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Abstract A phosgene-free approach for the synthesis of

phenyl isocyanate (PI) was developed, using the heteroge-

neous catalytic decomposition of methyl N-phenyl

carbamate (MPC). Twenty oxide-catalysts were investigated

and compared; the Bi2O3 catalyst gave the better catalytic

performance. From bismuth (III) nitrate pentahydrate, Bi2O3

was prepared by different methods, which included the

direct decomposition, mechano-chemical method, direct

precipitation and indirect precipitation. The catalysts were

characterized by N2 adsorption/desorption, XRD, FTIR and

TEM analyses. After optimization, the Bi2O3 catalyst pre-

pared by direct calcination of bismuth (III) nitrate

pentahydrate at 723 K in air for 4 h gives the best activity.

When the reaction was carried out at the boiling temperature

of o-dichlorobenzene (ODCB) at normal pressure, the opti-

mal reaction conditions over Bi2O3 catalyst are as follows:

the mass ratio of catalyst/MPC is 0.05, mass ratio of ODCB/

MPC is 15:1, reaction time of 60 min. The optimized con-

version of MPC and the yield of PI are 86.2% and 78.5%,

respectively. There was a good durability for the Bi2O3

catalyst, and the species of Bi (III) ions of catalyst were

partially oxidized to Bi (IV) ions during the reaction, sup-

ported by the results of XRD and XPS techniques.
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1 Introduction

Phenyl isocyanate (PI), as a highly reactive aromatic mono-

isocyanate, is an important intermediate for the synthesis of

pesticide and medicine [1]. Traditionally, PI is commercially

prepared by the phosgenation of aniline. The phosgenation

process suffers from the difficulty of handling toxic phos-

gene as well as from the highly corrosive by-product HCl. To

minimize the environmental impact of phosgene, green

routes without the phosgenation step have been extensively

studied [2–4]. Among them, the Scheme 1 represents an

attractive synthesis route to PI. This method involves two

steps: the catalytic production of methyl N-phenyl carba-

mate (MPC) by the methoxycarbonylation from aniline and

dimethyl carbonate (DMC) (Eq. 1) [5–7] and decomposition

of MPC (Eq. 2). This route has a number of advantages: (i)

environmentally benign character of reactant (DMC), (ii)

high selectivity of the process, and (iii) the by-product

methanol can be recycled for the DMC synthesis [8, 9].

Up to now, the key step has been the catalytic decom-

position of MPC, which is a reversible reaction in which PI

may recombine with methanol. The interception of meth-

anol to prevent this recombination has been accomplished

by using boron halides in the presence of triethylamine [10,

11]. Despite the effectiveness of this method, it may not

succeed commercially on a large scale because it is diffi-

cult to recycle the stoichiometric amounts of boron

derivatives and triethylamine. On the other hand, various

catalysts have been studied for the catalytic decomposition

of MPC. Spohn [12] proposed a homogeneous dibutyltin
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dimethoxylate catalyst for the catalytic decomposition of

MPC. The conversion and selectivity for MPC and PI were

33% and 99%, respectively, using the toluene as solvent

and a reaction period of 40 min at temperature of 360 K.

Though there was a high selectivity for that catalyst, the

difficulty of re-use impedes its industrialization. Uriz [13]

performed the catalytic decomposition of MPC using

montmorillonite K-10 as the catalyst. The reaction was

conducted for a period of 5 h at a temperature of 456 K

under the conditions of MPC/montmorillonite K-

10 = 0.6 mmol/100 mg and 8 mL o-dichlorobenzene

(ODCB) as solvent. The experimental results showed that

the conversion of MPC was high to 96%, however, the

yield for PI was not reported. Furthermore, the efficiency is

low because the amount of catalyst was relatively large (the

mass of montmorillonite K-10/ MPC = 0.9) and a long

reaction time (5 h) was required. Consequently, the

development of more efficient catalysts is desirable.

Bismuth oxides are attractive catalysts for their high

oxide-ion conductivity properties, and for their wide use for

industrial selective oxidation reactions, especially for the

propylene selective oxidation to acrolein and propylene

ammoxidation to acrylonitrile [14, 15]. Such catalytic

properties have been attributed to the existence of two dif-

ferent oxidation states of Bi (III and IV) and to the high

mobility of lattice oxygen [16]. The surface reactivity of this

oxide system is associated with the presence of defects. For

instance, the existence of surface oxide ions with defective

coordination numbers induces the extraction of an a-

hydrogen from alkenes [17]. At the same time, it was

reported that the decomposition reaction of carbamates fol-

lowed an E1cB mechanism [18], in which the hydrogen was

firstly removed from the N–H group of the carbamate.

Therefore, the bismuth oxide was supposed to be active in

the catalytic decomposition of MPC. In this paper, bismuth

oxide catalysts have been prepared and characterized. Their

catalytic property was investigated in the decomposition of

MPC and then the reaction condition was optimized.

2 Experimental

2.1 Chemical Reagent

ODCB, MgO, CaO, PbO, Pb3O4, Sb2O3, Bi2O3, V2O5,

Nb2O5, CrO3, MoO3, Fe2O3, ZnO, TiO2, La2O3 were

obtained from local manufactures and were of laboratory

reagent grade. Several chemical reagents with AR grade

were used for preparation of the catalyst, e.g., Bi(NO3)3 �
5H2O, NH3 � H2O, NaOH. MPC ([99%) was self-prepared

in the laboratory.

2.2 Catalyst Preparation

Catalysts were prepared from bismuth (III) nitrate penta-

hydrate by four methods: direct decomposition (B-1),

mechano-chemical (B-2), direct precipitation (B-3), and

indirect precipitation (B-4).

Catalyst B-1: Bi2O3 was prepared by the calcination of

bismuth nitrate pentahydrate at 723 K in air for 4 h.

Catalyst B-2 [19]: Bi2O3 was prepared by mixing

bismuth nitrate pentahydrate and NaOH in a mortar in

1:3 molar ratio. The mixture was milled for 0.5 h. The

yellow solids were washed with alcohol and deionized

water 3 times, respectively. Then the solids were dried at

353 K for 6 h in a vacuum drier.

Catalyst B-3 [20]: 40 mL 0.6 mol L-1 Bi(NO3)3 aque-

ous solution was quickly poured into the 30 wt.% NaOH

solution. After constant stirring at 363 K for 2 h, the

obtained yellowish precipitates were filtered and washed

with alcohol and deionized water 3 times, respectively.

Then the solids were dried at 353 K for 6 h in a vacuum

drier.

Catalyst B-4: Bi2O3 was prepared by constantly drop-

ping a 1.26 mol L-1 aqueous ammonia solution into a

150 g L-1 Bi(NO3)3 solution. After constant stirring at

333 K for 2 h, the precipitates were filtered and washed

with alcohol and deionized water 3 times, respectively.

The white solids were first dried at 393 K for 2 h, and

then calcined at 723 K in air for 4 h.

2.3 Catalyst Characterizations

The structure and phase composition of the catalysts were

determined by a Philip X’Pert Pro MPD X-ray diffraction

between 25� and 60� (2h) with a scanning rate of 0.1�/s,

employing Cu Ka radiation (k = 1.54056 Å), operated at

50.0 kV and 35.0 mA.

BET specific surface area and the total pore volume of

the samples were measured by the nitrogen adsorption at

77 K on a Quantachrome NOVA 1000e apparatus. The

surface area was calculated by using the conventional

Brunauer–Emett–Teller (BET) method. The total pore

volume was calculated from the amount of nitrogen

absorbed at a relative pressure (P/P0) close to unity.

The nature of the surface groups was determined by

Fourier transform infrared spectroscopy (FT-IR). The FT-

NH2 + (CH3O)2CO
NHCOOCH3 + CH3OH

NCONHCOOCH3 + CH3OH

(1)

(2)

Scheme 1 Phosgene-free synthesis route to PI
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IR spectra were collected by using a Nicolet 560 spec-

trometer in KBr pellets. The samples were mixed with

KBr, and exposed to infrared light. The pellets were

immediately measured after preparation under ambient

conditions in the mid-infrared area. The spectra were the

averaging results of 32 scans for each sample in wave-

length ranging from 4000 to 400 cm-1.

Microstructure characterization was carried out using a

JEM-1000CX transmission electron microscope (TEM),

operated at 80 kV. The samples were firstly dispersed by

ultrasonic treatment, and then placed onto copper grids

covered with holey carbon film.

The surface electronic structure of the catalysts was

determined by X-ray photoelectron spectroscopy (XPS).

The XPS spectra were acquired at room temperature with a

Kratos Model XMSA 800 instrument using a monochro-

matic radiation source focused at (12 kV 9 15 mA) Mg

Ka (1253.6 eV). The residual pressure in the spectrometer

chamber was 2 9 10-6 Pa during data acquisition. The

spectrometer was calibrated by assuming the binding

energy (BE) of the Au 4f (84.0 eV) and Ag 3d (386.3 eV)

with respect to the Fermi level.

2.4 Catalytic Performance Testing and Reaction

Procedure

The reaction was carried out in a 100 mL three-neck

round-bottomed flask, equipped with a magnetic stirring

bar, a nitrogen inlet with a thermometer, and a distillation

apparatus. The ODCB was utilized as the solvent. The

MPC, ODCB solvent and the catalyst were charged into the

flask under atmospheric pressure. The mixture was quickly

heated to react at 449–451 K, the boiling point of ODCB at

the local atmospheric pressure. During the reaction, the

methanol was continuously removed from the reaction

system. After the reaction, the mixture was immediately

derived by means of di-n-butylamine for analysis. The

catalyst was filtered, and the filtrate was analyzed by high

pressure liquid chromatograph (HPLC).

2.5 Product Analysis

Waters-515 HPLC was utilized for analyzing the reaction

liquid. The analytical conditions were as follows: the model

of the chromatographic column was Waters Symmetry

Shield RP18 (U3.9 mm 9 150 mm); the temperature of the

chromatographic column was 313 K; the flow rate was

0.95 mL/min. CH3OH/H2O (60/35, v/v) was used for the

mobile phase; the UV detection was Waters 2487; and the

wavelength for detection was 260 nm. HPLC-MS was used

to analyze qualitatively byproducts of the reaction. The mass

spectrometer was used in ESI code at 523 K. The acquisition

was performed from 50 to 400 amu (m/z).

3 Results and Discussion

3.1 Qualitative Analysis of Byproducts During

the Synthesis of PI

In the synthesis of PI using the catalytic decomposition of

MPC, there were several byproducts. The HPLC was

applied to the analysis of the reaction products (ODCB was

the solvent for reaction). The results were illustrated in

Fig. 1. Two by-products were found, one of them was

N,N0-diphenylurea (DPU), another was diphenylcarbodii-

mide (DPCD). The results were in agreement with the

results of [21], and one side reaction was as follows (Eq. 3)

NHCOOCH32
HN + (CH3O)2COC

O
NH

(3) 

In the beginning, the byproduct at 15.0 min retention

time could not be precisely identified, the dimmer of PI

(uretidinedione) [22] or DPCD [23] could be the potential

byproduct. In order to identify this unknown byproduct, the

reaction liquid was analyzed by HPLC-MS. According to

the result of HPLC-MS analysis, the unknown product was

DPCD, and the main ion peaks of characteristic fragment

(m/z) were 92.2, 117.1, 119.2, 121.2, 149.3, 168.4, and

195.3. In our experiments, it was found that the further

reaction of PI could lead to the production of DPCD, so this

side reaction was described as follows (Eq. 4):

NCO
2 N C N= = + CO2 (4)

In summary, the reaction system was described as fol-

lows (Scheme 2):

Fig. 1 HPLC result of products of MPC catalytic decomposition
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3.2 The Catalytic Performance of Metal Oxide Catalyst

Metal oxides as heterogeneous catalysts for the catalytic

decomposition of MPC had been seldom reported previ-

ously. The results of catalytic performances of various oxide

catalysts for this reaction were demonstrated in Table 1.

As shown in Table 1, in the blank test with absence of

catalyst, the conversion of MPC was only 19.5% with an

excellent selectivity of PI (96.3%). For the d-block metal

oxides, they didn’t give high activity. The activity for cata-

lytic decomposition of MPC had the order: La2O3 [ TiO2,

Fe2O3 [ ZnO [ MoO3, V2O5 [ CrO3, Nb2O5. The CrO3

and Nb2O5 samples were essentially inactive for this reac-

tion. It was notable that the heavy p-block metal oxides had

the higher activity. Especially, PbO had the better activity

(93.6% conversion). However, its activity was so strong that

many byproducts accompanied with PI. This effect decreased

the selectivity and yield of PI desired product. Moreover, Pb

compounds are not friendly to environment. Sb3+, Pb2+ and

Bi3+ ions owned a 5s2 or 6S2 outermost orbital, there was a

high cation polarizability for each of them, and the order of

cation polarizability was Pb2+ [ Bi3+ [ Sb3+ [24]. It seemed

that the high polarizability of Pb2+ and Bi3+ supported the

extraction of hydrogen from the N–H group and improved the

catalytic activity of their metal oxides.

The specific surface areas and pore properties of five typ-

ical oxides were measured by nitrogen adsorption and

desorption experiments. The nitrogen adsorption–desorption

isotherms were illustrated in Fig. 2. The isotherms of La2O3,

Nb2O5, Sb2O3 and Bi2O3 could be classified as a typical type

Langmuir III according to the IUPAC classification. How-

ever, the isotherm of PbO was not of the typical Langmuir

type. At the initial low pressure for PbO sample, the adsorbed

volume decreased while the pressure increased. Among above

metal oxides, the specific surface area of PbO (0.392 m2/g)

was the smallest. Thus, the specific surface area was not the

key factor for the activity variation of these metal oxides.

For other samples, their catalytic results were also

analyzed. The MgO and CaO manifested a medium activity

for the catalytic decomposition of MPC. Furthermore, The

activity of MgO was better than that of CaO. It seemed that

the strong basicity was not helpful for the catalytic

decomposition of MPC. On the other hand, the selectivity

of DPU on acid a-Al2O3 was the highest. This indicated

that the strong acidity promoted the DPU side reaction

(Eq. 3). Busca [25] proposed that the acidity and basicity of

La2O3, Sb2O3 and Bi2O3 were medium-weak Lewis acid

and medium-strong base. Thus, the catalytic decomposition

of MPC to PI product should be occurred at a proper acid–

base strength. The MPC catalytic decomposition was a

reaction with acid–base synergic effect.

In brief, the Bi2O3 catalyst gave the better catalytic

performance. The catalytic performances of several Bi2O3

samples on the catalytic decomposition of MPC were dis-

cussed in detail in the following section.

3.3 Impact of Preparation Conditions on Activity

and Selectivity of Bi2O3 Catalyst

3.3.1 Catalytic Activity of Bi2O3 Prepared by Different

Methods

Chemical, micro-structural and catalytic properties of

Bi2O3 catalysts depend on the synthesis procedure. Gotić

NHCOOCH3

-CH3O
H

+CH3
OH

N=C=O N=C=N

NH C
O

NH

-CO2

+ (CH3O)2CO

(DPCD)

(DPU)

(PI)

(MPC)

Scheme 2 Catalytic reaction system of MPC decomposition cata-

lyzed by Bi2O3

Table 1 Catalytic activity of different metal oxides

Blocks Catalyst Conversion of MPC (%) Selectivity (%) Blocks Catalyst Conversion of MPC (%) Selectivity (%)

PI DPU PI DPU

– – 19.5 96.3 2.4 s MgO 47.0 76.3 6.7

d Nb2O5 13.4 87.1 3.7 CaO 38.4 71.5 5.7

CrO3 19.4 82.4 3.1 p SiO2 38.5 86.5 1.2

V2O5 26.7 76.0 3.2 a-Al2O3 (acid) 43.3 81.6 13.5

MoO3 39.7 87.4 1.6 a-Al2O3 (basic) 54.3 45.7 5.8

ZnO 44.1 80.6 3.2 PbO 93.6 52.8 6.2

TiO2 46.0 73.0 2.1 Pb3O4 83.7 70.4 7.5

Fe2O3 45.9 92.5 2.6 Bi2O3 75.1 92.6 2.8

La2O3 48.6 94.6 3.1 Sb2O3 49.6 92.6 3.2

The metal oxides were pretreated at 473 K for 2 h. MPC: methyl N-phenyl carbamate, PI: phenyl isocyanate, DPU: N,N0-diphenylurea. Reaction

conditions: reaction temperature: 449–451 K, MPC: 0.02 mol, m(ODCB)/m(MPC) = 15, m(catalyst)/m(MPC) = 0.05, reaction time: 1 h
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[26] investigated the morphology of Bi2O3 particles pre-

pared by a modified sol–gel procedure. Irmawati [27]

investigated the influence of bismuth content on the surface

area and crystal size of Bi2O3 nanocrystals via precipitation

method. In this paper, several Bi2O3 catalysts from bismuth

nitrate pentahydrate were prepared by different synthesis

routes. The structures of these Bi2O3 catalysts by different

preparation methods were characterized by XRD. The

results were shown in Fig. 3.

The Bi2O3 system has six different polymorphs with

different structures and properties, labeled a-, b-, c-, d-, e-,
and x-phases [28]. The phase of catalyst B-3 is mainly the

a-Bi2O3 (PDF card No. 41-1449), which is as same as the

phase of the commercial sample. The XRD patterns

recorded for B-1, B-2 and B-4 samples corresponded to a

mixture of monoclinic a-Bi2O3 and tetragonal b-Bi2O3

(PDF card No. 27-0050) [26]. The main peaks of a-Bi2O3

appeared at 2h = 27.4�(120), 33.3�(200), 46.3�(041), and

those of b-Bi2O3 appeared at 2h = 27.9�(201), 32.7�(220),

46.2�(222), 55.5�(421). In addition, due to incomplete

reaction, catalyst B-1 and B-2 contained small amount of

crystalline of Bi5O7NO3 (PDF 51-0525).

The FT-IR analyses were performed in the 4000–

400 cm-1 frequency range on Bi2O3 powders. FT-IR spectra

of the catalysts prepared by different methods are shown in

Fig. 4. The spectra displayed a broad absorption band in the

546–434 cm-1 range. This is due to the Bi–O stretching

mode. This phenomenon is in agreement with data reported

by Carrazan [29], in which it was indicated that in the

600.00–400.00 cm-1 range, the stretching and deformation

modes involving Bi–O modes are expected. The absorption

band at 1384 cm-1 and 3455 cm-1 were assigned to the

vibrations of NO3
- and OH-, respectively. Furthermore, the

intensity of hydroxyl groups has the order: B-2 [ B-1 [
B-3. There were hydroxyl groups on the surface of metal

Fig. 2 Nitrogen adsorption–

desorption isotherm patterns

and the specific surface area

(m2/g)

Fig. 3 XRD patterns of Bi2O3 samples prepared by different

preparation methods

Fig. 4 FTIR of Bi2O3 samples prepared by different preparation

methods
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oxide, due to the dissociative adsorption of water. One of the

reasons for the difference of OH- concentration on Bi2O3

samples was the difference of the surface area (see Table 2).

The catalytic performances of Bi2O3 samples prepared by

different methods were investigated. The results are shown

in Table 2. Catalyst B-3 had almost the same activity as

commercial Bi2O3 (see Table 1), this could be ascribed to

the fact that both of their phase is mainly the a-Bi2O3. On the

other hand, with some of b-Bi2O3 phase, Bi2O3 samples

prepared by other methods showed higher activity than

commercial Bi2O3. Among them, catalyst B-2 had the

highest activity; however, its selectivity for PI was some-

what low (see Table 2). The larger surface area of catalyst B-

2 was attributed to its highest catalytic activity. At the same

time, as more NO3
- groups appears on the surface of B-2,

more DPCD are formed (see Scheme 2), which leads to the

decrease of PI selectivity. In general, the catalyst B-1 had a

better catalytic performance for the MPC decomposition.

Thus, the preparation parameters in the direct thermal

treatment of bismuth nitrate pentahydrate were investigated

in detail in the next paragraph for a better performance.

3.3.2 Role of Thermal Treatment on the Activity and

Selectivity of Bi2O3 Catalyst

The activity of catalysts calcined at different temperature

are shown in Fig. 5a. For the catalyst calcined at 673 K,

though the catalyst possessed moderate activity, its selec-

tivity to PI was somewhat lower due to the formation of

more DPCD. As the calcination temperature was increased

to 723 K, there was a significant activity and an optimal

selectivity to PI. The activity of the catalysts increased

slightly as the calcination temperature was further

increased to 773 K. Thereafter it decreased. In addition, the

calcination temperature had little relationship with the

DPU selectivity of the catalyst, which remained almost

constant as the calcination temperature increased. Thus, the

best catalytic performance of the Bi2O3 catalyst appeared

at the calcination temperature of 723–773 K.

For the catalyst calcined at 673 K, the color of catalyst is

mainly white and the yellow-colored character of Bi2O3 is

not obvious. It can be seen that most of Bi2O3 phase isn’t

formed at 673 K. The TEM micrographs of the Bi2O3 par-

ticles at different calcination temperatures are shown in

Fig. 6. From TEM images in Fig. 6, the catalyst calcined at

723 K contains a-Bi2O3, consisting of particles of varying

shapes and sizes and well-dispersed plate-like b-Bi2O3 [26],

which is in agreement with the XRD results discussed earlier

(Fig. 3). After calcination at higher temperature above

773 K, serious agglomeration of Bi2O3 took place and the

Bi2O3 particles became large (Fig. 6).

The catalytic behavior of another five catalysts with dif-

ferent calcination time is shown in Fig. 5b. The results are

similar with those of calcination temperature. The Bi2O3

catalyst calcined for 2 h possessed comparable activity.

Thereafter, the activity increased slightly. The best catalytic

performance appeared at the calcination time of 4 h. As the

calcination time of these catalysts was further increased,

there was a decrease in activity and the selectivity of PI. The

selectivity towards DPU also changed slightly with the

increased calcination time. In general, the optimal calcina-

tion time for the Bi2O3 catalysts was 3–4 h.

Table 2 Properties and catalytic performances of Bi2O3 samples prepared by different methods

Catalyst Specific surface

area (m2/g)

Specific pore volume

(9 10-3 cm3/g)

MPC conversion (%) Selectivity (%)

PI DPU DPCDa

B-1 1.003 5.192 86.2 91.2 3.2 5.7

B-2 3.096 13.020 89.6 82.1 5.9 12.0

B-3 0.613 1.688 74.7 92.5 2.5 5.0

B-4 – – 81.3 92.1 2.9 5.1

a Sel.(DPCD) = 1-Sel.(PI)-Sel.(DPU). MPC: methyl N-phenyl carbamate, PI: phenyl isocyanate, DPU: N,N0-diphenylurea, DPCD: diphenyl-

carbodiimide. Reaction conditions: MPC: 0.02 mol, m(ODCB)/m(MPC) = 15, m(catalyst)/m(MPC) = 0.05, reaction temperature: 449–451 K,

reaction time: 60 min

Fig. 5 Effect of thermal treatment on the catalytic performance
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3.4 Effects of Reaction Conditions on the Activity

and Selectivity of Bi2O3 Catalyst

3.4.1 Impact of Catalyst Amount

The impact of the catalyst amount on the catalyst perfor-

mance was examined at m(ODCB)/m(MPC) = 15. As

shown in Fig. 7a, the MPC conversion increased rapidly

when the mass ratio of the catalyst B-1 to MPC was

increasing below 0.05. When the mass ratio of the catalyst

B-1 to MPC was above 0.05, the MPC conversion

increased slightly. A high selectivity of PI (94.2%) could

be obtained with a low catalyst amount (the ratio was 0.02),

whereas the selectivity of PI decreased slightly as the mass

ratio of catalyst B-1 to MPC increased. This might be

ascribed to the fact that more amount of catalyst would be

also in favor of the side reaction (see Scheme 2): equilib-

rium shifting to DPU synthesis. As a result, the selectivity

of DPU increased with the increase of the catalyst amount.

Based on the results of MPC conversion and PI selectivity,

the optimal mass ratio of the catalyst B-1 to MPC was 0.05.

3.4.2 Influence of MPC Concentration

The impact of MPC concentration on the catalytic perfor-

mance and product selectivity was examined by changing

the amount of ODCB solvent. As shown in Fig. 7b, the

MPC conversion increased with the increase of MPC

concentration. This was attributed to the more opportunity

for contact between the catalysts with MPC. In addition,

the selectivity of PI declined with the increase of MPC

concentration. This was caused by the disproportion of

MPC together with the carbonization of PI (see Scheme 2)

at a high concentration, especially above the concentration

of 8 wt.%. Based on the results of MPC conversion and

selectivity of PI, the optimal initial MPC concentration was

6–7 wt.%.

3.4.3 Role of Reaction Time

The catalytic decomposition of MPC was also monitored

by changing the reaction time. As shown in Fig. 7c, the

MPC conversion increased sharply within 45 min. After

60 min of reaction, the conversion of MPC increased

slightly with the prolonged reaction time. It could be seen

that the catalytic decomposition of MPC by catalyst B-1

was a fast equilibrium reaction. In addition, the selectivity

of DPU had little relationship with the reaction time while

the selectivity of PI decreased with the reaction time. The

longer was the PI stay in the reaction system, the more

DPCD by-product was formed via the carbonization of PI.

Based on the results of MPC conversion and PI selectivity,

the optimal batch reaction time was 60 min.

From above studies and observations, the optimal reac-

tion conditions over Bi2O3 catalyst B-1 were as follows:

catalyst/MPC ratio = 0.05 (mass), ODCB/MPC = 15

Fig. 6 TEM micrographs of

the Bi2O3 particles at different

calcination temperatures
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(mass), batch reaction time of 60 min. The obtained MPC

conversion was 86.2%, and the highest yield of PI was

78.5%.

3.5 Durability of Bi2O3 Catalyst

In order to study the stability and re-usability of the Bi2O3

catalyst, the recovered catalyst B-1 was washed by acetone

and distilled water, then dried at 393 K and used again under

the same conditions. As shown in Fig. 8, unconventionally,

the activity and PI selectivity of the catalyst B-1 used once

manifested a slight increase. This might be ascribed to some

changes with the chemical environment of the Bi2O3. It can

be seen from Fig. 9 that a new crystalline phase of Bi2O4

(PDF 50-0864) appeared when catalyst was used once. This

showed that the Bi (+3) centers of the catalyst B-1 had

partially been oxidized to Bi (+4) centers. When the re-use

times further increased, the peak at 29.5� and 30.0� (2h) of

Bi2O4 phase became more obvious, however, most of the

diffraction peaks of Bi2O3 could not be observed when

catalyst was used four times. For the results of catalyst

activity and product selectivity, they decreased only slightly

when it was re-utilized for four times.

The surface property of the fresh catalyst B-1 and that of

used sample were investigated by XPS. The results are

shown in Fig. 10. The major peaks around 158.7 and

164.1 eV correspond to Bi 4f7/2 and Bi 4f5/2, respectively.

These binding energy values are those of Bi with an oxi-

dation state of 3+ [30]. It can be observed from Fig. 10(1)

Fig. 8 Influence of re-use of Bi2O3 catalyst on performance

Fig. 7 Effect of reaction

condition on the catalytic

performance: (a) catalyst

amount, (b) MPC concentration,

and (c) reaction time

Fig. 9 X-ray diffraction patterns of fresh and used catalysts: (a) fresh

catalyst, (b) used once, and (c) used fourth time
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that binding energy shifted to a higher value for Bi 4f7/2

and Bi 4f5/2 as the usage time increased. This indicated that

the Bi (+3) centers were partial oxidized from Bi(III) to

Bi(IV) [30, 31] during the reaction process, which is in

agreement with the XRD analysis. The O1s peak of

Fig. 10(2), which shows a marked broadening towards

higher BEs, contains two components: the first, at

529.7 eV, is due to O2
- of the bismuth oxide; and the

second, at 531.1 eV, is attributable to the OH- group

adsorbed on the surface [30], in accordance with the results

of the FT-IR analysis. In accordance with Dimitrov [24],

the increase of metal binding energy in XPS spectra of

simple oxides was accompanied by an increase of O1s

binding energy. The O1s peak in the XPS spectra shifted

also to higher binding energy.

4 Conclusions

Upon comparing the catalytic performance of various

metal oxides, the metal oxides which have medium acid–

base strength gave higher catalytic activity. The catalytic

performances of Bi2O3 catalysts for the decomposition of

MPC were investigated in this work.

HPLC-MS results show that the formation of DPU and

that of DPCD are the main competitive reactions in the PI

synthesis. The strong acidity promoted the DPU side

reaction. The reaction conditions catalyzed by Bi2O3

sample were optimized: mass ratio of ODCB to MPC of

15:1, the catalyst amount of 5.0% (mass ratio to MPC), and

a reaction time of 60 min. The conversion of MPC was

86.2%, and the yield of PI was 78.5%.

From the characterization results, Type of Bi2O3 phase

and surface area are the important for Bi2O3 catalyst. The

Bi2O3 catalyst contained more b-Bi2O3 phase and larger

surface area had a higher catalytic activity. The existence

of NO3
- on the surface of catalyst resulted in more DPCD

by-product formed. There was a better catalytic perfor-

mance for the Bi2O3 catalyst prepared by the direct

calcination of bismuth (III) nitrate pentahydrate at 723 K

for 4 h in air. The surface Bi (III) ions were partially

oxidized to Bi (IV) ions during reaction, which enabled a

little increase in catalytic activity. In brief, an effective

heterogenous catalyst Bi2O3 was developed and investi-

gated in detail for friendly preparation of isocyanates by

the catalytic decomposition of carbamates.
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