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Oxidative carbonylation of aniline to ethyl phenyl carbamate
(EPC) over supported Rh catalysts has been studied. The effect of
catalyst preparation methods, supports, metal content, reusability,
solvents, promoters, co-catalysts, and pretreatment on the activity
and selectivity of the Rh/C catalyst has been investigated. Selectiv-
ity of EPC based on both aniline and CO has been discussed.
Above 373 K, CO, formation was found to be significant, leading
to lower selectivity based on CO. Below 393 K, the major product
formed was N,N'-diphenylurea (DPU), but with increased temper-
ature the selectivity of EPC based on aniline increased. The intrin-
sic kinetics of the reaction has been investigated at 443 K. The
rate was found to be first order with respect to aniline, CO, and
catalyst. With respect to oxygen, the rate showed linear depen-
dence below 0.75 MPa, but was zero order at higher pressures. A
rate equation has been proposed. Characterization of the Rh/C
catalyst, before and after the reaction, was done by ESCA, XRD,
and TEM. It was observed that the oxidation state of rhodium
metal was 0 in both the fresh and the used catalysts. Redispersion
of rhodium metal on the support was indicated in the used catalyst
by XRD and TEM analysis. © 1994 Academic Press, Inc.

INTRODUCTION

Catalytic oxidative carbonylation of amines is im-
portant in the synthesis of carbamates and urea deriva-
tives (1). An important example of practical interest is
the conversion of aniline to ethyl phenyl carbamate
(EPC), which provides a nonphosgene route for methyl-
ene diphenyl diisocyante (MDI) (2). The stoichiometric
reaction is

catalyst

RNH, + CO + $0,—, RNHCOOR' + H,0. [I]

A variety of catalysts, consisting of supported nobel
metals along with alkali halide promoters, have been pro-
posed for oxidative carbonylation of amines (3-5). Fuku-

! NCL Communication No. 5690.
2 To whom correspondence should be addressed.

oka and Chono (1) reported Pd/C-Nal catalyzed synthe-
sis of EPC with 90% conversion of aniline and 95%
selectivity. The roles of promoters, solvents, and catalyst
pretreatment effects have been studied in detail by Gupte
and Chaudhari (6) for the Pd/C—Nal catalyst system. They
have shown that the catalytic oxidative carbonylation of
aniline gives N,N’'-diphenylurea (DPU) as a product,
which in the presence of an alcohol is converted to the
carbamate ester by a noncatalytic reaction. Other cata-
lysts consisting of Rh, Ru, and Pt have also been reported
(5); however, there have been no detailed investigations
on the behavior of these catalysts, with respect to the
role of promoters and reaction conditions in activity and
selectivity. An important aspect overlooked in all the pre-
vious studies on oxidative carbonylation is selectivity
with respect to CO consumed. This is important, since,
with most of the catalysts proposed, oxidation of CO to
CO, occurs in significant yields.

In this paper, we report a detailed investigation on oxi-
dative carbonylation of aniline using a supported Rh cata-
lyst with metal iodide promoters. The effect of supports,
metal content, solvents, promoters, catalyst pretreat-
ment, and reaction conditions on the activity and selectiv-
ity has been investigated. Catalyst samples before and
after the reaction have also been characterized by ESCA,
TEM, and XRD. For the Rh/C-Lil catalyst system, the
intrinsic kinetics of the reaction has been studied at 443
K and a rate equation has been proposed.

EXPERIMENTAL

Aniline, ethanol, and the solvents (benzene, toluene,
chlorobenzene, xylene, dimethyl formamide, methyl ace-
tate, ethyl acetate, and acetonitrile) were freshly distilled
before use. Rhodium chloride trihydrate was procured
from Arrora Mathey, Caicutta. The gases such as oxygen,
hydrogen (in catalyst preparation), and nitrogen were ob-
tained from Indian Oxygen Limited, Bombay. Carbon
monoxide used was >99.8% purity.

The supported Rh catalysts were prepared by a proce-
dure described elsewhere (7). In a few cases, different
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types of reducing agents were used to study their effect
on the catalytic activity.

The oxidative carbonylation experiments were carried
out in a 300-ml stirred autoclave reactor made of SS316
(supplied by Parr Instrument Co.). This reactor was pro-
vided with automatic temperature control, a cooling coil,
variable agitation speeds, and devices for sampling of gas
and liquids.

In a typical experiment, 0.548 kmol/m? of aniline, 0.4
kg/m* of 5% Rh/C catalyst, 8.73 x 1073 kg/m* of Lil,
and solvent ethanol were mixed (made up to 1 x 1074
m’) and charged to the reactor. The contents were
flushed with nitrogen and heated to 443 K. After the
temperature was attained, a CO/O, mixture in a ratio
of 14:1 was introduced into the reactor to a desired
pressure (proper safety precautions were taken against
explosion hazards in handling CO/O, mixtures). During
an experiment, the pressure in the reactor was kept
constant by supplying CO/O, in a stoichiometric ratio
from a reservoir vessel. Most reactions were carried
out for a period of 2 hr. At the end of the reaction,
both gas and liquid samples were analyzed. In order
to account for CO and O, consumed, the gas content in
the reactor was transferred to a receiver at atmospheric
pressure and the volume was recorded. This gas was
analyzed for CO, O,, and CO,.

The liquid phase components aniline, ethanol, diphen-
ylurea, and EPC were analyzed by GC and HPLC. In
GC analysis, a 12% SE-30 column (6 ft length) with
FID was used for liquid samples and an 5A molecular
sieves column (6 ft length) and porapak-Q columns (6
ft length) were used with TCD for gas analysis. HPLC
analysis was done on a v-Bondopak column with mobile
phase as 62%, methanol in 0.1 M aqueous sodium
acetate solution.

For some cases, the catalyst samples before and after
the reaction were examined by ESCA, XRD, and TEM.
The ESCA spectrum of the catalysts were determined by
using a VG Scientific ESCA 3 Mk spectrophotometer,
using monochromated AlKq radiation. The X-ray diffrac-
tion determinations of the catalyst were made using a
Phillips PW-1730 X-ray diffractometer employing CuK«a
radiation. The catalysts were examined by a model 1200
JEOL Japan transmission electron microscope (TEM)
with a 120 KeV electron source.

RESULTS AND DISCUSSIONS

A few initial experiments were carried out on oxidative
carbonylation of aniline using an Rh/C-Nal catalyst sys-
tem to investigate the product distribution. For this pur-
pose, experiments were carried out to observe concentra-
tion—time data and the results are presented in Fig. 1.
As also reported previously for Pd catalyzed oxidative
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FIG. 1. Concentration—time profile for oxidative carbonylation of

aniline using 59 Rh/C catalyst. Reaction conditions: aniline, 0.548 kmol/
m*; catalyst, 0.4 kg/m'"; Lil, 8.7 x 107 kg/m*; Py, 4.48 MPa; P,
0.69 MPa. temperature, 443 K. agitation speed, 600 rpm. i

carbonylation of aniline (Fukuoka and Chono (1) and
Gupte and Chaudhari (6)), DPU and EPC were the major
liquid phase products. The material balance of aniline
consumed agreed with DPU and EPC formed to the extent
of 95-98%. However, the selectivity based on CO con-
sumed was found to be strongly affected by the formation
of CO, via oxidation of CO. Separate experiments were
carried out for different time durations to analyze the
total CO, formation and evaluate the significance of CO
oxidation. These results are also shown in Fig. 1. An
interesting observation was that the CO oxidation rate
increases as the concentration of aniline decreases. In the
initial region of low conversion in a batch experiment,
CO, formation was negligible except for conditions of high
conversion (>98%) of aniline; the selectivity of DPU/
EPC together, based on CO, was as low as 40%. Based
on these preliminary results, the following reactions need
to be considered:

2CH,NH, + CO + $0,—
C,H,NHCONHCH, + H,0 [2]

C,H;NHCONHCH; + C,H,OH —
CsHNHCOOC,H; + C(H,NH, [3]

CO + 30,— CO,. (4]

Several experiments were carried out to investigate the
effects of catalyst and reaction parameters on the average
activity and selectivity of Rh catalyzed oxidative carbon-
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TABLE 1

Effect of Catalyst Precursors and Reducing Agents

Selectivity
CO based Aniline based
Catalyst Average R
precursor/ activity x 10, DPU EPC CO, DPU EP
reducing agent kmol/kg catalyst/hr % % % % %
RhCl,; 3H,0/A 6.21 4.0 37.0 55.5 1.9 96.7
RhCl; 3H,0/B 5.47 4.7 36.5 55.4 23 94.9
RhCl; 3H,0/C 5.87 4.8 37.3 559 3.6 94.8
RhCl; 3H,0/D 5.76 5.6 33.6 56.3 5.7 93.2
RhCl; 3H,0/E 5.30 6.5 30.4 56.8 6.9 90.5
Rh(CO)s(acac),/A 6.13 5.2 37.6 54.6 2.0 95.8
Rh(CO)PPh;):/A 6.03 4.9 38.3 54.8 2.3 94.8
HRh(CO)PPh,),/A 6.23 5.0 38.0 55.7 2.2 95.6

Note. A: sodium borohydride, B: methanol, C: hydrazine hydrate, D: formaldehyde and potassium hydroxide,
and E: hydrogen. Reaction conditions: aniline, 0.548 kmol/m*; Rh/C Catalyst, 0.4 kg/m’; Lil, 8.7 x 1073
kg/m’; P, 4.48 MPa; Peo,, 0.32 MPa: agitation speed, 600 rpm; temperature, 443 K; time of reaction, 2 hr.

ylation of aniline. The average activity of the catalyst is
defined as

Average activity

_ Amount of aniline reacted
Weight of catalyst X Time of reaction

kmol
kg catalyst, hr’

In particular, the significance of CO oxidation has been
quantitatively studied in this work. The results are dis-
cussed below.

Catalyst Precursor/Reducing Agents

Rh/C catalysts containing 5% Rh (w/w) were prepared
using different types of Rh salts/complexes as precursors
(e.g., RhCl;-3H,0, Rh(CO),(acac),, RhCI(PPh,);, and
HRhCO(PPh,);) and reducing agents (NaBH,, CH,0H,
hydrazine hydrate, formaldehyde—KOH, and hydrogen).
These catalysts were tested under identical conditions
using ethanol as a solvent and the results are presented
in Table 1. It was observed that the activity of Rh/C
catalysts, defined as amount of aniline reacted per unit
wt of catalyst per hour, and the selectivity of EPC were
independent of the type of precursors and the reducing
agents used. The CO, formed was also independent of
the reducing agent used. In all the further studies, NaBH,
was used as a reducing agent.

Supports

The role of supports was studied using activated C,
alumina, silica gel, titanium dioxide, calcium carbonate,

ZSM-5, and molecular sieves (5A) in the preparation of
5% Rh/support catalysts. The effects on the performance
of these catalysts are presented in Table 2. It was observed
that Rh on activated carbon gave highest activity for oxi-
dative carbonylation of aniline, while molecular sieves
(5A) based catalyst showed the lowest activity. The selec-
tivity based on aniline consumed was not affected by the
type of support used, but the formation of CO, varied. Rh/
molecular sieves catalyst gave the lowest EPC selectivity
based on CO consumed. The selectivity of EPC based on
CO consumed decreased in the order C > ZSM-5 >
CaCO; > TiO, > Al,O; > SiO, > molecular sieves. Thus,
activated-C-supported Rh catalyst was found to be the
optimal one.

Rh Content

The effect of Rh content was studied by preparing cata-
lysts with 0.2%, 1%, and 5% Rh. The results are shown
in Table 3. The activity of these catalysts decreased with
decreasing Rh content, but the specific activity (defined
as kmoles of aniline converted per unit wt of Rh metal
per hour) was found to be highest for 0.2% Rh/C catalyst
and decreased with increasing Rh content. Selectivity of
EPC based on aniline was unaffected by a change in Rh
content but the formation of CO, was found to increase
with decrease in Rh content.

Reusability

In order to investigate the constancy of the catalytic
activity and reusability, a few experiments were carried
out in which the catalyst from the first batch was recycled.
In each step the catalyst separated by filtration was
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TABLE 2
Effect of Catalyst Supports

Selectivity
CO based Aniline based
Average

activity x 10! EP DPU CO, DPU EPC

Support kmol/kg catalyst/hr % % Y% % %
Carbon 6.21 37.0 4.0 55.5 1.9 96.7
Silica 1.57 25.1 29 72.6 5.4 9.1
Alumina 2.20 26.0 3.8 70.4 5.1 95.4
ZSM-5 6.10 S52.4 4.6 40.2 5.2 90.4
Calcium carbonate 5.57 30.5 2.6 60.5 3.6 97.3
Molecular sieves 1.20 8.3 1.1 85.5 4.5 94.2
Titania 4.50 23.0 4.8 58.3 3.2 94,7

Note. Reaction conditions: aniline, 0.548 kmol/m’; catalyst, 0.4 kg/m*; Lil, 8.7 x 107% kg/m": Pc,. 4.48
MPa; Pg_, 0.32 MPa; agitation speed, 600 rpm; temperature, 443 K: time of reaction, 2 hr.

washed with acetone and then dried under vacuum before
use in the next experiment. The results are presented in
Table 4. It was observed that 5% Rh/C catalyst was reus-
able seven times without loss of significant activity and
selectivity. The activity of the used catalyst after the first
recycle was found to increase to about 20% of the original
activity. This indicates that the catalyst structure has
changed. The weight loss due to handling and transfer
was less than 7-8% for the entire set of experiments.

Promoters/Co-catalysts

In order to understand the role of iodine compounds
or metal iodide promoters, a few blank experiments were
carried out without using any promoter. It was observed
that Rh/C alone showed very low activity for oxidative
carbonylation of aniline (Table 5), but in the presence of
I, or metal halide promoter, the activity was significantly

enhanced. Effects of different types of metal halides was
studied and the results are shown in Table 5. It was ob-
served that alkali metal iodide promoters are more effec-
tive compared to bromides and chlorides. However,
among different metal iodides, Lil was most active, fol-
lowed by Nal and KI, for equivalent amounts of iodine
content. This indicates that the promoting effect is also
dependent on the type of the metal ion. Other metal io-
dides such as Snl, and Nil, were also found to be effective
promoters (Table 5). Thus, the observations indicate that
Rh/C with Lil or Snl, gave the highest activity and selec-
tivity for EPC. With Snl,, a higher selectivity was ob-
served even at lower conversion (=70%), unlike the case
of Lil promoter.

Concerning the effect of metal halide promoters on CO,
formation, an interesting trend was observed. For metal
iodides as promoters, CO, formation was less compared

TABLE 3
Effect of Rhodium Content in Catalyst

Selectivity
CO based Aniline based
Average Specific

Metal content activity x 10! activity? DPU EPC CO, DPU EPC

(%) kmol/kg catalyst/hr kmol/kg Rh/hr % % % % %
S 6.20 1.65 4.0 37.0 55.5 1.9 96.7

1 4.63 4.63 0.5 19.8 68.1 4.2 87.2

0.2 1.82 9.11 0.8 15.8 83.5 7.9 80.8

Note. Reaction conditions: aniline, 0.548 kmol/m*; Rh/C catalyst, 0.4 kg/m': Lil, 8.7 x 1073 kg/m®; P,. 4.48 MPa; P, , 0.32
MPa; agitation speed, 600 rpm; temperature, 443 K; time of reaction, 2 hr. )
¢ Specific activity is the activity expressed per unit weight of Rh content.
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TABLE 4
Catalyst Recycle Studies

Selectivity

Aniline based

Average

Number of activity x 10! DPU EPC
recycles kmol/kg catalyst/hr % %
1] 6.2 1.9 96.7

1 7.9 1.0 97.9

2 7.6 1.3 96.6

3 7.3 1.7 96.4

4 7.1 1.9 96.3

5 7.0 2.2 95.8

6 6.6 2.3 94.9

7 6.3 2.5 92.4

Note. Reaction conditions: aniline, 0.548 kmol/m?; Rh/C catalyst, 0.4
kg/m?; Lil, 8.7 x 1077 kg/m’; Pcq, 4.48 MPa; Py, , 0.32 MPa; agitation
speed, 600 rpm; temperature, 443 K; time of reaction, 2 hr.

to chlorides and bromides for identical reaction times
(Table 6). For example, with Lil and 100 min duration,
CO, formation was lower compared to LiBr and LiCl.
Even for the same conversion level (=40%), CO, forma-
tion was much higher for LiBr and LiCl compared to that
when Lil was used as a promoter.

Further experiments were carried out to investigate the
combined influence of metal iodide promoters. For this
purpose, the effects of Lil + CoCl,, Snl, + CoCl,, Snl,
+ MnCl,, Snl, + SnCl, and Snl, + NiCl, combinations

PRASAD AND CHAUDHARI

TABLE 6

Effect of Anions on
CO, Formation

CO,

Promoter %
Lithium iodide 5.7
Lithium bromide 35.2
Lithium chloride 42.7

Note. Reaction conditions:
aniline, 0.548 kmol/m*; Rh/C
catalyst, 0.4 kg/m’; promoter
concentration, 8.7 x 107% kg/
m*; Pco. 4.48 MPa; P, , 0.32
MPa; agitation speed, 600 rpm;
temperature, 443 K; time of re-
action, 2 hr; conversion level,
40%.

were studied and the results were compared with those
in which only one of the components was used (Table 7).
The effect of CoCl, on Rh/C-Lil catalyst led to a decrease
in the activity and a marginal decrease in selectivity, how-
ever for Rh/C-Snl, system, the activity was found to
increase, but the selectivity was nearly constant. The
effect of the type of co-catalysts (e.g., CoCl,, NiCl,,
SnCl,, MnCl,) on the activity and selectivity of Rh/
C-S8nl, system was also investigated (Table 7). Here, it
was observed that MnCl, offered the highest activity, but
the selectivity to EPC varied significantly in the follow-
ing order.

TABLE 5

Effect of Promoters

Selectivity
CO based Aniline based
Average
activity x 10! DPU EPC Co, DPU EPC
Promoter kmol/kg catalyst/hr % % Y% % %
—_ 0.58 0.9 3.2 93.2 20.0 67.3
Lithium iodide 6.20 4.0 37.0 55.5 1.9 96.7
Sodium iodide 5.03 5.3 36.2 56.4 3.7 94.6
Potassium iodide 4.96 5.7 333 56.6 §7.4 42.1
Iodine 4.74 22,0 23.4 48.5 5.6 59.6
Tin iodide 4.80 4.4 33.5 53.0 2.5 90.2
Nickel iodide 2.26 3.8 16.7 62.4 29.8 68.8
Lithium bromide 3.94 5.4 22,9 60.2 45.4 539
Lithium chloride 3.13 6.7 18.5 69.6 48.7 50.6
Sodium chloride 1.38 7.3 6.9 80.0 64.3 324

Note. Reaction conditions: Aniline, 0.548 kmol/m?; Rh/C catalyst, 0.4 kg/m’; promoter concentration,
8.7 x 1073 kg/m%; Pcg, 4.48 MPa; P, , 0.32 MPa; agitation speed, 600 rpm; temperature, 443 K; time of

reaction, 2 hr.
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TABLE 7

Effect of Co-catalysts

Selectivity
CO based Aniline based
Average

activity x 10! CcO, DPU EPC DPU EPC

Catalyst system kmol/kg catalyst/hr % ¥/ % % %
Rh/C Lil 6.20 55.5 4.0 37.0 1.9 96.7
Rh/C Snl, 4.80 53.0 4.2 35.3 2.5 90.2
Rh/C CoCl, 4.33 44.9 23.6 30.2 73.6 20.2
Rh/C Snl,; CoCl, 6.11 49.2 7.2 38.7 11.2 88.7
Rh/C Lil CoCl, 5.40 45.6 5.6 46.5 7.4 85.3
Rh/C Lil MnCl, 6.52 50.5 7.8 38.5 20.5 77.6
Rh/C Lil SnCl, 5.14 51.2 4.6 36.4 8.7 91.2
Rh/C Lil NiCl, 5.33 55.7 20.7 23.6 63.5 35.2
CoCl,Snl, — 323 —_ — — —

Note. Reaction conditions: aniline, 0.548 kmol/m’; Rh/C catalyst, 0.4 kg/m?; promoter concentration,
8.7 x 1073 kg/m®; P¢q, 4.48 MPa; Py, 0.32 MPa; agitation speed, 600 rpm; temperature, 443 K, time of

reaction, 2 hr.

SnCl, > CoCl, > MnCl, > NiCl,.

The results on the effect of temperature for Rh/
C-Snl,—CoCl, catalyst system are shown in Table 8,
which indicate as expected an increase in activity with
temperature. The concentration of Snl, for Rh/
C-Snl,-CoCl, system, showed no significant variations
in both the activity and selectivity for EPC.

Solvents

The effect of solvents on rate, conversion, and selectiv-
ity was studied for Rh/C-Nal catalyst system. The results
are presented in Table 9. The initial rates varied in the
order xylene =~ chlorobenzene = ethyl acetate = toluene

> benzene > methyl acetate > DMF > ethanol > acetoni-
trile. A similar profile was observed with respect to con-
version of aniline after 1 and 2 hr durations. The selectivity
of EPC in highly polar solvents such as DMF and acetoni-
trile was significantly lower even for higher conversions
compared to other solvents and most of the aniline was
converted to DPU. In the presence of water the reaction
was inhibited.

Pretreatment

The pretreatment of catalyst with reactant often has
influence on the rate and selectivity in many reactions and
such effects have already been reported in hydrogenation

TABLE 8
Effect of Temperature for Rh/C—-Snl,~CoCl, Catalyst

Selectivity
CO based Aniline based
Average

Temperature activity x 10! CO, DPU EPC DPU EPC
K kmol/kg catalyst/hr % % % % %

373 2.43 20.5 63.7 9.8 82.5 16.5

408 4.96 35.2 20.4 42.2 32.00 64.1

443 6.11 49.2 7.5 38.6 11.2 88.7

Note. Reaction conditions: aniline, 0.548 kmol/m’; Rh/C catalyst, 0.4 kg/m’; Pcg, 4.48 MPa; Po,,0.32
MPa; agitation speed, 600 rpm; temperature, 443 K; time of reaction, 2 hr; promoter Snl, concentration,

8.7 x 1077 kg/m’.
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TABLE 9

Effect of Solvents

PRASAD AND CHAUDHARI

TABLE 10

Effect of Catalyst Pretreatment

Selectivity Selectivity
Aniline based CO based Aniline based
Average — Initial
Time activity x 10 DPU EPC Pretreatment rate x 10", DPU EPC CO, DPU EPC
Solvents min kmol/kg catalyst/hr % % with kmol/m?/s % % % %% %
Benzene 60 358 63.23  Nitrogen 2.23 40 37.0 55.5 1.9 96.7
120 6.57 192 728 Carbon monoxide 3.51 4.2 369 543 1.8 96.1
p-Xylene 60 40.2 574 Oxygen 2.82 4.5 372 553 1.9 96.4
120 6.85 17.5 748 Carbon dioxide 2.95 35 364 563 1.6 97.4
Toluene 60 456 50.3 Hydrogen 4.13 2.4 37.7 573 1.3 96.8
120 6.65 26.2 728 Aniline 2.47 5.6 34.6 545 3.3 94.5
Chlorobenzene 60 324 647
120 6.85 17.5  73.0 Note. Reaction conditions: aniline, 0.548 kmol/m?; Rh/C catalyst, 0.4
Ethanol 60 234 753 kg/m*; Lil, 8.7 x 1073 kg/m*: Py, 4.48 MPa: P, . 0.69 MPa; agitation
120 5.48 1.9  96.7 speed, 600 rpm; temperature, 443 K, time of reaction, 2 hr.
Methyl acetate 60 50.4 375
120 5.96 345 498
Ethyl acetate 60 29.7 68.3
120 6.85 102 81.0 inthe temperature range 373-443 K. The effects on initial
Acetonitrile 60 87.3 7.3 rates are shown in Figs. 3 to 6. The effects on average
, _ 120 5.14 76.1 199 activity and selectivity are presented in Tables 11-15.
Dimethylformamide 60 85.3 10.2 . . T ) .
120 6.30 708 233 The important observations are summarized below.
Water lfg - - - o The initial rate (Fig. 3) as well as average activity

Note. Reaction conditions: aniline, 0.548 kmol/m*; Rh/C catalyst, 0.4
kg/m’; Lil, 8.7 x 1077 kg/m’; P, 4.48 MPa; P, , 0.32 MPa; agitation
speed, 600 rpm; temperature, 443 K; time of reaction, 2 hr, ethanol
concentration in other solvents, 1.734 kmol/m®.

(Chaudhari et al. (8)) and carbonylation reactions (Gupte
and Chaudhari (6)). For the Rh/C-Nal catalyst system,
the effect of pretreatment with CO, O,, CO,, H,, and
aniline on the activity and selectivity in the oxidative
carbonylation of aniline was investigated. The results are
presented in Table 10. The pretreatment of Rh/C-Nal
catalyst with aniline, O,, CO, H,, and CO, resulted in
increase in the initial rate of the reaction. While the in-
crease in the rate on pretreatment with aniline, oxygen,
and CO, was marginal, a significant enhancement in the
rate was observed on pretreatment with CO and H,. This
is in contrast to the observations of Gupte and Chaudhari
(6) for Pd-catalyzed oxidative carbonylation of aniline.
The selectivity of EPC was found to be unaffected by the
pretreatment. The selectivity for CO, formation was also
unaffected by the pretreatment of the catalyst.

Reaction Conditions

The effect of reaction conditions such as catalyst load-
ing, aniline concentration, Pcq, Po,, and ethanol, and
water concentrations was studied using Rh/C-Lil catalyst

(Table 11) increase with increase in catalyst loading for
lower values of Lil (Lil/Rh ratio <1). For higher concen-
trations of Lil, catalyst loading has a mild effect on the rate
and average activity. This is mainly because in oxidative
carbonylation the Rh/C-Lil combination is an active cata-
lyst and for higher Lil, the rate is inhibited significantly
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FIG. 2. A plot of initial rate of reaction vs agitation speed. Reaction

conditions: aniline, 0.548 kmol/m®, catalyst, 0.4 kg/m?; Lil, 8.7 x 1073
kg/m'; P, 4.48 MPa; Py, 0.69 MPa; temperature, 443 K.
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due to the strong adsorption characteristics of Lil on the
support. Therefore, in this region, an increase in Rh/C
loading does not show a significant effect on the rate. The
other possible mild catalyst loading effect is due to mass
transfer limitations for dissolution of CO and or O,. How-
ever, the effect of agitation (Fig. 2) showed no effect of
rates beyond 500 rpm, which indicates that the data are
mainly in the kinetic regime.

INITIAL RATE x10'°, kmol /m3/s

0¥ 1 | 1 1 L
0] 20 4-0 6-0
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FIG. 4. A plot of initial rate of reaction vs partial pressure of CO.
Reaction conditions: aniline, 0.548 kmol/m’; catalyst, 0.4 kg/m; Lil,
8.7 x 107* kg/m*; P, , 0.69 MPa; agitation speed, 600 rpm.
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FIG. 5. A plot of initial rate of reaction vs concentration of aniline.

Reaction conditions: catalyst, 0.4 kg/m*; Lil, 8.7 x 1073 kg/m®; Pco,
4.48 MPa; P, , 0.69 MPa; agitation speed, 600 rpm.

¢ The initial rates (Figs. 4, 6) and average activity (Ta-
bles 13, 14) were found to increase with increased P,
and P, ; however, the selectivity was found to be unaf-
fected.”

e The initial rate was found to increase with increased
aniline concentration (Fig. 5), however, the average activ-
ity was found to decrease (Table 12), and the selectivity
to the formation of DPU to increase.

e The effect of ethanol concentration showed that the

INITIAL RATE x10°, kmol/m3/s

. L i 1 1 ! 1 1 1
0-Q 0-5 1-0 1-5

Poz ,MPa

2-0

FIG. 6. A plot of initial rate of reaction vs partial pressure of oxygen.
Reaction conditions: aniline, 0.548 kmol/m*; catalyst, 0.4 kg/m?; Lil,
8.7 x 107} kg/m’; Py, 4.48 MPa; agitation speed; 600 rpm.
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TABLE 11
Effect of Catalyst Loading

PRASAD AND CHAUDHARI

TABLE 13
Effect of P¢qo

Selectivity Selectivity
Aniline based CO based Aniline based
Average Average
Catalyst loading activity x 10! DPU EPC P activity x 10! DPU EPC CO, DPU EPC
kg/m? kmol/kg catalyst/hr % % MPa kmol/kg catalyst/hr % % % % %
0.2 3.10 45.5 53.7 1.920 1.74 9.7 345 53.5 206 76.4
0.3 4.41 325 66.8 2.561 2.11 7.4 354 56.5 15.8 82.3
0.4 6.21 1.9 96.7 3.22 3.00 6.3 35.7 574 10.5 84.6
0.5 6.35 0.8 97.6 3.84 3.87 5.3 369 559 7.9 87.2
4.48 6.21 4.0 37.0 555 1.9 96.7
Note. Reaction conditions: aniline, 0.548 kmol/m’; Lil, 8.7 x 10~* 5.12 6.32 3.6 345 58.4 1.2 97.6
kg/m?; P, 4.48 MPa;P02,0.32 MPa; agitation speed, 600 rpm; tempera-  5.76 6.80 2.7 321 645 1.2 978

ture, 443 K; time of reaction, 2 hr.

average activity passed through a maximum with increase
in ethanol. At higher ethanol concentrations, side prod-
ucts such as N-ethylaniline were observed but the selec-
tivity of EPC was not affected.

¢ Increased H,O concentration decreased both the av-
erage activity and the selectivity to EPC CO, formation
was significantly enhanced with increased H,O concentra-
tion. This is consistent with earlier work in which CO
oxidation has been shown to be catalyzed in the presence
of H,0 (9).

e Increased temperature (Table 15) resulted in in-
creases in the rate as well as in the average activity. At
temperatures up to 443 K, the selectivity of EPC in-
creased. Beyond 443 K, the selectivity of EPC was found
to decrease due to formation of side products, which is
also consistent with earlier reports (10). Thus, the opti-
mum temperature for EPC was found to be in the range
423-443 K.

o The formation of CO, (Table 15) was also enhanced

TABLE 12
Effect of Aniline Concentration

Selectivity

Aniline based

Average
Aniline concentration activity x 10! DPU EPC
kmol/m? kmol/kg catalyst/hr % %
0.548 6.21 1.9 96.7
0.878 4.32 25.5 71.2
1.645 3.21 50.3 45.8

Note. Reaction conditions: aniline, 0.548 kmol/m’; Rh/C catalyst, 0.4
kg/m?; Lil, 8.7 x 107% kg/m®; P, 0.32 MPa; agitation speed, 600 rpm;
temperature, 443 K; time of reaction, 2 hr.

significantly with temperature and hence the selectivity of
EPC based on CO consumed decreased with temperature.
Below 373 K, CO, formation was negligible and the major
liquid product formed was DPU.

Kinetic Study

The initial rate data obtained under different conditions
were also used to study the intrinsic kinetics of oxidative
carbonylation of aniline using Rh/C-Lil catalyst at 443
K. The results presented here are mainly representative
for the kinetics of Reaction 2, involving the formation of
DPU, since, in the region of initial rate evaluation, only
DPU is formed as a major product (Fig. 1). Also, the
formation of CO, is negligible at lower conversions (as
discussed earlier), and hence oxidation of CO was not con-
sidered.

TABLE 14
Effect of Po,

Selectivity
CO based Aniline based
Average

Py, activity x 10 DPU EPC CO, DPU EPC
MPa kmol/kg catalyst/hr % % % % %
0.23 3.15 5.3 38.7 535 6.1 86.5
0.32 4.58 49 373 549 6.5 87.2
0.69 6.21 4.0 37.0 S55.5 1.9 96.7
1.61 6.85 6.31 323 638 1.2 97.5

Note. Reaction conditions: Rh/C catalyst, 0.4 kg/m®; Lil, 8.7 x 103
kg/m?; Pcg, 4.48 MPa; Po2 , 0.32 MPa; agitation speed, 600 rpm; tempera-
ture, 443 K, time of reaction, 2 hr.

Note. Reaction conditions: aniline, 0.548 kmol/m*; Rh/C catalyst, 0.4
kg/m’; Lil, 8.7 x 1073 kg/m®; Py, 4.48 MPa; agitation speed, 600 rpm;
temperature, 443 K; time of reaction, 2 hr.



OXIDATIVE CARBONYLATION OF ANILINE ON SUPPORTED Rh

213

TABLE 15

Effect of Temperature

Selectivity

CO based Aniline based
Average

Temperature activity x 10!, DPU EPC Cco, DPU EPC
K kmol/kg catalyst/hr % % %% % %

373 1.53 219 6.1 47.9 80.1 11.2

408 4.37 18.9 31.1 38.2 54.4 44.8

443 6.20 4.0 37.0 55.5 1.9 96.7

473 3.97 — 17.4 68.8 — 67.3

Note. Reaction conditions: aniline, 0.548 kmol/m’; Rh/C catalyst, 0.4 kg/m?; Lil, 8.7 x 1073 kg/m};
Pco . 4.48 MPa; Py, 0.32 MPa; agitation speed, 600 rpm; time of reaction, 2 hr.

The results are shown in Figs. 3 to 6. The following
observations were made.

o The rate varies linearly with aniline concentration
(Fig. 5), indicating approximately a first order depen-
dence.

e The rate vs P (Fig. 4) showed a first order depen-
dence.

e The rate first increased with increased P, (Fig. 6)
and then was found to be independent of P, beyond
0.75 MPa. ’

¢ The rate varied linearly with catalyst loading (Fig. 3)
(keeping the Rh-Lil ratio constant at 1:1).

Based on these rate data, the following empirical rate
equation was proposed:

wkABC

Ra=17 K:C 51
R, is the rate of reaction of aniline, kmol/m*/sec; A, B,
and C, the liquid phase concentrations of aniline, CO,
and O,, respectively, kmol/m>; k the rate constant, (m?/
kg) (m3/kmol)*/sec; k-, the adsorption equilibrium con-
stant, m?/kmol; and w, the concentration of the catalyst,
kg/m3,

The rates predicted using Eq. [5] were found to agree
with experimental data within 5-7% error.

Catalyst Characterization

In order to understand the nature of changes undergone
during oxidative carbonylation, some catalyst samples
(Rh/C) were characterized by ESCA, XRD, and TEM
analysis. The ESCA results of the two catalysts are shown
in Fig. 7, which indicates that Rh exists in a zero valent
state both in the initial and in the as used sample. Obvi-
ously, Rh® undergoes changes in oxidation state during

the reaction, but the transient species may not be stable
enough and hence may reduce to zero valent state once
the CO/0O, atmosphere is removed.

The transmission electron micrographs of these sam-
ples are shown in Fig. 8, in which it is observed that
Rh metal crystallite size decreased for the used catalyst.
This can be interpreted as a result of redispersion of
Rh metal, which was also observed earlier under a CO
environment (11, 12). The X-ray powder diffraction
(XRD) patterns of the two catalysts are shown in Fig.
9, which also shows a decreased Rh metal crystallite
size in the used catalyst. These observations partly

COUNTS ——»
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— i
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FIG. 7. ESCA spectrum of 5% Rh/C, catalyst, showing rhodium 34
electrons (A) before reaction and (B) after reaction.
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FIG. 8.

explain the increase in the initial rate of the reaction
in the used catalysts (Table 4).

The mechanism of oxidative carbonylation of amines
using supported Rh catalyst is not well understood.
From the literature on activation of CO using supported
Rh catalysts, formation of metal carbonyl species like
Rh! (CO), are likely to exist (13). In the presence of
aromatic amines and metal iodide promoter, carbamoyl
species of the type

Rh-CO-NH Ar

N

H

are likely to be found, similarly to the results established
earlier for Pd catalyzed reactions (14). However, further
work would be necessary to characterize the nature of
the active catalytic species.

It is also important to consider whether oxidative car-
bonylation occurred on the solid catalyst or in the homo-
geneous phase. Besides the results on catalyst recycling,
which indicate that the catalyst could be used several
times without loss of significant activity, the observations
on the effect of Rh content on the average activity of the
catalyst clearly indicate that the reaction occurs on the
solid surface. It was observed that when the Rh content

Micrographs of 5% Rh/C catalyst (A) before reaction and (B) after reaction.

in the catalyst was reduced from 5% to 0.2% (w/w), the
activity (expressed as kmol/kg Rh/hr) increased from 1.65
to 9.11 (5.5 times). If the reaction was to take place in
the homogeneous phase by the leached Rh species, one
would expect the concentration of Rh species to be much
higher for 5% catalyst than the 0.2% catalyst; hence the
activity trend expected would be exactly the reverse of
what is actually observed. Therefore, the reaction is likely
to occur on the surface of the solid catalyst and not in
the homogeneous phase.

006K
CPs

40 42 44 a6 a8 50
29

FIG. 9. XRD spectrum of 5% Rh/C, between 26 values 40-50 for
rhodium, (A) before reaction and (B) after reaction.
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Also, the results of XRD and TEM analysis of fresh
and used catalysts support the existence of Rh on the
carbon surface.

CONCLUSIONS

Oxidative carbonylation of aniline over Rh/C catalyst
has been investigated. The major products of the reaction
are EPC and DPU. The effects of catalyst preparation
methods, supports, metal content, reusability, promoters,
co-catalysts, solvents, and pretreatment on the activity
and selectivity of the Rh/C catalyst have been investi-
gated. The selectivity based on aniline consumed to EPC
was found to be independent of the catalyst preparation
methods, supports, and metal content. CO, formation was
found to be dependent on the support and the metal con-
tent. The selectivity for EPC was found to be dependent
on the temperature up to 443 K, beyond which the selec-
tivity decreased due to the thermal instability of EPC.
CO, formation increased with increase in temperature
beyvond 373 K. Alkali metal iodides, as promoters, gave
higher selectivity for EPC and lower selectivity for CO,.
Other metal iodides, such as Nil, and Snl, , in combination
with other co-catalysts, such as CoCl,, MnCl, , and SnCl,,
gave good selectivities for EPC. The selectivity to EPC
was found to be higher in moderately polar and nonpolar
solvents. In highly polar solvents such as DMF and aceto-
nitrile, the major product was DPU. Pretreatment of the
catalyst with CO, O,, CO,, H,, and aniline gave higher
initial rates. The average activity of the catalyst and the
selectivities for EPC and CO, were found to be only mar-
ginally affected by the pretreatment of the catalyst.

ESCA, XRD, and TEM analysis of fresh and used cata-
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lyst indicated that (a) Rh exists in a zero valent state and
(b) redispersion of Rh occurs during carbonylation leading
to a lower Rh metal crystallite size.

The intrinsic kinetics of the reaction have been studied
at 443 K. The rate of reaction was found to be linearly
dependent on aniline, CO, and catalyst. The rate of the
reaction was also found to be linearly dependent on the
oxygen partial pressure up to 0.75 MPa, above which it
was found to be independent of oxygen partial pressure.
A rate model has been proposed.
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