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The optimization of the homogeneous rhodium-catalyzed methanol
carbonylation reactor to reduce CO, emissions was studied in this line
of research. The average relative error of 4.8 percent between the
simulation and industrial results indicates the accuracy of the
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HysysV.9 software were used to evaluate the effect of individual
variables (the liquid level, the temperature of the catalyst-rich recycle
stream, the mole ratio of CO to methanol (MeOH) in the feed, and the
flow rate of the dilute acid stream) and their mutual interactions to
reduce CO; emissions. It was obtained that the liquid level of 46 %, the
catalyst-rich recycle stream temperature of 120 °C, the CO: MeOH
molar ratio equal to 1.13:1, and the dilute acid flow rate of 513.14
kmol/h lead to the CO; reduction by 34 %.
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1. Introduction surface velocity of the gas is low, the diameter

In the industrial setting, chemical interactions
between the gas and liquid phases are
common. These reactions take place in a tank
or column reactor. Numerous variables, such
as the reaction kinetics, mass transfer, and heat
transfer influence the reactor type [1-4]. Bao et
al. [5] conducted an experimental study on the
effect of the diameter of stirrers on the gas
dispersion rate and bubble size inside the gas-
liquid reactor. They concluded that if the

of the stirrer impeller does not have much
effect on the gas retention, but if the surface
velocity of the gas is high, the diameter of the
agitator impellers has a significant effect on
the gas retention. In other words, the smaller
the diameter of the stirrer impeller, the faster
the stirrer, resulting in smaller bubbles and an
increase in the gas retention. In recent years,
mass transfer coefficient predictions in gas-
liquid stirred reactors have been investigated
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in various processes [6-12].

AcOH is a key petrochemical intermediate
that is used to make vinyl acetate, acetic
anhydride monomers, and the terephthalic acid
solvent [13]; and synthesized in a stirred gas-
liquid reactor. According to the data, the
amount of the AcOH production increases
from 18 million tons to 20.3 million tons in
2020-2024 [14]. Methanol carbonylation in the
phase  [15],
isomerization [16], the direct carbonylation of

vapor methyl  formate
methane [17], the homogeneous carbonylation
of methanol in the liquid phase, as the most
common mass production method, and the
fermentation are all methods of producing
AcOH [18]. The homogeneous carbonylation
of methanol performed at a temperature of
180-220 °C and a pressure of 30-40 atm having
used a methyl iodide promoter and a rhodium
catalyst was commercialized by the Monsanto
in 1973. Also in this method, the yield of
AcOH is up to 99 % based on the consumption
of methanol and 85 % for CO and the
selectivity of AcOH based on methanol is
100 % [19]. Electrolyte additives such as
lithium iodide and sodium iodide added by the
Celanese resulted in a reduction of water
content in the preferred process system (H20 <
2-3 wt %). [20, 21]. In 1996, BP developed the
Cativa process, which uses an iridium catalyst
at a process with low content of water [22].
The Monsanto process uses a lot of water (14-
15 wt %) to prevent the precipitation of the
catalyst, which increases the cost of separating
the water in downstream. In a study by Zhang
et al. [23] the ionic
homogeneous carbonylation of methanol over

liquid-supported

Ir (IIT) catalysts was used to produce AcOH in
the non-aqueous liquid phase. It was found that
1-butyl-3-methylimidazolium bis
(trifluoromethanesulfonyl)imide

([Bmim]Tf2N) and N-butylpyridinium bis

(trifluoromethanesulfonyl)imide ([BPy]Tf2N)
could promote the AcOH selectivity (> 98 %)
and methanol conversion (> 99 %) under the
relatively mild reaction condition of 160 °C
and 3.0 MPa. In the study of Ji et al. [24], the
findings of the experiments showed that the
Rh(I)-0-aminophenol catalyst produced more
AcOH and lost less rhodium during the
catalysis process. As a result, the Rh(I)-o-
aminophenol catalyst is a more active and
stable catalytic system and the optimal amount
of water is 6 wt %.

Damian and Case [25] investigated the
Monsanto process from the perspective of the
which
demonstrated a reduction in greenhouse gas

process energy integration,
emissions in that case. Caxiano et al. [26]
simulated the purification section of Monsanto
process and examined the different column
sequence of separation towers, selected the
best sequence that was more economical,
energy-efficient, and environmentally friendly
than the original sequence.

CO2 formed by the water-gas shifting
reaction (WGSR) is one of the undesirable
byproducts in the carbonylation reactor. One
of the most pressing environmental concerns
in the world today is the excessive rise in the
effects of greenhouse gases such as COa,
which have increased by 25 % since the
beginning of industrialization around 200
years ago [27]. Greenhouse gases are the major
contributor to the global warming. According
to the US Environmental Protection Agency,
COz2 accounts for about 82 % of greenhouse
gases [28, 29]. Medrano-Garcia et al. [30]
explored seven different methods of producing
AcOH to reduce CO:z emissions and reduce the
economic costs of the process. They also
suggested that some of the H2 produced be
recycled to the reactor to reduce the rate of the
WGSR and thus lower the production rate of
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COa.

Considering the great importance of
environmental issues and the importance of
reducing COz emissions, the effects of various
operating parameters and reactor optimization
on the rhodium-catalyzed

studied

homogeneous

methanol  carbonylation  are

quantitatively and qualitatively.
First, the

AspenHysys.V9 software. In the following, a

reactor was simulated in
statistical relationship between independent
variables and the amount of CO: emission
which was obtained with the aid of the design
of experiments (DOE) method received a lot of
attention in recent decade [31-33]. Then, the
optimal values of independent variables to
minimize CO:2 emissions were obtained by
GA which is
optimization [34-42].

a common method for

2. Methodology

2.1. Chemistry of the process and overview
of engineering the reaction

The homogeneous rhodium-catalyzed

methanol carbonylation is a very slow
reaction, and the gas-liquid mass transfer
effects are negligible [43]. Hatta number (Ha)
is a dimensionless parameter that compares the
reaction rate in a liquid film to the rate of

diffusion through the film. It can be considered

Reductive Elimination 1

I\Rh/CO
~ \CO

CH,COlI CHgl

CH;] "
| | : H,0
|\Lh/c0
oc” | co HI
|

CH4COOH CH;0H

co CH,]”
Ligand Addition
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also as the ratio of the gas-liquid contact-time
to the reaction time [44-46]. The value of the
Ha at the CSTR of the Monsanto process is
very small. If Ha is very small, no reaction
occurs in the film, and the bulk volume
becomes the rate controlling factor, all we need
is a large volume of liquid, whereas agitation
to create large interfacial areas is of no benefit
here and the rate is determined by chemical
kinetics alone [47]. The evidence of the above
mentioned reasons is the low agitation speed
(~ 80 rpm) and large volume of the liquid
reaction phase (~ 50 m?®) of the reactor at the
Therefore, the
investigation and modeling of the gas-liquid

Monsanto process.
mass transfer do not matter. Due to instability
issues, the reaction rate of the homogeneous
rhodium-catalyzed methanol carbonylation is
less than its theoretical value. This value is
approximately equal to 60 % of the theoretical
value. The lack of the familiarity with and the
consideration of this subject in simulation
leads to inappropriate conclusions [48]. The
schematic cycle of the interrelated
organometallic reaction path for the rhodium-
catalyzed methanol carbonylation to AcOH
(chemical equation 1) [49] is shown in Figure

1.

CH;0H + CO — CH;COOH (1)
(a)
Oxidative Addition
CH; )
\}Lh co

Migration
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(b)

Hz

Cco

Figure 1. Catalytic cycle of the rhodium-catalyzed (a) methanol carbonylation and (b) water-gas shift

reaction [50].

While water is essential for steps 2 and 6, the
higher content of water would mean the loss of

CH5OH + HI = CHsl + H,0

CH,I + RhI,(CO); — CH;RhI;(CO);

CO + CH;RhI;(CO); — CH3C(O)RhI;(CO);
CH;C(0)RhI;(CO); — RhI,(CO); + CH;COI
CH,COI + H,0 = CH5COOH + HI

CO + H,0 & H, + CO,

HI also can form byproducts as shown in

CH;RhI5(CO); + HI — CH, + RhI,(CO);
RhI,(CO); + 2HI = H, + Rhl,(CO);

In equations 8-9, Rh(]) is getting oxidized to
Rh(IIT) which is to be reduced back to Rh(I) by
water & CO as in equation 7 Rh(III) where
Iodide may precipitate in the absence of water.

CH,COOH + CH;0H — CH3COOCH; + H,0
CH,COOCH; + CO + H,0 — 2CH;COOH

Equation 12 expresses the dependence of the

rate of homogeneous carbonylation of

CO by WGSR (chemical equation 7) [51].

2
3)
“4)
®)
(6)
(7

equations 8-9:

®)
)

According to chemical equation 10, methanol
is first converted to methyl acetate and water
through esterification with AcOH and then
carbonylated by equation 11.

(10)
(an

methanol reaction on the components. The
coefficients m and n are stated differently
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whether the reaction
environment is acidic or aqueous (See Table 1)

[52]:

depending  on

Rate « [Rh][I][CO]™[CH;OH]™ (12)

Table 1

where [Rh] is the concentration of the rhodium
catalyst and [I] is the concentration of methyl
TIodide (kmol/m?) in the reaction.

Values of coefficients a and b in the carbonylation reaction rate.

Aquatic environment

Acidic environment

Coefficients
Pco> 10 Pco <10 Pco> 10 Pco <10
m 0 1 0
n 0.64 0.64 0 0

Since the reaction medium is acidic and the
partial pressure of CO is greater than 10 bar,
according to Table 1, the kinetics for the
homogeneous carbonylation of the methanol

reaction is expressed according to equation 13
[53]:

—72200
72200 w1

Rate = 158800000 X exp ( RT (13)

x [Rh]

Equation 14 also shows the rate of WGSR
[54]:

—71407

RT (14)
X [1]1.055 X [Rh]1.0096

Rate = 146664 X exp (

Equation 15 is used to determine the

Methanolcold

P

equilibrium constant of WGSR [55].

5319

InK = —12.11 + —— + 1.012 InT
T (15)

+1.144 x 1074 T

2.2. Battery limits

The inlet flow streams to the reactor (CO
(21004-21020), Methanol-Mix, catalyst-rich
recycle stream (21010), recycle flow of the
liquid separated (21007), dilute acid from the
purification section and heavy phase flow are
depicted in Figure 2.

The liquid product (L) and the output stream
from the reactor's gas phase of which part is
wasted and the rest enters the flash drum and
is divided into two streams (21007), are the

output flow streams from the reactor.

-

R(21020)

R(21010)

Q
-
ﬂnr ﬂ—,_rux-mu Methanol-Mix

Methanolperheating E-100 MethanclHeat

m— Zygl-v}

Co(21004) CSTR-100

R(21007)

Dilute
Acid

Figure 2. Scheme of the reaction part of the Monsanto process.
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2.3. Design of experiments

DOE includes a series of experiments that
designedly make changes in process input
variables to reveal their effect on the output
variable. In this research, the central composite
design (CCD) method has been used in five
levels. The advantage of this method over
other methods is that it is an economical
method and does not require much data for
mathematical

modeling. To express a

relationship  between  dependent  and
independent variables, first data must be
collected wusing experiments or precise
simulations, and then regression analysis is
used to examine the relationship between the
response variable and the factors affecting the
response. To analyze regression and determine
the regression model and estimate the model
method,

according to equation 16, can be used [56]:

parameters, the least squares

K K K
y=Bo+ Z Bix; + 2 Biix{ + Z Bijxix; + € (16)
=1 =1

1=isj

In equation 16, B is the matrix of coefficients,
¢ is the error value, x is the independent
variable, y is the dependent variable, and 1, ]
and k are the numerators of the independent
variables.

3. Results and discussion
3.1. Steady-state simulation
According to Figure 2, the process is simulated

Table 2

using Aspen Hysys V.9 software. The NRTL
equation of state (EOS) is used to evaluate the
properties of the liquid phase due to the non-
ideality of the reaction medium, and the Virial
EOS is used to evaluate the physical properties
of the vapor phase [57].

The simulation results of the reactor (59.26
m? volume) and operational data are compared
and validated in Table 2.

Comparison of simulation results with operational data.

Component Design Simulation  Deviation (%)
T (°C) 185.00 191.20 3.35
P (bar) 28.60 28.60 0
H» 0.03 0.02 33.30
CO 0.22 0.22 0
CO2 0.08 0.08 0
CH;0H 0.056 0 -
CHsl 3.52 3.56 1.10
CH;COOCH; 0.60 0.64 6.30
CH;COOH 55.86 56.09 0.41
HO 38.31 38.16 0.39
HI 1.19 1.15 3.36

3.2. Effective operational parameters

3.2.1. Temperature of the -catalyst-rich
recycle stream

The rate of WGSR decreases as the

temperature of the catalyst-rich recycle stream
to the reactor decreases, but it is important to
note that reducing the reactor temperature to
less than 180 °C increases the amount of
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methyl acetate, resulting in the precipitation of

the catalyst. As shown in Figure 3, the lower
limit of the temperature of the recycle flow is
120 °C, while the upper limit is 127.5 °C [58].

190
188
186

- 182
'_
180
178
176
174

172

S0 15 M0 M5 120 125 130
TR(C)
Figure 3. Effect Temperature of the catalyst-rich

recycle stream on the reactor temperature.

3.2.2. Liquid level

The normal level of the liquid in the reactor is
3450 mm and outside the range of 1727-3506
mm which causes an alarm in the reactor level
control system, therefore, the liquid level
inside the reactor should be in the range of 30-
62 % [58]. The reactor level is regulated by
recycle flows. The liquid holdup has a direct
effect on the gas holdup in the reaction phase.
If the liquid holdup in the reactor decreases,
the production rate of acetic acid does not
change much, but the production rate of CO2
decreases as shown in Figure 4.

3.2.3. Flow rate of the dilute acid stream

Considering that the weight percentage of
water in the reactor should always be 14-15
w % (Figure 5) and also the amount of the
AcOH production should not be reduced

(Figure 6), its lower and upper bounds are
kmol kmol

and 561.3
respectively. It should be noted that the liquid

selected as 513

level inside the reactor is controlled by the

56

flow rate of the diluted acid from the
purification section [58].
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Figure 4. Effect of the liquid level on the
production of COs,.
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Figure 5. Effect of the flow rate of the dilute acid

stream on the amount of water in the reactor.
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Figure 6. Effect of the flow rate of the dilute acid
stream on the AcOH production.
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3.2.4. Feed ratio of CO to methanol
Conforming to the minimum partial pressure
of 10 bar of CO and its selectivity, and the
reactor temperature limit which should not be
less than 180 °C, the minimum and maximum
ratio of CO to the methanol feed can be 1.13
and 1.21 respectively [58].

3.3. Design of Experiments
One of the common methods for designing
experiments is the central composite method

Table 3

(CCD). This method is performed in 5 levels
+a, +1, 0,-1 and -a, which are designed for +1
and -1 points on the surfaces, 0 central points
and +a and -a axial points respectively [59]. In
this work, the Design-Expert V.10 software
has been used to design experiments. Table 3
shows the levels selected for the independent
variables in the CCD method. Table 4 also
shows the experiments performed and the
resulted amounts of CO2 and AcOH produced
for each test.

Levels and experimental ranges for the independent variables or factors.

Range and levels

Factor s 1 0 1 T
Temperature of the catalyst-rich recycle stream  385.5 388 390.5 393 395.5
Liquid level 0.2 0.4 0.6 0.8 1
Flow rate of dilute acid stream 225 300 375 450 525
Feed ratio of CO to methanol 1.6 1.8 2 2.2 24
Table 4
Natural values and outcomes of the experimental design matrix.
Run T  Lc Q€D  Fz  CO,(F%)  AcOH (D)

1 390.5 0.6 225 2.0 0.9688 180.8
2 393.0 0.8 450 22 0.9488 164.9
3 393.0 0.8 450 1.8 1.4220 201.1
4 393.0 0.4 300 22 0.5325 164.6
5 393.0 0.4 300 1.8 0.8235 200.8
6 385.5 0.6 375 2.0 0.7306 181.0
7 390.5 0.6 375 2.0 0.8364 181.0
8 393.0 0.8 300 1.8 1.6470 200.8
9 390.5 0.6 375 2.0 0.8364 181.0
10 388.0 0.8 450 22 0.8092 164.9
11 390.5 1 375 2.0 1.3940 181.0
12 390.5 0.6 375 2.0 0.8364 181.0
13 393.0 0.8 300 22 1.0650 164.6
14 390.5 0.6 375 24 0.5967 151.2
15 388.0 0.4 300 1.8 0.7051 200.8
16 390.5 0.6 375 1.6 1.4210 225.8
17 390.5 0.2 375 2.0 0.2788 181.0
18 388.0 0.8 300 1.8 1.4100 200.8
19 388.0 0.4 450 22 0.4046 164.9
20 390.5 0.6 375 2.0 0.8364 181.0
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21 390.5 0.6 375 2.0 0.8364 181.0
22 388.0 0.4 450 1.8 0.6093 201.1
23 390.5 0.6 375 2.0 0.8364 181.0
24 393.0 04 450 1.8 0.7112 2011
25 390.5 0.6 525 2.0 0.7366 181.3
26 388.0 0.8 300 2.2 0.9311 164.6
27 388.0 0.8 450 1.8 1.2180 201.1
28 388.0 0.4 300 2.2 0.4651 164.6
29 393.0 0.4 450 2.2 0.4744 164.9
30 395.5 0.6 375 2.0 0.9802 181.0
3.4. Analysis of variance CO2 (kthI) and AcOH (%) respectively:

Equations 17 and 18 show the production of

CO, = 85.57806 — 0.47868Tx — 12.41987Lc + 2.67729 x 1073Qg + 7.49883F,
+0.044625TzLc — 1.38 X 1075TgQg — 0.031325TxF,, — 1.36833 x 10-3L¢Qp

— 1.51625LcF,, + 1.11833 x 1073QgF;, + 6.99 X 1074TZ — 9.53125 x 107312
+6.56667 x 1077Q% + 1.06828F2,

(17

AcOH = 397.60975 + 0.781T + 0.18750L¢ + 1.05556 X 103Qg — 278.29167F,,
+1.53205 x 10" 13Tz L + 3.59279 X 10~16TzQg + 7.10055 X 10~ *TxF,

+5.49599 x 10715LcQg + 2.10166 X 10~ 2L.F,, + 6.01364 x 10~15QgxF,,

(18)

—1x1073TZ — 0.15625L% + 1.11111 x 1075Q% + 46.71875F%,

In equations 17 and 18, Ty is the temperature

of the catalyst-rich recycle stream (K), L¢ is
the liquid level, Qg is the flow rate of the dilute

. kmol . .
acid stream (% ) and F,, is the feed ratio of

Predicted vs. Actual

Predicted
L

58

Actual

(a)
Figure 7. Plot of the predicted response vs. a) the CO, production b) the AcOH production.

CO to methanol.

Figure 7 shows the correlation between the
actual values and the predicted values, which
indicates a good match between the predicted
values and the actual values.

Predicted vs. Actual

240 —

220 —

200 —

Predicted

180

160

140

T T T T T T
140 160 180 200 220 240
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According to equation 19, the F-Value used for
the analysis of the variance is defined as the
ratio of the mean squares of the effect (M Seffect)
to the mean squares of the error (MSerror).

MS
F= effect (1 9)
Mserror

Tables 5 and 6 show the F-Values and
P-Values for the obtained model. With
effective factors, the p values for Fisher's exact

test are less than the significant level of 0.05
[60, 61].

Table 5
Effectiveness of the selected variables on the
amount of the CO, production.

Variable F-Value P-Value
Model 584.20 <0.0001
Tgr 262.30 <0.0001
Lc 5140.78 <0.0001
Qr 222.22 <0.0001
Fio 2213.23 <0.0001
TrLc 20.31 0.0004
TrQr 0.27 0.6088
TrF12 10.01 0.0064
LcQr 17.19 0.0009
LcFr2 150.08 <0.0001
QrF12 11.48 0.0041
T2 1.33 0.2660
L2 0.01 0.9210

R 0.95 0.3441
F, 127.71 <0.0001

3.5. Analysis of the dependence of the CO;
production on independent variables

Figure 8 shows that increasing the flow rate of
the dilute acid and decreasing the liquid level
in the reactor reduce the production of CO2,
but because the liquid level in the reactor is
controlled by the flow rate of the dilute acid
[62], so if we want to decreased the liquid level

in the reactor we must reduce the amount of the
flow rate of the dilute acid (assuming the other
parameters remain the same). As shown in the
studies of Baker et al [63], it is also clear from
Figure 9 that as the temperature of the catalyst-
rich recycle stream decreases, the reactor
temperature decreases and the amount of the
CO2 production decreases, as does the feed
ratio of CO to methanol, because the larger the
ratio, the decreased the methanol feed flow
rate. And because the reactor temperature is
controlled by the flow rate of the methanol
feed, by reducing the methanol feed flow rate
the reactor temperature decreases, so does the
amount of the CO:2 production. However, it
should be noted that changing the flow rate of
the methanol feed stream requires controlling
the stability of the reactor temperature, and the
AcOH reactor is very sensitive to temperature

changes.
Table 6
Effectiveness of selected variables on the
production of AcOH.
Variable F-Value P-Value
Model 5359.14 <0.0001
Tr 0 1
L 0 1
Qr 4.45 0.0522
| P 74093.94 <0.0001
TrLc 0 1
TrQr 0 1
TrFi2 0 1
LcQr 0 1
QrF12 0 1
TR 9.895 x 107 0.9221
L% 9.895 x 107 0.9221
2 9.895 x 10 0.9221
FZ, 884.64 <0.0001
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€02 Prod (Kmol/h )
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&
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300 04

Figure 8. Changes in CO; emissions due to the flow rate of the dilute acid and the level of the liquid in the
reactor.

CO2 Prod (Kmol/h)

F12 (-)

18 388

Figure 9. Changes in the CO, production due to the temperature of the catalyst-rich recycle stream and the
feed ratio of CO to methanol.

Figure 10 shows the contour plots of the
second order model for each response. Non-
linear appearance of contour curves implies
strong interaction. As it can be seen in these
figures, the

interaction between two

60

parameters of the feed ratio of CO to methanol
and the liquid level is significant. The amount
of each response is obvious in each plot;
moreover, the appropriate range of parameters
is obvious in contour plots.
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Figure 10. Contour plots of the second order model for the CO, production.
3.6. Optimization of Pareto Front is used for optimization. Pareto
In the multi-objective optimization, because a Front is a front of justified answers that
response cannot always lead to an optimal includes the best possible answer to the
solution for all objective functions, the concept optimization problem among all possible
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answers, and finally in the multi-objective
optimization by the best answer overcoming
other answers from the Pareto Front. To
achieve the objectives of the problem,
optimization is done. To obtain the best
available answer from Pareto Front, we used
the gamultiobj toolbox in the MATLAB
software for the multi-objective optimization
using a genetic algorithm [64]. Table 7 shows
the optimal values of the operating parameters
for minimizing the amount of the CO2
production (objective function of Equation
(17)) and maximizing the amount of the AcOH
production (objective function of Equation
(18)). It is determined that a 46 % level of the
liquid , the -catalyst-rich recycle stream
temperature of 120 °C, a CO: MeOH molar
ratio of 1.13:1, and a flow rate of 513.14
kmol/h of the dilute acid stream result in a
34 % reduction in the CO2 production. In the

Table 7

work of Hosseinpour et al [65] DOE in

conjunction with the response surface
methodology (RSM) was used to investigate
the effects of seven factors, including

temperature, pressure, and the concentrations
of iridium, ruthenium, methyl iodide, methyl
acetate, and water, on the formation of H> and
CO2 as the result of the water-gas shifting
reaction and other side reactions in the Ir-
catalyzed methanol carbonylation process.
Experiments were designed using a central
composite design at five levels. It was shown
that increasing the pressure and amount of
methyl iodide decreased the formation of COz,
while an increase in the amount of other factors
promoted the formation of COsx.

As shown in Figure 11, the CO2 production

kmol

kmol
o to 2.847 _—

decreases from 4.340

Optimal operating parameters of the AcOH reactor.

Parameters Lower bound Upper bound Current value Optimal value
Tr (°C) 120 127.5 127.5 120
Lc (X 10%) 30 62 61 46
kmol
Qr ( mho) 513 561.3 561.3 513.14
Fi, 1.13 1.21 1.13 1.13

CO2 production (kmol/h )

o —
Current value

Optimal value

Figure 11. Current value vs. optimal value for the CO, production.
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4. Conclusions

The simulation of the homogeneous
carbonylation reactor and DOE by CCD using
the Design Expert software (v.10) led to the
detailed analysis and investigation of the effect
of selected parameters on the CO2 production
rate. The results showed that reducing the
liquid level in the reactor from 61 % to 46 %,
the catalyst recycling flow temperature from
127.5 °C to 120 °C, the flow rate of the diluted
acid from the purification section from 561.3
kmol/h to 513.14 kmol/h and keeping the ratio
of CO to methanol unchanged lead to a
decrease in the WGSR rate and, as a result, the
COz production gets decreased by 34 %. In this
research, it was explained that the temperature
of the reactor cannot be lower than 180 °C, so
investigating this issue and proposing a
solution to it can be part of future research.
Also, by examining and designing the reactor
carefully, other parameters can be optimized to
reduce the CO: production.

Nomenclature
— K]
E activation energy [kmol].
Fiz feed ratio of CO to methanol.
1] Concentration of methyl lodide [k::: l].
i numerators of the independent variables.
j numerators of the independent variables.
. 1’1’13
Ko reaction rate constant [kmol.s].
k numerators of the independent variables.
Lc liquid level.
m degree of reaction to gas component.
n degree of reaction to liquid component.
Qr flow rate of dilute acid stream [kmh()l].
. kmol
Rate reaction rate [ H;O ].
m-.s
. . kmol
[Rh] concentration of rhodium catalyst [ m: ]
m
. K]
R universal gas constant [K_kmol].
T temperature [K].
T temperature of the catalyst-rich recycle
R stream [K].
X independent variable.
y dependent variable.

Greek letters
B matrix of coefficients.
€ error value.
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