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The synthesis and characterisation of copolymers containing tertiary nitrogen to which Cu(I) or Cu(II) species are 
anchored is described. The anchored species function as catalysts for the oxidation of 2,6-xylenol by O2 under 
basic conditions. The kinetics of these oxidations have been followed by monitoring oxygen uptake as a function 
of pH, temperature, reactant concentrations, oxygen partial pressure and catalyst loading. A suitable mechanism is 
proposed to account for the kinetics as well as the formation of the product, diphenoquinone. Recycling 
efficiencies of the catalysts are found to be good. © 1997 Published by Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

The oxidative coupling of 2,6-xylenol leads to polyphenyl- 
ene oxide (C-O coupling) or diphenoquinone (C-C 
coupling) 1. The reaction has been carried out using various 

2-4 homogeneous catalysts based on copper-amine systems 
and several other heterogeneous catalysts 5-7. Tsuchida et 
al. have studied the kinetics of oxidative polymerisation of 
2,6-xylenol catalysed by homogeneous polyvinylpyridine- 
Cu(I) complexes 4,8-11. Cu(II) complexes of poly [styrene- 
co-4-(N-methyl-N-p-vinylbenzylamino) pyridine] 12-15 and 
poly (styrene-co-N-vinylimidazole) 16 have also been used 
as catalysts for this reaction under homogeneous conditions. 
In the present paper we report the study of oxidative 
coupling of 2,6-xylenol catalysed by Cu(II) complexes 
anchored on some functional copolymers. 

EXPERIMENTAL 

The monomers 2,3-epoxypropyl methacrylate (GMA), 4- 
vinylpyridine (4-VP) and N-vinylpyrrolidinone (N-VP) 
were purified by vacuum distillation under nitrogen 
atmosphere. N,N-methylenebisacrylamide (MBAm) was 
recrystallised from methanol. 2,6-Xylenol from Fluka was 
purified by recrystallisation from n-hexane (m.p. 122°C). 
Cuprous chloride (CuC1) and cupric acetate 
(Cu(OAc)2.H20) were from Merck-India and used as 
received. Infrared spectra were recorded on a Shimadzu- 
IR 470 using KBr pellets. IH-NMR spectra were recorded 
on a Hitachi R600 NMR spectrometer with tetramethyl- 
silane as the internal standard. UV spectra were recorded on 
a Hitachi 200A double beam spectrometer using 10 mm 
quartz cells. A Carl-Zeiss PMQ II spectrometer with cells of 
1 cm path length was used for light absorption measure- 
ments. Average particle sizes of the catalysts were measured 
using a Malvern particle size analyser 3600E. 
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t Retired. 

Synthesis of copolymers 
Copolymer 1 (P1). This was prepared by the suspension 

copolymerisation of 48 mol.% each of N-vinylpyrrolidinone 
(N-VP), 2,3-epoxypropyl methacrylate (GMA) and 4 mol.% 
of methylenebisacrylamide (MBAm) in 500 ml of 30% 
aqueous sodium chloride. The detailed procedure has been 
described elsewhere 17. The yield of the copolymer [P(1)] 
was -80%.  The epoxy group of the copolymer [P(1)] was 
opened by diethylenetriamine or triethylenetetramine. The 
reaction was carried out by heating about 5 g of the 
copolymer with 10 ml of diethylenetriamine or triethylene- 
tetramine in 100ml dry DMF at 100°C for 10h. The 
copolymer with diethylenetriamine or triethylenetetramine 
functions have been denoted P2 and P3 respectively. IR 
spectrum of the copolymers showed the following 
absorbances: 3424cm -l (NH or OH), 1718 cm -1 (ester 
carbonyl), 1651 cm -l (carbonyl-N-VP) and 1260cm -1 
( > C - O - C  < ,  epoxy). 

Copolymer 4 (P4). Monomers capable of co-ordinating 
to transition metal ions were polymerised by the template 
method is. About 4 g of MnCI2.2H20 (0.02 moles) was 
dissolved in 100 ml of hot ethanol to which was added 
8.7 ml (0.08 moles) of freshly distilled 4-vinylpyridine 
and the mixture was cooled in an ice bath. The complex 
which precipitated out was filtered, washed thoroughly 
with ethanol, acetone and vacuum dried. The composition 
of Mn(4VP)4C12 was confirmed by the elemental analysis 
and the estimation of Mn content. Elemental analysis: 
Calcd.: 61.48% C, 5.12% H, 10.25% N; Found: 61.2% C, 
5.18% H, 10.28% N. Mn content: Calcd.: 23.04%; Found: 
22.84%. 

The complex was copolymerised with methylene- 
bisacrylamide as follows. About 6.5g Mn(4VP)4CI2 
(0.012 moles) was dissolved in 50 ml distilled DMF with 
constant stirring. The mixture was deoxygenated with 
nitrogen. To this solution, 3 g of methylenebisacrylamide 
(0.019 moles) was added followed by 200 mg of AIBN in 
toluene (20 ml) and the mixture was heated to 80°C under 
nitrogen with vigorous stirring. The polymerisation was 
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carried out for approximately 5 h. The initially homo- 
geneous mixture yielded the copolymer as discrete fine 
particles upon polymerisation. The polymer was filtered, 
washed thoroughly by stirring with hot distilled water 
followed by a similar treatment with methanol, followed by 
acetone and then vacuum dried. The yield of the copolymer 
was -90%.  

The Mn 2+ coordinated to the polymer was removed by 
stirring 8 g of the copolymer with 400 ml of aqueous EDTA 
(3 g) for 24 h at room temperature. The polymer was 
filtered, washed free of EDTA and the process repeated to 
obtain Mn 2+ free copolymer. The complete removal of 
Mn 2+ was confirmed by carrying out the test for Mn 2+ ~9. IR 
spectrum of the copolymer showed the following absorb- 
ances: 3392 cm -r (amide NH), 1644 cm i ( > C=N_), and 
822 cm ~ (out-of-plane bending of aromatic C-H). 

All the copolymers were powdered and sieved through 
standard mesh sieves. The data on elemental analysis of 
copolymers are given in Table 1. 

Loading of metal ions on polymer supports 
Loading of CuCl. About 500 mg of CuC1 was dissolved 

in 20 ml of 1:1 HCl-water mixture and added to 20 ml of 
DMF. About 4 g of P3 or P4 was stirred with this mixture 
for about 24 h at room temperature. The loaded polymer 
was filtered, washed thoroughly with water, methanol, 
acetone and vacuum dried. 

Loading of Cu(OAc)2.H20. About 500 mg of cupric 
acetate was dissolved in 40 ml of 1 : 1 DMF-water mixture 
and to that was added 0.5 ml of acetic acid. About 4 g of P2 
was stirred with this mixture for 24 h at room temperature. 
The loaded polymer was filtered, washed thoroughly with 
water, methanol, acetone and vacuum dried. 

Since the loading process involved stirring for 24 h 
further subdivision of particles is likely. The particle size 
distribution analysis was carried out on the final loaded 
copolymers. The average size of the particles were 
estimated using the equation 

1 ap-  

~. Xi[dpi 
i=1 

where Xi is the weight percentage of particles of size dpi. 
Care was taken to use only samples with reasonably narrow 
distribution. 

The metal content of the catalyst was determined as 
follows. About 50-100 mg of the catalyst were digested 
using hot concentrated H 2 S O  4 ( - 3  ml) and the solution was 
cleared using hydrogen peroxide ( -2m l ) .  The metal 
content was then determined spectrophotometrically using 
diethyldithiocarbamate 2o. The polymer supports employed, 
the metal salt loaded, and their average particle diameters 
are given in Table 2. 

Oxidative coupling of 2,6-xylenol 
The experimental set-up used was similar to the one used 

Table 1 Data on elemental analysis of the copolymers 

Number Polymer C (%) H (%) N (%) 

1 P1 55.01 6.91 5.88 
2 P2 47.93 7.30 8.75 
3 P3 48.62 7.78 8.07 
4 P4 58.35 6.69 12.93 

Table 2 Characteristics of the catalysts employed 

Number Polymer Metal salt Catalyst Metal Average 
content particle 
(%) diameter 

(,a) 

1 P2 Cu(OAc)2 Cat 1 4.75 77.86 
2 P3 CuCI Cat 2 6.50 44.53 
3 P4 CuCI Cat 3 5.37 14.51 

for s t udy  of hydrogenation using polymer-supported 
catalysts ~ except that hydrogen gas was replaced by 
oxygen. Sodium hydroxide was used as methanolic solution 
and its strength was determined by titrating with standard 
oxalic acid solution. The required amount of base was taken 
in the separating funnel and bubbled with 02 for 15 min. 
This was run into the reaction vessel and the separating 
funnel was filled with 10 ml of methanolic solution of 2,6- 
xylenol of required concentration. This was bubbled with 
02 for 15 min while the solvent mixture and catalyst was 
stirred mechanically. Addition of substrate was followed by 
opening the system to the gas burette while closing the exit 
stop cork. The rate of oxidative coupling reaction was 
calculated from dioxygen consumption against time as 

( -  dO2) 4 ( -  d[DMP]) 

dt dt 

The reaction temperature was varied between 30 and 
50 _+ I°C. 

The solubility of molecular oxygen in methanol was 
determined by an electrochemical method 22. The solubility 
of 02 at 1 atm pressure was found to be 2 × 10 -3 tool 1 -t 
(303K), 1.75 × 10-3moll  I ( 3 1 3 K ) a n d  1.48 x 
10 -3 mol 1 J(323 K). 

The variation of partial pressure of 02 was carried out by 
using mixtures of argon and oxygen with the total pressure 
being 1 bar. 

Product analysis 
2,6-Xylenol (0.13 moll  l) in 20ml of methanol was 

oxidised using 500 mg of Cat 3 at 303 K and 1 atm pressure 
for 5 h. The reaction mixture was filtered free of catalyst and 
added to methanol containing HCI to neutralise the excess 
base. The excess methanol was removed under reduced 
pressure and the residue was dissolved in chloroform. The 
unreacted xylenol was removed by extracting with aqueous 
NaOH. The chloroform layer was analysed using a UV 
spectrometer. The CHC13 solvent was removed under 
reduced pressure and the residue was taken up in CC14 for 
~H-NMR analysis. 

RESULTS AND DISCUSSION 

The CuCI loaded on P3 or P4 would be oxidised to Cu(II) in 
situ in the presence of molecular oxygen and sodium 
hydroxide. It has been already reported that the Cu(I) amine 
system which is oxidised to Cu(lI) amine in situ by 
molecular oxygen was found to be active under mild 
conditions 8. Tsuchida et al. have prepared the insoluble 
catalytically active Cu(II) poly-4-vinylpyridine complexes 
by treating CuCl2-poly-4-vinylpyridine with water or 

9 potassium hydroxide . The UV spectrum of the product 
showed a broad band at Xmax = 421 nm which corresponds 
to that of tetramethyldiphenoquinone. The IH-NMR 
spectrum showed two signals at 67 and 62.2 with the area 
ratio 1:3. The former signal was assigned to the aromatic 
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ring protons and the latter to methyl protons. IR spectrum 
showed the following absorbances: 2912cm -1 (CH3), 
1712 cm -1 (carbonyl), 1635, 1587 and 1520 cm -I (C=C, 
stretching), 803 and 777 cm -l (out-of-plane bending of 
aromatic C-H).  The melting point of the product was found 
to be 214°C which agreed with the literature value 23. Based 
on these observations the reaction product was confirmed to 
be 3,3', 5,5'-tetramethyl-4,4'-diphenoquinone. The yield 
was -58%.  No polymer was obtained. The cent percent 
selectivity for C - C  coupling as against C - O  coupling is 
dependent upon the N/Cu ratio and the reaction conditions. 
Endres et al. have shown that at low values of N/Cu of 
-0 .67  to 10, the oxidation gave predominantly C - C  
coupled product under homogeneous conditions 2. If the 
ratio were - 1 0  to 100, predominantly C - O  coupled 
products were obtained. In the present study the N/Cu 
ratios were 1.87 (Cat 1), 1.27 (Cat 2) and 2.4 (Cat 3) 
respectively. An additional feature could be the hetero- 
geneous nature of the reaction conditions. 

As shown in the mechanism of oxidation (Scheme 1) 

2(DMP) ~ (DMP)2 ~o:._~ DPQ 

Thus one mole of 02 consumption corresponds to two moles 
of diphenoquinone formed. The turnover number (TON) 
can be defined as the number of moles of DPQ formed 
[2( - dO2)/dt] per g atom of Cu per hour. A sample calcula- 
tion is shown for Cat 3. 

- (dO2)/dt = 2.34 x 10 -6 mol 1- ] s - ]  

+ (DPQ)/dt =4.68 × 10 - 6  mol 1- x s -  1 

[Cat3] = 10.57 × 10 -3 g atom Cu 1- 

4.68 × 10 - 6  
TON = × 3600 

10.57 × 10 -3 

= 1.59 tool (g atom Cu) - 1 h -  l 

For Cat 1 and Cat 2 the TON values were 0.52 and 
0.75 mol (g atom Cu) -l h -1 respectively. 

The plots of percentage of DMP reacted versus time are 
depicted in Figure 1. The low reactivity of the catalysts is 
due to the heterogeneity of the systems. However data on 
the initial rates only were used for the kinetic analysis. It has 
already been reported that the oxidation of xylenol did not 
proceed when the copper-cation exchange resin complex 
was used as the catalyst 24. The reaction rates are plotted as a 
function of [OH]- in Figure 2. With all three catalysts no 
reaction takes place in the absence of base at all 

DMP + G ~ ) H  - " DMP 0+ H20 

DMP® + (~ Cu2+ . K . C* 

C*+O2 k = (~) Cu ÷ ................ 02+DMP" 

2DMP" F a s t  Fast  
- (DMP)2 ! / 2 0  J DPQ 

2Cu + + 02 + 2 H  + Fast = H202 + 2 C u  2+ 
( o r )  

2Cu + + Oz + 2 H 2 0  Fast ~ HzO2 +2CuZ + + 2 8 H  

Fast 
2HzOz = 2HzO + Oz 

Scheme 1 Mechanism of oxidation 

CH3OH, 303K 

A 

eL 4 ( -  

es 

.o 

2 ~ -  C 

I I I 
0 10 20 30 

T ime  (min)  

Figure 1 Plots of percentage conversion of DMP versus time. [DMP] = 
0.13 mol 1 ~, IOH]- = 0.5 N, pO2 = 578 mm Hg, M = 12.5 x 10~g cm f." 
A, Cat 3; B, Cat 2; C, Cat 1 

CH3OH, 303 K 

A 

K 

I I 
0.25 0.50 

[OH]-N 

Figure 2 Plots of rate of oxidation versus [OH]. [DMP] = 0.13 mol 1-', 
pO2 = 578 mm Hg, M = 12.5 × 10 -3 g cm ~. A, Cat 3; B, Cat 2; C, Cat 1 

temperatures studied. The increase in [OH]- increases the 
rate of oxidation. Such effects were also reported in the 
literature 12,16,25 and proved that deprotonation of DMP by 
hydroxide is essential for co-ordination of phenolate ion to 
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P-Cu(II) complexes. Increasing the hydroxide concentra- 
tion promotes formation of phenolate anions resulting in 
enhanced reaction. Beyond 

[OH] 
- -  - 1 
[DMP] 

a further increase in [OH]- does not have any effect on 
reaction rates. However, Chen et al. have reported that 
excess hydroxide some how destroyed the catalyst causing 
a decrease in rate J6. The saturation rates at high base 
concentration, namely 0.5 N, indicates the stability of the 
present catalyst systems under the basic conditions. Figure 
3 depicts the variation of initial rates of oxidation with 
[substrate] at high base concentration. It can be seen that 
with all the catalyst systems saturation rates are obtained at 
high [DMP]. This is similar to saturation rates being 
obtained in enzyme catalysed reactions where Michaelis- 
Menten type kinetics are obtained. The rates of oxidation as 
a function of catalyst loading are plotted in Figure 4. The 
rates are directly proportional to the catalyst loading in the 
range studied. The direct dependence of rates on partial 
pressure of oxygen is shown in Figure 5. The data support 
the mechanism involving reaction of an initially formed 
substrate-catalyst complex with 02 in the rate determining 
step (Scheme 1). No attempt was made to study the reaction 
at higher pressures of 02. 

A one electron transfer from the phenolate ion to the 
Cu(II) is well documented in the literature 26-29. The 
phenoxy radical formed is immediately desorbed into the 
solution phase. As the dissociated phenoxy radicals would 
have an electron density about twice as high at the p-carbon 
position (p = 0.45) compared to that at oxygen (p = 0.23) 29, 
the free radicals would lead predominantly to the C - C  
coupled product (DPQ formation). 

As under optimum conditions only DPQ was obtained as 

12 

CH3OH, 303 K 

-~" A 

O 

o n B 
6 

c 

I I i 
0 0.1 0.2 0.3 

[DMP] (mol. L t )  

Figure 3 Dependence of rate of oxidation on [DMP]. [OH] = 0.5 N, 
p O 2 = 5 7 8 m m H g ,  M=12 .5  x 10 ~gcm ~.A, Cat3;B, Cat2-C, Catl  

16[- CH3OH, 303K 
A 

O 

1.¢ 

12 

~ B  

C 

0 0.2 0.3 

M x 103 (g cc q)  

Figure 4 Dependence of rate of oxidation on catal~/st loading (Mr). [OH] 
= 0.5 N. pO2 = 578 mm Hg, [DMP] = 0.13 mol I . A. Cat 3: B, Cat 2; C: 
Cat 1 

CH3OH, 303 K 

12-- 

'm A 

5 

i 

~ B 

C 

i I 
0 1 2 

[O2leq x 103 (mol. L "l) 

Figure 5 Dependence of rate of oxidation on equilibrium concentration 
[O2Lq in solution. [DMP] = 0.13 moll -I. [OH]- = 0.5 N, M = 12.5 × 
i0 ~ g cm-~. A, Cat 3; B, Cat 2; C, Cat 1 
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CH3OH, 3 0 3 K  
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I¢ 

"7 

6 

F -v I I 
0 16 32 

[DMP] -1 (m01 "! L)  

A 

C 

Figure  6 Plots of (rate) -I versus [H202] -L. [DMP] = 0.13 m o l l  i, 
[OH] - = 0.5 N, pO 2 = 578 mm Hg, M = 12.5 × 10-3 g cm- I .  A, Cat 1 ; B, 
Cat 2; C, Cat 3 

the oxidation product by the present catalysts, it seems more 
likely that the phenoxy radical would dissociate from the 
complex. A similar type of radical mechanism for DPQ 
formation has already been proposed by Kresta et al. 29 

For the polymeric catalyst, the local copper concentration 
within the polymer backbone is relatively high and hence 
the oxidation of Cu(I) is accelerated 30. It is known that the 
autoxidation rates of Cu(I) complexes can be quite high 31, 
although the low redox potential ( - 0.33 V) for the 02/02 
couple 32,33 would be very unfavourable. This problem can 
be overcome by a two electron reduction of 02 in a dimeric 
transition state (Cu+(O2)Cu +) avoiding the formation of 
free 0 2 32 

Therefore, the formation of such an intermediate which 
has already been suggested by Battleheim et al. 34 is highly 
probable. In analogy, in hemocyanin two Cu(I) ions are 
known to reversibly bind one dioxygen molecule in a 
dinuclear complex 3.,. In this dimeric species (tgu+(O2)Cu+), 
molecular oxygen is thought to form a bridge between the 
two Cu(I) ions. This type of species has been proposed in the 
autoxidation mechanism of other Cu(I) complexes 36-40. In 

fact the dimeric intermediate (Cu2+(O2)Cu 2÷) has also been 
suggested by Schouten et al. 27 in the copper catalysed 
oxidative coupling of 2,6-Xylenol. Hence in the present 
system, it can be envisaged that the two neighbouring Cu(I) 
ions on the polymer back bone form a dimeric species like 
(Cu+(Oz)Cu +) for Cu(I) re-oxidation. The H202 formed 
during the re-oxidation of Cu(I) species immediately 
decomposes to water and oxygen. The decomposition of 
H202 by Cu(II) species is a well established process 41-43 

It has been well established that the role of oxygen in the 
oxidative coupling reaction of 2,6-xylenol is to oxidise the 
Cu(I) ions to the dimeric state 3. Thus, 2,6-xylenol can be 
reacted in the absence of oxygen provided more than an 
equivalent of Cu(II) ion is present. However, Tsuruya et al. 
have found no product could be obtained with the CuCI2/ 
KOH system under nitrogen atmosphere 44. Tsuchida et al. 
have also found that even with an excess of Cu(II) 
complexes, the oxidation did not proceed at all in the 
absence of oxygen when aliphatic amines are used as 
ligands 26. The oxygen seems to have another role in 
addition to keeping copper ion in the divalent state. They 
suggested a ternary complex (O2-Cu(II)-DMP) between 
the copper-amine complex, phenol and oxygen as the 
intermediate involved in the oxidative coupling of phenol 
derivatives. The oxygen was assumed to promote the 
electron transfer from the DMP to the metal ion by acting 
as an electron acceptor or the dissociation of the activated 
phenoxy radicals or both. Taking these factors into account 
it can be envisaged that the molecular oxygen forms a 
ternary complex with the already formed Cat-DMP 
complex in the rate determining step (Scheme 1) and 
induces the electron transfer process from phenolate ion to 
Cu(II) ions as well as inducing the dissociation of phenoxy 
radicals from the catalyst particles. 

The above mechanism would lead to the rate law 

kK[Cat] [DMP] [O2] 
Rate = (1) 

1 + K[DMP] 

where k is the rate constant and K is the equilibrium con- 
stant. The experimental results are in good agreement with 
the above rate law indicating that the reaction follows the 
proposed mechanistic route. Equation (1) can be rearranged as 

1 1 1 
~- (2) 

rate kK[Cat][DMP] [O2] k[Cat][O2] 

Thus, a plot of (rate) -1 versus [DMP] -] at constant [Cat] 
and [O2] is a straight line with a positive intercept on the Y 
axis. From the values of slope and intercepts of the plots and 
using equation (2), the rate and equilibrium constants were 
evaluated. 

Since the system is heterogeneous these plots would not 
lead to absolute rate or equilibrium constants. Unless the 
total surface area of the catalyst as well as distribution of 

Table  3 Kinetic parameters of the oxidation of 2,6-xylenol " 

Number Catalyst  303 K 313 K 323 K 

k K k K k K 

1 Cat 1 1.77 0.48 3.06 0.60 5.15 0.72 

2 Cat 2 2.60 0.59 3.73 0.69 5.56 0.81 

3 Cat 3 4.28 0.93 6.00 1.10 8.51 1.24 

" k in mol "11 s -I, K in mol -t l. 
[Cat 1] = 9.34 x 10 .3 (g atom Cu) I-t; [Cat 2] = 12.78 x 10 .3 (g atom Cu) I-t; [Cat 3] = 10.57 × 10 3 (g atom Cu) 1 -~ 
.IDMP]/[Cat 1] = 3.47-53.5;  [DMP]/[Cat 2] = 2.54-39.0;  [DMP]/[Cat 3] = 3-47.3.  
Solvent, methanol; pO2 = 760-vapour pressure of methanol (mm); [OH]- = 0.5 N. 
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number of reactive sites per unit surface area are available, 
the data on k or K will be tentative. They are used here 
merely to compare the catalysts among themselves. 

Determination of the formation constant of  the C a t - D M P  
complex by equilibrating the two in the absence of 02 was 
not possible because of the possible adsorption of the 
phenolate anion by the polymer matrix. 

The plots of  (rate) -j versus [DMP] -l for all the catalysts 
are given in Figure 6. The data on estimated rate and 
equilibrium constants are given in Table 3. Both rate 
constant (k) and equilibrium constant (K) increase in the 
order of Cat 1 < Cat 2 < Cat 3. The high reactivity of  Cat 3 
is due to the smaller average particle diameter of  Cat 3 
(14.51/z) as well as the difference in the ligand binding the 
Cu(II) ions. 

As detailed in previous communications from our 
laboratory 17,45, the analysis of  kinetic data using the 
treatment of Satterfield 46 can be carried out here. The rate 
of hydrogenation under excess substrate lbr slurry reactors 
is given by 

Ce 1 
Nv-- kLA~ b + (1/kc + 1/k~) 

where Ce is the equilibrium concentration of H2 in the 
solvent, Nv is the rate of hydrogenation (mol 1 ~ s ~), kL 
is the mass transfer coefficient for the transport of H~ 
from gaseous phase to the liquid phase (cm s -  ), k~ is the 
mass transfer coefficient for the transport of dissolved H 2 

from the liquid phase to the surface of the catalyst particles 
(cm s-l) ,  k, is the pseudo-first-order reaction rate constant 
( c m  s - l ) ,  A b is the interfacial area per unit volume of the 
slurry, dp is the average particle diameter (cm), Pv is the 
density of  the catalyst particle (g cm -~) and M is the weight 
of  catalyst per unit volume of the slurry (g cm ~) 

Unlike in the case of  hydrogenation reactions, oxidation 

CH3OH, 303 K 

A 

,~ 2400 1 

'~ 1600 
e,i  

800 C 

I I 
0 200 400 

M -t (cc.g "l) 

Figure 7 Plots of [02]eq rate ~ versus M /. [DMP] = 0.13 moll  i, 
[OH] = 0 . 5 N ,  p O : = 5 7 8 m m H g .  A, Cat 1;B, Ca t2 :C ,  Cat3 

Table 4 Data on k~ and k, values ~' 
k~ × 104 k, × I() ' 

Cat I t77.86#) 2.23 9.96 
Cat 2 (44.53/z) 2.14 5.411 
Cat 3 (14.51~) 1.28 3,8(/ 

Table 5 Recycling efficiencies of the catalysts 

Number of cycles 

0 2 

Cat i Cu content (mg g I) 47.5 46.25 
Rate × 10 ~ (mol I ~ s J) 0.26 0.22 
Cat 2 Cu content (mg g ~) 65.0 64.10 
Rate × 10 ~ (mnl 1 ~ s ~) 0.51 0.49 
Cat 3 Cu content (mg g J) 53.75 53.0 
Rate × 10 ~ (mol I ~ s )) 1.0 0.84 

[DMP] = 0.13 moll  ', [OHT= O..13NiTemperaiure = 3(13 L pO~_~76i;- 
vapour pressure of methanol (mm): [Cat] = 12.5 × 10 ' g cm i. 

of 2,6-xylenol is a slow reaction where 02 diffusion always 
remains faster than the surface reaction since rates are 
directly proportional to catalyst loading up to very high 
values of M (Figure 4). Thus plots of - d ( O J d t  vs. [O2]~q 
can be used to evaluate k~ (Figure 5). The plots of 
[O2]~q(rate) -~ vs. M -I appear in Figure 7. The slope of 
the plots yield the value of 1/k~ + 1/k~. The estimated values 
of k~ and k~ appear in Table 4. It can be seen that the order of 
magnitude of k~, is the same with all three catalysts. The 
larger particle sizes of  Cat 1 and Cat 2 give rise to larger 
values of  k~. 

Recycling e fficiencies 
The catalysts prepared in the present study were 

periodically analysed for their metal content. With DMP 
as the substrate the rates were measured after 2 cycles of 
use. The data appear in Table 5. With Cat 1 there is a loss of 

1.31% Cu per cycle whereas the percentage loss of Cu per 
cycle for Cat 2 and Cat 3 is -0 .69%.  However all the three 
catalyst retained more than - 9 0 %  of their original activity. 
It is clear that the multiple ligation of the metal leads to 
higher recycling efficiency. 
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