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The activities and selectivities of several platinum catalysts (Pt-polyamides, 
Ptrpolyacrylonitrile, Ptrmolecular sieves, Pt-ion exchange resins, Pt-alumina, etc.) 
were comparatively studied in the hydrogenation reaction of benzene, and a direct 
influence of the support on the catalytic behaviour was disclosed. The selectivity 
properties of the P&polyamide class are special, and only when a catalyst of this 
type is used can cyclohexene be found as a reaction product. On the basis of results 
obtained by different techniques, the presence on the polyamide surface of a 
bivalent platinum complex was proved, and the complex was identified as the agent 
responsible for the special selectivity characteristics of this class of catalysts. 

Several recent studies have been con- 
cerned with catalytic activity of platinum 
metals supported on polymers. Most note- 
worthy amongst others is the work of 
Harrison and Rase (1) on the hydrogena- 
tion of benzene in the presence of Pt-nylon 
catalysts, Two aspects of this work are 
remarkable, namely the unique behaviour 
observed for this type of platinum cata- 
lyst and the effort to establish a link be- 
tween the catalyst behaviour and the 
nature and structure of the materials used 
as supports. Unique characteristics are 
self-evident from the high selectivities to 
cyclohexene found over nylon-6, 66, and 
610-based catalysts (nylon-3 is a notable 
exception) : the results are in contrast with 
previously published information for con- 
ventional platinum catalysts, wherein onIy 
the completely hydrogenated product cy- 
clohexane has been reported. According to 
Harrison and Rase, the unusual selectivity 
is connected with the occurrence on the 
surface of some particular polyamides of 
a monoatomic dispersion of platinum metal 
atoms in a suitable geometric arrangement. 

Regarded in this way, it was at first 
sight surprising, when studies were at- 
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tempted in our laboratory on the effect of 
crystallite size on activity, to find that a 
very low H : Pt ratio was always associated 
with these Pt-nylon catalysts. Moreover, 
we found that selectivity to cyclohexene 
was a general characteristic of all the 
polyamides, independently of the amide 
group spacing. It was therefore suggested 
that geometric effects invoked by Harrison 
and Rase could not be an entirely valid 
explanation for the observed selectivities, 
and that a different interpretation might 
apply. We therefore considered the pos- 
sibility of a more direct chemical action 
of the amide groups of the support on the 
catalytic behaviour of platinum. The work 
along this direction has been successful in- 
sofar as a complex of bivalent platinum 
has been discovered on the surface of the 
polymeric support, and its role on catalytic 
activity has been adequately proved by 
the experiments reported below. 

EXPERIMENTAL 

Carriers 

Nylon-6, 

(-(CH,),-CO--NH-],, 

obtained by polymerization of c-caprolar- 
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tam (2). Nylon-6. powder was obtained by 
cooling, under stirring, a hot solution of 
the polymer in ethylene glycol. The ma- 
terial was washed with methanol and dried 
at 80°C under reduced pressure. The x-ray 
analysis showed a crystallinity of about 
30%. The surface area was 27 m”/g. 

Nylon-S, 

[-(CH&-CO-NH-],, 

obtained by polymerization of acrylamide, 
using NaNH, as catalyst (2). 

Polyacrylamide, 

rrCHp-YH-l 

I 
obtained by polymerization of acrylamide, 
using K&O, as catalyst (2). 

Polyacrylamideoxime, 

pcp j , 

II 

obtained from polyacrylonitrile by reaction 
with NH,OH (2). 

Polyacrylonitrile, 
r -CH2-CH- 1 

I:N n’ I 

obtained by polymerization of acrylo- 
nitrile using K&&O, as catalyst (2). 

Pyro-polyacrylonitrile, 

obtained by pyrolysis of polyacrylonitrile 
(2). 

Poly-p-phenylenterephthalamide, 

[ ---HN-- Q -NH-CO-Q-CO-]: 

obtained by reaction of p-phenylendiamine 
with terephthalic acid chloride in dimethyl- 
acetamide (3). 

Ion-exchange resins: Dowex 5OW (F. T. 
Baker Chemical Co.), Amberlite C. G. 400 
(Rohm & Haas Co.). 

Molecular sieves: NaY (Linde Co.). 
Y-Alumina: Alcoa F-110. 

Reagents 

H2PtCle6H,0: RP Carlo Erba. 
K,PtCls, K,PtCl,, (NH,),PtClz, PtCl,: 

prepared according to the literature (4). 
Benzene: RS Carlo Erba, dried by dis- 

tillation over Na. 
Hydrogen: SAP10 product, purified by 

passing through a Deoxo unit and a silica 
gel dryer. 

c-Caprolactam: Montecatini Edison 
product, recrystallized from petroleum 
ether; mp = 70°C. 

(e-Caprolactam),PtCl,: this compound, 
not yet reported in the literature, was ob- 
tained by reacting PtCl, with melted c- 
caprolactam. The brown product was puri- 
fied by repeatedly washing with dry ether. 
Found: C, 30.2; H, 4.5; N, 5.4; Cl, 14.1; 
Pt, 39.4. (C&H,,NO) ,PtCl, required : C, 
29.3; H, 4.5; N, 5.7; Cl, 14.4; Pt, 39.6. 
The ir analysis showed a shift of the CO 
stretching band from 1670 cm-* in the free 
ligand to 1615 cm-l in the complex ; cor- 
respondingly, the NH stretching band fre- 
quence shifts from 3200 cm-l to 3280 cm-l. 

Catalysts 

Preparation and analysis. The different 
experimental conditions for preparation of 
the various catalysts are reported in 
Tables 1 and 2. All polymer-based cata- 
lysts were prepared by a common pro- 
cedure comprising stirring of the polymer 
powder in a solution of the platinum com- 
pound: (a) aqueous or alcoholic solutions 
of HzPtCI,; (b) aqueous solutions of 
K,PtCl, ; (c) aqueous solutions of K,PtCl,. 
The products obtained were thoroughly 
washed with the solvent and air dried in 
an oven at reduced pressure. Notable ex- 
ception was polyacrylamide due to its 
solubility in aqueous H2PtCI,: in this case 
catalysts were prepared by precipitation 
from the reaction solution with methanol. 

Ion-exchange resins (cationic) and 
molecular sieves were exchanged with 
aqueous solutions of (NH,) ,PtCl,; ion- 
exchange resins (anionic) were exchanged 
with aqueous solutions of H,PtCI,. The 
catalysts were repeatedly washed with the 
solvent used in the preparation and then 
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TABLE 1 
PHICPAHATION PROCEDURE OF POLYAMIDE-BASED CATALYSTS 

Pt, concn in 
preparative 

soln. 
WOO ml) 

0.20 

Carriers in 
the soln. Pt content 

WOO ml) (wt %I 

2.5 0.40 

Preparation 
~-. 

Nylon-6 powder treated with aqueous 
K,PtCls at 60°C for 3 hr 

Nylon-6 powder treated with aqueous 
K2Pt,C14 at 20°C for 3 hr 

Nylon-6 powder treated with H2PtC16 in 
isoamyl alcohol at 20°C for 6 hr 

Nylon-6 powder treated wit,h aqueous 
I12PtC16 at, 20°C for 32 hr 

Nylon-6 powder treated with H,PtCls in 
ethanol at 20°C for 32 hr 

Nylon-6 powder treated wit.h aqueous 
H,PtjCls at 100°C for 0.5 hr 

Nylon-3 powder treated with H2PtC16 in 
isoamyl alcohol at, 20°C for 2 hr 

Polyacrylamide powder dissolved in aqueous 
HzPtC16 at. 80°C. After 4 hr the catalyst 
was precipit,ated with methanol 

Poly-p-phenyleneterephthalamide powder 
treated with aqueous H,PtCls at, 
20°C for 24 hr 

Nylon-6 powder impregnated with a 
solution of (C,H11NO)2PtC12 in ethanol 

Cat,alyst, 

0.4 Pt,-NY-6 (a) 

3.7 PtmNy-6 

4.5 PtGNy-6 

0.4 Pt-NY-6 (b) 

3.X PtGNy-6 

0.6 Pt-NY-6 

PtmNy-3 

PtmPAA 

PtmPFT 

L,PtCkNy-6 

0.24 2.5 3.70 

3.0 4.55 0.19 

0.19 3.0 0.39 

3.0 3.84 0.19 

0.15 3.8 0.61 

0.19 1.5 0.29 

0.12 3.3 3.61 

0.05 7.5 0.62 

- 0.5 

TABLE 2 
PREPALITION PROCEDURE OF OTHER PLATINUM CATALYSTS 

Pt concn in 
preparative 

soln. 
k/loo ml) 

Treated 
carriers 

WOO ml) 
Pt content 

(wt %I 

2.8 

Catalyst. Preparation 

P+PAAO 0.37 5.0 Polyacrylamideoxime powder treated with 
aqueous H,PtCls at 100°C for 2 hl 

Polyacrylonitrile powder treated with 
aqueous HsPt,Cls at 100°C fol 20 mill 

Pyrolyzed polyacrylonitrile powder treated 
with aqueous H2PtC16 at, 60°C for 2 hr 

Amberlite Ill-120 resin exchanged wit,h 
aqlleous (NHa),PtCl? al 20°C for 3 hr 

Ilowex 50 W resin exchanged with aqneolls 
(NHz)4PtCl, at 20°C for 3 hr 

Amber1ii.e CC: 400 resin exchanged with 
aqueous H,PtC& at 20°C for 8 hr 

NaY molecular sieve exchanged with aqueous 
(NH,),PtClr at 20°C for 2 hr 

Y-Alumina impregnated with aqueous HsPtCls 
Polyacrylonitrile powder impregnated with a 

solution of (C,HI,N0)2PtC1, in ethanol 

Pt-PAN 

Pt.-pyro PAN 

0.42 4.3 0.6 

0.12 2.4 1.0 

Pt-Amb. 111 

Pt-Dowex 

0.92 16.6 6.6 

0.92 16.6 9.5 

Pt,kAmb. CC. 0.62 16.6 4 6 

Pt-NaY 1.0 22.5 0.05 

PtkAlzOz 
LyPtClT-PAN 

0.19 37.5 
- 

0.05 
0.5 
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dried at 60°C under reduced pressure. 
Pt/A1,03 catalyst was prepared by impreg- 
nation of the support with aqueous 
H,PtCl, and dried at 60°C under reduced 
pressure. The Pt content of the catalysts 
was determined by an atomic absorption 
spectrophotometer (Perkin-Elmer 303). 
The Cl content of the catalysts was de- 
termined by argentometry or calorimetry 
after mineralization of the samples in an 
oxygen atmosphere, according to Schiiniger 
(5). 

Physico-chemical characterization. The 
surface area of nylon-6 powder was de- 
termined by a flow method using N, as the 
adsorbate. Hydrogen chemisorption experi- 
ments have been carried out following the 
experimental procedure and the apparatus 
described in Ref. (6). The sequence of 
steps during each chemisorption experiment 
was as follows: first the catalyst sample 
was reduced in situ at some selected value 
of T (TR) in the range between 100 and 
16O”C, and then was eluted for several 
hours with purified nitrogen at T = T, = 
25, 80, 160°C. After cooling to some pre- 
determined value of T, (temperature of 
chemisorption) between 25 and 16O”C, 
slugs of hydrogen were injected and the 
amount of hydrogen chemisorbed was re- 
corded from the chromatograms. X-ray 
diffraction patterns were obtained by the 
use of a Philips PW 1050/1051/4082 x-ray 
diffractometer. 

Experimental Procedure 

The hydrogenation reaction was carried 
out in the apparatus shown in Fig. 1. 
Benzene was fed by a micropump and 
mixed with hydrogen in an evaporator; the 
catalyst (14-18 mesh), held in a Pyrex 
tubular reactor (ca. 10 ml), was heated by 
a cylindrical oven. Before the use, the cata- 
lyst was activated in situ for 7 hr in a 
hydrogen flow (4 liters/hr) at 160°C. The 
catalytic hydrogenation of benzene was 
investigated in the range from 140 to 
190°C by a stepwise procedure as follows: 
at the end of the activating period, the 
temperature was stabilized in hydrogen 
flow at some prefixed value. Thereafter the 
benzene feed was switched to the reactor 

t -1@ 
I e 

fl i I I u 
PL, 

tLh i k 

FIG. 1. Hydrogenation apparatus: (a) hydrogen 
flow control, (b) deoxo unit, (c) silica-gel drier, (d) 
hydrogen flow meter, (e) evaporator, (f) benzene 
injector, (g) microreactor, (h) electric heater, (i) 
refrigerator, (j) reaction products collector, (k) cool- 
ing bath. 

and the gaseous mixture (H,:C,H, = 3: 1) 
allowed to flow through the catalyst for a 
period of 0.5 hr, at which time a sample 
of the products was taken for chroma- 
tographic analysis. Afterwards the benzene 
feed was discontinued while maintaining 
the hydrogen flow until the temperature 
was stabilized at some new level ; benzene 
was thereafter adjusted again to the pre- 
fixed value. Contact time, calculated on 
the basis of the volume of the catalyst, was 
made to vary from 0.2 to 22 sec. by ad- 
justing either the total flow rate or the 
volume of the catalyst. No temperature 
gradient was observed in the catalyst mass 
during the hydrogenation experiments. 
Product analysis was carried out by gas 
chromatography (F & M 500 ; a column 
of polyethylene glycol on Carbowax 1500 
was used at 120°C ; H, was the carrier 
gas). 

RESULTS 

Pt-Nylon-6 Catalysts 

Preparation. Experimental details on the 
preparation of nylon-6 based catalysts are 
reported in Table 1; changes in the nature 
of the solvent resulted in different platinum 
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contents of the final catalysts. Thus, with 
H2PtCl,, platinum contents of 0.4, 3.8, and 
4.5% were found, respectively, when water, 
ethanol or isoamyl alcohol were used as 
solvents. Understandingly this variability 
can be attributed to differences in the 
swelling of the polymer powders depending 
on the solvents used in the preparative 
step. Platinum contents of 0.4 and 3.7% 
were obtained when the starting metal com- 
pounds were respectively aqueous solutions 
of K,PtCl, and K,PtCl, ; in this case the 
difference can be interpreted in terms of 
a higher reactivity of the planar PtCl,‘- 
anion toward the amide groups of the 
nylon chain. 

Physicochemical characterization. Vari- 
ous techniques were used in an attempt to 
clarify the nature of active compounds 
present in the catalyst and the degree of 
dispersion of platinum. The results of 
hydrogen chemisorption measurements are 
reported in Table 3. Various catalyst 
samples, having different platinum con- 
tents, were investigated. In all cases the 
H: Pt atomic ratio was found to be sur- 
prisingly low, which implies that only a 
small fraction of platinum atoms do chemi- 
sorb hydrogen. This result was found to 
be uninfluenced by the temperature of re- 
duction and chemisorption and by the 
platinum content of the catalyst. By com- 
parison, chemisorption measurements car- 
ried out at 16O”C, using a Pt-y-Al,Os 
catalyst reduced at 16O”C, gave a H:Pt 
atomic ratio more than ten times higher. 

TABLE 3 
HYDROGEN CHEMISORPTION~ 

Catalyst Pt y0 TR’C TE”C Tc “CH:Pt 

0.6 Pt-NY-6 0.61 100 25 25 0.0X 
0.6 Pt-NY-6 0.61 100 80 80 0.08 
3.8 Pt-NY-6 3.X0 110 25 25 0.11 
3.8 Pt-NY-6 3.80 110 80 80 0.11 
0.4 Pt-NY-6 (b) 0.39 140 80 80 0.11 
0.6 Pt-NY-6 0.61 140 80 80 0.11 
Pt-PFT 0.62 160 160 25 0.15 
0.4 Pt,-NY-6 (b) 0.39 160 160 160 0.15 
Pt-Al& 0.05 160 160 25 1.34 

0 Reduction in situ at TR; elution with purified N, 
at 7’~; chemisorption with purified Hz at Tc. 

The possibility that the low chemisorption 
capacity could be due to a low degree of 
dispersion, i.e., formation of clusters of 
platinum atoms, had to be ruled out 
on the grounds of the results of x-ray 
measurements which failed to show any 
characteristic platinum diffraction pat- 
terns on all the samples investigated. The 
question then arises as to what the state 
of platinum is. In this sense it is interesting 
to consider the analysis results of chlorine 
content of the catalysts, before and after 
the activation step (Table 4) : the value of 
the Cl:Pt atomic ratio is about 6 before 
activation, and becomes 2 after reduction 
in H, at 160°C. Moreover this residual 
chlorine content was found to be unaffected 
by further heating in hydrogen or nitrogen: 
even a 7-hr run of benzene hydrogenation 
did not cause the Cl: Pt ratio to vary, 
while both activity and selectivity re- 
mained constant. 

Benzene hydrogenation. Reaction tem- 
perature and contact time. Platinum- 
nylon-6 catalysts have been studied under 
various conditions in the benzene hydro- 
genation reaction: results reported in 
Tables 5 and 6 show the influence of rc- 
action temperature and contact time on 
the catalysts behaviour. Benzene conver- 
sion generally decreases by increasing the 
temperature from 140 to 190°C and by 
decreasing the contact time; selectivities to 
cyclohexene are higher at lower conversions 
and increase by increasing the temperature. 
This behaviour is exemplified in Fig. 2 
where cyclohexene selectivities are shown 
as a function of benzene conversion for 
runs at 160°C: shapes of the curves for 
various catalysts are similar, with experi- 
mental values lying within a narrow band 
along a hyperbola. Inside this band a series 
of parallel curves can be distinguished: the 
lowest one relates to the catalyst with the 
highest platinum content, and the upper- 
most one to that with the lowest plat,inum 
content. 

Reaction mechanism. The product dis- 
tribution of the effluent reaction mixture 
is shown in Fig. 3 as a function of the 
contact time for the 0.4 Pt-Ny-6 (a) cata- 
lyst, run at 160°C and with a molar ratio 
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TABLE 4 
CHLORINE CONTENT OF PLATINUM-NYLON-~ CATALYSTS 

Catalyst 
Activation and 

reaction conditions 

0.6 Pt-NY-6 Activat,ed at 160°C for 
7 hr in IIS atm 

0.6 Pt-NY-6 Further treated at 
160°C for 7 hr 
in Hz atm 

0.6 Pt-NY-6 Activated at 160°C for 
7 hr in NI atm 

0.6 Pt-NY-6 Activated at 160°C for 
7 hr in Hs atm and 
used in a 7 hr reac- 
tion at 160°C wit.h a 
contact time of 2 seca 

0.4 Pt-NY-6 (b) Activated at 160°C for 
7 hr in Hz atm 

Non-activated catalyst Activated catalyst 

Pt wt % Cl wt % Cl:Pt Pt wt % Cl wt % Cl:Pt 

0.61 0.61 5.5 0.61 0.22 2.0 

0.61 0.61 5.5 0.61 0.25 2.3 

0.61 0.61 5.5 0.61 0.24 2.2 

0.61 0.61 5.5 0.61 0.22 2.0 

0.39 0.40 5.6 0.39 0.17 2.4 

a Conversion and selectivity to cyclohexene after 2, 5, and 7 hr reaction were, respectively: 2.3, 12yc; 
2.05, 11.5%; 2.13, 11.0%. 

H,:C6H6 of 3:l. Increasing the contact tinuous and fast rise during the first 15 
time causes the cyclohexene yield to rise set, thereafter it levels off. This behaviour 
sharply reaching a maximum at about 2.5 is consistent with a reaction mechanism 
set ; afterwards a continuous decrease is going along a consecutive pathway, cyclo- 
observed. Cyclohexane yield shows a con- hexene being the intermediate which reacts 

TABLE 5 
PLATINUM-NYLON-~ CATALYSTS, INFLUENCE OF REACTION TEMPERATURIP 

Conversion Selectivity Selectivity 

Reaction 
temperature 

Catalyst “C 
Owt% 0% ()x 

- 

0.6 Pt-NY-6 140 5.2 92.7 7.3 
0.6 Pt-NY-6 160 6.0 91.2 8.8 
0.6 Pt-Ny-6 190 2.0 90.3 9.7 
0.4 Pt-NY-6 (a) 140 0.7 71.2 28.8 
0.4 Pt-NY-6 (a) 160 0.6 71.7 28.3 
0.4 Pt-NY-6 (a) 190 0.8 72.1 27.9 
0.4 Pt-NY-6 (b) 140 3.5 84.4 15.6 
0.4 Pt-NY-6 (b) 160 2.2 78.5 21.5 
0.4 Pt-NY-6 (b) 190 0.4 52.6 48.0 
3.7 Pt-NY-6 140 3.0 98.3 1.7 
3.7 Pt-NY-6 160 3.0 95.6 4.4 
3.7 Pt-NY-6 190 1.3 87.3 12.7 
4.5 Pt-NY-6 140 23.4 98.2 1.8 
4.5 Pt-NY-6 160 14.5 95.8 4.2 
4.5 Pt-NY-6 190 2.2 89.3 10.7 

5 H?: Benzene ratio 3: 1; contact time 1 sec. 
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TABLE 6 
PLATINUM--NYLON-~ CAT.4LYST5, INFLUENCE OF CONTaCT TIhfw’ 

Catalyst 

COIl t>act 
time 
(set) 

Catalyst 
k) 

Conversion 

0 = I% 

0.4 Pt-Ny-6 (a) 
0.4 Pt-NY-6 (a) 
0.4 Pt-NY-6 (a) 
0.4 Pt-Ny-6 (a) 
0.4 Pt-Ny-6 (a) 
0.4 Pt,-Ny-6 (h) 
0.4 Pt-Ny-6 (b) 
0.4 Pt-Ny-6 (b) 
0.4 E+Xy-6 (b) 
0.4 Pt-NY-6 (b) 
S .7 Pt-Ny-6 
3.7 E%Ny-6 
Y, 7 Pt-Ny-6 
:: 7 Pb-Ny-6 
:;. 7 I’t-Ny-6 
:I. x P1-Ny-6 
:i X Pt,-Ny-6 
3. X Pt -Ny-6 
:3 ‘( 1%Ny-6 
:Z X Pt,-Xy-6 
4.5 Pt-Ny-6 
4.5 Pt-N\r-6 
4.5 Pt-NY-6 
4.5 P-N>;-6 
4.3 PbNy-6 

(1 11%: Heuxene ratio 3: 1; reaction temperature 160°C. 

2’2.5 
9 0 
4.5 
2.2 
0 9 
0 - 0 
2 0 
1.0 
0.5 
0.2 

2x.9 
11.6 

- > a h 
2.9 
1.2 

17.x 
7.1 
:3 6 
1 .s 
0.7 

19.8 
7.s 
:i .9 
1 9 
0.8 

0.4 
0.4 
0.4 
0.4 
0.4 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
16 
1.6 
1.6 
1.6 
1 .G 
1.6 
1.6 
1.6 
1.6 
1.6 

Selectivit,y Selectivity 

0:; pJ% 

4.1 98.5 1.5 
3.2 94.7 5 3 
1.6 86.3 13.7 
0 .9 70.2 29.s 
0.4 55.x 44.2 
6.7 96.8 3 2 
2.9 92.0 X.0 
1.9 s4.3 15.7 
1.0 71.5 2X.5 
1.0 64 2 35.8 

25.9 99.9 0. 1 
9.1 99.4 0 6 
5.2 98.7 1 3 
3 .9 96.0 40 
22 91.5 s5 

49.1 100 0 0 
10 0 ‘48.6 1.4 

3 .9 97.x 2.2 
2.6 95 4 4.6 
14 90 3 9.7 
6.2 100.0 0 
4.4 !)‘I 4 0 6 
3 8 98.7 1 3 
2.3 97.5 2.5 
1.9 94.6 5.4 

FIG. 2. Selectivity to cyclohexene vs benzene conversion. Reaction temperature 160°C; ratio H,: CSHG = 
3: 1; 0, cyclohexene selectivity on 0.4 Pt-NY-6 (a); 0, cyclohexene selectivity on 0.4 Pt-NY-6 (b); A, 
cyclohexene selectivity on 3.7 Pt-Ny-6; 0, cyclohexene selectivity on 3.8 Pt-Ny-6; A, cyclohexene selec- 
tivity on 4.5 Pt-Ny-6. 
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FIG. 3. Reaction mixture composition vs contact time. Reaction temperature 160°C; ratio Hz:C6Hs = 
3:l; 0, benzene; 0, cyclohexane; A, cyclohexene. 

further giving the final product cyclo- 
hexane : 

This is conclusively confirmed by the data 
shown in Fig. 4, where the cyclohexene and 
cyclohexane selectivities are plotted as a 
function of contact time for three different 
nylon-6 based platinum catalysts: 0.4 Pt- 
Ny-6 (a), 0.4 PLNy-6 (b), and 3.8 Pt- 
Ny-6. Kinetic experiments, performed at 
160°C over a 0.4 Pt-NY-6 catalyst at 
varying H,: CsH, ratios, gave results well 

in agreement with previous findings (I) : 
as in the case of the cited work, rate 
constants at various molar feed ratios of 
reactants were found to fit into a rate 
equation which was zero order with respect 
to hydrogen and first order with respect 
to benzene. 

Platinum catalysts supported on other 
polyamides. Experimental conditions for 
the preparation of these catalysts are re- 
ported in Table 1. 

Platinum catalysts based on nylon-3 and 
polyacrylamide were tested in order to 
evaluate the influence of smaller spacings 
between amide groups; the platinum-poly- 

cmracr rime c set ) 

FIG. 4. Cyclohexane and cyclohexene selectivities vs contact time. Reaction temperature 160°C; ratio 
He: CcHe = 3: 1; 0, cyclohexane selectivity on 0.4 Pt-NY-6 (a); 0, cyclohexene selectivity on 0.4 Pt-NY-6 
(a); 0, cyclohexane selectivity on 0.4 Pt-NY-6 (b); 0, cyclohexene selectivity on 0.4 Pt-NY-6 (b); l , 
cyclohexane selectivity on 3.8 Pt-Ny-6; A, cyclohexene selectivity on 3.8 Pt-Ny-6. 
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Cat,alyst, 

Pt-NY-3 
Pt-NY-3 
Pt&Ny-3 
Pt-PAA 
Pt-PAA 
Pt-PAA 
Pt-PFT 
Pt-PFT 
Pt -PFT 

Reaction 
temperahre 

(“C) 

160 
190 
210 
160 
190 
“‘LO 
140 

160 
190 

Conversion 

0.05 
0.04 
0.02 
0.60 
0.20 
0.10 

0 

0.10 
0.08 

Selectivity 

60.0 
41.0 
33.0 
90.0 
84.5 
33.5 

0 

82.0 
62.5 

Selectivity 

40.0 
59.0 
67.0 
10.0 
15.5 
66.5 

0 

18.0 
37.0 

a H,: Benzene ratio 3 : 1. 

p-phenyleneterephthalamide catalyst was 
designed to ascertain the effect of the 
aromatic nature of the polymer chain. The 
results of catalytic experiments, shown in 
Table 7, substantiate for these catalysts 
the general behaviour found over the plati- 
num-nylon-6 catalysts since they, too, give 
cyclohexene as a reaction product. Benzene 
conversions are, however, considerably 

lower, but diminish with increasing reac- 
tion temperatures; correspondingly, selec- 
tivities to cyclohexene are remarkably high, 
but still in the range of those found over 
nylon-6 based catalysts. 

Other platinum catalysts. Some polymers 
bearing complexing groups and ion ex- 
change resins were also tested as platinum 
carriers in the hydrogenation of benzene: 

TABLE 8 
OTHICR PL-\TINlJM CAT.ALYSTP 

Catalyst 

Conversion Selectivity Selectivity 

Reaction Contact 
temperature 

P-3 
y$ 0% 0% ().r 

Pt-PAN 140-190 2 0 

Pt-pyro-PAN 150-250 2 0 

Pt-PAAO 140 0 5 0 

Pt-PAAO 160 0.5 0.1 
Pt-PAAO 190 0 .5 0.1 
Pt-Amb. IIt 140-190 0 4 0 
Pt-Dowex 140-190 0.4 0 
Pt-Amb. CC 140 0.4 0.1 
Pt-Amb. CG 160 0.4 0.25 
Pt-Amb. CG 190 0.4 0.30 
Pt-NaY 160 0.15 1.20 
Pt-NaY 190 0.15 1.30 
Pt-AlzO$ 160 0.07 1.60 
Pt-A120ab 190 0.07 3.30 
Pt-A120aC 160 0.07 1.00 
Pt-A120ac 190 o.oi 3.60 

100 
100 
- 
- 

100 
100 
100 
100 
100 
100 
100 
100 
100 

0 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

n Ht: Benzene ratio 3 : 1. 
h Activated at 400°C in Ht. 
c Activated at 160°C in HP. 
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the nature of these materiaIs and the 
catalysts preparation techniques (see Ex- 
perimental Section) were aimed at obtain- 
ing an ordered distribution of the platinum 
on the surface of the support. The results 
of catalytic experiments (Table 8) showed, 
among the studied catalysts, that only 
those supported on polyacrylamideoxime 
and Amberlite CG exhibited some hydro- 
genation activity, but the only reaction 
product was cyclohexane. A similar be- 
haviour was also evidenced in two plati- 
num catalysts based respectively on y- 
A&O, and on NaY molecular sieve: choice 
of a very low platinum content (0.05%), 
and a very short contact time (0.07 set), 
made it possible to obtain conversion levels 
comparable to that of platinum-nylon-6 
catalysts, but, again, cyclohexene was ab- 
sent, the only reaction product being 
cyclohexane. 

( &aprolactam ) ,PtCI, complex as hy- 
drogenation catalyst. To clear up the in- 
fluence, if any, of amide groups on the 
activity and selectivity of platinum-poly- 
amide catalysts in the hydrogenation of 
benzene, a novel class of catalysts has been 
prepared by impregnation of nylon-6 and 
polyacrylonitrile polymers with solutions 
of L,PtCI, (L = c-caprolactam) in acetone 
(Table 9). The results, obt,ained over 
L,PtCl,-NY-6 and L,PtCl,-PAN, were 
found to agree quite well with the char- 
acteristics of platinum-nylon-6 catalysts. 
Chlorine analysis in the effluent stream as 
well as on the solids, showed that the 
original Cl:Pt ratio in the catalyst re- 
mained unchanged after the reaction had 
taken place. Catalytic experiments were 
also performed on a catalyst based on the 

L,PtCl, complex supported on y-Al,O,, 
which had been previously calcined at 
1100°C for 8 hr. With this catalyst (0.05 
Pt), a chlorine loss was noticed during the 
benzene hydrogenation reaction (T = 
160°C; H,:CsH, = 3: 1; contact time = 
0.07 set). The decomposition of the com- 
plex was attributed to the hydrolytic 
action of residual -OH groups on the 
alumina surface; in fact the complex 
L,PtCI, was found to be very sensitive to 
water. Results of catalytic activity showed, 
in addition to cyclohexane (ca. 1% conv.), 
only feeble traces of cyclohexene. 

DISCUSSION 

The results reported in the text make it 
evident that all the catalysts investigated 
can be divided, according to the formation 
of cyclohexene, into two classes: the first 
one includes all the catalysts based on 
polyamides, sharing unique selectivity 
characteristics independently of the type 
of their polymeric chain. Within this class, 
selectivities to cyclohexene span over a 
broad range, depending upon experimental 
conditions. Inspection of the results (Figs. 
3 and 4) provides strong evidence in favour 
of a consecutive mechanism, in a more 
evident manner than ever indicated 
hitherto. The catalysts other than plati- 
num-polyamides constitute the second 
class: herein the lack of selectivity to 
cyclohexene agrees with all previously 
published information for platinum on 
supports. It is not.eworthy that, in our 
experiments, the presence of cyclohexene 
has been purposedly sought at conversion 
levels as low as those of polyamide based 
catalysts: failure to detect any cyclohexene 

TABLE 9 
I,,PtCl, SUPPORTED ON NYLON-~ AND POLYACRYLONITKILE .is CATALYSTS” 

Catalyst 

L,PtClz-NY-6 
L*PtClz-PAN 
LzPtCle-Al:Oa 

Conversion Selectivity Selectivity 

Reaction Contact 
Pt content temperature 

(g %I (“0 
;;h$ 0% 0% 0% 

0.5 160 1 5.6 96.3 3.7 
0.5 160 1 0.3 21.4 75.6 
0.05 160 0.07 1 -100 -0 

u HP: Benzene ratio 3: 1. 
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should therefore remove any doubt of the 
existence of a true and significative dif- 
ference between the two classes. 

In principle there is the possibility that 
the different selectivity characteristics of 
the two classes could be simply due to 
differences in the pore size and pore size 
distribution, in case the hydrogenation 
reaction was diffusion controlled. The prob- 
lem has already been dealt with by Harri- 
son and Rase (1) ; moreover, a mnthe- 
matical treatment applied by us to the 
PtrAl,O, and Pt-nylon-6 catalysts en- 
abled the presence of diffusion controlling 
factors to be definitely ruled out. On the 
other hand, the explanation given by Har- 
rison and Rase for the selectivity char- 
acteristics of Pt-nylon catalysts, which, 
according to their opinion are linked with 
a high and ordered dispersion (geometric 
factor) of platinum metal atoms on the 
surface of some polyamides having appro- 
priate amide group spacing, does not seem 
consistent with our findings: the collection 
of results presented here in fact clearly 
indicates that no influence can be ascribed 
to the amide group distance in the polymer 
chain or to the aliphatic or aromatic nature 
of the support. Thus platinum catalyst 
based on polyacrylamide, having pendant 
carboxamide groups at a very short dis- 
tance from one another, possesses selec- 
tivity properties to cyclohexene. In our 
experiments, also nylon-3 based catalyst 
is selective (Table 7)) a result which 
contradicts previous observations (1) ; 
actually, since the polymeric support used 
in the cited work was a copolymer of 4- 
methyl-/3-lactam and 4,4-dimethyl-/3-lac- 
tam, the lack of selectivity could have been 
caused by steric factors (pendant methyl 
groups) and not by the small distance 
separating the amide groups. In fact, with 
the aim to verify the existence of such an 
influence, we prepared an unsubstituted 
nylon-3 starting from acrylamide; even in 
this case, the catalyst obtained by sup- 
porting platinum on nylon-3 proved to be 
as active and selective as P&nylon-6 cata- 
lysts, and no influence of the amide group 
spacing was noticed. A high degree of dis- 
persion of platinum atoms, such as could 

be expected on Pt-NaY and Pt-Al,Os 
having very low platinum content, helped 
to conclude that dispersion itself is not a 
controlling factor: in fact the catalysts 
were found to be not selective at all. 

Summing up all the experimental results 
already reported, it seems that the unique 
properties of the Pt-polyamides catalysts 
can bc more properly described by the 
postulate of a true chemical influence of 
the polymeric support upon the catalytic 
activity of platinum. During the catalyst 
preparation, the treatment of the poly- 
amide powder with the solution of the 
platinum compound results in a reaction 
between the superficial amide groups and 
the met,al compound: this seems st-fficiently 
proved. Hydrogen chemisorption measure- 
mcnts on activated catalysts (Table 3) 
have evidenced a sharp difference between 
PI-A1,03 and Pt-polyamide systems. Com- 
pared with Pt-A&O, catalyst, a very low 
H: Pt atomic ratio is in fact observed on 
Pt-polyamide catalysts and a possible ex- 
planation of this unexpected result could 
be the existence of platinum in a valence 
state different from zero. Moreover, chem- 
ical analysis of activated P&polyamide 
catalysts revealed the presence of two 
chlorine atoms for each platinum atom. 
This residua1 chlorine content could not 
be removed even after a prolonged period 
of activation and it was found unchanged 
even after the hydrogenation reaction runs. 
We have deduced from this that the chemi- 
cal bond established between the metal 
compound and the amide groups of the 
support lead, during the activation step, 
to the formation of a stable polyamide- 
platinum-chlorine compound. A decisive 
proof in favour of this interpretation can 
be found in the results obtained over 
nylon-6 and polyacrylonitrile impregnated 
with the complex (E-caprolactam) ,PtCl,: 
both these catalysts proved to be active 
in the hydrogenation reaction of benzene 
and selective for the formation of cyclo- 
hexene. It is remarkable that the poly- 
acrylonitrile based catalyst, prepared from 
hexachloroplatinic acid, was, on the con- 
trary, completely inactive under the same 
experimental conditions. 
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Assuming the presence on the nylon sur- 
face of a bivalent platinum complex con- 
taining two chlorine atoms and two amide 
groups as ligands, the maximum allowable 
platinum content in the Pt-nylon-6 cata- 
lysts was calculated. Using the idealized 
two-dimensional diagram of the nylon-6 
surface and the crystal parameters de- 
termined by Holmes, Bunn and Smith 
(?‘), a value of about 1% was found, which 
is in a sufficient agreement with the experi- 
mental findings as far as catalysts pre- 
pared with aqueous solutions of H,PtCl, 
are concerned. For the catalysts prepared 
from alcoholic solutions of H,PtCl, or 
aqueous K,PtCl, the agreement is not so 
good, but in this case, as shown before, it 
is possible that also the amide groups be- 
neath the polymer surface can react with 
the platinum compound. 

We can therefore conclude that both 
catalytic hydrogenation activity and selec- 
tivity properties of platinum-polyamide 
catalysts can be reasonably attributed to 
the presence on the catalyst surface of 
a chlorine-containing platinum complex, 

where the metal atom is coordinatively 
bound to two amide groups of 
merit chain. 
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