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ABSTRACT: Sulfonated brominated poly(2,6-dimethyl-
1,4-phenylene oxide) (SPPOBr) was synthesized by a se-
quence of bromination and sulfonation. A thin film of
SPPOBr was coated on top of a commercial poly(ether sul-
fone) membrane. Pure butoxyethanol (BE) solvent or a BE/
isopropyl alcohol (IPA) solvent mixture was used to dissolve
SPPOBr in the coating process. The thin film composite
membranes so prepared were then tested for the separation
of carbohydrate and electrolyte solutes. We found that the
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flux and the carbohydrate separation both increased signif-
icantly with increasing IPA content in the solvent mixture.
However, the separation of electrolyte solutes did not
change significantly. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 91: 26242628, 2004
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INTRODUCTION

A promising membrane material for reverse osmosis
(RO) and nanofiltration applications is sulfonated
poly(2,6-dimethyl-1,4-phenylene  oxide)  (SPPO).!
Membranes prepared from SPPO possess a number of
advantages compared to other commercially available
membranes with electric charges. Since the 1970s, it
has been known that SPPO can be cast into thin films
with excellent chemical and physical stabilities and
good water-flux and solute-rejection characteristics.
Asymmetric membranes prepared from SPPO were
initially developed for the RO treatment of brackish
water by General Electric Co.” Their works on the
development of SPPO thin film composite (TFC) mem-
branes were summarized by LaConti." In the middle
of the 1980s, interest in SPPO material was rekindled
when SPPO membranes were studied by a group at
the University of Waterloo. They studied the kinetics
involved in the sulfonation of poly(phenylene oxide)
(PPO),? the effect of porous substrate membranes used
for the preparation of TFC membranes, and the effect
of ion-exchange capacity (IEC) on the performance of
TFC membranes.* Agarwal and Huang studied the
effect of the solvent used for thin-layer coating and the
effect of the chemical modification of the surface.”®
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Kubota and Yanase observed improved solute separa-
tion (f) with 2-butoxyethanol (BE) as a solvent for
SPPO coating.” Recently, the effects of the substrate
membrane and solvent were reinvestigated at the Uni-
versity of Ottawa.®'° The effect of the annealing of the
TFC membranes on their nanofiltration performance
was also investigated."' These efforts led to improve-
ments in the performance of SPPO membranes for
nanofiltration applications. The optimal results ob-
tained were an NaCl separation of 87.8% with a prod-
uct permeation flux of 59.8 L/m? h at 1034 kPa gauge
(150 psig) when the NaCl concentration was 500 ppm.
The effect of the ion exchange of SPPO membranes
from their hydrogen form was also studied.'”> SPPO
membranes were further characterized by their pore
sizes and pore size distributions'® and tested for ap-
plication in the treatment of wastewater from the pulp
and paper industry.'*

SPPO is also known to be an excellent material for
gas separation.'” In an attempt to improve the perme-
ability and permselectivity of the material, SPPO was
brominated to sulfonated brominated poly(2,6-di-
methyl-1,4-phenylene oxide) (SPPOBr).'® TFC hollow-
fiber membranes and membrane modules were pre-
pared and tested. In RO and nanofiltration applica-
tions, the incorporation of bromine molecules into the
polymer backbone led to a flux increase because of the
expansion of the polymer networks by bulky bromine
molecules. However, unlike an increase in the degree
of sulfonation, which also led to polymer network
expansion because of a higher degree of swelling by
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TABLE 1
Ultrafiltration Performance of the HO51 Substrate
Membrane
PEG Separation PWP PR
molecular weight (%) (L/m? h) (L/m? h)
2,000 54.9 122.1 135.3
4,000 64.4 141.2 138.3
6,000 79.5 141.2 135.3
8,000 90.0 144.2 126.5
10,000 95.2 130.9 117.7

PEG concentration-200 ppm; operating pressure-345 kPa
gauge (50 psig).

water molecules, bromination did not make SPPO
material unstable in an aqueous environment. Thus, a
higher stability of material is expected from SPPOBr
compared with SPPO.

The objective of this study was to prepare TFC
membranes with SPPOBr and test their performance
for nanofiltration applications.

EXPERIMENTAL
Material

The poly(ether sulfone) ultrafiltration membrane was
HOS51 supplied by Osmonics Co. (Minetonka, MN).

Synthesis of the polymer
SPPO

We carried out the sulfonation of PPO with a weight-
average molecular weight (M,,) of 45,000 by following
a procedure mentioned elsewhere.” A slight modifica-
tion was made to the sulfonation procedure for the
reaction with PPO with M_’s of 310,000 and 370,000.
Only a 2.0% (w/v) solution of PPO was reacted with a
stoichiometric amount of chlorosulfonic acid instead
of 10.0% (w/v) as mentioned in the literature. This
procedure was followed to compensate for the high
viscosities involved in these solutions and to enhance
the uniform sulfonation of the polymer. Nitrogen gas
was also purged through the system to facilitate fast
removal of HCI vapor, which was formed as a byprod-
uct. The IEC values of sulfonated poly(2,6-dimethyl-
1,4-phenylene oxide) in hydrogen form (SPPO-H), as
determined by acid-base titration, were 1.99 and 2.3
mequiv/g of dry polymer. We prepared sulfonated
poly(2,6-dimethyl-1,4-phenylene oxide) containing
Na™ ion (SPPO-Na) by equilibrating SPPO-H in a 1N
aqueous sodium hydroxide solution. We removed the
excess caustic by thoroughly washing the polymer in
distilled water.

SPPOBr

For the preparation of SPPOBr, PPO was first bromi-
nated and then sulfonated. We achieved bromination
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of the aromatic ring at room temperature by following
a general procedure described by White.'” Modified
PPO with a 20% bromine substitution was prepared.
The degree of substitution was determined by 'H-
NMR analysis. Gel permeation chromatography of
PPOBr indicated that there was no decrease in the
molecular weight of PPO during the bromination of
the polymer. The general procedure for the sulfon-
ation of PPOBr was the same as described previously.
The amount of chlorosulfonic acid required for the
reaction was based on the amount of unreacted repeat
units in the PPOBr molecules. For example, 5 g of
PPOBr with a 20% substitution of aromatic rings had
4 g of unbrominated repeat units in the PPOBr mole-
cules. Therefore, the amount of the acid required for
the reaction was calculated on the basis of 4 g of
polymer. The IEC value was determined by titration,
and it was 1.80 mequiv/g of dry polymer.

Preparation of TFC membranes

SPPO or SPPOBr was dissolved in BE solvent or BE/
isopropyl alcohol (IPA) (70/30, 60/40, 50/50, or 40:60)
mixtures to the polymer concentration of 0.12 wt %.
The skin side of the substrate UF membranes was
coated by dip-coating with the dilute SPPO or SPPOBr
solutions prepared previously. The membranes were
then dried at 60°C for 24 h in an oven.

Determination of pore size distribution
A plot of f (%) versus solute diameter (d,) on a log-
normal probability paper yields a straight line if f

correlates with d; by the log-normal probability func-
tion defined by

F = erf(z) 1f "y
=erf\z) = —— e — ~au
\/‘/E _x 2

where
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Figure 1 Cumulative pore size distribution for the HO51
substrate membrane.



2626

NOGAMI, CHOWDHURY, AND MATSUURA

TABLE 1II
Characterization of SPPO-Na Composite Membranes Based on SPPO-Na Polymers
with Different IEC Values

MWCO Mean pore Standard
Membrane Solvent (kDa) size (nm) deviation
IEC value of SPPO-Na-1.99 mequiv/g of polymer
1 BE 2.0 0.85 2.18
2 BE/IPA (60/40) 2.0 0.80 1.18
IEC value of SPPO-Na-2.3 mequiv/g of polymer
3 BE 2. 0.91 2.31
4 BE/IPA (60/40) 6.0 1.50 2.13
Ind, — In u, ry-made test cells, each with an effective area of 13.2
= in o, cm? and the details of which were described else-

where pu, is the diameter of the solute corresponding
to f = 50% on the log-normal plot and is taken as the
mean solute diameter and o, is the geometric standard
deviation about the mean diameter. o, can be deter-
mined as the ratio of d, at f = 84.13 and 50% on the
log-normal plot. If the dependence of f on the steric
and hydrodynamic interaction between the solute and
the pore is ignored, the mean pore size of the mem-
brane and the geometric standard deviation about the
mean pore size can be considered the same as the
solute mean size and the solute standard deviation.
The cumulative pore size distribution can then be
drawn from p, and o, so obtained.

The Stokes radii of poly(ethylene glycol) (PEG) sol-
utes of known molecular weights were calculated with
the following equation:

a=16.73 X 107 1°M"%7

The d, values used in the log-normal plot were based
on the Stokes radius.

Ultrafiltration and RO experiments

Ultrafiltration experiments were conducted for the
commercial ultrafiltration membranes with laborato-

where.'® Six cells were connected in a series. All of the
experiments were conducted at room temperature and
at 345 kPa gauge (50 psig). Each membrane was com-
pacted at 551 kPa gauge (80 psig) for 4 h before any
measurement was conducted. The concentration of
feed PEG solutes (molecular weight = 1000-10,000)
was 200 ppm. PEG concentrations in the feed and in
the permeate were measured in terms of total organic
carbon (TOC) with a TOC analyzer (DC-190, Folio
Instruments).

RO experiments were carried out for the SPPO and
SPPOBr composite membranes at an operating pres-
sure of 1034 kPa gauge (150 psig) and at room tem-
perature. The experiments were carried out with feed
PEG solutes (concentration = 200 ppm) to characterize
the membranes. Also, RO experiments were carried
out with the two electrolyte solutes, NaCl and MgSO,,
and several carbohydrates. The solute concentrations
were 8.6 and 12.5 mmol/L (500 and 1500 ppm) for
NaCl and MgSO,, respectively, and 100 ppm for car-
bohydrate solutes. For each experiment, the pure wa-
ter permeation rate (PWP), product permeation rate
(PR), and f, defined as

Solute separation = (feed concentration

— permeate concentration)/(feed concentration)

TABLE III
Results from RO Experiments with Electrolyte Solutes
PWP PR f (%)
Membrane Solvent (L/m?2 h) (L/m? h)? NaCl MgSO,
IEC value of SPPO-Na-1.99 mequiv/g of polymer
1 BE 26.1 27.2 72.3 58.9
2 BE/IPA (60/40) 57.4 65.9 73.0 59.9
IEC value of SPPO-Na-2.3 mequiv/g of polymer
3 BE 53.5 64.7 69.2 53.9
4 BE/IPA (60/40) 97.9 116.5 64.2 —

* Solute concentration of NaCI-500 ppm and MgSO,-1500 ppm; operating pressure-1035

kPa gauge (150 psig).

@ Average of PR data from the experiments with NaCl and MgSO,.



SULFONATED POLY(PHENYLENE OXIDE) BASED COMPOSITE MEMBRANES

TABLE IV
Characterization of TFC Membranes Based on SPPOBz-
Na (IEC Value-1.8 mequiv/g) TFC Membranes
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TABLE V
RO Separation of Carbohydrates by the SPPOBr-Na
(IEC Value-1.8 mequiv/g) TFC Membranes

MWCO Mean pore Standard

Membrane Solvent (kDa)  size (nm) deviation
5 BE 2.0 0.84 1.27
6 BE/IPA (70/30) 2.0 0.91 1.17
7 BE/IPA (60/40) 1.0 0.66 1.53
8 BE/IPA (40/60) 1.0 0.77 1.33

were obtained. The concentration of the electrolyte
was determined conductmetrically.

The concentrations of the carbohydrate solutes were
determined by the total carbon analyzer.

RESULTS AND DISCUSSION
Pore size distribution of the substrate membrane

The data from the ultrafiltration experiments with the
HOS51 substrate membrane are given in Table I. From
the data, MWCO was 8000 Da. The cumulative pore
size distribution determined by the method described
in the theoretical section is given in Figure 1. As
shown in Figure 1, the mean pore size (diameter) was
2.4 nm with a standard deviation of 1.83.

Effect of the solvents used for coating thin
SPPO-Na films

Some RO data for the composite membranes prepared
from SPPO-Na polymer are given in Tables II and IIL

Table II indicates that MWCO decreased from 8 kDa
for the substrate membrane to 2-6 k Da by the coating
of a thin SPPO-Na layer. The mean pore size de-
creased from 2.4 to 0.8-1.5 nm, accordingly.

When membranes 1 and 2 (IEC value = 1.99
mequiv/g of polymer) in Table III are compared, for
almost identical f values (NaCl = 72-73% and MgSO,
~ 60%), the membrane flux more than doubled when
a solvent mixture BE/IPA (60/40) was used. This
indicates the importance of the choice of solvent in
membrane coating. Similar results were obtained ear-
lier.” The pore size of the substrate membrane, when it
was in contact with a solvent, depended on the degree
of swelling that was caused by the solvent.'?

When membranes 3 and 4 (IEC = 2.3 mequiv/g of
polymer) are compared, the membrane prepared with
the solvent mixture exhibited a flux almost twice as
high as that of the membrane prepared with a single
solvent, reflecting an increase in the mean pore size
from 0.91 to 1.50 nm. The separations for the electro-
lyte solutes were, however, only slightly lowered. The
electrostatic repulsive force working between the ions
and the charged membrane surface offset the effect of
the increase in the pore size.

f (%)
Membrane Solvent Glucose Sucrose Raffinose
5 BE 35.6 68.1 84.0
6 BE/IPA (70/30) 38.2 65.5 84.8
7 BE/IPA (60/40) 43.3 81.3 97.0
8 BE/IPA (40/60)  61.1 92.3 96.5

Solute concentration-100 ppm; operating pressure-1035
kPa gauge (150 psig).

In general, TFC membranes made of SPPO-Na of
the higher IEC value (membranes 3 and 4) exhibited
lower electrolyte separations and higher fluxes than
membranes of the lower IEC value (membranes 1 and
2). This was most likely because of the higher degree
of swelling for the higher IEC value. Also, NaCl sep-
aration was higher than MgSO, separation. The sepa-
ration of NaCl relative to that of MgSQO, is known to be
dependent on the conditions of membrane prepara-
tion and the concentrations of the electrolytes in the
feed solution."

Some RO data of the composite SPPOBr-Na mem-
branes are given in Tables IV-VI.

MWCO, mean pore size, and standard deviation for
SPPOBr-Na TFC membranes are given in Table IV.
MWCO and the mean pore size tended to decrease as
the IPA content increased in the solvent mixture. The
reduction in the pore size was reflected further in an
increase in the separation of carbohydrate solutes such
as glucose, sucrose, and raffinose, which do not carry
any electric charges (Table V). Thus, the separation of
the latter solutes tended to increase with increasing
IPA content in the solvent mixture. Hence, the use of
solvent mixtures with higher IPA contents was desir-
able to obtain SPPOBr membranes with a high flux
and high separations for carbohydrate solutes. The
SPPOBr membranes were tested further for the sepa-
ration of electrolyte solutes such as NaCl and MgSO,.
The results are given in Table VI. Interestingly, PWP
increased from 12 to 24% with BE/IPA solvent mix-

TABLE VI

Results from RO Experiments with Electrolyte Solutes
pwp PR SO
Membrane Solvent (L/m? h) (L/m? h)* NaCl MgSO,

5 BE 35.9 48.0 80.6 70.2

6 BE/IPA (70/30) 51.1 60.3 — 667

7 BE/IPA (60/40) 44.6 52.8 80.2 682

8 BE/IPA (40/60) 45.6 53.9 775 69.1

Solute concentrations of NaCIl-500 ppm and MgSO,-1500
ppm; operating pressure-1035 kPa gauge (150 psig).
@ Average of the experiments with NaCl and MgSO,
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tures compared with pure BE solvent. It was rather
surprising because the pore size decreased with the
addition of IPA. The product rates were greater than
PWP, as in the case of SPPO-Na membranes. Similar
results were obtained earlier'? and interpreted as the
hydration of metal cations in the membrane phase.
The separations of both NaCl and MgSO, solutes
tended to decrease, despite the decrease in pore size,
with increasing IPA content. However, the change
was marginal and within experimental error. This con-
firms the conclusion obtained earlier that the effect of
the pore size on the separation of electrolytes was
much less than that on the nonelectrolyte solutes such
as poly(ethylene glycol) and carbohydrates.

One can compare TFC membranes based on the
SPPO-Na material with those based on the SPPOBr-
Na material by comparing the data in Tables I and IV
and those in Tables III and VI. Generally, MWCO and
pore sizes were in the same range for both SPPO-Na
and SPPOBr-Na membranes. However, the electrolyte
separations by SPPO-Na membranes were much
lower than those obtained by the SPPOBr-Na mem-
branes.

CONCLUSIONS

From the experimental results, we drew the following
conclusions:

1. The flux of the SPPO-Na TFC membranes almost
doubled with a solvent mixture (BE/IPA) for the
coating of a thin layer. The separations for the
electrolyte solutes were, however, only slightly
lowered.

2. TFC membranes made of SPPO-Na of a higher
IEC value exhibited lower electrolyte separations
and higher fluxes than membranes of a lower IEC
value.

3. As for the SPPOBr-Na membranes, the flux in-
crease was also observed when BE/IPA solvent
mixtures were used compared with pure BE sol-
vent. The separations of carbohydrate solutes in-
creased with increasing IPA content in the sol-
vent mixture. However, the separations of the
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electrolyte solutes did not change significantly
with the change in the IPA content.

4. When the SPPO-Na and SPPOBr-Na TFC mem-
branes were compared, the separations of elec-
trolyte solutes were higher for the latter mem-
branes.
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