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Synopsis 

The synthesis of sulfonated polycphenylene oxide) polymer was investigated. The 
poly(phenylene oxide) was synthesized through oxidative coupling from 2,6dimethyLphenol 
with copper (I) chloride-pyridine catalyst and sulfonated using chlorosulfonic acid. The effects 
of catalyst concentration, solvent, and other experimental variables on the kinetics of the 
polymerization of poly(phenylene oxide) and its subsequent sulfonation are reported in detail. 

INTRODUCTION 

The present series of papers is concerned with the synthesis and transport 
properties of sulfonated poly(phenylene oxide) thin film composite mem- 
branes for reverse osmosis applications. Part I deals with the synthesis of 
sulfonated poly(phenylene oxide) (SPPO) polymer while Part II will deal 
with the preparation of thin film composite membranes of sulfonated 
poly(phenylene oxide) (SPPO&polysulfone (PS) (SPPO-PS) membranes and 
its applications for the purification of Alberta tar sands waste waters using 
reverse osmosis. 

During the past few years considerable progress has been made in the 
development of thin film composite membranes of various polymers and 
their development has been described in detail in an article by Cadotte and 
Petersen’ in 1981. The synthesis of poly(phenylene oxide) and its sulfonation 
has been described in a report to the Office of Saline Water Research and 
Development in 1971 by Chludzinski et a1.2 of the General Electric Co., 
while some properties of sulfonated poly(phenylene oxide) membrane sys- 
tems have been reported by LaConti.3 Huang et al. have recently reported 
work on ionically crosslinked poly(acrylic acid) composite thin film mem- 
branes cast onto a porous polysulfone substrate.4 

EXPERIMENTAL 

Materials 

2,6-Dimethylphenol (Gold Label, 99.8% purity), copper(I) chloride (Puri- 
fied Grade, 99% purity) and o-dichlorobenzene (99% purity) were obtained 
from Aldrich Chemicals. Chlorosulfonic acid (practical grade), anhydrous 
magnesium sulfate (Baker Analytical Reagent Grade, 99.4% purity) and 
chloroform (Baker Analytical Reagent Grade, 99.2% purity) were obtained 
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from J. T. Baker Chemicals. Pyridine (Fisher Certified Reagent, 99% purity) 
was from Fisher Scientific. The oxygen used was high purity, 99.6% supplied 
by Union Carbide Ltd., while the polysulfone (MW = 30,000) was obtained 
from Polyscience Inc. 

Experimental Procedures 

The intrinsic viscosity of the PPO polymer was measured using a Ub- 
belohde viscometer and the ion exchange capacity (IEC) of hydrogen form 
SPPO polymer was obtained using the acid-base back titration method. 
Infrared spectra were determined by a Perkin-Elmer Model 337 Infrared 
Spectrophotometer. Thermal analyses of polymers were carried out by Per- 
kin-Elmer Differential Scanning Calorimeter (Model DSC4) and thermo- 
gravimetric analyzer (Model TGS-2). 

Synthesis of Poly(2,6-Dimethyl-1,4-Phenylene Oxide) from 2,6- 
Dimethylphenol Using CuC1-Pyridine-0,611 

OH + l/2 n0 
CuCl, pyridine 

2 odichlorobenzene 

The oxidative condensation polymerization was carried out in a closed 
system at constant temperature of 20°C permitting quantitative measure- 
ment of the rate and extent of oxygen adsorption. To a lOO-mL two-necked 
flask with a magnetic stirrer connected to an oxygen buret, filled with o 
dichlorobenzene, were added odichlorobenzene as solvent, finely divided 
copper (I) chloride and pyridine as catalysts, and 602 mg of anhydrous 
magnesium sulfate as drying agent (solution volume 15 mL). After flushing 
the system with oxygen, the mixture was preoxidized by rapid stirring under 
oxygen for 30-60 min to give a dark green solution. At this point (zero time) 
the monomer 2,6-dimethylphenol in odichlorobenzene solvent (solution vol- 
ume 10 mL) in a funnel was added in quickly (total reactant volume 25 
mL), with rapid and constant stirring, and the absorption of oxygen at 
atmospheric pressure was recorded as a function of time. The reaction was 
continued in each case until absorption of oxygen ceased, and allowed for 
an additional 30 min. During the reaction, the color of the reaction mixture 
was changed from dark green, through yellow and orange, to brown. 

After polymerization, 75 mL of methanol acidified with 1 vol % cont. 
HCl, an excess relative to the copper salt, was added to the reaction mixture, 
a procedure which deactivated the catalyst. The precipitated polymer was 
filtered off on a tared sintered glass funnel and washed with additional 
acidified methanol. After the crude polymer was dried superficially under 
vacuum, it was reprecipitated from solution in 20 mL of benzene by adding 
80 ml of acidified methanol. After refiltering and rewashing with deionized 
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water and acidified methanol, the polymer was dried at 1 mm Hg vacuum 
at 65°C for 24 h and weighed. 

Sulfonation of Poly(2,6-Dimethyl-1,CPhenylene Oxide)5J2 

Commercial grade poly(phenylene oxide) (PPO) powder was used to make 
SPPO. The specification of PPO was: electrical grade, lot No. 691-111, in- 
trinsic viscosity in chloroform = 0.45 (30°C) = 0.51 (25°C) obtained from 
the General Electric Co. The sulfonation was carried out in a chloroform 
solvent system at ambient conditions using chlorosulfonic acid as the sul- 
fonating agent. The sulfonation step had to be controlled so that the small 
quantity of sulfonable material (ethanol and water) in chloroform used as 
a solvent for PPO was determined and removed prior to PPO sulfonation 
by neutralization with chlorosulfonic acid. The PPO was then added to the 
neutralized chloroform and dissolved by stirring for about 30 min at room 
temperature to form a 3-6 wt % solution. Finally the proper amount of 
chlorosulfonic acid was introduced via an additional funnel over a period 
of 20 min while the solution was stirred vigorously to sulfonate the PPO 
to the desired ion exchange capacity (IEC) and allowed to react for an 
additional 30 min at room temperature. The precipitated polymer was sep- 
arated, and the liquid was discarded. The polymer was dissolved in meth- 
anol. The solution was poured into a Pyrex glass tray forming a film of 
about 1-2 mm thickness, and allowed to dry in air for 24 h at room tem- 
perature. The dried polymer sheet was then shredded into pieces of about 
2 mm particle size and washed with deionized water until the wash water 
showed no sulfate or chloride and had a pH above 4. This hydrogen form 
SPPO was filtered, spread out, and air-dried. If the polymer was desired in 
the sodium form, it was treated with O.lN NaOH, filtered, washed with 
deionized water, and air-dried. 

Kinetics of the Sulfonation of Poly(phenylene Oxide) 

2.4 g (0.02 mol) of PPO was added to the 50 mL of neutralized chloroform 
with chlorosulfonic acid and dissolved by stirring for 1 h at constant tem- 
perature 20°C. At this point (zero time), 2.33 g (1.33 mL, 0.02 mol) of chlo- 
rosulfonic acid in 1:l chloroform/methanol solvent (solution volume 50 mL) 
in an additional funnel was added quickly (total reactant volume 100 mL) 
with vigorous stirring. At the proper time, the sulfonation was killed by 
addition of 100 mL of deionized water. To check the excess amount of 
neutralizing chlorosulfonic acid which could sulfonate PPO into SPPO, the 
PPO solution was also killed at zero time before adding chlorosulfonic acid 
solution as a blank test. The precipitated polymer was separated and the 
liquid was discarded. The purification and drying procedures were identical 
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to the sulfonation procedure of PPO. From the ion exchange capacity (IEC) 
measurement with O.lN NaOH back titration for dried SPPO polymer, the 
conversion of PPO repeating units into SPPO was calculated, and the con- 
centrations of PPO, SPPO, and chlorosulfonic acid were calculated from 
the conversion. 

RESULTS AND DISCUSSION 

Synthesis of Poly(2,6-Dimethyl-1,4-Phenylene Oxide) 

The particular system chosen for the preparation of poly(2,6-dimethyl- 
1,4-phenylene oxide) was the oxidative condensation polymerization of 2,6- 
dimethylphenol in odichlorobenzene solvent under oxygen gas at atmos- 
pheric pressure, using catalysts complexes derived from copper (I) chloride 
and pyridine, although there were many other methods,6 since this method 
showed rapid oxidation rate, high yield, inexpensive raw material, and easy 
intrinsic viscosity control. 

In Figure 1, a plot of oxygen consumption vs. time was a straight line 
for most of the course of the reaction, usually with a short induction period. 
It was thus convenient to record the rate of reaction simply as the rate of 
oxygen consumption. 

It was shown earlier7p8 that the ratio of ligand pyridine to copper is an 
important factor influencing the rate and course of oxidative coupling of 
2,6-dimethylphenol. Our data on such a study in odichlorobenzene are 
summarized in Table I. As shown in Figure 2, they indicated a maximum 
rate at a ligand pyridine to copper mole ratio of 100. The earlier studies 
reported a maximum at a ratio of 100 in odichlorobenzene8 and 15-30 in 
nitrobenzene.7 

In Figure 3, the dependence of the intrinsic viscosity of PPO on the ligand 
pyridine to copper mole ratio is given, showing that the intrinsic viscosity 
increased with increasing ligand ratio at constant copper (I) chloride con- 
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Fig. 1. Oxidation of 2,6dimethylphenol0.2Min the presence of copper (I) chloride O.O05M, 
pyridine 0.5A4, and anhydrous magnesium sulfate 0.2Min odichlorobenzene solvent (solution 
volume 25 mL) at 2o”C, p, = 1 atm, batch #17. 
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II II 
IO 20 30 50 100 200 400 

PYRIDINEICuCZ (mole ratio I 

Fig. 2. Dependence of maximum rate of oxygen absorption on the ligand ratio, copper (I) 
chloride 0.0025-0.02M, pyridine 0.375-2M, 2,6dimethylphenol 0.2M, and anhydrous magne 

sium sulfate 0.W in o-dichlorobenzene solvent (solution volume 25 mL), 20°C, po2 = 1 atm. 

centration and decreased with increasing ligand ratio at constant pyridine 
concentration. This means intrinsic viscosity increased with increasing cat- 
alyst concentration as shown in Figure 4. From the Mark-Houwink-Sak- 
urada equation13 and the linear relationship between the logarithm of the 
intrinsic viscosity and logarithm of the catalyst concentration at a fixed 
ligand ratio 100, the molecular weight of PPO and degree of polymerization 
were found to be nearly proportional to the catalyst concentration at a fixed 
ligand ratio. 

Sulfonation of Poly(phenylene Oxide) 

In order to make good polymer for the membranes, the sulfonation step 
had to be controlled so that the small quantity of sulfonable material in 
the chloroform was determined and removed prior to PPO sulfonation by 

PYRIDINE /CuC( (mole ratio) 

Fig. 3. Dependence of intrinsic viscosity of poly(phenylene oxide) on the ligand ratio, 2,6- 
dimethylphenol 0.2M, and anhydrous magnesium sulfate 0.2M in odichlorobenzene solvent 
(solution volume 25 mL), 20°C, poZ = 1 atm. 
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CONCENTRATION OF PYRIDINE ( mol/L) 
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Fig. 4. Effect of changing catalyst concentration on intrinsic viscosity of poly(phenylene 
oxide) at a futed ligand ratio (N/Cu = loo), 2$-dimethylphenol 0.2M, and anhydrous mag- 
nesium sulfate 0.2M in o-dichlorobenzene solvent (solution volume 25 mL), 2O“C poz = 
1 atm. 

neutralization with chlorosulfonic acid and finally the proper amount of 
chlorosulfonic acid was introduced to sulfonate the PPO to the desired IEC 
value. The results of 12 PPO sulfonating batches during this study are listed 
in Table II. Generally, targeted IEC was met within about lo%, even though 
the sulfonable material (ethanol and water) in the chloroform solvent was 
as high as 0.8 wt %, and the sulfonation step was fairly predictable. 

Kinetics of the Sulfonation of Poly(phenylene Oxide) 

Since many kinetic studies on the sulfonation of aromatic compounds 
had led to the conclusion that it is an SE2 reaction with monomeric SOB as 
the effective reacting species14 and the irreversible reaction at low tem- 

TABLE II 
Sulfonationa History of Sulfonated Poly(phenylene Oxide) 

Sample 
PPOb 

Cd 
CHCl; 

W 

ClSO,H (g, 

Neutral Sulfon. 

IEC (meq/g) 

Targeted Actual 

SPPO-1 10 298 6.03 2.15 1.61 1.72 
2 30 447 9.04 9.47 2.23 2.30 
3 20 447 9.04 6.41 2.25 2.55 
4 30 447 9.04 11.21 2.55 2.58 
5 30 447 9.04 11.21 2.55 2.53 
6 30 447 9.04 14.09 3.05 2.83 
7 30 447 9.04 8.61 2.06 1.85 
8 30 447 9.04 9.37 2.21 2.07 
9 10 149 3.01 3.38 2.35 2.13 

10 10 149 3.01 3.38 2.35 2.39 
11 10 149 3.01 2.87 2.06 2.20 
12 10 149 3.01 2.55 1.86 2.10 

B At ambient condition, relative humidity 25-55%. 
b Intrinsic viscosity in chloroform = 0.45 (3o’C) = 0.51 (25°C). 
c Determined sulfonable material 0.8 wt % (ethanol base). 
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perature below 100”C,15J6 the sulfonation of PPO at 20°C was assumed to 
be irreversible and that the sulfonation rate is proportional to the concen- 
tration of the phenylene oxide repeating unit and the concentration of the 
chlorosulfonic acid: 

PPO + ClSO,H + SPPO + HCl 
I 

At low temperature, 12, it: 0 

d [SPPO] 
dt 

= k[PPO]m[C1S03H]n 

Let [SPPO] E c, [PPO] G p = p. + co - c, and [C1S03H] e a = a0 + co 
- c. Assuming m = n = 1, we obtain 

de 
z = kpu = k(po + co - cko + co - c) 

After integration, 

1 
In (a0 + co - C)Po 1 

(a0 - PO) (PO + co - cbo = (a0 - PO) 
lnm = kt 

UOP 

From the experimental results shown in Table III and Figure 5, this 
assumption was shown to be correct. 

Thermal Analysis of Polymers 

From the results of thermal analyses with differential scanning calori- 
metry (DSC) and thermogravimetry (TG) as shown in Figure 6, the hy- 
drolysis of the hydrogen form polymer was detected starting at 110°C and 
sodium form SPPO polymer was stable to its decomposition temperature, 
about 25o”C, having lost SO,. So, the drying temperature of SPPO polymers 
at 1 mm Hg vacuum was set at room temperature (hydrogen form) and 
70°C (sodium form). 

Infrared Analysis of Polymers 

Infrared spectra were obtained from KBr pellet method (1 wt % PPO) or 
directly from polymer film samples (0.2 mil SPPOH or SPPONa). As shown 
in Figure 7, infrared data on the samples of SPPO showed some changes 
in the structure compare to the PPO. Some peaks, at the frequency of 1070 
and 675 cm-‘, appeared with sulfonation. These bands are due to the 
--SO, groups. Another -SO, band at 1200 cm-’ overlapped with the ar- 
omatic ether band. Some peaks, at the frequency of 1120,625,775, and 755 
cm-‘, disappeared with sulfonation. This suggests that the substitution state 
of aromatic nuclei is changed from 1,2,4,6 substitution to 1,2,3,4,6 substi- 
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Fig. 5. Result of kinetic analysis for the sulfonation of poly(phenylene oxide) at 20°C. 

s I I I I I I, I I I I I I 
0 20 40 60 00 100 120 

t (set) 

tution by sulfonation. There was no difference between the hydrogen and 
sodium forms of sulfonated polymer. 

CONCLUSIONS 

The molecular weight of PPO and degree of polymerization were found 
to be proportional to the catalyst concentration at a fixed ligand ratio. The 
sulfonation rate of PPO was proportional to the concentration of the phen- 
ylene repeating unit and concentration of chlorosulfonic acid. 

The authors wish to thank the National Science and Engineering Research Council of Canada 
(NSERC) for their generous support of this research project. They also wish to thank Dean 
Wallace of the Alberta Research Council, Edmonton, Alberta, Canada, for kindly providing 
the samples of the Alberta tar sands waste waters. 
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Fig. 6. Thermogravimetry and differential scanning calorimetry of poly(phenylene oxide) 
and sulfonated polymers in helium atmosphere. 
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Fig. 7. Infrared spectra of poly(phenylene oxide) and sulfonated polymers. 
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