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The t ransformat ion  of  cyc lohexanone  oxime into caprolactam has been studied over  the t i tnaium 
silicalite TS- 1 and the related MFI  analogs,  ZSM-5 and Silicalite- 1. The incorporat ion of Ti increases  
the  yield of caprolactam,  bes ides  lowering the deactivation rate. Both oxime convers ion  and 
selectivity for the  lactam increase with increasing Ti content  in the zeolite. The influence of  
tempera ture  and feed rate (WHSV) on the yield of  caprolactam over  TS-1 has  been invest igated at 
different t imes on s t ream.  © 1992 Academic Press, Inc. 

I N T R O D U C T I O N  

e-Caprolactam is a valuable starting mate- 
rial for the manufacture of nylon fibers. The 
most important industrial route for the man- 
ufacture of caprolactam is the concentrated 
sulfuric-acid-catalyzed Beckmann rear- 
rangement of cyclohexanone oxime (1). 
This classical method suffers from a number 
of disadvantages like the formation of low- 
value by-products like ammonium sulfate, 
safety hazards, corrosion, and environmen- 
tal problems associated with the use of fum- 
ing sulfuric acid. To overcome these prob- 
lems, attempts have been made to use solid 
catalysts like alumina (2), heteropoly acids 
(3), silica-alumina (4), and zeolites like Y 
(5), ZSM-5, and mordenite (6). However, 
these heterogeneous catalysts have been 
found to have low selectivities for lactam 
and deactivate rapidly. Recently, Sato et al. 
(7, 8) have reported that Silicalite-1 (Si/A1 
>3000) exhibited high activity and selectiv- 
ity for lactam. It has been suggested (8, 9) 
that the active sites for this Beckmann re- 
arrangement are the weak or neutral, iso- 
lated surface silanol groups. Modification of 
the surface silanol groups with trimethyl- 
chlorosilane by CVD treatment improves 
the catalytic performance (9). 
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Silicalite-1 (10) and titanium silicalite, 
TS-1 (11) belong to the MFI type of zeolites. 
Silicalite-1 is an all-silica molecular sieve, 
while titanium silicalite (TS-1) contains T i  4 + 

ions in lattice positions. In this paper, we 
report the use of TS-1 in the vapour-phase 
rearrangement (Beckmann) of cyclohexa- 
none oxime. The details of this process over 
TS-1 zeolites have not, so far, been re- 
ported. 

E X P E R I M E N T A L  

Silicalite-1 and TS-1 were synthesized as 
per published procedures (10-12). A gen- 
eral procedure for their preparation is given 
below: tetraethylorthosilicate (TEOS) was 
mixed with the appropriate amount (almost 
one-half of the stoichiometrically required 
quantity) of aqueous tetrapropyl ammonium 
hydroxide (20% aq. TPA-OH solution, Ald- 
rich) to partly hydrolyze the TEOS. To this 
resultant liquid mixture, a solution of the 
required quantity of titanium tetrabutoxide, 
Ti(OBu)4 , in dry isopropyl alcohol was 
added dropwise under vigorous stirring. The 
clear liquid was stirred for about 1 h in order 
to complete the hydrolysis of TEOS and 
Ti(OBu)4. Finally, the solution of remaining 
TPA-OH in doubly distilled water was 
added slowly to the above mixture. This 
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final mixture was stirred at 348-353 K for 
about 3-6 h to remove the alcohol. Crystalli- 
zation was done statically at 443 K for 1-2 
days. The crystalline product thus obtained 
was filtered, washed with distilled water, 
dried, and calcined at 823 K in air for 10 h. 
For a typical synthesis ofTS-1 (Si/Ti = 33), 
the quantities of the reagents used were: 
TEOS = 45 g; TPA-OH (20% aq. solution) 
= 70 g; Ti(OBu) 4 = 2.2 g in 10 g isopropyl 
alcohol, and water = 70 g. Silicalite-1 used 
in the present study was also synthesized 
under identical conditions except that the 
Ti-source was not added. ZSM-5 samples 
were prepared from solutions containing tet- 
rapropyl ammonium ions according to pro- 
cedures reported earlier (13). The charac- 
terization of the samples was carried out 
using XRD (Philips, PW-1710 CuKo0 and 
framework IR spectroscopy (Perkin-Elmer 
221) (12a). 

Cyclohexanone oxime was prepared from 
pure cyclohexanone by reaction with hy- 
droxylamine hydrochloride following estab- 
lished procedures (14). The purity of the 
material was established to be greater than 
99% by capillary gas chromatography. 

The catalytic experiments were carried 
out in a vertical down-flow glass reactor. 
The zeolite powder was compacted and 
crushed into particles of about 1 mm diame- 
ter. About 2 g of the catalyst was used in 
each run. The catalyst bed was approxi- 
mately 4 cm in height. A short (-~10 cm) 
preheating bed of o~-alumina was kept above 
the catalyst bed. Blank experiments carried 
out at different temperatures in the absence 
of catalysts revealed very small conversions 
(<5%) of the oxime. The feed cyclohexa- 
none oxime was dissolved in benzene (6 to 
10 wt% solution) and injected with a syringe 
pump (Sage Instruments, U.S.A.) along 
with N 2 as a carrier gas. The reactions were 
carried out at atmospheric pressure at differ- 
ent temperatures and space velocities. Dur- 
ing the early stages of the runs, the outlet 
gas was analyzed every 30 rain. In the case 
of ZSM-5 alone, small amounts (1-2 vol%) 
of cracked hydrocarbons (<C5) were found 

in the gaseous fraction in the beginning. 
However, after a TOS of 2 h, these could 
not be detected in the gas. Hence, no further 
gas analysis was carried out. The liquid 
product was collected (after cooling at 4°C) 
for short periods (30 min) and analyzed. 
Based on the weight of feed injected and the 
weights of products collected, the recovery 
was always >90 wt%. No detailed carbon 
balances were done. The products were ana- 
lyzed in a gas chromatograph (column: cap- 
illary, HP1; cross-linked methyl silicon 
gum, 50 m x 0.5 mm; FID detector; carrier 
gas: He; G.C. model: Hewlett Packard 
5880A). 

RESULTS AND DISCUSSION 

The major product of the reaction of 
cyclohexanone oxime on the different cata- 
lysts (Table 1) was found to be caprolactam. 
But, by-products like cyclohexanone, 
cyclohexenone, cyanopentane, and cyano- 
pentene were also formed. Small amounts 
of high boiling condensation products were 
also present in the product. 

It is observed that oxime conversion is 
found to increase with decreasing alumina 
content of the sample. The conversions on 
ZSM-5(90), ZSM-5(300), and Silicalite-1 
are, respectively, 69.6, 90.9, and 95.2 wt%. 
The incorporation of Ti in the silicalite in- 
creases the activity further to 100%. It is 
noted that the by-product formation is more 
in the case of the aluminum-containing sam- 
pies, their formation increasing with in- 
creasing A1 content of the sample. As a 
result, the selectivity for caprolactam de- 
creases with increasing aluminum content. 
The caprolactam selectivities (Sl,ct) are 
found to be 70.3, 71.1, and 81.6 wt% for 
ZSM-5(90), ZSM-5(300), and Silicalite-1, re- 
spectively. The different catalysts can be 
arranged in the order of decreasing lactam 
yields as follows: TS-1 > Silicalite-1 > 
ZSM-5(300) > ZSM-5(90). The incorpora- 
tion of Ti in Silicalite-1 increases the selec- 
tivity further to 91.5. It appears, therefore, 
that the presence of A1 in the zeolite is detri- 
mental to the catalyst. It is likely that the 
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TABLE 1 

Conversion of Cyclohexanone Oxime to Caprolactam over Different Zeolites 

Catalyst 

ZSM-5 (90) ZSM-5 (300) Silicalite-1 TS-1 

Si/A1 90 300 >3000 >3000 
Si/Ti - -  - -  - -  27 
Oxime conv. (%) 69.6 90.9 95.2 100 
Slact. (%)a 70.3 71.1 81.6 91.5 

Product distribution, (wt%) 
Cyclohexanone oxime 30.4 9.1 4.8 - -  
Caprolactam 48.9 64.6 77.7 91.5 
Cylcohexanone 8.6 17.8 17.0 3.2 
Others b 12.1 8.5 10.4 5.3 
Caprolactam 

yield (wt%) c 34.0 58.7 74.0 91.5 

Note. Reaction conditions: catalyst = 2 g; feed: 6 wt% solution in benzene; temperature = 613 K; WHSV = 
3.5 h-~; carrier gas: N2 (5 ml/min); pressure - 1 atm; TOS = 5 h. 

a Slact (%) = (caprolactam in product/cylohexanone oxime conversion) × 100. 
b Cyclohexenone, cyanopentane, cyanopentene, and higher boiling products. 
c Yield = Slact x %conversion/100. 

acid sites genera ted  by  the A13÷ ions  are 

r e spons ib l e  for the fo rma t ion  of the by-  
p roduc t s .  A similar  o b s e r v a t i o n  has also 

b e e n  m a d e  by  Sato et  al. (7). A mix ture  
of , / - a lumina  + Silicalite-1 also deac t iva ted  
rapidly.  In  fact,  negl igible  a m o u n t s  of the 

l ac t am was  p roduced .  A s imilar  b e h a v i o u r  

was also no t iced  over  Fe -ZSM-5  and  FezO 3 
+ Silicalite- 1. 

The  inc reased  ac t iv i ty  and  select ivi ty  due 

to Ti i nco rpo ra t i on  is p r o b a b l y  due  to the 
c rea t ion  of  more  ca ta ly t ica l ly  ac t ive  cent res  

by  Ti. This  is conf i rmed  by  expe r imen t s  car- 
r ied out  over  TS-1 samples  con ta in ing  differ- 

ent  a m o u n t s  of  Ti. The  resul ts  are p r e sen t ed  
in Fig. 1. As the Ti c o n t e n t  inc reases  bo th  
the ac t iv i ty  for the c o n v e r s i o n  of  the ox ime 
and  the se lec t iv i ty  for l ac t am fo rma t ion  in- 

crease.  
The  inf luences  of t e m p e r a t u r e  and  t ime 

on  s t ream on  c o n v e r s i o n  and  select ivi ty  in 
the case of TS-1 and  Silicalite-1 are pre-  
sen ted  in Fig.  2. The  fo l lowing obse rva t ions  
can  be made  f rom the above  resul ts :  

(1) I nc r ea s ing  the t empe ra tu r e  of  the reac-  
t ion increases  the c o n v e r s i o n  of  ox ime in 
the case of  bo th  silicalite and  TS-1. 

(2) At  any  t e mpe r a t u r e  TS-1 is more  ac- 

t ive t han  silicalite. 
(3) Inc reas ing  the t e mpe r a t u r e  (in the tem- 

pera ture  range  5 t 3 - 613  K) also inc reases  
the select ivi ty  for l ac tam p r o d u c t i o n  in the 

case of bo th  cata lys ts .  

(4) At  all t empera tu re s  (513-613 K) bo th  

IO0 
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OOO 0.02 0,04 0 .06  

Ti/(Ti + Si ) 

FIG. 1. Influence of titanium content of TS-1 in the 
conversion of oxime and selectivity for lactam: (A) 
oxime conversion; (B) caprolactam selectivity. Reac- 
tion conditions: catalyst = 2 g; WHSV = 3.5 h-l; 
Temperature = 613 K; feed = 6 wt% oxime in benzene; 
nitrogen flow rate 5 ml/min; pressure = 1 atm; data 
collected at TOS = 5 h. 
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FIG. 2. Influence of temper ture  and duration of  run on cyc lohexanone  oxime convers ion  and selectivity 
for caprolactam.  React ion condit ions:  catalyst  = 2 g; temperature  = (A) 513 K;  (B) 543 K;  (C) 574 K,  
and (D) 613 K. W H S V  = 3.5 h - I ;  pressure  = 1 atm; nitrogen flow = 5 ml/min; feed = 6 wt% oxime 
in benzene .  

the catalysts deactivate with time (oxime 
conversion decreases), the decrease in ac- 
tivity being more rapid in the case of 
Silicalite-1. 

(5) The selectivity for lactam increases at 
all temperatures with duration of run. 

(6) Despite the increasing selectivity, 
there is a loss in yield of lactam with dura- 
tion of run, the decrease being smaller in the 
case of the titanium zeolite (see Table 2). 

(7) The rate of deactivation decreases 
with increasing temperature for both cata- 
lysts. 

The above observations suggest that the re- 
action is catalyzed by active centres related 
to both Si and Ti, and Ti-based species being 
more active and less prone to deactivation. 

The results of the studies on the influence 
of feed rate variations carried out over 
TS-1 and Silicalite-1 are presented in Table 
3. Though the % yields decrease with in- 
creasing space velocity, the actual produc- 
tion (% yield x space velocity) increases. 
But then, there is much more rapid deactiva- 
tion (yield loss) at higher space velocities. 

T A B L E  2 

Yield (wt%) of L a c t a m  at Different Times  
on St ream (cf. Fig. 2) 

TOS (h) TS-1 Silicalite- 1 

4 20 4 20 

Temp.  (K) 

543 71.3 61.3 52.5 25.6 
574 83.7 80.9 68.6 61.2 
613 92.2 91.1 74.4 72.2 

C O N C L U S I O N S  

TS-1 is found to be the better catalyst for 
the transformation of cyclohexanone oxime 
into e-caprolactam than the other MFI- 
zeolites, viz., ZSM-5 and Silicalite-1. Both 
conversion of oxime and selectivity for lac- 
tam production are higher over TS-1 than 
over the others. The deactivation rates are 
also smaller. Also, the yield of caprolactam 
increases with increase in Ti content in TS- 
I. In the range of temperatures (513-613 K) 
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TABLE 3 

The Influence of WHSV on Yield of Caprolactam over 
TS-1 (Si/Ti = 23) and Silicalite-1 (Si/A1 = 3100) 

TOS (h) TS-t Silicalite- 1 
(yield wt%) (yield wt%) 

3 8 12 3 8 12 

WHSV (h- ~) 
3.5 92.0 92.0 93.0 77.9  78.1 78.2 
7.0 80.2 77.4 72.2  74.8 69.7 65.7 

14.0 65.6 61.5 54.0  72.2  55.2 46.3 

Note. Reaction conditions: catalyst = 2 g; tempera- 
ture = 613 K; feed: 6 wt% solution; N2 = 5 ml/min.; 
pressure = I atm. 

and WHSV's (3.5-14 h -1) studied, higher 
temperatures and lower space velocities in- 
crease the yield of caprolactam. 

ACKNOWLEDGMENTS 

This work was partly funded by UNDP. AT thanks 
CSIR for a research fellowship. 

REFERENCES 

1. Wallach, O., Ann. 312, 187 (1900). 
2. England, D., U. S. Patent 2,634,269 (1953). 

3. Lazier, W., and Rigby, G., U. S. Patent 2,234,566 
(1941). 

4. Immuel, O., Schwarz, H. H., Starke, H., and 
Swodenk, W., Chem. Ing. Tech. 56, 612 
(1984). 

5. Landis, P. S., and Venuto, P. B., J. Catal. 6, 245 
(1966). 

6. Sato, H,, Ishii, K., Hirose, K., and Nakamura, Y., 
Stud. Surf. Sci. Catal. 28, 755 (1986). 

7. Sato, H., Hirose, K., and Kitamura, M., Nippon 
Kagaku Kaishi 3, 548 (1989) [Japan]; CA 
110:2t5159j. 

8. Sato, H., Hirose, K., Kitamura, M., and Naka- 
mura, Y., Stud. Surf, Sci. Catal. 49, 1213 
(1989). 

9. Sato, H., Hirose, K., Kitamura, M., and Naka- 
mura, Y., Shokubai., 31, 136 (1989) [Japan]; CA 
111:173965g. 

lO. Flanigen, E. M., Bennett, J. M., Grose, R. W., 
Cohen, J. P., Patton, R. L., and Kirchner, R. K., 
Nature 271, 512 (1978). 

I1. Taramasso, M., Perego, G., and Notari, B., U. S. 
Patent 4,410,501 (1983). 

12. (a) Thangaraj, A., Kumar, R., Mirajkar, S. P., and 
Ratnasamy, P., J. Catal. 130, 1 (1991); (b) Thang- 
araj, A., Kumar, R., and Ratnasamy, P., J. Catal. 
131, 294 (1991); (c) Thangaraj, A., Sivasanker, S., 
and Ratnasamy, P., J. Catal. 131, 394 (1991); (d) 
Thangaraj, A., and Sivasanker, S., J. Chem. Soc. 
Chem. Commun. 123(1992). 

13. Kulkarni, S. B., Shiralkar, V. P., Kotasthane, 
A. N., Borade, R. B., and Ratnasamy, P., ZeoIites 
2, 313 (1982). 

14. Vogel, I., "A Textbook of Practical Organic Chem- 
istry," III ed., p. 343. ELBS and Longman Group 
Ltd., London, 1971. 


