
synthesis could proceed quickly, and the resulting
triacetin product would be maximized. The reac-
tion process in this study was conducted using a
batch reactor, which consists of: (1) Three-neck

flask, (2) heating mantle, (3) condenser, (3”) hose,
(4) overhead stirrer motor, (5) thermometer, (6)
sample collector, (7) sample container, (8) stirrer,
(9) beaker. The schematic of the equipment used
in this study is illustrated in detail in Figure 4.

Zeolite preparation

Natural clinoptilolite zeolite from Lampung-
Indonesia with a size of - 45 + 60 mesh (refer-
ring to Ramadhan et al., 2019, and Nindya et al.,
2020) was activated using sulfuric acid solution
with a concentration of 6 N (made from 98%
Merck sulfuric acid by dissolving it in a certain
volume of distilled water) with a ration between
zeolite mass and sulfuric acid solution of 10
grams/100 ml of sulfuric acid solution. The ac-
tivation process was carried out for 2 hours at
an activation temperature of 110 °C, while stir-
ring at 600 rpm. The activated natural zeolite
was filtered using filter paper, then washed using
distilled water until the pH of the distilled water
before use (approximately 4 rinses). In the next
stage, the natural zeolite was drained and placed
in an oven at 200 °C for 2 hours. After that, the
natural zeolite was removed from the oven and
the zeolite was ready to be used as a catalyst. To
observe the impact of the activation process that
had been carried out on the zeolite, characteriza-
tion was performed on both the natural zeolite
before and after activation. Zeolite characteriza-
tion was done using scanning electron micro-
scope (SEM), Fourier-transform infrared spec-
troscopy (FTIR), surface area analyzer (SAA),
and TPD-NH, tests.

b)

- 3

Figure 4. Schematic illustration of research equipment: (a) with a condenser (water vapor is condensed and
returned to the reaction system, (b) without a condenser (water vapor is collected and stored in a beaker)
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Esterification procedure

Glycerol and acetic acid were heated in
certain volumes (according to reactant ratios
of 1:3, 1:4, and 1:5 mol of glycerol per mole
of acetic acid) in a beaker (for acetic acid) and
reactor (for glycerol) until approaching the re-
action temperature of 90-120 °C (referring to
the study by Sandid et al., 2024). When both
reactants reached near the reaction temperature,
acetic acid was added to the reactor. The next
step was to maintain a stable reaction tempera-
ture while running the overhead stirrer at a stir-
ring speed of 700 rpm (referring to studies by
Nuryoto et al., 2020; Sandid et al., 2024). When
the reactant solution appeared to be complete-
ly mixed, a sample was taken for initial acetic
acid analysis (Ao) using 0.5 N NaOH solution,
which was considered the start of the reaction
(t, = 0 minutes). The next step was to add cata-
lyst into the reactor at 5% of the glycerol mass
(Sandid et al., 2024). Next, after 4 hours, the
reaction was over, and the sample was retaken
to analyze the remaining acetic acid (At). To de-
termine the acetic acid conversion, calculations
were made using Equation 3, and to determine
the percentage of triacetin produced, analysis
was performed using GC MS.

(Ag— Ap)

XAA = X 100%

3)

where: X, —acetic acid conversion (%), 4, — ace-
tic acid concentration at t = 0 minute (mg/
dm’), A, — acetic acid concentration at a
certain t reaction (mg/dm?).

o

To test the mathematical model of reaction
kinetics, samples were taken every 1 hour for 4
hours using the same analysis method. All sample
analyses were conducted in triplicate and aver-
aged to ensure accurate data.

Characterization techniques

Natural zeolite was characterized using fou-
rier transform infrared spectroscopy (FTIR) type
Alpha II from Bruker, Germany, to analyze its
functional group peaks and to compare them with
existing reference standards. Scanning electron
microscope (SEM) using Zeiss — Germany was
conducted to observe morphological changes and
reinforce the FTIR test results. The surface area
analyzer by Quanta Chrome Instruments was
used to determine the surface are of zeolite before

and after activation. Additionally, the TPD-NH,
Autochem II from Micromeritics was employed
to assess the acid strength of the zeolite post-
activation. Following these analyses, the reac-
tion products were characterized using a GC MS
from Thermo Scientific, which includes a Trace
ISQ7000 mass spectrometer and a Trace 1310 gas
chromatograph. This setup was utilized to ana-
lyze the triacetin and its byproducts, monoacetin
and diacetin.

Mathematical model testing

To make the observations more comprehen-
sive, this study also conducted a reaction kinetics
analysis using a mathematical model. The math-
ematical model was constructed with several as-
sumptions, including: (a) the catalyst size was as-
sumed to be homogenous, and (b) both external
and internal diffusion are very fast, so the reaction
rate controls the overall process. Based on these
assumptions, the mathematical model was identi-
cal to Equation 2, which is the pseudo-homoge-
neous mathematical model, so Equation 2 could
be simplified to Equation 4.

dc
Car = fecpy, 4)
dCaa

—24 — acetic acid reaction rate (mol/dm* h),
k —reaction rate constant (1/ h ), n —reac-
tion order, C, —acetic acid concentration
at a certain time (mol/dm?).

where:

The pseudo-homogeneous model was chosen
to predict the reaction rate and reaction rate con-
stant because, in addition to being simple, it of-
ten produced good curve fitting between research
data and mathematical models. Based on studies
conducted by Hazrat et al. (2023) and Morales et
al. (2023) this model yielded and R? value close
to 1, specifically 0.9996, and a residual mean
squared error (RMSE) of 1.26 x 10~ 3. Therefore,
considering the R? and RMSE values, this model
was potentially quite valid for use in this research
case. In this research, reaction orders (n) of 1 and
2 were explored, which are commonly used in
general chemical reactions. Equation 4 was mod-
ified into first-order and second-order forms as
presented in Equation 5 and Equation 6.

dac
- diA = k Cyar (5

dc
A= k Capr” (6)

Equation 5 and Equation 6 can be integrated
to obtain Equation 7 and Equation 8.
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ln CAAT = ln CAATO + k t (7)
1 1
= kt
Caar Caaro + ®)

The value will be obtained using Microsoft
excel to perform a trendline analysis for the first-
order versus the second-order. The mathematical
model with an R? value close to 1 can be used to
describe the phenomenon of the reaction process
that occurs and predict conversion under other
operating conditions, as well as being applicable
for reactor design later.

RESULTS AND DISCUSSION

The effect of pretreatment on changes in
natural zeolite characteristics

In Figure 5, the FTIR test results showed that
at wave number 1040 cm’', a very significant peak
change occurred (see the circled area in Fig. 5). Ac-
cording to Ferri et al., 2024 and Velarde et al., 2024,
wave numbers 1002—1040 represented asymmetric
stretching of Si-O and Al-O structures. This peak
reduction indicated that the dealumination process
had occurred when the zeolite was activated using
sulfuric acid (see Fig. 6 referring to the research

of Feng et al., 2019). When surface area analyz-
er (SAA) testing was conducted using a Quanta
chrome Instruments type with the BET method, an
increase in surface area of Lampung natural zeolite
was observed. The specific surface area initially
measured 57.230 m?/gram and increased to 98.738
m?*/gram after treatment (Table 2). This increase in
specific surface area that occurred in zeolite when
pretreated using 6 N H SO, indicated that the dealu-
mination process had taken place. The removal of
aluminum in the resulted in the formation of spaces,
so when the SAA test was performed, and increase
in the specific surface area of the Lampung natu-
ral zeolite was observed. A similar trend was also
seen in the research conducted by Aziz et al. (2019)
with the same zeolite (Lampung zeolite), where the
Lampung zeolite before pretreatment had a surface
area of 48.61 m*/gram, and after pretreatment using
1 M NH,Cl, the surface area increased to 53.25 m?*/

Table 2. Surface area analysis test results using BET
method

Zeolite activity Surface area (m?gram)

Zeolite before pretreatment 57.230

Zeolite after pretreatment using 08.738

6 N H,SO,

5
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Figure 5. FTIR test results on natural zeolite from Lampung: (a) before pretreatment and (b) after pretreatment
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Figure 6. Illustration of the dealumination process of natural zeolite from Lampung, Indonesia
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gram. When compared to the research conducted by
Sunaryo et al. (2023), the FTIR results in this study
showed similarities. The test results of Sunaryo et al.
(2023) showed that the Aluminum ion (Al) which
was initially 6.16% after pretreatment using NaCl
and HCI, decreased to 4.61% and 2.19% respec-
tively. Based on the aluminum test results conducted
by Sunaryo et al. (2023), it was concluded that the
dealumination process also occurred in this study.
To strengthen the evidence that dealumina-
tion had occurred in the zeolite, SEM testing was
conducted to examine the morphological surface
of the zeolite. The SEM test results showed that
the zeolite which had undergone pretreatment
had a cleaner and brighter surface compared to
the zeolite that had not undergone pretreatment
using 6 N H,SO, sulfuric acid (Fig. 7a and Fig.
7b). These SEM results served as evidence that
in addition to the dealumination process, such
as Na, Mg, and K, had also occurred during the

Do 0 Moy 20N
Time 02014

SgiAe 381
Mags 100K X

ENT» 7000V
WO 21 mm

pretreatment process. The trend of SEM results
in this study also had similarities with the SEM
results conducted by Sunaryo et al. (2023).

To determine the extent of acidity changes
in natural zeolite before and after activation,
TPD-NH, testing was also conducted. The
TPD-NH, test results before pretreatment were
based on the test results from Aziz et al. (2023)
study in the same zeolite. the test results in this
study, where zeolite after pretreatment under-
went significant changes, showed that untreated
Lampung natural zeolite had a peak intensity
at temperatures < 200 °C with a TCD signal of
0.085, which decreased to 0.017 after activation
(Fig. 8). Meanwhile, at temperatures 400 °C, the
TCD signal increased from 0.004 (Aziz et al.,
2023) to 0.08 (Fig. 8). According to Khandan
and Mashayeki (2023), the higher the intensity
of the TCD signal that appeared at temperatures
above 400 °C, the greater acidity level.

b)

Dute & May N3

ENTe TO0NY
WO 55 mm

Figure 7. Results of morphological testing using SEM: (a) before pretreatment,
(b) after pretreatment using 6 N H,SO,
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300

400 500 600 700
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Figure 8. The results of the TPD-NH, test on Lampung natural zeolite after pretreatment using 6 N H,SO,
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Based on the reference from Hasanudin et al.
(2024), the acidity test results of natural zeolite
from Lampung before pretreatment showed a
value of 0.102 mmol g. In this study, after pre-
treatment using 6 N H,SO,, the acidity increased
t0 2.1706 mmol g (meaning it increased by more
than 20 times). Theoretically, the higher the acid-
ity of a catalyst, and this was proven by Hasanu-
din et al. (2024). The results of the study conduct-
ed by Hasanudin et al. (2024) showed that at an
acidity of 0.102 mmol/gram, the reactant conver-
sion was 10.23% and the selectivity was 13.23%,
while at an acidity of 1.827 mmol/gram, it was
able to produce reactant conversion and selectiv-
ity of 66.19% and 46.72%, respectively.

Effect of reactant ratio

The increase in the reactant ratio conducted in
this study had a positive impact on the conversion
of acetic acid produced (Fig. 9). The acetic acid
conversion achieved at a reaction time of 4 hours
was 26.53, 31.35, and 42.86% (for reactant ratios
of 1:3, 1:4, and 1:5 mol of glycerol per mole of
acetic acid), respectively. The results of this study
are theoretically very logical, because with an in-
crease in the reactant ratio, the interaction between
reactions and collisions will increase, and conse-
quently, the reaction rate will also increase (Want-
en et al., 2024; Portillo et al., 2023; li et al., 2013).
A similar phenomenon to this study was also expe-
rienced by Hidayati et al. (2024) who performed
an esterification reaction between acetic acid and
glycerol, where the conversion increase from
29.94% to 85% based on glycerol for reactant ra-
tios of 1:3 mol of glycerol/moles of acetic acid and

g w =
o o o

Acetic acid conversion, %

=
(=]

1:3

Reactant ratio, mol of glycerol per mole of acetic acid

1:9 mol of glycerol per mole of acetic acid, respec-
tively, conducted at a reaction temperature of 90°C.
if observed, the research conducted by Hidayati et
al. (2024) resulted in a quite large conversion of
85.5% based on glycerol, but using a ratio of 1:9
mol of glycerol per mole of acetic acid. However,
the use of an excessively large reactant ratio be-
comes a burden on the separation process later and
certainly requires a large cost as well.

Different results occurred in Figure 10, with the
same reactant ratio as Figure 9. When the chemi-
cal reaction temperature was increased to 100 °C
from the initial condition of 90 °C, the acetic acid
conversion decreased. According to the Arrhe-
nius equation, increasing the reaction temperature
should have increased the reaction rate constant (k)
and the reaction rate between acetic acid and glyc-
erol (Equation 2). however, the presence of water
as a by-product of the esterification reaction, which
was greater in quantity compared to what occurred
in Figure 8, caused a significant increase in the re-
verse reaction. The presence of water in the reac-
tion system caused the reaction to shift to the left
(towards the reactants), reducing the amount of es-
ter (triacetin) formed. Additionally, the presence of
water also affected the performance of the catalyst
itself, as zeolite is a hydrophilic catalyst. Therefore,
when the water content in the reaction system was
too high, the catalyst activity was disrupted and de-
creased, inhibiting the reaction process to form tri-
acetin. Observation made by Canhaci et al. (2023)
showed that a certain amount of water content in the
reaction system impacted the catalyst performance
(for hydrophilic catalysts), disrupting the catalyst’s
function. The resulting impact was a drastic de-
crease in reactant conversion (Canhaci et al., 2023).

1:4 1:5

Figure 9. Effect of reactant ratio on acetic acid conversion at reaction temperature of 90 °C
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Figure 10. Effect of reactant ratios on acetic acid conversion at reaction temperature of 100 °C

When the water content in the reaction system was
sufficiently high, the amount of water adsorbed into
the catalyst was also large. Once the adsorption
exceeded its maximum limit, catalyst deactivation
occurred, and the presence of the catalyst in the re-
action system no longer functioned properly. This
condition caused the reaction rate and the resulting
reactant conversion to decrease significantly. From
the data in Figures 9 and Figure 10, it was shown
that the presence of water in the reaction system in-
fluenced the reaction between acetic acid, glycerol,
and the natural zeolite catalyst. Zeolite was hydro-
philic (water-loving), while acetic acid and glycerol
dissolved well in water, so this condition interfered
with the diffusion-reaction process in the triacetin
synthesis process. The requirement for a reaction
to occur was a good interaction between the reac-
tants (acetic acid-glycerol) and the catalyst (natural
zeolite). Therefore, when the reaction system was
disturbed, the reaction rate and reactant conversion
were also affected.

N w B (3
[=] [=] (=] o
i L L i

Acetic acid conversion, %

—
[=]
i

Effect of reaction temperature

In the observation of the effect of reaction tem-
perature, it was conducted at a fixed reactant ratio of
1:3 mol glycerol/mol acetic acid, as this was the best
condition obtained from the observation of reactant
ratios (Fig. 9 and Fig. 10). Figure 11 showed that in-
creasing the reaction temperature from 90, 100, and
110 °C had a positive effect on the conversion of
acetic acid produced, which was 26.53, 27.66, and
29.94%, respectively, at a reaction time of 4 hours.
The results were logically consistent when related
to Equation 1 and Equation 2, increasing the reac-
tion temperature increased the diffusion of reactants
to the active sites of the catalyst, and when the dif-
fusion process increased, it was automatically fol-
lowed by an increase in the reaction rate. Research
conducted by Foroutan et al., 2023 and Omranpour
and Larimi (2024) showed similar phenomena,
where when the reaction temperature was raised,
the reaction rate increased, resulting in an increase

0'—I—l—

90 deg.C

100 deg.C

110 deg.C

Figure 11. Effect of reaction temperature on the reactant ratio of 1:3 mol of glycerol per mole of acetic acid
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in the biodiesel product yield. In general, the rate of
esterification reaction between acetic acid and glyc-
erol increased significantly in the first hour (Figs
8-10), then continued to increase but tended to slow
down. This occurred due to the presence of water
in the reaction system, as previously described and
evidenced by Figure 12.

Influence of the reaction with and without
water removal from the reaction System

In Figure 12, it was observed that the conver-
sion of acetic acid conducted without a condenser
(where water was allowed to evaporate into the en-
vironment or water removal was performed from
the reaction system) resulted in a significantly
higher acetic acid conversion compared to the re-
action system with a condenser (where the vapor
mixture of water and acetic acid was refluxed back
into the reaction system). The sequential acetic acid

=]
o

Acetic acid conversion, %
N B
Q (=]

With a condenser

conversions produced at a reaction time of 4 hours
were 27.66% and 61.87% (an increase of 124%).
This result reinforced the phenomena seen in Fig-
ure 8 and 9, indicating that the presence of water
produced during the reaction process had a signifi-
cant impact on the reverse reaction and disrupted
catalyst performance. Water removal eliminated
barriers to reactant diffusion to the catalyst’s active
sites and reduced or eliminated water that would
have been adsorbed onto the zeolite, allowing the
diffusion-reaction process to proceed optimally.
To ensure that the triacetin product was in-
deed formed, this study conducted testing of the
reaction products using GCMS. The GCMS test
results performed at a ratio of 1:3 mol of glyc-
erol per mole of acetic acid showed that the tri-
acetin product formed was only 4.94% (Fig. 13
and Table 3). The reaction products were domi-
nated by intermediate products, namely diacetin
at 39.96% and a small amount of monoacetin at

Without a condenser

Figure 12. Effect with and without a condenser on the reactant ratio of 1:3 mol of glycerol per mole
of acetic acid and reaction temperature of 100 °C
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Figure 13. Results of reaction product test using GCMS at 1:3 mol of glycerol per mole
of acetic acid without a condenser
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Tabel 3. Relative percentage to area at a ratio of 1:3 mol of glycerol per mole of acetic acid

Peak Component | Retention time (min) Area (count x min) Relative percentage of substance (%)
1and 2 Acetic acid 2.201 and 2.64 7,7419,720.267 and 61,1317.929 7.51
3 Glycerol 2.92 49,3327,889.895 47.51
4 and 5 Monoacetin 3.405 and 3.91 818,453.120 and 77298.503 0.09
6 Diacetin 4.32 4,148,97718.293 39.96
7 Triacetin 5.60 5,124,9931.272 4.94
Total 1,038,402,329.279 100.00

0.09%. if referring to Figure 1 and Figure 2, stoi-
chiometrically with a reactant ratio of 1:3 mol of
glycerol per mole of acetic acid, it should have
been sufficient to convert glycerol to triacetin en-
tirely, but this was not the case. Instead, the reac-
tion products seemed to stop at the intermediate
product diacetin, and only small amount changed
to triacetin. To see the extent of the reactant ratio
on the tendency of glycerol to react and the re-
action products, an analysis test was also carried
out using GCMS for a reactant ratio of 1:4 mol
of glycerol per mole of acetic acid. Based on the
GCMS test results shown in Figure 14 and Table
4, there was a very significant change, namely the

4.0ed

glycerol which initially at the reactant ratio of 1:4
mol of glycerol per mole of acetic acid (Fig. 14
and Table 4). This data showed that the reaction
proceeded faster compared to the reactant ratio of
1:3 mol of glycerol per mole of acetic acid, and
much glycerol was consumed to form reaction
products. The intermediate product monoacetin
formed increased from 0.09% at the reactant ratio
of 1:3 mol of glycerol per mole of acetic acid to
43.33% at the reactant ratio of 1:4 mol of glyc-
erol per mole of acetic acid. When referring to
the products produced, the products in the form
of diacetin and triacetin increased from 39.96%
diacetin and 4.94% triacetin for the reactant ratio

s o
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Figure 14. Test results of reaction products using GCMS at 1:4 mol of glycerol per mole
of acetic acid without a condenser

Table 4. Relative percentage to area at a ratio of 1:4 mol of glycerol per mole of acetic acid

Peak Component Retention time (min) Area (count x min) Relative percentage substance (%)
1 Acetic acid 2113 110,2807.463 0.06303
2-5 Glycerol 2.919 82,121,808.910 4.693615
Mono acetin 3.405 and 3.909 758,048,988.636 43.32576
Diacetin 4.320 79,0631,841.880 45.18801
Triacetin 5.599 117,743,998.956 6.729577
Total 1749,649,445,844 100.00
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of 1:3 mol of glycerol per mole of acetic acid to
45.19% diacetin and 6.73% triacetin.

The comparison of the two GCMS test results
provided information that the step of increasing
the reactant ratio from 1:3 mol of glycerol per
mole of acetic acid to 1:4 mol of glycerol per
mole of acetic acid to increase the triacetin prod-
uct had a positive impact on the triacetin product
produced, although it was not yet optimal, as the
increased that occurred was only 1.79%. There-
fore, appropriate, effective, and efficient actions
were needed to address this problem. If referring
to the phenomenon of increasing the reactant ra-
tio, if the step taken was to increase the reactant
ratio, then it was possible that the resulting phe-
nomenon would have a similar tendency, where a
significant increase in reaction products occurred
only in intermediate products such as monoace-
tin and diacetin, while the increase in triacetin
would remain constant. Therefore, a more ap-
propriate method was needed to shift monoacetin
and diacetin to triacetin, so that the main product
(triacetin) experienced a drastic increase, and the
intermediate product in the form of monoacetin
became very small. Referring to the case above,
the effective method was likely to make 2 series
reactors with separation installations installed be-
tween them. The product from reactor 1 output
was then subjected to removal of water contained
in the reaction product output by evaporation
to remove the contained water and then reacted
again the 2™ reactor by adding acetic acid in cer-
tain amount. Under these conditions, the water,
which was a by-product and barrier to the reac-
tion, would be eliminated, and the added acetic

40 A

[ b 7
= [ [*]
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=]
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Acetic acid concentration, %

acid would fully react with monoacetin and di-
acetin to form triacetin (Fig. 2).

This step was validated by Pandit et al. (2023)
through a simulation using Aspen Plus software
that showed when the output of reactor 1 under-
went water separation, and was subsequently fed
into reactor 2, the triacetin product became maxi-
mized. Maximizing the reaction process to obtain
a triacetin product approaching 100% is crucial. As
seen in Figure 2, monoacetin still has two hydroxyl
groups (-OH), and diacetin has one hydroxyl group
(-OH). Hydroxyl groups are hygroscopic (water-
absorbing), as hydroxyl is highly polar and can
form hydrogen bonds with water molecules (Ba-
juri et al., 2018; Tan et al., 2014). The presence of
water in the combustion system can adversely af-
fect the combustion process, resulting in a decrease
in the generated heat of combustion, which leads
to reduced combustion efficiency and increased
combustion delay (Xu et al., 2021), as well as in-
creased deposits during combustion. Additionally,
the presence of water will trigger corrosion in the
combustion chamber (Olson et al., 2023) and re-
sult in increased HC (hydrocarbon) based emis-
sions (Ozsezen et al., 2011). Therefore, maximiz-
ing the triacetin product in the reaction process and
ensuring that high triacetin purity (above 99%) is
added to biodiesel is necessary. This step is taken
to minimize the adverse effects of monoacetin and
diacetin in the fuel later.

Validation of pseudo-homogeneous model

Figure 15 shows that the longer the reac-
tion time, the lower the acetic acid content in the

Reaction time, hours

- With a condensor

-~ Without a condenser

Figure 15. Analysis results over a reaction time range of 1—4 hours at a reaction temperature of 100 °C using
reactants with and without a condenser at a reactant ratio of 1:3 mol of glycerol per mole of acetic acid
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Figure 16. Results of mathematical model calculations using a pseudo-homogeneous approach:
(a) first-order, and (b) second-order at a reaction temperature of 100 °C and a reactant ratio of 1:3 mol
of glycerol per mole of acetic acid

reaction system. This phenomenon is expected
because longer reaction times lead to more reac-
tant molecules interacting and forming products.
However, the decrease in acetic acid content in
the reaction system without a condenser is much
faster compared to the system with a condenser
(Fig. 15). In the reaction system with a con-
denser, at t = 0 hours, the acetic acid content was
35.05% and decreased to 29.53, 28.10, 26.93, and
25.53% for reaction times of 1, 2, 3, and 4 hours.
Meanwhile, in the reaction without a condenser,
the acetic acid content decreased from 35.05%
to 19.70, 18.10, 16.40, and 13.36% for 1, 2, 3,
and 4 hours respectively. Based on this data, the
reaction rate in the system without a condenser
(where water is removed from the reaction) is
faster than in the system with a condenser (where
water is present). The effect of water on the reac-
tion system has been explained in more detail in
the previous sub-chapter (see explanations in Fig.
8, Fig. 9, and Fig.10).

The data in Figure 15 was further processed,
and calculations were performed based on Equa-
tion 7 and Equation 8, resulting in Figure 16. In
Figure 16a and Figure 16b, it can be seen that the
second-order reaction kinetics model has a high-
er R? value compared to the first-order. For the
first-order, the resulting R? values are 0.9039 and
0.8541 (for reaction systems with and without
condenser, respectively). In contrast, the result-
ing R? values for the second-order are 0.9295 and
0.9247 (for reaction systems with and without
condenser, respectively). Based on the R? values,
this research demonstrates a second-order math-
ematical model with k values of 0.809612 and

0.928672 dm’ mol! h''. Referring to the resulting
R? values, which are already quite good, this mod-
el can be used for operational purposes to quickly
predict acetic acid conversion under certain oper-
ating conditions, as this model is straightforward.
However, the current findings need to be validated
with laboratory data. For design purposes, such
as reactor design, exploring alternative models
like the Langmuir-Hinshelwood or Eley-Rideal
models is recommended. These models provide
more detailed descriptions of the reaction steps
involved (Fig. 2) and can account for consecutive
reactions, resulting in R? values closer to 1, ide-
ally above 0.99. The goal is to use these constants
for reactor design to ensure that the output has
minimal deviations and closely reflects actual op-
erating conditions.

CONCLUSIONS

The increase in reactant ratio had both posi-
tive (increase in acetic acid conversion) and nega-
tive (decrease in acetic acid conversion) impacts,
where the positive impact occurred at a reaction
temperature of 90 °C and the negative impact at
100 °C. An increase in reaction temperature with-
in the range of 90-110 °C, conducted under stoi-
chiometric conditions of 1:3 mol of glycerol per
mole of acetic acid, was followed by an increase
in acetic acid conversion. Observations using a
reactor without a condenser resulted in a much
higher acetic acid conversion compared to one
with a condenser (experiencing a 124% increase).
This data showed that the water content in the
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system affected the resulting acetic acid conver-
sion, and the removal of water from the reaction
system had a positive impact on the conversion
produced. For future efforts to maximize triacetin
production, it was suggested to try using two re-
actors connected in series, with a water separation
process conducted between the two reactors. The
pseudo homogeneous model approach could de-
scribe the process occurring in triacetin synthesis,
with the second-order model being better than the
first-order model, as indicated by an average R?
value above 0.92. However, in the future, other
models, such as Langmuir-Hinshelwood or Eley-
Rideal, should be explored using a reaction step-
based explanation (consecutive reaction) to ob-
tain a reaction kinetics model with an R? range
0f 0.99-1.00. This would allow the resulting con-
stants to be used as design references.
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