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ABSTRACT: Thermodynamic restrictions and simultaneous effects-of operational conditions
on the homogeneous rhodium-catalyzed carbonylation of methanol are studied in this line of research.
It is shown that the general NRTL-Virial model can be appropriated to study thermodynamics of
the carbonylation. It is obtained that the reaction is kinetically and thermodynamically reasonable
at temperatures above 420K and below 520K, respectively. Moreover, at carbon monoxide partial
pressures above 10 bar, the reaction rate is independent of the partial pressure. These results are
in full accord with those reported in the literature. In addition, Pco > 2 bar is necessary for
initializing the reaction. The parameters involved in the rate expression, equilibrium constants,
CO solubility, and rate constant, are determined. The equilibrium constants are calculated with
B3LYP/SDD ab initio method, and the value of Henry’s coefficient for CO (Hco) is determined
as a function of temperature and methyl acetate conversion. The results predicted by this function agree
well with those proposed by the general NRTL-Virial model with the errors below 11%.
The Variation of CO solubility with acetic acid and methyl acetate concentrations is in good agreement
with that obtained by others. It is found that the determined parameters give satisfactory predictions
in modeling and simulation of the reaction.
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INTRODUCTION

Acetic acid, an important industrial product, is widely
used as a raw material for the production of Vinyl Acetate
Monomer (VAM) and acetic anhydride. It is also used
as a solvent for Purified Terephthalic Acid (PTA) production.
Though various routes for synthesis of acetic acid

are known, the most important route for large-scale
manufacturing of acetic acid is homogeneous methanol
carbonylation through the chemical Eq. (1). The Monsanto
process (Rh: catalyst; CH3l: promoter; 423 - 473K;
30 - 60 bar), which is a high selective methanol
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Fig. 1: Schematic diagram of the experimental set-up for methanol carbonylation: (A) CO gas cylinder, (B) pressure gage,
(C) pressure regulator, (D) ball valve, (E) gas filter, (F) gas drier, (G) CO; adsorber, (H) mass flow meter; (I) data acquisition card,
(J) check valve, (K) constant pressure regulator, (L) needle valve, (M) thermocouple, (N) autoclave of 6.35 cm diameter and 15.24 cm
length (1: magnetic drive stirrer, 2: four-blade 45° pitched turbine impeller of 3.4 cm _diameter, 3: stirrer shaft of 14 cm length,
4: water-cooling loop, 5: thermowell, 6: electric heating mantle), (O) discharge valve, (P) pressure transducer, (Q) double pipe
condenser, (R) Parr 4843 temperature controller (TR: temperature controller and indicator, RPM: rpm indicator and manual

adjuster, PR: pressure indicator).

carbonylation process (> 99% based on methanol) using
water contents of 14 - 15 wt. %, was discovered in 1970s [1-3].
The main problems with the Monsanto process are
the catalyst precipitation under low CO pressures and the
downstream separation costs related to high water content
to achieve higher activity and selectivity. On the contrary,
this high water content increases the by-products formed
through water gas shift reaction

CH,OH+CO —-CH,COOH (1)

Based on the Monsanto process, Celanese Corporation
and Daicel Chemical Industries used lithium and sodium
iodide promoters (ca. 20 wt. %) to carry out methanol
carbonylation at low water concentrations about 2 wt. % [4-5].
In recent studies [6-8], in the low water carbonylation of
methanol to acetic acid, the use of new promoters with
low contents (ca. 0.3 - 4 wt. %) has been studied.

Although methanol carbonylation has been studied
in literature and its mechanism is well-established [9],
this study led to useful results that were mostly ignored
by researchers including a comprehensive and systematic
study of simultaneous effects of operating conditions and
the thermodynamic restrictions on the reaction. It should be
noted that the rate constant will be seriously in error
if the independency of the rate data on the CO partial
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pressure and on the thermodynamic restrictions is not taken
into account.

The determination of reaction rate parameters,
equilibrium constants, CO solubility and rate constant,
can give rise to develop a reaction rate expression that
could be used to design and to scale up the process.
So can the study of the determined parameters in the reaction
modeling and simulation by commercial simulators such
as HYSYS.Plant. Because of the lack of information
on homogeneous catalysts in this field, this study focuses
on the kinetics of the homogeneous Rh-catalyzed methanol
carbonylation (CH;l: promoter; water content: ~ 11 wt. %)
using experimental tests and applying theoretical methods
such as ab initio method with the help of Gaussian-98
program.

In the following section, the experimental apparatus
of the research are discussed. Then, the kinetics, modeling and
simulation of the carbonylation of methanol are developed.

EXPERIMENTAL SECTION

The schematic diagram of the system used in this
study is shown in Fig. 1. The experiments were performed
in a semi-batch manner and carried out by using a 450 cm®
hastelloy C autoclave (Model 4562, Parr Instrument Co.,
Moline, IL), equipped with a magnetically driven stirrer
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with a four-blade 45° pitched turbine impeller of 3.4 cm
diameter and a variable speed motor allowing for speeds
up to 1300 rpm along with liquid injection facility and
an internal water-cooling loop. The equipment was provided
with an automatic temperature control and a pressure
transducer with a precision of +7 kPa. The temperature of
the liquid in the reactor was controlled within +1K.
The catalyst (RhCl3.3H,0) was analytical reagent grade
and was purchased from Merck. Methyl acetate (MeOAc)
as the substrate, acetic acid (AcOH) as the solvent for
reaction and methyl iodide as promoter with a purity
above 98%, procured from Merck, were used as received.
A carbon monoxide supply (99.5%, Linda) to the
autoclave was provided from a reservoir.

Reaction rate is determined from the consumption rate
of CO which is frequently used to run a kinetic study or
check the activity of the employed catalyst in a gas-liquid
system in the literature [10-12]. In a typical carbonylation
experiment, the autoclave was charged with 250 grams of
reaction solution in Table 1. After sealing, the autoclave
was pressure tested and purged three times with 3 - 5 bar
of CO. The reactor pressure was then raised to 5 bar, and
by slow stirring (150 rpm), was heated to the specified
temperature. Once the reaction temperature was reached,
the autoclave was pressurized to the specified pressure.
The autoclave stirred at 1000 - 1300 rpm in order
to ensure that the gas-liquid mass transfer effects are
negligible on the catalytic reaction and the kinetic regime
since increasing the agitation speed from 800 to 1300 rpm
showed no changes in the initial rate of reaction (Fig. 2)
at different pressures (19.5 and 39 bar) and temperatures
(423, 443, and 463K). Carbon monoxide consumption
was measured by a mass flow meter recording the amount
of CO absorption from the vessel. The mass flow meter
signal was transmitted to an.acquisition card (analog
device) and recorded on-line by a PC. The reaction
temperature was maintained at the desired value by
connecting a heating mantle to the temperature control
system. The reaction was carried out until CO absorption
stopped completely indicating complete conversion of
the substrate (MeOAC).

The possible changes in the initial reaction mixture
due to the thermodynamic restrictions (vapor-liquid and
chemical equilibrium) and the vapor pressure of the mixture
at the different operating conditions are ignored
momentarily. It means that the concentrations of the
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Table 1: Operating conditions for the carbonylation reaction.

/ Operating Parameters Range \
Temperature (K) 393-483
Pressure (bar) 19.5-39
Catalyst, Rh (mol) 7.105 x 10*
Methyl iodide (mol) 0.247
Methyl acetate (mol) 0.913
Acetic acid (mol) 2

K Water (mol) 1.463 j
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Fig. 2: Effect of the agitation speed on the initial rate of
carbonylation. Reaction conditions: methyl iodide, 0.247 mol;
acetic acid, 2 mol; methyl acetate, 0.913 mol; water, 1.463 mol;
catalyst, 7.105 x 10 mol.

initial reaction mixture under the different operating conditions
in kinetic study are assumed to remain unchanged.

REACTION RATE EXPRESSION

Forster [13] investigated the mechanism of methanol
carbonylation reaction showing an active catalytic species
[Rh(CO),L,], species A, as evidenced by in situ
IR spectroscopy (Fig. 3). Oxidative addition of methyl
iodide to the species A to form methyl rhodium species B
is proposed to be the rate-determining step in this reaction [14].
Methyl iodide is formed from methanol and HI by
chemical equation (2) presented in Fig. 3. It can also be shifted
to reductive elimination step at low concentrations
of water less than 8 wt. % [15] and to ligand addition at
Pco < 10 bar [10].

CH, OH + HI <>CH_I+H,0 )
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Fig. 3: Forster's mechanism for rhodium catalyzed methanol
carbonylation.

At water concentrations above 8 wt.%, the dependence
of the carbonylation rate on the rhodium catalyst and on
methyl iodide concentration is shown in Eq. (3) [15, 16].
Rateow [Catalyst][CH,I] 3)

Hjortkjaer & Jensen [17] discovered that the
carbonylation rate is independent of the CO pressure
above approximately 2 atm. Nowicki et al. [11] reported
that there is no direct effect of partial pressure of CO
above 2 bar on the raction rates, and Dake et al. [10]
discerned that the reaction rate in acetic acid medium is
independent on the methanol concentration and not
affected by the CO pressures above 10 bar in acetic acid
or aqueous medium. It was also cited that the rate is
independent of water content above 8 wt. % and methyl
acetate content above ~1 wt. % [15].

Assuming that-the oxidative addition is the rate

controlling step, the carbonylation rate dependence in
acidic media on the rhodium catalyst and promoter
concentrations is expressed by Eq. (4) [17]. This has been
used for initial rate calculation [11, 17] and is not
appropriate for predicting the rate-time and the
concentration-time profiles in a batch or a semi-batch
reactor such as the autoclave used in this work.
Rate = k[Rh][I] 4)
where k is the rate constant, and here promoter
concentration ([I]) is equal to the initial concentration of
methyl iodide; i.e., [I]=[CH,I].

Furthermore, in this case a general form of rate

60

Vol. 31, No. 1, 2012

expression according to Eq. (5) was reported with
consideration of assumption (7)-(9) regarding Fig. 3 [12].
The exact determination of the parameters involved in
this equation can lead to reactor design, control and

simulation.
Rate = IEK [Rh][1], [CH,OH] 5)
[H,0]+KCH,OH]+K[CH,COOH][I],
K=(—" it Ly
K,K.K,K,[CO] K/K/K,[CO] KK,

Rate = k[A][T], 7
[Rh]=[A]+[B]+[C]+[D] 3
[1], =[CH,1]+[HI] ©)]

where K,, K5 and K, are the equilibrium constants of the
migration, ligand addition and reductive elimination step,
respectively. In addition, K' is the equilibrium constant of
the chemical equation (2) and Ks is the equilibrium
constant of the production release reaction (chemical
equation (10)) which is shown in Fig. 3. [I]; is the total
amount of promoter equal to the initial concentration of
methyl iodide in this study.

CH, COI + H,0 «<>CH,COOH+HI (10)

Taking methanol as the main feedstock of the
experiments, the GC analysis of the liquid sample drown
after heating the reactor to the reaction temperature
indicates that the methanol is converted to methyl acetate
through esterification (chemical Eq. (11)) with acetic acid
and then carbonylated as cited in the literature [17, 18].

CH,COOH +CH,;0H «<>CH,COOCH,+H,0  (11)

Considering methyl acetate hydrolysis reaction, the
reverse reaction of esterification and the chemical Eq. (1),
methyl acetate can be considered as main feedstock for
the carbonylation reaction (Table 1). Hence, the overall
reaction can be represented as:

CH,COOCH, +CO +H,0 —2CH,COOH (12)

In this case, the reaction rate (Eq. (5)) is expressed
by Eq. (13), where K" is the equilibrium constant of the
hydrolysis reaction.
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d([CH;COOH])
dt B
KK'K[CH,COOCH, |[H,Ol[Rh][T],
(IOl CH.COOH]+ KK H.OJ[CH,COOCH, 1+ KICH.COOHF (T}

Ratecy coon = (13)

RESULTS AND DISCUSSION
Thermodynamic study of the reaction

The GC analysis of the liquid sample drawn after
heating the reactor to reaction temperatures, 443, 463,
and 483K at 34 bar, indicated that the equilibrium amount
of methanol produced by the hydrolysis route (reverse of
chemical Eq. (11)) is very low. The comparison of the
experimental equilibrium conversion of methyl acetate to
methanol with those proposed by the different property
packages developed in HYSYS simulator software (Fig.
4) based upon minimizing the Gibbs free energy of the
system shows that the prediction of the thermodynamic
restrictions of the carbonylation system-a highly non-
ideal polar system - may be governed by a dual model
approach of NRTL liquid activity coefficient model and
the Virial vapor phase model known as general NRTL-
Virial proper fluid package for
multicomponent systems and extrapolation.

model as a

The binary interaction parameters of the property
packages and the Virial coefficients are taken from
HYSYS® library components and listed in“Table 2.
The mixing rule is applied through the calculation of the
overall property by:

n
Property . = > x; Property; (14)
i=1

The dual model approach for solving chemical
systems with activity models cannot be used with the
same degree of flexibility and reliability as the equations
of state. However, some checks such as vapor pressures
can be advised to ensure a good confidence level in
thermodynamic restrictions and the prediction of
properties [19].

The vapor pressures of the reaction solution with and
without the addition of catalyst were measured in the
autoclave reactor at different temperatures and methyl
acetate conversions (Figs. 5-6). In a typical experiment,
the autoclave was evacuated to remove air and then
charged with the reaction solution (250 grams of reaction
solution presented in Table 1 based on the 0% of the
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Fig. 4: Comparison of the experimental equilibrium
conversion of methyl acetate to methanol with those proposed
by the different property packages in the hydrolysis reaction
under 34-bar pressure. (x): methyl iodide, 0.247 mol; acetic
acid, 2 mol; methyl acetate, 0.913 mol; water, 1.463 mol;
catalyst, 7.105 x 10 mol.
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Fig. 5: Experimental vapor pressure of the reaction mixture
(without catalyst) at different methyl acetate conversions and
temperatures.
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Fig. 6: Comparison of the experimental vapor pressures of the

reaction mixture at different methyl acetate conversions with
and without the addition of catalyst.
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Table 2: Parameters of the property packages used in the determination of the equilibrium conversion
of methyl acetate to methanol. “General NRTL model, *Extended NRTL model, ‘Margules model, Virial model.

s AcOH MeOAc MeOH CHil H0 co
j
A B al A B al A B al | A|B]| a A B al A B
a 0 0 0 0 320073 | 0360 0 1109290 | 0305 | 0 | 0| 0 0 -110597 | 0300 0 0
b 0 0 0 635890 0 0360 | -217.126 0 0305 | 0 | 0| o | 219724 0 0300 0 0
AcOH
c 0 0 - 04074 0 - 04183 0 - oo - | omo 0 - 0 0
d - 45 - - 2 - - 25 - o] - - 25 - - 0
a 0 613514 | 0360 0 0 0 0 146148 | 029% | 0 | 0 | 0 0 42511 | 0383 0 0
b | 1218869 0 360 0 0 0 290353 0 029% | 0 | 0] o | 879137 0 0383 0 0
MeOAc
c 0003 0 - 0 0 - 1056 0 - ool - 3.121 0 - 0 0
d - 2 - - 085 - - 13 0| - 2 13 - - 0
a 0 8379 | 0305 0 2343 | 029 0 0 0 ool o 0 24499 | 0300 | 4052 | -0004
b | 16646 0 0305 | 443893 0 029 0 0 0 o[ o] o | 4673 0 0300 | 4052 | -0004
MeOH
c | -02101 0 - 09988 0 - 0 0 - oo | - | o7rl 0 - 0 0
d - 25 - - 13 - - 16297 - Lo |- - 155 - - 0
a 0 0 0 0 0 0 0 0 0 ool o 0 0 0 0 0
b 0 0 0 0 0 0 0 0 0 ool o 0 0 0 0 0
CHil
c 0 0 - 0 0 - 0 0 4 ool - 0 0 - 0 0
d - 0 - - 0 - - 0 - Lol - - 0 - - 0
a 0 24124 | 0300 0 860466 | 0383 0 307245 | 0300 [ 0 | 0| 0 0 0 0 -12385 0
b | 842608 0 0300 | 1709488 0 0383 | 610403 0 030 | 0| 0] 0 0 0 0 -12385 0
H0
c | o048 0 - 2110 0 - 06207 0 - ool - 0 0 - 0 0
d - 25 - = 13 4 - 155 - o] - - 17 - - 0
a 0 0 0 0 0 0 13873 0029 0 0| o] o 2630 | 36713 0 0 0
b 0 0 0 0 0 0 13873 0029 0 0o o 26630 | 36713 0 0 0
co
c 0 0 - 0 0 - 0 0 ool - 0 0 - 0 0
\_ d - 0 - - 0 - - 0 - Lol - - 0 - - 0

n
DT jexp(-T ) . ( )
. = xjexp(-7y @)
n 7/1 - n + n \T n
j=1
Zxkexp(—f,‘,,-ak;) J ZXkexp(—z'kjakj) ZXkexp(—z'kjakj)
k=1 k=1 k=1

n
Zz'mjxmexp(-fmjaw-)
a, b m=1

yClny: = (1=x)2 (A —A))’
; ) Cinyi = -2 (A +2x, (B, ~A)

dB = second Virial coefficient (m3/mol)-
where:
a

T--:A--+Bl Oi: =
1 gty

T = Aij + Bij (T=273.15), 0 = alij . (Ay: cal/gmol, By: cal/gmol K)

(xlij . (Ay: cal/gmol, By: cal K/gmol)
b
(Ajj +ByT)

n A.+B.T
Aj= X xj—d—1— B, = 5 ij
j=1 d-x;) j=1 1-x;)

¢ . (Bij’ Bll 1/K
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methyl acetate conversion and the rest conversion
percentages, i.e., 23%, 56%, and 78%, based on the
stoichiometry of overall reaction). After sealing,
the contents were heated to the desired temperature
and then stirred at 1000 rpm for about 10 min
to equilibrate the liquid phase with the vapor. The changes
of pressure in the autoclave were recorded on-line
as a function of time until it remained constant, indicating
vapor pressure of the solution. At the end of the
experiments and cooling of the reactor, GC analysis
of the liquid and gas phases was carried out which
indicated nearly the same weight percentages of the
initial liquid reaction solutions (£0.2%) and traces
less than 0.5% of air in the gas phase. The weight of the
reactor contents in the experiments was also nearly the same
as those values of the initial solution (-1%).

Since the effect of catalyst on the vapor pressure of
different
temperatures and methyl acetate conversions (shown in

the reaction mixture is negligible at
Fig. 6), the solid catalyst is not considered in vapor
pressure calculations by the general NRTL-Virial model.
A good agreement between the experimental and
proposed data was found (see Fig. 7) by checking the
vapor pressure of the reaction mixture over different
temperatures and conversions of methyl acetate.

As seen in Fig. 8, the equilibrium conversion of
methyl acetate in methanol carbonylation “decreases
with decreasing pressure and increasing temperature,
and it is also observed that there is no thermodynamic
restriction on the progress of the overall reaction
(chemical Eq. (12)) at temperatures below 520K and
pressures used in carbonylation reaction (P > 15 bar [20-24]).
It is revealed from Fig. 9 that there is no significant
restriction of thermodynamic equilibrium on the progress
of the esterification reaction at temperatures below
463K under the high pressures of 15, 20, 30, and 40 bar,
and almost all of the methanol can be converted to
methyl acetate and water. The liquid sample drawn after
heating the reactor to the reaction temperatures under
15, 20, 34 and 40-bar pressures indicated that the
esterification proceeds
thermodynamic equilibrium point of view as shown
in Fig. 9.

By comparing the experimental data with the results
proposed by the general NRTL-Virial model shown
in Figs. 8-9, the agreement was found to be excellent.

reaction completely  from
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Fig. 7: Comparison of the experimental vapor pressures of the

reaction mixture at different methyl acetate conversions with
those proposed by the general NRTL-Virial model.
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Fig. 8: Equilibrium methyl acetate conversion vs. temperature

in carbonylation reaction (calculated by the general NRTL-
Virial model).
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Fig. 9: Equilibrium methanol conversion vs. temperature in
esterification (calculated by the general NRTL-Virial model). (x):
methyl iodide, 0.247 mol; acetic acid, 2.913 mol; methanol, 0.913
mol; water, 0.5516 mol; catalyst, 7.105 x 107 mol.
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Table 3: Normal operating range of the carbonylation process cited in the patents.

/ Operating Conditions \
Reference
Temperature (K) Pressure CO Partial Pressure
443 - 473 28 — 70 (bar) 11 - 56 (bar) [20]
453 - 493 15 — 45 (atm) 2 —30 (atm) , preferably: 4 — 15 [21-23]
K 453 - 493 15 — 40 (atm) 2 —30 (atm) , preferably: 3 — 10 [24] /
315 12
—e— Initial Solution . |-8— 19.5 bar| Pco =27-17(Vp)=10 bar

s 305 —8— 23%, MeOAc cunvers{un ® 10/ " N
T | eonecomerion IR el R e
~ ’ ar H
) 295 —+— 100%, MeOAc conversion g 8 k‘
£ S [AA—34bar |p;—19.5-10.5(Vpet
= Rt
_§ 285 —E'> = 6. [-o— 39 bar
g 215 £3
E] 5 £ 4
E 5]

265 = N

=
=
255 ‘ ‘ ‘ = 0
390 410 430 450 470 490 ‘ ‘ ' T

Temperature (K)

Fig. 10: Volume of the reaction mixture vs. temperature at the
different methyl acetate conversions (calculated by the general
NRTL-Virial model).

The effect of CO partial pressure and temperature
on the catalytic reaction rate

The normal operating range of carbonylation process
reported in the literature [20-24] is presented in Table 3.
[21-24], the  reaction
temperature is approximately 423 to 523K.

According to the literature

Through the investigation of the volume changes of
the reaction liquid in the autoclave by the general NRTL-
Virial model, it is-observed that the pressure has
no significant effect on the volume of the reaction mixture.
Fig. 10 shows these changes versus temperature
at different conversions. In order to calculate the initial rate
of the reaction at conversions below 20%, at constant
temperatures, volume changes of the reaction mixture
which are almost 1% according to Fig. 10, will be ignored.

At the end of the experiments, GC analysis of
the liquid and gas phases was carried out which indicated
the nearly complete conversion of methyl acetate with 99%
selectivity to acetic acid. Traces (< 0.5%) of methane
were detected in the gas phase and analysis of
the gas phase showed less than 2% of CO, formation

64

380 400 420 440 460 480 500
Temperature (K)

Fig. 11: Simultaneous effects of the operational condition and CO
partial pressure on the initial rate of the carbonylation. Reaction
conditions: methyl iodide, 0.247 mol; acetic acid, 2 mol; methyl
acetate, 0.913 mol; water, 1.463 mol; catalyst, 7.105 X 107 mol.

by water-gas shift reaction. CO absorption versus time for
low conversions (< 20%) was used for the calculation of
the initial rates. It was observed that the reproducibility of
the experiments was within +5-7% which indicated that
the experimental uncertainty is negligible.

Fig.11 shows that the rhodium catalyst in homogeneous
methanol carbonylation media requires a certain
temperature range for activation. Below the lower
limit, 420K, the reaction does not occur at a
commercially reasonable rate, and above upper limits
at constant pressures, a decrease in the rate of reaction
can be observed. Consequently, it is obtained that the reaction
is kinetically and thermodynamically appropriate
at temperatures above 420K and below 520K as shown in
Fig. 8, respectively. This range of reaction temperature
is in correspondence to that reported in the literature [21-24].
It is also observed that the rate of reaction in the dotted
region is pressure-independent.

It is predicted that the solubility of CO in the solution
is very low (It would be in the order of 107! mol/L, from

the data reported by Dake & Chaudhari [25]), and
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the activity coefficient of the solution is assumed very close
to unity at low solubilities. Hence, CO partial pressure
can be calculated from the total pressure (P), vapor
pressure of the pure solution (P*, measured and shown in
Fig. 5) and the mole fraction of dissolved carbon
monoxide (x, which is minor) with the aid of Raoult’s
law. Thus, the CO partial pressure (Pco) is given by:

P,=P-P*(-x)=P-P* (15)

As seen in Fig. 11, the temperatures of the maximum
rate points at total pressures 19.5, 24, and 27 bar are 443,
453, and 463K, respectively. At these points, if the vapor
pressures of the initial reaction mixture shown in Fig. 5,
10.5, 14.2, and 17 bar, respectively, are deducted from
the corresponding total pressures, according to Eq. (15),
it is estimated that the CO partial pressure varies from
9 to 10 bar. At temperatures below the maximum rate
temperatures, with the Pco > 9 - 10 bar, the reaction rate
is independent of the pressure. Consequently, the reaction
rate is independent of the CO partial pressure above
approximately 10 bar as reported by Dake et al. [10]
(Pco > 10 bar at T = 423, 433, and 444K). It is also
observed from Fig. 11 that the decrease in rate of reaction
with an increase in the temperature at constant total
pressures, is due to the reduction in CO partial pressure
which changes the rate-determining step (ligand addition
step at Pco < 10 bar and oxidative addition at Poo > 10 bar) [10].
Fig. 11 shows that the rate is zero at 19.5 and 24 bar total
pressures at 470 and 483K temperatures, respectively.
As shown in Fig. 5, vapor pressures of the initial reaction
mixture at 470 and 483K are 17.5 bar and 22 bar,
respectively. Thus, in accordance with Eq. (15),
the minimum amount of CO pressure to initialize
the reaction is above 2 bar. It was observed in this case,
if the minimum amount of CO 1is not satisfied,
precipitating and hence deactivating of the catalyst will
occur. Enough CO addition or temperature decrease
results in catalyst reactivation. The catalyst precipitation
(RhI3) in the pristine industrial carbonylation process
(Monsanto) has been observed in CO deficient areas of
the plant (see chemical equations. (16) and (17)) [15].

[RhI, (CO)(COCH,)T +HI — [RhI, (CO)]” +CH,CHO (16)

[RhI, (CO)]” »RhL, +I" +CO (17)

Fig. 11 is useful to realize the CO partial pressure-
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independent behavior of the experiments to determine
the intrinsic rate constant. It should be noted that for
commercial utility, the deactivation rate must be as low
as possible dictating the maximum temperature of the
reaction [26]. Determination of maximum operating
temperature requires a more detailed study beyond the
scope of this paper.

As it was noted before, the use of metal salts in low
contents (ca. 0.3 - 4 wt. %) as new promoters in
carbonylation process has been proposed [6-8]. There is
a strong possibility that the promoters may influence the
way that the pressure and CO partial pressure affect the
rate of reaction. This subject is under investigation.

Determination of the equilibrium, rate and Henry’s law
constants

The Density Functional Theory (DFT) previously used
in methanol carbonylation [27-30] with the hybrid
B3LYP -exchange and correlation functional [31,32]
is used to obtain the K,, Kj, K4, and Ks equilibrium
constants (see Eq. (6)) under Effective Core Potential (ECP)
approximation [33]. The geometries of the reactants,
intermediates, transition states and the product for
carbonylation catalyzed by cis-[Rh(CO),L,]", as shown in
Fig. 3, were optimized by B3LYP/SDD level chemistry.
The SDD basis set includes D95V for carbon, oxygen and
hydrogen atoms. The Stuttgart/Dresden effective core
potentials along with the scalar relativistic corrections
have been used for rhodium and the halogen. Changes of
the Gibbs free reaction energy (AG) of the gas phase were
calculated considering zero-point energies, thermal
motion, and entropy contributions at 443, 463, and 473K
temperatures under 34 bar pressure. All of the
calculations were performed using Gaussian 98 suite
program package [34]. The theoretical results of the
equilibrium constants were fitted with temperature and
are presented in Table 4.

It should be noted that to calculate the thermodynamic
properties from the computational calculations, there are
different Level Chemistries such as DFT, Post-HF (MP2,
MP4, ...), HF and etc. From which the DFT method
as one of the most up to date and developed ones in the
recent decade was used in our study. Among basis
functions, SDD was chosen thanks to its closeness to our
studied catalysis cycle (Fig. 3), though other basis
functions such as LANL2DZ could be used.
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Table 4: Equilibrium constants of the migration (K, ), ligand addition (K;), reductive elimination (K,) and the production release
reaction (K;) steps estimated by Gaussian 98 suite program package. (AG = AH — TAS, K = exp (-AG/RT)).

/ Equilibrium T Logarithmic function of the equilibrium constants
constants 443 463 473
K 691686.40 407022.90 317310.80 3.19 exp(45266.15/ RT)
K; 5.06 2.60 1.91 (1.08 x 10°%) exp(56588.12/ RT)
Ky 1844.74 2432.90 2761.26 (1.07 x 10°) exp(-23435.92/ RT)
K Ks 179473.90 111566.20 89387.83 3 exp(40525.22/ RT) /

Table 5: Initial rates of the carbonylation reaction of methanol at 34 bar. Reaction conditions: methyl iodide, 0.247 mol;
acetic acid, 2 mol; methyl acetate, 0.913 mol; water, 1.463 mol; catalyst, 7.105 x 10-4 mol.

(No. [AcOH](mol/1) | [MeOAc](mol/l) | [H,Ol(mol/) | [Rh]*10*mol/l) | [CH;I](mol/l) X Pco(kPas) | T(K) Rate(mol/l.hr) N
1 7.16 3.27 523 25.33 0.88 0 2156 443 3.8
2 7.29 3.21 5.17 25.33 0.88 0.02 2168 443 3.79
3 7.42 3.14 5.10 25.33 0.88 0.04 2180 443 3.78
4 7.55 3.08 5.04 25.33 0.88 0.06 2191 443 3.76
5 7.68 3.01 4.97 25.33 0.88 0.08 2203 443 3.74
6 7.81 2.95 491 25.33 0.88 0.1 2214 443 3.74
7 7.94 2.88 4.84 25.33 0.88 0.12 2225 443 3.73
8 8.07 2.82 4.78 25.33 0.88 0.14 2236 443 3.72
9 8.20 2.75 4.71 25.33 0.88 0.16 2246 443 3.71
10 8.33 2.69 4.65 25.33 0.88 0.18 2257 443 3.69
11 6.87 3.13 5.02 24.41 0.85 0 1730 463 6.14
12 7.08 3.03 4.92 24.41 0.85 0.03 1753 463 6.11
13 7.28 2.92 4.81 24.41 0.85 0.07 1783 463 6.09
14 7.49 2.82 4.71 24.41 0.85 0.1 1804 463 6.09
15 7.69 2.72 4.61 24 41 0.85 0.13 1826 463 6.06
16 7.90 2.62 4.51 24.41 0.85 0.16 1847 463 6.04
17 8.10 2.51 4.40 2441 0.85 0.2 1873 463 6.03
18 6.71 3.06 491 23.59 0.82 0 1483 473 7.39
19 6.95 2.94 4.79 23.59 0.82 0.04 1517 473 74
20 7.20 2.82 4.67 23.59 0.82 0.08 1550 473 7.38
21 7.44 2.69 4.54 23.59 0.82 0.12 1582 473 7.35

\ 22 7.69 2.57 442 23.59 0.82 0.16 1613 473 7.32 )

To determine the solubility of CO'in liquid mixture,
Henry’s law was used as Eq. (18).

[CO]=H_, xP,, (18)

Henry’s coefficient for CO (Hco) at different methyl
acetate conversions (X) and temperatures (T) was
determined by using equation (19), previously used by
Dake & Chaudhari [25]:

In(H )—A+E+C(X)(l)+E1n(1+X) (19)
CcO T T
To calculate the partial pressure of CO (Pco)

at different methyl acetate conversions and temperatures
in the autoclave, the vapor pressure of the reaction solution
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(P*) was measured (shown in Fig. 5). P* in kPas is

expressed by:

P*=8615.172-39.328 T-420.331X+

(20)

2.18x1072 T?-722.412X> +7.38 X T+6.64x107 T3 -
126.03 X3 +2.27TX?-1.76x1072 X T2

By studying (i) the rates of the carbonylation reaction

conducted at 443, 463, and 473K under 34-bar pressure,
(i) CO partial pressures from Egs. of (15) and (20),
(iii) determined concentrations of the components during
the reaction based on the stoichiometry of the overall
reaction presented in Table 5 and (iv) the equilibrium
constants obtained by Gaussian 98 presented in Table 4,
the parameters involved in the non-linear rate Eq. (13)
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Table 6: The Arrhenius parameters of the rate constant for the carbonylation.

. Nowicki et al. [11] Nowicki et al. [11] Dake et al. [10] Hjortkjaer & Jensen [17]
[ parameters This work (raw data) (1992) (corrected data) (1992) (1989) (1976) A
10°x k. 859.412 (L/mol. h) 16200 (L/mol. h) 571680 (L/mol. h) 14 (L*mol*h) 12600 (L/mol> h)
E, kJ/mol 48.271 61.2 72.2 68.5 61.7
T,K 443-473 443-470 443-470 423-443 423-498
k P, bar 34 22-50 22-50 Peo > 10 - j
8 Table 6 shows a comparison of the pre-exponential
.?::': " Exp XX KX X factors (k.) and the activation energies (E) calculated
% 7 in the present work with those found in the literature.
= X Calculated
E 6 XX K X X ¥ x The reaction rates given by Nowicki et al. [11]
g have been calculated according to temperature from Eq. (4),
E 5 and the pressure of none of the tests is clear. The
§ corrected parameters in the work of Nowicki et al. [11]
% 43 KX XK XX XX X (see Table 6) have been determined on the basis of their
g 3 result that methyl iodide is almost equimolarly distributed
o T T — T T T T T T T T T T T T

1 5 9 13 17 21 25
No.

Fig. 12: Comparison of the experimental and calculated initial
reaction rates.

accompanied with Eqgs. (6), (18) and (19) were estimated
via non-linear regression method. Due to the reliability of
the rate Eq. (13) in water contents more than 8§ wt. % -
the chemical Eq. (12) consumes water, the data
of the initial rates were used to calculate the parameters.
The data reported by Dake & Chaudhari [25] and
proposed by the general NRTL-Virial model were used to
provide initial guesses for the constants of Eq. (19) and
K'K", respectively. There is'a good agreement between
the experimental and calculated rates as shown in Fig. 12.
The errors between the predicted and experimental rates
were found to be +%]1. Consequently:

k =859.412x10° exp(-48271.525/R T) 1)
K'K”=6.551x10" exp(2044.439/T) (22)
In(H.,)=-7.2 - 905493 _ 237.533(X) (%)- (23)
0.366 In(1+ X)

It should be noted that the calculated activation
energy of the reaction (48.271 kJ/mol) is almost the same
as the reported experimental results (50 - 71 kJ/mol [28]).

between the gaseous and liquid phases, but with regard to
our studies by using the general NRTL-Virial model,
it was clear that almost all of the methyl iodide remains
in-the liquid phase, reaction phase, in the pressures above
20 bar at the reaction temperatures. In addition, when
water i used as the solvent, the methyl iodide
is distributed between the gaseous and the liquid phases
depending on the vapor-liquid equilibrium [10], but
Nowicki et al. used acetic acid as the solvent which
methyl iodide is infinitely soluble in it [10].

Besides, by using the general NRTL-Virial model,
it was found that at the beginning of the reaction (at 19.5 -
39 bar and 393 - 483K) the weight of vapor phase in the
reactor headspace volume is 4.5 - 7.5 grams. It was also
found that nearly 25 - 85 wt. % is liquid contents
(i.e., ~ 1 - 2.5 wt. % of the initial charge). This amount of
change in the initial charge of the liquid phase will not be
caused to any worth mentioning error in the kinetic study.

As it may be seen from Table 6, the activation energy
given by Dake et al. [10] determined at 423 - 443K
is higher than those obtained by other authors. The normal
operating range as cited in the patents is 443 to 473K [20].
At these conditions, it is observed from Fig. 11 that the
reaction rate is more commercially reasonable.

Unfortunately, Hjortkjaer & Jensen [17] have not
precisely described the pressure conditions of any of the
tests to calculate the values of the reaction rate
parameters from Eq. (4). On the basis of Hjortkjaer and
finding that  the

Jensen’s carbonylation rate is
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Fig. 13: The reaction rate constants (k) achieved from
the reported raw data by Nowicki et al. (Nowicki et al., 1992).
above

independent of the CO partial

approximately 2 atm, their reported parameters may not

pressure

be inherent.

As it is seen in Fig. 11, in a constant pressure the
reaction rate is affiliated to the CO partial pressure above
a specific temperature. In this region, the reaction rate
decreases with increasing the temperature. Therefore,
without paying attention to the CO partial pressure
independency, it may lead to lower rate constant (k) than
the real value. Furthermore, in experiments run under
different total pressures at a constant temperature, with
no regard to the CO partial pressure independency, different
rate constants are found that are related to two different
rate-controlling steps. It is observed in Fig. 13 based on
the reported raw data by Nowicki et al. [11] that this fact
is not noticed at 453 and 456K temperatures. Therefore,
according to the above mentioned issues'and their saying
that the partial pressure of CO has no direct effect on the
reaction rate above 2 bar, their reported parameters
can not be inherent.

Additionally, at the high pressures (P = 30 and 40 bar),
it is clear from Fig. 9 that the equilibrium proceeding of
the esterification reaction is almost independent of
pressure and it can proceed to the right at temperatures
below 520K without any significant restriction, but at
lower pressures, at temperatures above 463K the
proceeding of the reaction is dependent on the pressure
and temperature. In the last operating conditions, after
warming the entering reaction mixture into the reactor,
different
are produced with respect to pressure and temperature.

amounts of methyl acetate and water
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Consequently, the assumption of equality of the initial
reaction mixture under different operating conditions
cannot still hold in kinetic studies here. However, this
result may not seem so troubling in carbonylation in
acidic media due to the facts that (i) the reaction rate
is independent of methyl acetate at contents above
~ 1 wt. % [15] and not affected by methanol concentration
(reported by Dake et al. [10]) and also (ii) the methanol
is first converted to methyl acetate and water through
esterification with acetic acid and then carbonylated.

Additionally, the concentration of methyl iodide could
possibly change in accordance with the chemical
equilibrium Eq. (2) [10]. The difference in kinetics can be
attributed to changes in the concentration of methyl
iodide as the only.reactant which directly affects the
reaction rate in the bulk liquid due to the thermodynamic
restrictions i@. solubility, vapor-liquid equilibria and
chemical equilibrium. As it was noted, solubility of
methyl iodide and its<vapor-liquid equilibrium are not
among thermodynamic restrictions in the kinetic studies
of carbonylation system in acidic media. Moreover,
it has been found that the equilibrium constant of the
reaction strongly favors methyl iodide [35].

Considering the results, it can be concluded that the
effects of the chemical equilibriums under different
operating conditions in our kinetic studies can be safely
assumed negligible.

Comparison of the predicted CO solubility with that
proposed by the general NRTL-virial model

Dake & Chaudhari [25] have reported CO solubility
data over a wide range of temperatures (298K to 448K)
and pressures (10 bar to 80 bar) in different aqueous
mixtures. Kelkar et al. [36] have obtained the solubility
data for CO in acetic acid, methyl acetate, and acetic
acid/methyl acetate mixtures in the temperature range of
433 - 463K at 4.7 - 55 bar partial pressure of CO.

By comparing the CO solubility data predicted by
Egs. (15), (18), (20) and (23) with those resulted by the
general NRTL-Virial model presented in Table 7,
the agreement was found to be excellent, with the errors
below 11%, even at high conversions where the water
content is lower than 8 wt. %, suggesting that the proposed
formula here for CO solubility can be reliably used for
design and scale up purposes. As expected, the solubility of
CO in the reaction solution is in the order of 10™ mol/L.
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Table 7: Comparison of the predicted CO solubility with that proposed by the general NRTL-Virial model under 34-bar pressure.

4 )
[CO] (mol/l)
MeOAc 443K 453K 463K 473K
Conversion
predicted model predicted model predicted model predicted model
0 0.2085 0.1967 0.1977 0.1842 0.1827 0.1702 0.1632 0.1469
0.23 0.1850 0.1869 0.1789 0.1798 0.1695 0.17 0.1566 0.1532
0.56 0.1669 0.1724 0.1659 0.1704 0.1625 0.1667 0.1565 0.1556
L 0.73 0.1628 0.1628 0.1635 0.1616 0.1621 0.1612 0.1586 0.1544 )
-~ 024 in acetic acid, and an increase in acetic acid concentration
= —e— Initial Solution A . A .
E 0.2, s 23%, MeOAc conversion or a decrease in methyl acetate concentration in the acetic
g ) ——56%, MeOAc conversion acid/methyl acetate mixture leads to a decrease in the
= 78%, MeOA i .. . . @ .
2 0.2/ T, eDRe comveron solubility of CO, which is in good agreement with those
% obtained here.
1]
S 0.18, It is also obvious from Fig. 14 that in low conversions
< o.16] (< 23 %), the solubility changes of CO with the
.}5'5 ) proceeding of the - reaction and temperature is
E 0.14 considerable. Consequently, for kinetic studies and

440 445 450 455 460 465 470 475 480
Temperature (K)

Fig. 14: Predicted CO solubility data vs. temperature at
different methyl acetate (MeOAc) conversions in the reaction
mixture under 34-bar pressure. (Initial solution): methyl
iodide, 0.247 mol; acetic acid, 2 mol; methyl acetate, 0.913 mol;
water, 1.463 mol; catalyst, 7.105 x 10 mol.

In Fig. 14, it is observed that for all of the conversions
studied, the predicted solubility of CO. decreases with
increasing the temperature. Furthermore, with the
reaction proceeding, a considerable decrease in the effect
of temperature on solubility of CO is seen. It should,
however, be noted that the solubility of CO in acetic acid,
methyl acetate and acetic acid/methyl acetate mixtures
reported by Kelkar ‘et al. [36] and acetic acid/water
obtained by Dake & Chaudhari [25] increases with
increasing temperature. This difference is presumably
due to the presence of methyl iodide in our studied mixture.

As seen in Fig. 14, the increase in acetic acid
concentration and subsequently the decrease in water and
methyl acetate concentrations; in other words,
the proceeding of the reaction decreases the CO solubility
which is more obvious at temperatures below 470K.
Considering the data reported by Kelkar et al. [36], it was

found that CO is more soluble in methyl acetate than

determination of the intrinsic rate constant, using Eq. (13)
instead of equation (4) that is independent of CO partial
pressure is the most appropriate. It is clear from Fig. 14
that at high temperatures, the solubility of CO does not
change sharply with the change of the concentrations.

Modeling and simulation

In order to model and predict the rate-time,
concentration-time and the CO consumption-time profiles
in a batch reactor at temperatures 443, 463 and 473K
under 34-bar pressure, Eq. (13) accompanied with algebraic
Egs. (6), (15), (18), (20) to (23) and also Eq. (12)
as the total reaction (Ratecyscoon = -Ratecmscoocms =
-Ratey,0 = -Ratecp), initial concentrations presented in
Table 5 (at X = 0), and functions of the equilibrium
constants presented in Table 4 were solved numerically using
the implicit Euler method.

Volume changes during the reaction which is about
4 to 5.5% at constant reaction temperatures (443 - 473K)
will be ignored according to Fig. 10.

In order to simulate the reaction under 34 bar, the
commercial dynamic simulator HYSYS.Plant was run
using the general NRTL-Virial property package with the
binary interaction parameters from Table 2 and the
mixing rule in Eq. (14). Using the definition of Eq. (13)
as the reaction rate expression whose its form is similar to
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the heterogeneous catalytic reaction kinetics model
provided by the simulator and the Eqs. (21) and (23)
as the functions of the equilibrium constants presented
in Table 4 along with Eq. (12) as the total reaction in the
450 cm® reactor as described in experimental section,
the reaction will be simulated. Since the effect of catalyst
on the vapor pressure of the reaction mixture at different
methyl acetate conversions and temperatures (shown in
Fig. 6) is negligible, the solid catalyst does not take part
in VLE calculations in simulation media, and its vapor
pressure information is, by default, set to zero. Hysys
was used to solve all of the equations using the fully
implicit Euler integration method.

By comparing the experimental data with the results
of modeling and simulation shown in Figs. 15 - 17, the
agreement was found to be excellent even in water
contents lower than 8 wt. % (that at the end of the
reaction, it is almost 3.6 wt. %), which suggests that the
determined parameters, equilibrium constants, CO solubility
and rate constant, can be reliably used for design and
scale up purposes.

Due to the decline in the concentration of substrate,
product inhibition and binding up to catalyst, the fraction
of active catalyst decreases and thus the reaction rate
reduces (see Fig. 16) [26].

An experiment was run at 34 bar and 453K under the
conditions described in Table 1 and compared. with
modeling and simulation results. As shown in Fig. 18,
it is found that the determined parameters produce
satisfactory results.

CONCLUSIONS

By reviewing the courses of on research the methanol
carbonylation in ‘the field of kinetic studies, it was
revealed that the lack of the adequate thermodynamic
studies and sufficient precision in the study of the
simultaneous effects of operation conditions (temperature
and partial pressure) has only led to the determination of
the apparent rate constant and not the inherent constant.

This study leads to an efficient and simultaneous
estimation of the effects of pressure, temperature, and the
thermodynamic restrictions on kinetic investigation of the
homogeneously rhodium catalyzed carbonylation process
and the determination of its intrinsic rate constant.

It was found that the general NRTL-Virial model is
identified as a proper fluid property package for
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Fig. 15: Comparison of CO consumed in the experimental
runs with those proposed in modeling and simulation under
34-bar pressure. Reaction conditions: methyl iodide, 0.247 mol;
acetic acid, 2 mol; methyl acetate, 0.913 mol; water,
1.463 mol; catalyst, 7.105 x 10 mol.
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Fig. 16: Comparison of the experimental reaction rate with
those proposed in modeling and simulation under 34-bar
pressure. Reaction conditions: methyl iodide, 0.247 mol;
acetic acid, 2 mol; methyl acetate, 0.913 mol; water, 1.463 mol;
catalyst, 7.105 % 10* mol.
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Fig. 17: Comparison of the experimental Acetic acid
concentration with those proposed in modeling and simulation
under 34-bar pressure. Reaction conditions: methyl iodide,
0.247 mol; acetic acid, 2 mol; methyl acetate, 0.913 mol;
water, 1.463 mol; catalyst, 7.105 x 1 0 mol.
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1: Reaction rate (mol/L.h)
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Fig. 18: Comparison of data of the experiment conducted
at 34-bar and 453K with those proposed in modeling and
simulation. Reaction conditions: methyl iodide, 0.247 mol;
acetic acid, 2 mol; methyl acetate, 0.913 mol; water, 1.463 mol;
catalyst, 7.105 % 10* mol.

carbonylation system. It was also concluded that the
equality of the initial reaction mixture under the different
operating conditions in the kinetic studies is a correct
assumption. We explained how the reaction is reasonable
at the T > 420K and T < 520K from the reaction rate and
thermodynamic equilibrium points of view, respectively.
This range of reaction temperature was in good
agreement with that reported in the literature.

In addition, the determination of  reaction rate
parameters through the kinetic study and the ab initio
method using the Gaussian 98 program led to the
determination of a CO solubility expression for rhodium
catalyzed methanol carbonylation. The Density Functional
Theory (DFT) with the hybrid B3LYP exchange and
correlation functional was used to obtain the equilibrium
Effective . Core (ECP)
approximation. A good agreement was found between the
CO solubility predicted here with the results of the
general NRTL-Virial model.

It was observed that an increase in acetic acid or

constants under Potential

a decrease in methyl acetate concentrations leads to a decrease
in the solubility of CO. The results are in good agreement
with that obtained by others. It was also found that the
reaction rate parameters determined here give satisfactory
predictions in modeling and simulation of the reaction.

Nomenclature
Ajj Non-temperature dependent energy parameter
between components i and j
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AcOH Acetic acid
Bjj Temperature dependent energy parameter
between components i and j
E Activation energy, kJ/mol
Hco Henry’s constant of CO, mol/L kPa
1] Promoter concentration, mol/L
[1]; Total amount of promoter, mol/L
k Reaction rate constant, mol/l h
Ko, K3, Ks, K5, K, K Equilibrium constants
MeOAc Methyl acetate
MeOH Methanol
n Total number of components
P Total pressure
Pco Partial pressure of carbon monoxide, kPa
p* Vapor pressure of the reaction solution, kPa
R Universal gas constant, 8.314 J/mol K
Rate Reaction rate, mol/L h
[Rh] Total amount of rhodium catalyst, mol/L.
t Time, minute
T Temperature, K
X Mole fraction of dissolved carbon monoxide
X Mole fraction of component i
X Methyl acetate conversion
[Y] Concentration of the species Y, mol/L.
QU NRTL non-randomness constant for binary
interaction, note that aj= o;; for all binaries
Vi Activity coefficient of component i
AG Change in Gibbs free energy
AH Change in enthalpy
AS Change in entropy
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