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Synopsis 

Thin film composite membranes of sulfonated poly(phenylene oxide) (SPPOk-polysulfone 
(PS) (SPPO-PS) were prepared by coating the hydrogen or sodium form of SPPO onto various 
porous substrates such as polysulfone (PS). The effects of membrane preparation conditions 
and feed water variables on the salt rejection and production rates were investigated using 
reverse osmosis. Purification of the waste waters from the Alberta heavy oil fields for desal- 
ination and recycling use was carried out. Production rates and salt rejections for the various 
feeds were found to be in the range of 5-20 gfd (gallons/fF day) and 80-99% respectively at 
600 psig and 2OC, depending on the experimental conditions and membrane properties. 

INTRODUCTION 

In Part I of this series, the synthesis of sulfonated poly(phenylene oxide) 
polymer and its kinetics was described in detail; this paper will describe 
the preparation of thin film composite membranes of sulfonated 
poly(phenylene oxide) (SPPOtpolysulfone (PS) (SPPO-PS) and its appli- 
cations for the purification of Alberta tar sands waste waters. 

Bitumen resources of Alberta oil sand fields are estimated to be 1350 
billion barrels, and in situ recovery methods must be developed to exploit 
the 90% of reserves that are too deeply buried for surface mining.* Steam 
injection is one developing technology for the extraction of heavy oil/hi- 
tumen. However, this process generates a large volume of produced water. 
For economic and environmental reasons it is necessary to treat and recycle 
this water for the generation of injection steam. Reverse osmosis (RO) is 
now considered a technology for the reduction of total dissolved solids (TDS) 
and trace organic matter from produced water.2 

Although success has been achieved in the past decade in reclaiming 
nonpotable waters by RO through various types of thin cellulosic ester 
membrane films, there exists the need for more stable longer life materials, 
and the membranes for use in treating organic chemicals are noncellulosic 
since the cellulosic membranes have strong membrane adsorption of non- 
ionic surfactants and they usually fail rapidly.2 One of the most promising 
noncellulosic membrane systems for RO applications appears to be sulfon- 
ated poly(2,6-dimethyl-1,Cphenylene oxide) (SPPO).3 
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The advantage of using SPPO for RO application compared to other com- 
mercially available ion exchange membranes lies in its being readily cast 
into thin membranes having excellent chemical and physical stabilities with 
good flux and salt rejection characteristics. It is also found that, by applying 
the membrane to a suitable porous substrate in order to incorporate it into 
practical RO hardware and to reduce its thickness, improves it greatly since 
the flux is inversely proportional to the membrane thickness.4s5 

This study is concerned with the preparation and transport properties of 
cation exchange thin film composite SPPO-PS RO membranes. 

EXPERIMENTAL 

The synthesis of poly(phenylene oxide) and its subsequent sulfonation 
have been described in detail in Part I of this series. 

Preparation of Porous Polysulfone Substrate’ 

A solution containing 12.5 wt % PS and 12.5 wt % methyl cellosolve in 
dimethylformamide was cast onto a clean glass plate using a glass bar in 
the thickness of 0.3 mm. After the casting, the coated liquid film was im- 
mersed into 15 wt % NaCl quenching bath immediately. The film gelled 
very quickly, it was then washed with water, and cut into the required size 
with a membrane die. Finally it was put into deionized water for at least 
24 h and thoroughly dried before SPPO polymer solution casting. 

Preparation of Sulfonated Poly(phenylene Oxide) 
Composite Membrane 

The SPPO polymer was exhaustively dried for 200 h under vacuum at 
room temperature (hydrogen form) or 70°C (sodium form). The dry SPPO 
polymer was dissolved in 2:l chloroform/methanol or pure methanol sol- 
vents, to form 4 wt % casting solution and cast onto 1.0 mil microporous 
polypropylene or polysulfone substrate stuck onto a glass plate to form a 
coating of SPPO polymer of 0.2 mil dried thickness, and the composite 
membrane formed was dried for a minimum of 2 h under cover and over- 
night without cover at ambient conditions. The dried membranes were 
removed from the glass plate immersing into 10 wt % NaCl aqueous solution 
to convert the hydrogen form into sodium form and stored wet in a 10 wt 
% NaCl aqueous solution container. Since polysulfone substrate was soluble 
in chloroform, the casting solvent was pure methanol (without chloroform). 

Transport Properties of Composite Membrane 

The reverse osmosis test was conducted in six high pressure cells, which 
have been described in detail in many previous papers on reverse osmosis.E 
The effective membrane area was 18.1 cm2 (4.8 cm in diameter). The ex- 
periments were conducted at pressures of 300-700 psig, at a room temper- 
ature of approximately 20°C and with feed solution circulated during the 
experiment. Sodium chloride or other inorganic compound concentrations 
for single component solutions were determined using a Water Associates 
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TABLE I 
Dependence of Reverse Osmosis” Performance of Composite Membranesb 

on Different Substrates 

Substrate’ 

Material 
Thickness 

(mill Pretreatment 
Salt Production 

rejection (%) rate (gfd) 

PS-lMPP-W 
PS-lM2PSW 
PS-DMF-MC-SW 
PP (Celgard 2400) 
PP (Celgard 2500) 
PP (Celgard 2500) 
PP (Celgard 2500) 
PP (Celgard 2500) 

3 - 87.7 3.45 
3 - 88.4 3.57 
3 - 86.9 16.52 
1 - 83.3 0.50 
1 - 90.1 1.32 
1 Soap (20°C 1 h) 74.9 3.70 
1 Soap (45’C, 1 h) 72.9 9.95 
1 Soap (95”C, 1 h) 12.1 169.2 

B 600 psig, 2OC, 1000 ppm NaCl feed. 
b Coated polymer; SPPO sodium form, IEC = 1.72 meq/g, thickness = 0.2 mil. 
c PS-lMBP-W: 12.5 wt % PS in 1-methyl-2-pyrrolidone, water quenching. 

PSlMBP-SW; ibid., 15 wt % NaCl aqueous solution quenching. 
PS-DMF-MCSW: 12.5 wt % PS in 75 wt % dimethylformamide and 12.5 wt % methyl cellosolve, 
15 wt % NaCl aqueous solution quenching. 

Differential Refractometer Model R403. Quantitative analyses of the mixed 
component solution in aqueous phases were carried out by standard meth- 
ods.g Atomic absorption spectroscopy (Perkin-Elmer Model 303) was used 
for determination of dissolved sodium, calcium, and magnesium. Sulfate 
was determined by the turbidimetric method with BaClz using a spectro- 
photometer (Bausch and Lomb Spectronic 20) at 420 nm. Chloride was 
determined by potentiometric titration with AgNOB solution using glass 
and silver-silver chloride electrodes (Potentiograph E576, Metrohm Heri- 
saw Co., Switzerland). Heavy oil was determined by ultraviolet absorbance 
at 253.7 nm (Varian Techtron UV-VIS Spectrophotometer Model 635).‘O 

RESULTS AND DISCUSSION 

Reverse Osmosis Performance of Composite Membranes on the 
Various Porous Substrates 

Some of the substrates, providing good mechanical strength to SPPO, 
were polysulfone (PS) and polypropylene (PP). PS substrates were made 
from various solvent and quenching solutions. PP substrate Celgard 2400 
was obtained from Celanese Fibers Co. (Summit, NJ) and some of these 
SPPO-PP composite membranes were pretreated in aqueous soap solution 
(1 wt % Alconox).6 

As shown in Table I, the best results were achieved with PS substrate 
from 12.5 wt % in 75 wt % dimethylformamide and 12.5 wt % methyl 
cellosolve with 15 wt % NaCl aqueous solution quenching. Other substrates 
were not bad, but their production rates were considerably lower. Though 
the pretreatment of composite membranes on microporous PP with soap 
solution showed increased production rate with increasing pretreatment 
temperature, their salt rejections were low. So, during this study, PS sub- 
strate (fabricating procedure described earlier in the experimental section) 
was used as the substrate of composite membrane. 
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Fig. 1. Effect of operating pressure on reverse osmosis performance 
PS, 2-011%5NM, IEC = 2.53 meq/g; feed: NaCl 1000 ppm, 20°C). 

(membrane: SPPO- 

Membrane Properties and Reverse Osmosis Performance 

Effect of Operating Pressure. Figure 1 illustrates the effect of operating 
pressure on the separation and production rate characteristics of the SPPO- 
PS composite membrane. The production rate was linear with operating 
pressure to at least 700 psig, and the salt rejection also increased with 
increasing pressure. The former effect is understandable on the basis of 
increased driving pressure for fluid flow, and the latter effect might be due 
to a decrease in the average pore size on the membrane surface and/or 
increase in the preferential sorption mechanism of the membrane for pure 
water at a higher pressure.l’ 
Effect of Feed Concentration. At a given operating pressure 600 psig, 
salt rejection was found to decrease and the production rate showed no 

NaC! FEED CONCENTRATION 

Fig. 2. Effect of NaCl feed concentration on reverse osmosis (membrane: SPPO-PS, 
12NM, IEC = 2.10 meq/g, 600 psig, 20°C). 

5-0224- 
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great change with increase in feed concentration in the range of 500-8000 
ppm NaCl, as shown in Figure 2. The former phenomenon is a typical 
characteristic of charged membrane and can be interpreted by the Donnan 
equilibrium.12 The Donnan potential, and hence the ion exclusion, is highly 
dependent on the relationship between the membrane charge density and 
the solution ion concentration. It increases with increasing membrane 
charge density and decreasing solution counterion concentration. 

Membrane Ion Exchange Capacity (IEC). The membrane properties 
that had the greatest effect on reverse osmosis performance were IEC, 
membrane water content, coated polymer thickness, and the substrate of 
composite membrane. The substrate effect was described previously in this 
discussion, and there were sufficient data to show that the production rate 
was inversely proportional to the membrane thickness.4p5 

For membranes cast under identical conditions, the IEC (meq of SOS/g 
dry polymer) affected water content, production rate, and salt rejection. 
The membrane water content increased with increasing IEC as shown in 
Figure 3, and increased water content of membrane made the porosity 
(volume of pore liquid/volume of wet membrane) and the production rate 
to be increased. The salt rejection showed the highest values between IEC 
value of 2.0 and 2.3 meq/g, and the production rate increased with increas- 
ing IEC and water content of membrane as shown in the same figure. 

Dependence of Feed Composition. The production rate and salt rejec- 
tions for water soluble single component feeds are shown in Table II. Salt 
rejections being consistent with Donnan mechanism rejection, increased 
with decreasing counterion (cation) valence and increasing coion (anion) 
valence. Sulfonated poly(phenylene oxide) membrane as a cation exchange 
membrane rejected different feed salts in the following order: 

ION EXCHANGE CAPACITY ( meg/g 1 

Fig. 3. Effect of membrane ion exchange capacity on the membrane water content and 
reverse osmosis performance (SPPO-PS composite membrane, 600 psig, 2o”C, NaCl 1000 ppm 
feed). 
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TABLE II 
Dependence of Reverse Osmosis! Performance on Feed Composition 

Feed composition Production rate (gfd) Salt rejection (o/o) 

Na&03 7.24 99.8 
Na$O, 6.51 99.9 
KzSQ 8.90 99.8 

MgSO, 5.77 94.4 
CaSO* 7.14 93.8 

NaCl 6.65 92.9 
KC1 5.96 93.9 
NaHC03 5.87 95.6 

CaCI, 4.89 85.7 
M&l, 3.91 84.7 

a 600 psig, 2o”C, feed concentration 1000 ppm, SPPO-PS composite membrane 0222-12NM 
and 0224-12NM series, IEC = 2.10 meq/g. 

Na2C03 Mgf% NaCl CaCl, 

Na$O, > CaS04 , KC1 > W8-X 

&SO, NaHC03 

Purification of Waste Water from the Alberta Heavy Oil Fields 

The produced waters from the Alberta oil sand operation contained 5000- 
15,000 ppm total dissdlved solids (TDS) mainly Na+, Ca+ +, Mg++, Cl-, 
SOT-, HCO, and a certain amount of heavy oi1.2 

TABLE III 
Reverse Osmosis’ Results for Waste Water from Heavy Oil Fields 

Membrane IEC Production Heavy 

(meq/g) rate (gfd) Na+ Ca2+ Mgz+ so- Cl- TDS oil 

Synthetic waste water 
Feed (ppm) 3158 211 105 526 5160 9160 200 
Product 2.30 6.42 668 36.7 19.3 68.5 1622 2415 2.8 

(ppm) 2.10 5.30 588 25.2 9.3 27.3 1158 1807 4.2 
% rejection 2.30 6.42 78.8 82.6 81.6 87.0 68.6 73.6 98.6 

2.10 5.30 81.4 88.1 91.1 94.8 77.6 80.3 97.9 
Natural waste water (Texaco Athabasca emulsion) 

Feed (ppm) 355 13.5 1.53 550 920 
Product 

(wm) 2.10 9.15 26.0 0.11 0.011 43.0 69.1 
% rejection 2.10 9.15 92.7 99.2 99.3 92.2 92.5 

8 600 p&g, 2o”C, SPPO-PS composite membrane, 0317-2NM, 0322-12NM, and 0623-12NM 
series 
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Solvent-cast sulfonated PPO membranes of 0.2 mil thickness in SPPO- 
PS composite membrane with ion exchange capacity of 2.1-2.3 meq/g were 
prepared, and reverse osmosis tests were carried out on the synthetic and 
natural waste water from Alberta heavy oil fields at 600 psig and 20°C. 

As shown in Table III, the rejection characteristics and production rate 
were excellent and considered sufficient for the application of purification 
of waste water from the heavy oil fields. 

CONCLUSIONS 

SPPO-PS composite membrane was considered excellent for the appli- 
cation of purification of waste water from heavy oil field. Membranes with 
low IEC values about 2 exhibited higher rejection, but had lower flux while 
those with high IEC values resulted in higher flux, but had lower rejection. 
Product rate and salt rejections for various feeds were found to be in the 
range of 5-20 gfd and 99-30%, respectively, at 600 psig and 2OC, depending 
on reverse osmosis operating conditions and membrane properties. 
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