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ARTICLE INFO ABSTRACT

Keywords: The current study is based on the microbubble mediated reactive distillation by converting conventional ho-
Acid catalysis mogeneous liquid-liquid system into a heterogeneous vapour-liquid system. Microbubbles owing to their higher
Esterification

surface area to volume ratio provides better mass transfer as well increasing the conversion and rate of reaction.
To prove the hypothesis, production of methyl acetate was investigated because of its industrial importance. The
experimental plan was designed using Response Surface Methodology (RSM). It allowed analysing the effects of
operational parameters simultaneously. The kinetics investigation demonstrated that the esterification reaction
occurs, indeed, on the vapour liquid interface at the skin/surface of the bubble and follows pseudo-first order
kinetics. The maximum conversion of the process was found to be 91% in 20 min which is significantly higher
than any previous study. Furthermore, RSM and Gated Recurrent Unit (GRU) were employed to develop models
to analyse the correlations among parameters and to predict the responses. The GRU produced higher R? =
0.9981 as compared to R? = 0.9715 produced by RSM. The results depict that GRU model is more robust and

Methyl acetate
Mass transfer
Microbubbles

reliable than Response Surface Methodology for parameter interaction study and response prediction.

1. Introduction

Esterification is one of the most important reactions in chemical
synthesis. It has several numerous industrial application such as bio-
diesel, pesticides, cosmetics, paints and dyes etc., [1]. Esterification
reaction has a low conversion and a low reaction rate and requires an
acid catalyst to increase the reaction rate [2]. The low conversion and
reaction rate is caused by establishment of equilibrium and poor mass
transfer between the reactants [3]. Consequently, the separation of
product becomes energy intensive and the overall cost of the process is
increased [4]. For instance, the cost for the separation of the product in a
distillation column is US$ 0.1345 Million/ton is very high as compare to
the cost of catalyst or cost to maintain temperature and pressure [5]. The
cost of the separation of the product for different process is given in
supplementary data Table S-1.

To overcome the establishment of equilibrium, several methods have
been investigated. Esterification process was carried out in reactive
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distillation (RD) columns in which reaction and separation occur
simultaneously [6]. Initially RD was commercially used for the pro-
duction of methyl acetate in 1983 by Eastman company [7]. The main
challenges of the RD are; handling of large size of distillation columns,
and low conversion [8]. As the reaction and separation process occur in
the same unit due to this azeotropes form in the column and also it in-
creases the design complexity and handling in reactive distillation col-
umn [9]. Pressure swing distillation has also been employed for MeOH
production. It is carried out in two stages. The column is operated at
atmospheric pressure. The esterification reaction is carried out in liquid
phase. However, the presence of acetic acid (AcOH), water, methanol
and acetate creates adverse equilibrium conditions and consequently
reduce the production and purity of the product [10]. Then two column
system was purposed-one column for rectifying and the other for the
stripping section. However, to increase the purity (%) to 99.5%, a third
column had to be introduced [11]. Reactive distillation with divided
wall column has been reported for esterification. The reactants were fed

Received 14 February 2023; Received in revised form 10 May 2023; Accepted 20 May 2023

Available online 21 May 2023

0255-2701/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:frehman@cuilahore.edu.pk
www.sciencedirect.com/science/journal/02552701
https://www.elsevier.com/locate/cep
https://doi.org/10.1016/j.cep.2023.109435
https://doi.org/10.1016/j.cep.2023.109435
https://doi.org/10.1016/j.cep.2023.109435
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cep.2023.109435&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Istkhar et al.

through the reboiler. The major drawback of this technique was the
recovery of the product that was less than 75% [12].

In the current study to overcome current challenges, modified RD
system is introduced to conduct reaction in gas-liquid system instead of
conventional liquid-liquid system. In conventional system reaction
occur in both vapour and liquid phase but large amount of reactants
reacts in liquid phase due to this, it is assumed that conventional reac-
tion occurs in liquid phase. In the current system, reactants are intro-
duced in the form of vapours to overcome the mass transfer limitation
[6,13] one of the reactants (alcohol) is injected in vapour phase in the
form of bubbles [14]. To ensure the generation of microbubbles certain
conditions are provided such as, significantly low flow rates and highly
porous sintered borosilicate glass diffuser [15,16]. The microbubbles
have high surface to volume ratio and interfacial area that increases the
rate of reaction and mass transfer rate. Alcohol is fed in the form of
vapours. When bubbles enter the reactor they are surrounded with
excess amount of carboxylic acid. A high concentration gradient be-
tween AcOH (bulk) and alcohol (small bubble) allows the reaction to
occur instantaneously and shifts the reaction in forward direction as
prescribed by Le Chatelier’s [17]. The product flux shifts toward the
centre point of the microbubble and, if, the reaction is controlled by the
surface of the bubble [18]. The microbubble containing alcohol vapour
would rise and keep on reacting with the ““fresh’’ carboxylic acid
molecule around it. Simultaneously the product flux would keep on
increasing towards the centre of the bubble [19].

The bubble would reach the surface and burst. If the boiling point of
the product is higher, such as Biodiesel, than the reaction temperature,
the product would not leave the system [14], however the unreacted
alcohol would leave the system limiting the establishment of equilib-
rium. If the boiling point of the product is less than reaction tempera-
ture, such as acetates, the product would leave the reactor and will be
collected in the condenser [19]. Since, the product has left the reactor,
equilibrium would be shifted in forward direction.

The reaction, in the conventional MeOH system, occurs mostly in the
liquid bulk as compared with gas-liquid system where the reaction occur
on surface of the bubble. In conventional system, both the reactants are
highly immiscible due to which diffusion of reactants also decreases as a
result low rate of reaction and achieved equilibrium at low concentra-
tion. However, the amount of alcohol is not present in bulk in the reactor
in the form of bubbles at any point in time to establish the equilibrium
hence pushing the reaction towards completion. Counter intuitively, the
amount of alcohol present in a bubble is always in excess locally as
compared to the carboxylic acid at bubble interface-which pushes the
equilibrium in the forward the direction. To conclude, alcohol is not
present in the bulk to establish equilibrium but is in excess locally in the
bubble to react instantaneously with the carboxylic acid present at the
interface.

Hydrophilic Surface

Hydrophilic surface
wetting properties
facilitating bubble

generation

| - -
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The above explained dynamics of vapour-liquid system is heavily
dependent on the size of the bubbles. There are several factors affecting
the size of the bubbles. Low flow rates, such as used in the current study
tends to produce smaller bubbles in the range of microbubbles [14,15,
19]. The other important factor controlling the size of the bubble is the
nature of the diffuser used to generate bubble. The reactant (AcOH)--
philic diffusers tend to generate microbubbles as the facilitate bubble
formation mechanism [15] as shown in Fig 1. The reactant philic mean
that if reactant is polar like acetic acid so the diffuser which have polar
nature will help to generate microbubble and if the reactant is non polar
nature like oil in biodiesel production then non polar diffuser will help
the formation of microbubble in the system.

Conversely, for polar diffuser the oil/carboxylic acid behaves like
layer spread over the surface of the diffuser. Alcohol vapours, instead of
coming out in the form of smaller bubble tend to lift the “layer” of oil.
This yields imbalance in flow distribution, with large amount of alcohol
vapours passing through the diffuser where the pores are large and
creates larger bubbles. Bubbles, significantly different from each other
rise in turbulent regime and consequently coalesce to produce even
larger bubbles. It decreases the surface area of the bubble, mass transfer
between the reactant and also the rate of the reaction [14,20]. The
overall result will be reduced mass transfer and reaction rate. Smaller
bubbles also tend to rise in laminar regime ensuring less coalescence and
maintaining their smaller size [16,17,21].

To examine this hypothesis, production of methyl acetate (MeAC)
was investigated as an application, due to its commercial importance. It
is used in resins, coating and paint, cosmetic as a solvent and as imita-
tion fruit flavouring [7,22]. It is also used as weak polar solvent and
soluble in water, with the increase in temperature its solubility increase
gradually [23]. There are two methods that are commercially used for
the production of MeAC, one is carbonylation and other is esterification
reaction. Carbonylation process is only economically feasible where
carbon mono oxide is present at site as by product [24]. So esterification
reaction is widely used for the production of MeAC. In this fisher
esterification reaction, the methanol (MeOH) and acetic acid (AcOH)
react in the presence of the catalyst to form MeAC [25]. as shown in Eq.

.
CH;0H + CH;COOH - CH;COOCH; + H,0 @

Cost is an important factor in new developing technologies. Usually
cost are defined as in capital investment of the process and in its energy
requirements. Currently, the process that are used by the world for
MeOH production is complicated and required high capital cost due to
its complicated process design [26]. The purposed process in this study
is very simple and cost effective due to its high conversion and ability to
limit establishment of equilibrium. With the increase of overall con-
version, the separation of final product become easy and its decreases

Hydrophobic Surface

Hydrophobic surface
repelling the liquid
hindering the bubble
formation process

Fig. 1. The effect of the nature of the surface of diffuser on bubble generation mechanism.
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the energy requirements of process that ultimately decrease the opera-
tional cost of the process.

The experimental design has been produced by Response Surface
Methodology (RSM). RSM is a statistical and mathematical technique
which optimize and analyse a process which is dependent on various
parameters [27,28]. It generates a polynomial function that relates the
response to the process variables and their interaction. The objective of
this tool is to study the simultaneous and interactive effects of different
parameters such as molar ratio, catalyst loading, pre-mixing time and
head on the MeAC production and to optimize these process parameters.
Besides RSM modelling, this study considered modelling Recurrent
Neural Network technique, GRU, to correlate the response and process
variables under study. Different model evaluation criterion such as R?,
MAPE, and MEDAE were employed to compare the results of RSM and
GRU modelling. The detailed kinetic study for gas-liquid contraction has
been studied for MeAC w.r.t microbubble process.

2. Materials and method
2.1. Reactor design

Experiments were carried out in a glass reactor fitted with a grade 1
diffuser made with borosilicate having 90 to 150 pm porosity with a
total volume of 0.692 dm?®. Thermocouple (Digital Thermometer. CE)
and a bourdon gauge (WIKA range O to 300 mbar) were used for the
continuously monitoring of the temperature and pressure respectively.
Silicon rubber beaker heater (Brisk Heater Corporation, USA) was used
to maintain the temperature of the reactor. A round bottom flask of 500
ml was used as a MeOH vaporizer. The round bottom flask was heated
using a heating mantle temperature sensor and a thermostat shown in
Fig 2.

2.2. Materials and reagents
Reagent grade AcOH and MeOH was bought from DAEJUNG

Chemicals, Korea. Analytical grade MeAC and phosphoric acid and
acetonitrile was purchased from Sigma Aldrich. Industrial grade Para-
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Toluene Sulfonic Acid (PTSA) was bought from the Sentron Asia,
Pakistan.

2.3. Experimental procedure

For each experiment given in Table S-II, specific amount of AcOH
according to the molar ratio was premixed with PTSA in a 500 ml beaker
at 70 °C and 600 rpm. Beaker was placed on a heating mantle and
temperature of heating mantle was set at 70 °C. According to molar
ratio, the calculated amount of MeOH was poured in a 500 ml round
bottom flask as shown in Fig-2. The premixed AcOH and PTSA was
added in microbubble reactor, once the MeOH started to boil at 65 °C
and atmospheric pressure. The methanol vapours passed through the
sintered borosilicate diffuser to produce microbubbles. The temperature
of the reactor was maintained at 70 °C using the brisk beaker heater
(USA) to ensure MeOH vapours do not condense in the reactor. The
microbubbles rose through the AcOH present in the reactor and started
the reaction on bubble surface. The vapours of the product, methyl ac-
etate (MeAc) were condensed using a water-cooled condenser connected
with reactor shown in Fig. 2.The experiments were designed and opti-
mized using RSM for the parameters, pre-mixing time (10-80) min of
Catalyst and AcOH before entering the reactor, molar ratio (1-4) of
MeOH to AcOH, catalyst loading (0-4 g wt.%), and AcOH head in the
reactor (0.5-2 inches) that is the height of AcOH in the reactor from the
diffuser.

To investigate the kinetics of the reaction, the experiments were
performed at the optimized reaction conditions; 70 °C, 0.75 mol of
AcOH, 1 mole of MeOH, and 0.5wt% (of AcOH) catalyst. First a base line
of MeOH was drawn in the round bottom flask and then calculated
amount of MeOH mentioned in above line was poured in the flask. The
flow rate of the methanol i.e. 2 ml/sec was remained constant and the
required amount of methanol according to the molar ratio was fed in the
form of bubble of average size 800 um by prolonging the reaction time.
The reaction was completed when all of the MeOH above the base line
was evaporated. The reaction was completed in 20 min. First sample was
taken after 5 min and then others were taken regularly at an interval of
2 min and the last one taken after 3 min of 2nd last sample. All

Methyl Acetate

Heating Mantle

Fig. 2. Simplified microbubble process assembly.



T. Istkhar et al.

experiment was repeated three times for standard error calculations.
Following Egs. (2) and 3 are used to calculate the molar ratio of MeOH
and AcOH.

Moles of AcOH * MW of AcOH
Density of AcOH

Volume for AcOH = 2

(Moles of MeOH *n) * MW of MeOH

Vol MeOH =
olume of Me Density of MeOH

3

wheren =1, 2, 3 etc.

2.4. Analytical method

HPLC (Agilent infinity 1260) system was used to analyse the sam-
ples, the system had UV/Vis and run with chem-station software. The
temperature and wavelength were set at 40 °C and 200 nm respectively
in the column. Agilent zorbax C8 with particle size 5 um and 250 mm x
4.6 mm was used for analysis. 0.03 molar solution of H3PO4 in water and
acetonitrile was used as mobile phase in ratio 88:12 v/v. 20 pL sample
was injected. Linear regression was used to construct the calibration
curve between concentration and observed peak area [19].

2.5. Experimental design using RSM

In the current study, Box-Bhenken Design (BBD) has been used to
investigate the individual and the interactive effects of the variables
molar ratio of MeOH and AcOH (A), catalyst loading (g) (B), pre-mixing
time (C), and head (D) on MeAC production. The bubbling rate is fixed.
However, the required amount of methanol according to the molar ratio
was fed by prolonging the reaction time. Since the molar ratio at the
start of the experiment cannot varied, the effect of feeding larger amount
of methanol, according to molar ratio, can only be assessed by increasing
the reaction time and consequently measuring the overall reaction time.
The upper and lower range of the parameters were given to the software
- A (1-4), B (0-4 g wt.%), C (10-80 min), and D (0.5-2 inches). A total of
29 experiments were designed as given in supplementary data as Table-
S2. The experiments were performed accordingly and their response
were measured.

2.6. Statistical analysis (ANOVA: Analysis of variance)

Fit summary as shown in Table 1 suggests that the most adequate
model for fitting the experimental data is quadratic model. The accuracy
of this model was elaborated by Analysis of Variance (ANOVA). It gives
main and interactive effects of the variables, and the error terms
included in the model. The significance of the parameters is verified by
p-value and F-value in the model [29]. The parameters having larger F
value and p-value <0.05 are considered to be significant. In this case A,
B, AB, AD, B? are significant model terms given in supplementary data as
Table SIIL The effects of all the parameters have been discussed in detail
in Section 4.2 to onward. The accuracy of the quadratic model was also
accessed by correlation coefficient (RY), predicted R? and adjusted R?
given in Table 2. R? closer to one shows that the actual data closely fits
the data predicted by RSM model [30]. The quadratic model in the
present study has 0.971 R2 which shows accurate fitting of the model.

Table 1
Fit summary of the model.
Source Sequential p-  Lack of Adjusted Predicted
value Fit p- R? R?
value
Linear < 0.0001 < 0.0001 0.5902 0.4550
2FI 0.0159 < 0.0001 0.7518 0.4947
Quadratic < 0.0001 < 0.0001 0.9430 0.8361 Suggested
Cubic 0.0200 0.0003 0.9855 0.5612 Aliased

Chemical Engineering and Processing - Process Intensification 191 (2023) 109435

Table 2
ANOVA for Response Surface Quadratic Model.
Standard terms Value Standard terms Value
Std. Dev. 0.0329 R? 0.9715
Mean 0.4787 Adjusted R2 0.9430
C.V.% 6.87 Predicted R? 0.8361
Adeq. Precision 21.3866

Adjusted R? gives better accessibility of the model fitting than R since it
also includes the effect of insignificant terms present in the model [31].
Here the Adjusted R? is 0.943. The value of adequate precision which is
greater than i.e., 21.83 also supports the fitness of the model as per
design expert software [32]. The model also gives p-value for the lack of
fit less than 0.0001 which shows that linear regression model does not fit
the data well and quadratic model is the true representation of the data.

2.7. Artificial intelligence model

For the prediction of response, conversion%, artificial intelligence
modelling was also incorporated using 29 samples of the data. The
performance of artificial intelligence models is contingent on both the
quantity and quality of data, as well as the choice of modelling algo-
rithm. Certain algorithms are more appropriate for modelling with
limited data. Among the algorithms that are suitable for this purpose are
support vector machine, Gaussian process regression, random forest,
gradient boosting decision tree, XGBoost, symbolic regression, and
artificial neural network [33].

For this study Recurrent Neural Network (RNN) using Gated recur-
rent unit (GRU) was opted for modelling purpose that requires suitable
value of hyperparameters such as number of hidden units, gradient
threshold, initial learning rate, learn rate drop factor, and learn rate
drop period. The GRU model architecture was designed by changing
hypermeters. Different model evaluation criteria such as R%, Mean Ab-
solute Percentage Error (MAPE), and Median Absolute Error (MEDAE)
were employed to select the best parameter for the model architecture
given in Supplementary data as Table S-IV.

RSM model has reported 0.9715 R? that shows good fitting efficiency
Fig. 3. However, GRU has shown even more superior efficiency and
reported 0.9981 R2. Besides, other performance evaluation criteria have
reported outperforming prediction capability of GRU compared to RSM
model Table 3. Table 3 confirms the superiority of the GRU model as its
predicted values are in good agreement with actual values Fig. 4. From
Fig. 3(a) deviating RSM model prediction values from actual values are
clearly visible causing lower R%, and larger MAPE and MEDAE compared
to GRU model Fig. 4(a). The MAPE for RSM model is 3.908 that is
approximately double compared to GRU model 1.7615. Furthermore,
MEDAE for GRU model 0.0027 confirms its superiority over RSM model
0.0152.

Scatter figure comparison between actual and predicted values of
RSM (Fig. 3 (b)) and GRU (Fig. 4 (b)) also confirms the superior pre-
diction performance of the GRU model. A 45-degree line has been added
to assist the interpretation of the scatter figures. Predicted points closer
to the 45-degree line contribute towards higher R?, and lower MAPE and
MEDAE. It can be analysed that RSM predicted values deviates more
from 45-degree line compared to GRU predicted values. This also con-
firms the superior prediction capability of the GRU model compared to
RSM model.

3. Reactions kinetics

In this work esterification is carried out in a bubble reactor. The rate
of the reaction in this case depend upon the mass transfer and the re-
action kinetics of the chemical reaction. The results are highly depen-
dent on the mechanism, and is referred in the section of results and
analysis, it is very important to develop a sturdy understanding of the
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Conventionally, the reaction is carried out in the bulk. The literature
has reported both first and second order for the esterification depending
upon the reactor configuration [35]. For the current study, where the
reaction is carried out between vapour-liquid phases. It is very impor-
tant to investigate the kinetics of the reaction and analyse if the reaction
occurs on the skin of the bubble or not. The control volume to assess the
kinetics of the process is shown in Fig 5. There are many several models
are used along with two film theory. These theories or models state that
the liquid at interface continuously removed or washed by fresh fluid
from the main body of the liquid and that’s how mass transfer occur.
These models are also different from a physical standpoint and give
essential identical prediction of steady state behaviour. Due to these
reasons, two film theory as adopted by Levenspil method was used to
analyse the kinetics [23]. It must also be noted that under the current
reaction conditions, only gas diffuse in liquid and the concentration of
liquid (Acetic acid Cp) does not drop in large quantity with in the film.

To determine whether the reaction is kinetics controlled or diffusion
controlled, Hatta number (My) was calculated If My < 1, it shows the
reaction occurs in the bulk section and diffusion of reactants in bulk will
be the controlling factor. If My > 1 then it shows, the reaction takes
place on the surface of the bubble and controlling factor will be the
surface area [36,37]. The equation of My is shown below.

(D,,b)ka

My = Y "9/770 10
H T 10)

where Dgp,, k and Ky, are the diffusion coefficient of MeOH and AcOH,
rate constant and liquid film coefficient respectively. Cy, is the concen-

tration of acetic acid and relate in liquid phase. D}, was calculated using
Egs. (11) and (12) at 25 °C and at 70 °C respectively [38];

0.36
(Dab V750 = 6.02 %107 <V"—) an
ai =250C ”2.61 V2.64

(12)

—2539
(Dap )7 = 4.996 % 10° (D, )TZZSucexp( )

Kp) was calculated for bubble less than 2 mm in diameter by the
following Eq. (13)

(Das )prg> "
Hp

ky = 0.31 ( 13)

My was found to be greater than 1 which confirm that the reaction
was kinetically dominating and occurred on the surface of the bubble.
Enhancement factor (E) was used to calculate the order of the reaction
using Eq. (14). If E; > 5 My then we have pseudo first order reaction by
the gas/Liquid interface in which case E = My more precisely it follow

Chemical Engineering and Processing - Process Intensification 191 (2023) 109435

the following equation.

- Myfl
E _MH(I e ) 14)

3.1. Infinite enhancement factor (E;) was calculated by Eq. (15) [36]

(15)

CyH,
E =1+ (Dab),,( b;;)

where, P4 and Cp are the partial pressure and concentration of MeOH
and Hp is Henry's constant. The reaction was found to follow pseudo-
first order kinetics as the value of Enhancement factor (E) was approx-
imately equal to the Hatta number My. By using the values of E, My, and
E; from the rate of reaction for the bubble mediated esterification re-
action was measured;

Py

1 H,
g0 (Dap )7kCp

(16)

—ry =

where, Pp and Kag are the overall pressure in (bar) and mass transfer in
gas film coefficient respectively. The value of rate constant (k) is 7.266
Kmol/s m? and liquid film coefficient (Ky)) is 2.82x10~* m/s was
calculated using the concentration and time graph as see in Fig. 1 [39].
The overall rate of the esterification reaction is given below in Eq. (14),
and units of ry were Kmol/s m®. For comparison, various rate expression
have been in listed in supplementary data as Table S8.

—ry = (4247 x 107) (P, % 101,325)(\/53) a7

4. Results and discussions
4.1. Comparison of gas-liquid system with conventional system

The major difference between the conventional liquid-liquid tech-
nique and the microbubble process that is discussed in this study must be
elaborated. In conventional liquid-liquid process, the required amount
of catalyst and reactants are mixed together. The reaction takes place in
the bulk system. The reaction depends upon the protonation of the AcOH
as it makes AcOH labile for subsequent MeOH attack. Since, the re-
actants are liquid and miscible with each other and T and P is constant,
the only constraint effecting the equilibrium is the reaction kinetics. As
discussed above, the acid catalysis follows reaction in a series mecha-
nism. Additionally, development of an early equilibrium because of
production of water, the reaction has low reaction rate. The maximum
conversion achieved in conventional system/control is 20% in 30 min.

Control Volume/Reaction Zone

_—e—

Acetic Acid "

Methanol

Fig. 5. Interfacial interaction between MeOH (vapour) bubble and Acetic acid.
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However, in microbubble mediated process the reaction takes place
on the surface of the bubble. In the current study, the MeOH is fed in the
reactor in the form of microbubbles. As discussed above, the bubbles
have high surface area to volume ratio due to its small size enhancing
the mass and heat transfer [14]. The microbubble of MeOH has low
buoyancy forces causing the microbubble to rise slowly. As it rises, it
keeps on reacting with the “fresh” and protonated AcOH. The product is
formed on the skin of the bubbles, diffuses towards the centre of the
bubble and the conversion of the MeAC increases as shown in Fig. 6.
Eventually the microbubble bursts at the surface. The unreacted alcohol
and products of the reaction leave the system which prevent the estab-
lishment of equilibrium in the system.

As seen in the Fig. 7, approximately 70% conversion was achieved in
first 10 min and a total conversion of 91% is achieved in 20 min with a
standard error of 3%. This high conversion and rate of reaction can be
attributed to several factors.

One of the important factors is the protonation of the AcOH before
the reaction by premixing with catalyst. AcOH is not the rate limiting
step, however, as seen previously it does effect the overall conversion
and rate of reaction [14,19,40]. As discussed above, it makes the AcOH
labile for an instant attack from MeOH. Another important factor is the
internal mixing by the microbubbles of the MeOH. Due to the internal
mixing, the product formed at the skin of the bubbels fluxes in the
bubble while the alcohol moves out at the interface. As the microbubble
rise, it always have fresh AcOH and MeOH all the time increasing the
conversion and rate of the reaction [41]. It must also be noted, that the
MeOH is simultaneously removed from the system because the reaction
is carried out at a higher temperature than its boiling point 64.7 °C.
Another interesting point is that the temperature of acetic acid is 70 °C
and vapour of methanol is coming at its boiling point that is 65 °C. There
is a temperature gap between liquid and vapour due to which heat is
transferring from liquid to vapour through interface and also the methyl
acetate reaction is slightly exothermic reaction with —9kj/km heat of
reaction. Third liquid acetic acid have high heat capacity as compare to
the methanol vapour due to their density difference. Due to all these
factors it can be assumed that the temperature of the interface or surface
is higher as compare to the system. Consequently, a very high conver-
sion and high reaction rate has been achieved as compared to previously
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reported results as shown in Table 4.

4.2. Diagnostic plots

The Perturbation plot given in supplementary data in Fig S-1, shows
the relation between the different variable and their responses (con-
version). Deviation of the variable from the reference point highlights
the change in conversion. Fig. 8 demonstrated, the catalyst loading (B) is
the most influential factor as compare to the other three. At zero catalyst
loading, there is significantly low conversion. Larger catalyst loading
means that large amount of AcOH will be protonated and, consequently,
yield high conversion. So a steep rise is observed in seen in Fig S-I. Molar
Ratio (A) is the second influential factor and have inverse relation with
conversion. With the increase in the molar ratio, the amount of the
unreacted alcohol is also increased which can accumulate in the reactor
and mimic a liquid-liquid equilibrium similar to what is observed in in
conventional system and reduces the conversion.

Premixing time (C) has almost a straight line in Fig S-1. Apparently, it
seems that it does not affect conversion significantly as compared to
catalyst loading and molar ratio. However, the effect of Premixing can
be easily misinterpreted. As discussed above, premixing the catalyst
with the AcOH yields made carbonium ion. The graph also indicate that
the premixing does not affect the conversion significantly, it emphasizes
that the maximum ionization of AcOH has already occurred before the
10 min. This is shown by a significantly low conversion of 24.8% in the
control experiment carried out without premixing. The result of control
experiment is shown that there is a difference in conversion without
premixing. The acid catalytic esterification reaction follow reaction in
series where the acetic acid is first protonated and then follow the attack
of methyl radical. So having acetic acid in protonated state assists the
reaction instantaneously [19,40,46].

Parameter D, the head of AcOH in the reactor, has significantly low
effect on the conversion. By increasing the head, the conversion did not
increase significantly. As demonstrated in the kinetics, the reaction is
kinetics controlled and is carried out on the skin of the bubble. The
product fluxes in the centre of the bubble. Microbubbles are small and
achieve mass transfer equilibrium very quickly and attains equilibrium
[15,47]. This happens over a very small scale of height and the reaction

High

Acetic Acid

Interface

Low

Fig. 6. Reaction of rising MeOH bubble with protonated acetic acid.
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Fig. 7. Effect of time on the methyl acetate conversion.

Table 4
Comparison of conversion with previous studies.
Systems Conversion Time Temperature ( References
(%) (min) °C)
Simple reactive batch 49.41 102 37 [42]
distillation
Pervaporation by cross- 94 300 70 [43]
linked PVA/silica
nanocomposite
membranes
Reactive extraction 70 360 28 [44]
Using activated TiO; as 79 240 30 [45]
catalyst Under UV
light Radiation
Microbubble process 91 20 70 This
study

does not proceed further. This does not mean the head of the AcOH is
insignificant-however, it emphasizes the fact that tall bubble columns
might not be needed for scaling up the reactor. Since, the conversion has
already been achieved approximately at a head of 0.5 inch, a thin film
reactor may provide equally good results.

4.3. Plot for the catalyst loading and molar ratio

The combined effect of the catalyst loading and the molar ratio on
the conversion of the reaction has been shown in the Fig. 8. Without
catalyst and minimum molar ratio, the conversion was significantly low.
Highest conversion was achieved at the maximum catalyst loading and
minimum molar ratio. Conversion was found to increase significantly
with the increase in catalyst loading as it increases the protonation of the
AcOH. It could also be noticed, that at minimum catalyst loading, no
significant change was observed by changing the molar ratio from
minimum to maximum. At minimum catalyst loading and the maximum
molar ratio the conversion was comparatively low than the conversion

Fig. 8. Simultaneous effect of catalyst loading and molar ratio on the conversion.
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achieved using maximum catalyst loading and minimum molar ratio. By
increasing the molar ratio, the amount of the unreacted alcohol
increased due to the accumulation of alcohol in the reactor. The accu-
mulated alcohol and the unreacted AcOH can mimic a liquid-liquid
equilibrium similar to what is created in conventional system reducing
the conversion after molar ratio greater than 1:1

4.4. Plot for head and catalyst loading

The Fig. 9 shows the interactive effect of head of AcOH and catalyst
loading simultaneously on the conversion of the reaction. At minimum
head and without catalyst the conversion was low. Without addition of
catalyst, conversion was not found to increase significantly by
increasing the head gradually. By increasing the Head, the height of the
AcOH increases in the reactor. As discussed above, due to higher
interfacial area the mass transfer by microbubbles is fast. After rising
through a head of AcOH 0.5 inch the reaction proceeding on the inter-
face stops. At the maximum catalyst loading and minimum head the
conversion was maximum because of the maximum protonation of acid.
A sharp decrease in conversion is observed as catalyst loading is
reduced. At maximum catalyst and maximum head, the conversion was
same and no significant change was occurred.

4.5. Plot for premixing time and catalyst loading

The Fig. 10 shows the effect of premixing and catalyst loading on the
conversion of the reaction. At zero catalyst loading, there is negligible
protonation, so premixing the catalyst with AcOH had a very little effect
on the conversion of the reaction. At minimum premixing time when
catalyst loading is gradually increased, a sharp increase in the conver-
sion is observed. It is counter-intuitive to note that at maximum amount
catalyst loading and maximum premixing time the conversion of the
reaction has decreased. PTSA was premixed with AcOH 70 °C. PTSA was
found to decompose when premixed for longer period of time. It was also
evident from the colour change of the mixture from colourless to
brownish colour. PTSA decomposes and releases SO which when dis-
solved produced brown colour. With less amount of catalyst, the pro-
tonation is minimized and lower value of conversion is achieved.
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4.6. Plot for of head and molar ratio

The Fig. 11 shows an interactive plot between, the conversion of the
reaction, the head of AcOH and molar ratio of the reactant. At minimum
molar ratio and head the conversion of the reaction is maximum. At
lower head, the change in the molar ratio had the inverse relation with
conversion. By increasing the molar ratio, the amount of unreacted
alcohol in the system increased and have a bad impact on the conversion
as shown in Fig S-1. At lower molar ratio, the change in head had the
inverse relation with the conversion. By increasing the head the amount
of AcOH in the reactor increased and since the molar ratio was constant
so gradually the amount of alcohol also increased. As discussed above in
Fig. 8 after the 0.5 inch head no reaction occur so the amount of alcohol
that was increased to maintain the molar ratio causing the liquid-liquid
equilibrium in the system that decreased the overall conversion.

4.7. Plot for head and premixing time

The Fig. 12 shows the combined effect of the head and premixing
time on the conversion of the reaction. At low premixing time, the head
of AcOH had a very negligible effect on the conversion. Increasing head
also increases the required amount of AcOH. There was a negligible
effect of increasing the amount of AcOH on the conversion after a certain
height due to the decrease in mass transfer. At low head premixing had
no effect on the conversion due to the maximum protonation of the
AcOH has already taken place before the 10 min of premixing time. At
maximum head and premixing time the conversion decreased. As dis-
cussed above, with increase in premixing time PTSA starts to
decompose.

4.8. Plot for molar ratio and premixing time

The combined effect of the premixing time and the molar ratio of the
reaction on the conversion has been shown in the Fig. 13. At low molar
ratio when premixing time was increased, a slight increase in the con-
version was observed because of the protonation of AcOH. When molar
ratio increased at low premixing time the negligible increase was
occurred in the conversion. When both the molar ratio and premixing

Fig. 9. Simultaneous effect of Head and catalyst loading on the conversion.
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Fig. 11. Simultaneous effect of Head and Molar Ratio on the conversion.

time increased simultaneously the conversion of the reaction was found
to decrease. Again, at maximum molar ratio the amount of unreacted
alcohol increased by accumulation in the reactor. Conversion was found

to decrease with the increase in premixing time because of the decom-
position of PTSA.

5. Conclusion

The conventional production method for the esterification reaction is
very energy and time-intensive due to the mass transfer and equilibrium
limitations. In the study, the MeAC was produced as an application of
vapour-liquid system in which the MeOH bubbles are fed in the liquid
AcOH. As the microbubbles have a high volume to surface area ratio,
which increased the reaction rate and moves the equilibrium in the
forward direction. Kinetics of the reaction show that reaction is pseudo

10

first order and reaction is occurring on the surface of the bubble of the
methanol. The final rate equation show that reaction is mainly depend
upon the concentration or pressure of the methanol. When reaction
occur on the surface of the bubble, product started to accumulate around
the bubble and when it burst on the surface, product and unreacted
methanol left the system. This process pulls the reaction toward the
completion and prevent the establishment of the equilibrium. In the
current study, the kinetics of reaction shows that the 70% conversion in
the first 10 min and 91% conversion in 20 min that is significantly
higher than previously reported studies. Several parameters have been
investigated to optimize the MeAC production using RSM. The catalyst
loading and the molar ratio of reactants were found to be significant
parameters. As the catalyst loading increases, the conversion tends to
increases and achieved 72.5% at the minimum molar ratio. Approxi-
mately 60% conversion was achieved for both minimum and maximum
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Fig. 13. simultaneous effect of molar ratio and pre-mixing time on the conversion.

head change. For minimum and maximum premixing time conversion
varied from 50 to 60% at maximum catalyst loading. 25% conversion
was achieved at low catalyst loading and maximum premixing time. The
results demonstrate the current gas-liquid reaction system has a high
potential for several applications of esterification reactions at industrial
scale which are limited by poor mass transfer, low conversion and a low
reaction rate. GRU modelling was also experimented by employing
required hyperparameters bound values to opt the best performing
model architecture. The experimentation provided number of hidden
units 141, gradient threshold 0.01, initial learning rate 0.0099, learn
rate drop factor, 0.1, learn rate drop period 131, and training epoch 150

11

as optimized hyperparameters. Using optimized hyperparameters GRU
model was also developed to predict the response and compare the re-
sults with the RSM model The performance criteria values of R%, MAPE
and MEDAE were 0.9981, 1.76157 and 0.0027 for GRU and 0.9715,
3.908 and 0.0152 for RSM respectively. Compared to RSM, GRU
depicted enhanced performance with higher R? value, approximately
half MAPE value and approximately five times lower MEDAE value.

GRU model could be used for robustly predicting the conversion% of the
process.
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