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The concept of heterogeneous catalysis by organometallic polymers is presented. 
These macromolecules are insoluble and contain as an integral part moieties 
normally recognized as soluble catalysts. The utility of such systems is discussed and 
demonstrated by a comparison of the efficiency of an insoluble and soluble tungsten 
catalyst in the epoxidation of maleic acid with hydrogen peroxide. A pseudohomo- 
geneous rate equation is proposed for this new type of catalysis and the reaction rate 
constants and the kinetics are established in terms of a diffusion-controlled catalyst- 
lined pore model. 

The epoxidation and hydroxylation of 
alkenes can be accomplished by hydrogen 
peroxide in concert with a variety of cata- 
lysts (1) the choice of which is often dic- 
tated by the structure of the oxidizable 
substrate. Thus, although unsubstituted 
hydrocarbons and comparable oils can be 
smoothly oxidized using a simple aliphatic 
carboxylic acid as the catalyst, double 
bonds having electronegative substituents 
are not susceptible to this treatment (2). 
In these cases, inorganic compounds of 
metals such as W, MO, V, OS, Ti, Zr, Th, 
Nb, Ta, Cr, Ru, and Se have been employed 
as the catalyst and tungsten in particular 
is especially effective (3) for the conversion 
of maleic acid (I) to the corresponding 
cis-epoxide (II). 

*Part I. Epoxidation. A comparative kinetic 
study of tungstate, molybdate and vanadate ions 
as catalysts for the epoxidation of maleic acid at 
PH 5 (1). 

t To whom inquiries should be addressed. 
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This unusual functionally substituted ep- 
oxide has a potential commercial utility 
since accessible derivatives are plasticizer- 
stabilizers for polyvinyl chloride (4) and 
also epoxy resin precursors (5). 

However, the use of these inorganic cata- 
lysts in general and tungsten in particular 
has not been extensive for a number of 
reasons. First, catalyst costs are high and 
adventitious losses must therefore be mini- 
mized. Catalyst recovery is clearly manda- 
tory and recovery processes are generally 
cumbersome and expensive especially when 
relatively high catalyst concentrations have 
been required. Secondly, product contami- 
nation by traces of the catalyst is often 
detrimental to product stability, and tox- 
icity (6) has been a troublesome problem. 

It could therefore be of considerable 
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practical importance if these disadvantages 
were to be overcome by the conversion of 
these soluble catalysts to insoluble deriva- 
tives which still retained the structural 
integrity of the catalytic moiety and hence, 
the catalytic activity. Such a transforma- 
tion might be achieved by making the 
catalytic site a pendant or integral part of 
a polymeric chain or network. The use of 
polymeric insoluble catalysts has, of course, 
been recognized for some time (r-14)) and 
ion exchange resins have been used as 
catalysts for arylation, alkylation, acetali- 
zation, cyanoethylation, dehydration, de- 
hydrochlorination, esterification, and hy- 
drolysis, as well as for a variety of other 
synthetic procedures including aldol, 
Knoevenagel, Pechmann, and Mannich 
condensations and the Michael addition 
and Hofmann degradation sequences. 

Although in all of these cases the ion ex- 
change resins function only as an insoluble 
acid or base, it is clear that molecules in 
solution can diffuse up to an active site on 
an insoluble polymer, react, and then 
diffuse away. Support for the applicability 
of this concept to more sophisticated oxida- 
tion reaction systems is provided by the 
observations that the benzoin condensation 
and the hydration of alkynes are catalyzed 
by polymeric cyanide (15) and mercuric 
salts (16), respectively. This research is 
therefore concerned with the demonstration 
and evaluation of the concept of oxidation 
catalysis by an insoluble polymeric organo- 
metallic catalyst. 

The fundamental advantage of such 
catalysts is that by virtue of their insolu- 
bility separation from the reaction mixture 
by filtration, decantation, or other mechan- 
ical methods can readily be achieved. This 
ease of separation greatly simplifies the 
problem of securing product uncontami- 
nated by catalyst which is then immedi- 
ately available for reuse. Furthermore, the 
insoluble form of the catalyst can be em- 
ployed in large amounts or concentrations 
where it is necessary to increase the reac- 
tion rate without creating any special or 
burdensome problem of catalyst separation. 

The particular soluble oxidation system 
selected for demonstration of t,he insoluble 

catalyst concept was the tungstate cata- 
lyzed epoxidation of maleic acid (I) be- 
cause Allan and Neogi (l,Z) had already 
reported a kinetic study of this reaction 
and convenient analytical methods had 
been developed. 

This paper will therefore describe the 
synthesis of insoluble tungsten-containing 
catalysts, the kinetics and rate constants 
of epoxidations using such a catalyst, and 
a comparison with the corresponding solu- 
ble catalyst. 

EXPERIMENTAL hl~TH0Ds 

Catalyst Preparation 

A solution of sodium tungstate dihydrate 
(Na,W0,2H?O) in water (200 ml) was 
adjusted to pH 5 by the addition of a com- 
mercial sulfonic acid ion exchange resin 
(Dowex 50, Dow Chem. Co.) in the hydro- 
gen form. The solution was filtered, and 
the filtrate was stirred overnight with the 
chloride form of a commercial quaternary 
ammonium ion exchange resin (Amberlite 
IRA 400, Rohm R: Haas Co.) which had 
previously been adjusted to pH 5 using 
hydrochloric acid, and exhaustively washed. 
The resin was then collected and washed 
with distilled water until the washing gave 
a negative test for tungsten. This residue 
was the solid catalyst. The reaction which 
takes place is as shown in Eqs. (2) and (3). 

No,WO, + H+ 
0 

__ NaHWO, + No’ - 
0 

(2) 

NaHWC), + + 
0 

Cl--- NaCl t + 
0 

HWO; (31 

The solid catalyst is thus the hydrogen 
tungstate form of the resin. Four such cata- 
lysts were prepared, and their tungsten 
trioxide content, which ranged from 4 to 
200/o, was determined by ignition to WO, 
at 400” for 5 hr. 

Epoxidation Procedure 

A spoutless beaker (800 ml) fitted with 
a rubber bung and equipped with stirrer, 
thermometer, and dropping funnel was 
charged with maleic anhydride (9.8 g, 0.1 
mole) and distilled water (100 ml). A 2 N 
sodium hydroxide solution (250 ml) was 
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then added to bring the pH to 4.5. The 
whole solution was maintained at a tem- 
perature of 60” in a thermostatically con- 
trolled water bath and a water suspension 
of the solid catalyst (consistency +12%) 
was added. The pH of the solution was 
then adjusted to 5 using 2 N sodium hy- 
droxide solution (5 ml). A 20% excess of 
aqueous hydrogen peroxide (30%, 15 ml) 
was then added. The reaction starts with 
the evolution of heat, and the temperature 
tends to increase but is maintained at 
60 -C 0.5” by the intermittent removal of 
the reaction vessel from the heating bath. 
Moreover, as maleic acid is converted to 
ci.s-epoxysuccinic acid, the pH of the solu- 
tion tends to drop but is maintained at 
5.0 +_ 0.1 by the addition of 2 N sodium 
hydroxide solution the volume of which 
is noted against time and serves to deter- 
mine the conversion of the maleic acid to 
cis-epoxysuccinic acid. Each catalyst was 
recovered by filtration and repeatedly used. 

RESULTS AND DISCUSSION 

The epoxidation experiments at pH 5 
and 60” determined the conversion of 
maleic to cis-epoxysuccinic acid with 
respect to time and the insoluble catalyst 
concentrations used. Assuming that hetero- 
geneous reaction follows a pseudohomo- 
geneous rate equation the conversion of 
maleic acid (H,M) can be written as 

4KMl - ___ = kC,[H,M], 
dt (4) 

where C, is the catalyst concentration and 
k is the pseudohomogeneous rate constant. 

Then, if C, is the initial concentration 
(moles/liter) of maleic acid in a solution 
of average volume V(liter) and f is the 
fractional conversion to cis-epoxysuccinic 
acid realized by a polymeric catalyst con- 
taining W moles of hydrogen tungstate 
ions, Eq. (4) can be written as 

CoVdf = IcCo(1 - f)Wdt, (5) 

and since $I and p are the bulk volume and 
density of the catalyst and a is the tungsten 
trioxide content (g/g) of the catalyst 

W = +p/MW of WOs = 44235. (6) 

Temp. 60” 
I 

PH 5 
% WOa of cololyst =18.5% 
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0 Run 3 

At (seconds1 

FIG. 1. Epoxidation of maleic acid by hydrogen 
peroxide using a macromolecular tungstate 
catalyst. 

Rearrangement of Eq. (5) yields 

k(W/V)At = 
J 

J=z df - 
/I 1-f 

In 1 - fl 

iqi- 

or 

j&c “lnl-fl -. 
w l-f2 

Since plots of At against (V/W) In [ (1 - 
fi) / (1 - fJ ] constructed in Figs. l-4 from 
the conversion (f) - time (At) data col- 
lected in Table 1 afford straight lines, the 
foregoing assumptions are valid and the 
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FIG. 2. Epoxidation of maleic acid by hydrogen 
peroxide using a macromolecular tungstate 
catalyst. 
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FIG. 3. Epoxidation of maleic acid by hydrogen 
peroxide using a macromolecular tungstate 
catalyst. 

slope of the lines furnishes the magnitude 
of the rate constants (Ic) for the various 
catalysts. The magnitude of the rate con- 
stant for a particular catalyst was found 
to remain constant even after repeated re- 
use (as many as 15 times), and this coupled 
with the fact that the reaction does not 
proceed in the absence of catalyst demon- 
strates that it is the organometallic macro- 
molecule which functions as the catalyst. 
A striking visual endorsement of this con- 
clusion is provided by the corresponding 
vanadium-containing polymer which turns 
a brilliant red during oxidation while the 
surrounding solution remains colorless. The 
variation of Ic with the tungsten content of 
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FIG. 4. Epoxidation of maleic acid by hydrogen 
peroxide using a macromolecular tungstate 
catalvst. 

TABLE 1 
EPOXIDATION~ OF MALEIC ACID BY HYDROGEN 

PEROXIDE USING A M.~~RoM~LEcuLAR 
CATALYST 

Elapsed 
WOI in reaction 

Expt cat,alyst time 

110. (To) V/Wb (At) (set) 
- 

1 
2 
3 
4 
6 
6 
7 
8 

18.50 18.1 

18.50 19.7 

18.50 20.7 

6.72 59.6 

6.72 53.8 

6.72 60 

20.50 28.5 

0 0.0000 
8.5 0.1344 

230 0.1762 
345 0.2684 
425 0 .2953 
536 0.3528 
866 0.4456 

0 0.0331 
137 0.1772 
315 0.2470 
400 0 3033 
670 0.3812 
W? 0.43z 

0 o.os22 
11.5 0 1476 
198 0.182i 
300 0 23% 
8’32 0.2738 
321 0.3597 
696 0.4080 
84.i 0. 36S7 

0 0.0000 
5x 0.0725 

255 0.1503 
430 0.2067 
665 0.2792 
859 0.3382 

0 0.0000 
21.5 0.1586 
450 0.2899 
676 0.3703 
97.5 0.4503 

0 0.1274 
143 0.1640 
275 0.2034 
435 0.2691 
550 0.295s 

0 0.0000 
215 0.1109 
400 0.1591 
600 0.2127 
324 0.3200 

1070 0.3575 
1310 0.4272 

Fractional 
conversion 

(f) 
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TABLE 1 (Continued) 0.05 I I 

Elapsed 
WO.3 in reaction Fractional 

Expt.. cat,alyst t,ime (At) conversion 
no. (%) T7/Wb (set) (f) 

0.04 - 

Q03- 1 
x 0 

0.02 . 
\ 

0.01 - 
O-0, 

8 1403 0.4540 
9 1586 0.6076 

10 1788 0.5613 

1 4.75 74.4 0 0.1430 
2 100 0.2127 
3 270 0.2771 
4 444 0.3441 
: 

ii 
699 0.4300 
920 0.5023 

n Epoxidation carried out at 60” and pH 5. 
* V is the average volume of the solution and W 

is the moles of HWOI- present in the added macro- 
molecular catalyst. 

o~ooo-o 
% wo3 

FIG. 5. Variation of the reaction rate constant 
for the epoxidation of maleic acid with the 
tungsten trioxide content of the macromolecular 
catalyst. 

again become available. Both of these 
diffusion processes contribute to the de- 
crease in the reaction rate constant. 

Assuming that Thiele’s porous catalyst 
model (17) can be applied to this system. 

the catalyst is summarized in Table 2 and 
Fig. 5. 

a3 = D 2kact a2ct 
at L &.2 -’ T 

It is apparent that the reaction rate 
constant is inversely proportional to the 
tungsten content of the polymer and ex- 
trapolation of the plot of these quantities 
at low tungsten levels gives the value of the 
reaction rate constant when all the hydro- 
gen tungstate ions are at the surface of 
the polymer bead and are readily accessible 
to the reactant molecules in solution. How- 
ever, as the tungsten content of the catalyst 
is increased, the additional hydrogen 
tungstate ions are accommodated in the 
interior of the polymer network, and t’he 
soluble reactants have to diffuse into this 
microporous structure in order to reach 
these sites. The reaction products also have 
to diffuse out before the peroxidation sites 

where Ct is the concentration at time t at 
a distance x within the pore of radius r; 
D, is the diffusivity of the maleic acid 
within the catalyst of net cross-sectional 
area of pores !P; and k, is the reaction rate 
constant based on pore surface area. 
Moreover, 

vadC,&)*ac, 
at L ax X=0' 

TABLE 2 
VARIATION OF REACTION RATE CONSTANT WITH 

TUNGSTEN CONTENT OF THE MACROMOLECULAR 
ORGANOMETALLIC CATALYST 

Since C, is the concentration of H,M 
outside the catalyst at any time t, the 
boundary conditions for Eqs. (9) and (10) 
are C = C, when x = 0 and aC/ax = 0 
when x = L the pore length. Also at zero 
time, C = 0 for x > 0. Therefore, if s is the 
parameter, taking the Laplace Transform 
of both sides of Eq. (9) yields 

CPC (s) 2k, 
SC(S) = DL x - 7 C(S>J 

Tungsten content of 
the polymeric catalyst Reaction rate constant 

(% ww (liter/mole see) 

4.75 43.0 x 10-Z 
6.72 25.5 

18.50 15.0 
20.50 13.0 

solution of which gives 

C(s) = A sinh px + B cash pz, 

where 

p = [ (2kdrDd + (sIDL) 11” 
and A and B are constants. 

Since at x = 0, C = C, and therefore 
C(s) = C,(s), B = C,(s). 

(9) 

(10) 
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Also at z = L, iX’/& = 0 for all values 
of t and SO aC (S)/axj, = L = 0. 
Thus, 

pA cash pL - pB sinh pL = 0 or A = B 
tanh pL and 

C(S) = C,(s) cash p(L - z)/cosh/pL. (11) 

Since experimentally t is relat’ively large 
and the mathematical solution must be for 
finite time, s/DL is negligibly small in com- 
parison to 2k,/rDr, and therefore 

p2 = 2k,/rDL. 

Returning to Eq. (10) and taking the 
Laplace Transform affords 

Combination of Eqs. (11) and (12) and 
substitution of 11r by n&, where n is the 
number of pores in the catalyst, gives 

V[sC,(s) - C,] = - DL(nd)p 
tanh pLC,(s). (13) 

Multiplication of Eq. (13) by pL/pL 
furnishes 

V[sC,(s) - Co] = 

- DL (mr2L)p2 

and substitution of 2k,/rD, for pz affords 

bCm(s) - co1 = 

Rearrangement of Eq. (14) yields 

[SC,(S) - Cd = 
(2mrL) 

- --Fka ( > 
y C%(S). (15) 

Since the concentration of catalyst, 

C, = 2nmLy/V = W/V, 

where y is the surface density of hydrogen 
tungstate ions (moles/cm2) and kJy = k,, 
then Eq. (15) can be rewritten so that 

C,(s) [s + k,C, (@p)] = co, 
or 

C,(s) = co/ [s + 1rocc (y)]. 
Taking the inverse of both sides 

C,(t) = Co exp [-k&, (7) 11, 

which is equivalent to 

Combinations of Eqs. (8) and (16) gives 

(17) 

which can be rewritten as 

where E = tanh pL/pL is a Thiele type 
catalyst effectiveness factor. Moreover, Eq. 
(18) suggests that a plot of V/W. In [ (1 - 
fl) /( 1 - f2) ] against At will be a straight 
line for a particular catalyst having a de- 
fined tungsten content. Equation (18) is 
therefore identical with Eq. (7) when k = 
k,E. However, as the tungst’en content ap- 
proaches zero, the length of the active 
catalyst pore L also approaches zero and 
the effectiveness factor E = tanh pL/pL 
will approach unity. On the other hand, if 
the distribution of HWO,- ions is uniform 
over the entire carrier surface then y should 
vary proportionately with the tungsten 
content; i.e., as I%,+ 0, E will approach a 
value of unity. Since E = 1 for a homo- 
geneous epoxidation (1) the corresponding 
rate constant (0.09 liter mole-l set-I) can 
be substituted for k,. Since by definition 
the effectiveness factor E for any catalyst 
containing w moles of tungsten is Ic/lc,, 
values of E can be calculated from the ex- 
perimentally determined values of the re- 
action rate constants, and these are sum- 
marized in Table 3. 

Moreover, since during the preparation 
of the catalyst, each resin bead is uni- 
formly immersed in the sodium hydrogen 
tungstate solution, and since the beads are 
of rather uniform size and spheroidal 
shape, it can be assumed that t’he catalytic 
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TABLE 3 TABLE 5 
VARIATION OF THE EFFECTIVENESS FACTOR WITH 

THE TUNGSTEN CONTENT OF 
THE MACROMOLECULAR 

ORGANOMETALLIC 
CATALYST 

COMPARISON OF CATALYSIS EFFECTIVENESS FACTOR 
E DETERMINED FROM THEORETICAL 

CONSIDERATIONS (pore length 
constant) AND EXPERIMENT 

Expt. 
no. 

Tungsten content 
of the polymeric 

catalyst (% WOa) E = k/k0 

1 4.75 0.48 
2 6 .72 0.28 
3 18.50 0.17 
4 20.50 0.14 

Tungsten 
content of the 

polymeric 
Expt. catalyst E exp = 

no. (% wad $.’ Etheo k/h 
-- 

1 4.75 3 34 0.30 0.48 
2 6.72 3.97 . 0.25 0.28 
3 18.50 6.60 0.15 0.17 
4 20.60 6.94 0.14 0.14 

length of the pores, L, is proportional to 
the tungsten content. Further, if pL > 3, 
E = tanh pL/pL N l/pL and, therefore, 
from Expt. 4 in Table 2, (pL), = (l/E) = 
6.94. 

The values of (pL)o and the corresponding 
theoretical values of the effectiveness factor 
are shown in Table 5. 

It also follows that for any catalyst con- 
taining 0 moles of tungsten (pL)w = 
(pL) 4 [TungstenJTungsten,] and the var- 
ious values of pL corresponding to the 
tungsten contents of the catalysts used are 
calculated and collated in Table 4. The 
theoretical value of the effectiveness factor 
Etheo is determined from a standard plot 
(18) of E against (pL) for (pL) < 3. 

However the effectiveness factor can also 
be calculated on the basis that the catalyst 
ions are distributed uniformly over the 
entire pore surface. Under this circum- 
stance y varies directly with the tung- 
sten content of the catalyst, L being con- 
stant, so that (pL) o = (pL) 4 (yw/yq) 1/Z = 
(pL) 4 [ (WO, content) O/ (WO, content) q]1/2. 

It is noteworthy that the experimentally 
determined values of E fall between the 
two theoretically calculated values. This is 
attributed to the nonexistence of either a 
uniform distribution of catalyst ions over 
the entire surface or of sharp catalytic 
surface boundaries within the partially 
catalyst-lined pores. The preferred physical 
picture of the macromolecular catalyst is 
therefore one in which there is a nonuni- 
form distribution of catalyst ions over the 
entire surface of the pores with a maximum 
concentration near the exterior and a mini- 
mum at the interior of the pore. 
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