
Publisher’s version  /   Version de l'éditeur: 

Contact us / Contactez nous: nparc.cisti@nrc-cnrc.gc.ca.  

http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/jsp/nparc_cp.jsp?lang=fr

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

NRC Publications Record / Notice d'Archives des publications de CNRC:
http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctrl?action=rtdoc&an=12327859&lang=en

http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctrl?action=rtdoc&an=12327859&lang=fr

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/jsp/nparc_cp.jsp?lang=en

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 
acceptée du manuscrit ou la version de l’éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 
DOI ci-dessous.

http://dx.doi.org/10.1002/app.23380

Journal of Applied Polymer Science, 101, 3, pp. 1723-1730, 2006

Surface-modified polysulfone membranes: aqueous phase oxidation 

via persulfate radical
Dal-Cin, Mauro M.; Guiver, Michael D.; Striez, Carolyn N.; Carlsson, Dave J.; 
Kumar, Ashwani

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NRC Publications Archive

https://core.ac.uk/display/38557244?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://web-d.cisti.nrc.ca/npsi/jsp/nparc_cp.jsp?lang=fr
http://web-d.cisti.nrc.ca/npsi/jsp/nparc_cp.jsp?lang=en
http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctrl?action=rtdoc&an=12327859&lang=fr


Surface-Modified Polysulfone Membranes: Aqueous Phase
Oxidation via Persulfate Radical

Mauro M. Dal-Cin, Michael D. Guiver, Carolyn N. Striez, Dave J. Carlsson, Ashwani Kumar

Institute for Chemical Process and Environmental Technology, National Research Council of Canada,
Ottawa, Ontario, Canada

Received 5 July 2005; accepted 1 October 2005
DOI 10.1002/app.23380
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Polysulfone (Udel P1800) ultrafiltration
membranes were surface modified using potassium persul-
fate (K2S2O8) as a free radical source in the aqueous phase.
The expected modification was hydrogen abstraction lead-
ing to hydroxylation at one or two sites on the isopropyli-
dene linkage. Reaction time, K2S2O8 concentration, and tem-
perature were optimized based on two criteria: (1) minimal
change in pure water fluxes after surface modification and
(2) reduction of adsorptive fouling with a pulp mill effluent.
The pure water flux retention for an unmodified membrane
was �20% after adsorptive fouling with the pulp mill efflu-
ent and was increased to 70% after reaction with K2S2O8.
Angle-resolved XPS indicated increased oxygen and a new

carbon peak consistent with an aldehyde reaction occurring
in the top 3.5 nm. NMR solution analysis was inconclusive
because of the low sensitivity of the experiment. Further
analysis of oxidation products was carried out on finely
dispersed polymer. Fourier transform infrared, internal re-
flection spectroscopy suggested oxidation by the formation
of an aldehyde which was further oxidized to carboxylic
acid. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101:
1723–1730, 2006

Key words: polysulfone; membrane; fouling; persulfate; ox-
idation; ESCA-XPS; FT-IR

INTRODUCTION

Polysulfone is a thermoplastic widely used for the
production of ultrafiltration membranes. This material
is available from several producers in various grades.
Polysulfone has excellent film forming characteristics
and mechanical and chemical resistance, but is highly
hydrophobic, which is one of the factors leading to
adsorptive fouling.

Many applications using membrane processes con-
tain feed components which can adsorb on the mem-
brane and degrade performance. This can occur over
either long- or short-term operation and is dependent
on the nature and concentration of the adsorbing com-
ponents. Meireles et al.1 described how the original
membrane properties could be masked or altered by
the adsorption of different proteins. Hanemaaijer et
al.2 and Dal-Cin et al.3 showed how adsorptive fouling
could account for permeability reductions of �90%
with proteins and pulp mill effluents, respectively.

The degree of adsorptive fouling is determined by
solute–membrane interactions. These can consist of
electrostatic forces, van der Waals forces, hydrogen

bonding, hydrophobic interactions, and others. A
common strategy for reducing adsorptive fouling has
been to use hydrophilic materials for membranes,
which show a preference for adsorbing water rather
than solutes at the membrane surface. Regenerated
cellulose is one such material and its low adsorptive
fouling properties are well documented.2–5 However,
this material does not have the mechanical strength or
chemical resistance of polysulfones.

An alternative strategy has been to increase the
hydrophilicity of polysulfone by chemical modifica-
tion. This allows one to retain the desirable properties
of polysulfone membranes and to reduce its tendency
to foul via adsorption. Modification may be accom-
plished either on the bulk polymer or the membrane
surface. In practice, bulk modification involves alter-
ing the chemical properties of polysulfone before
forming a membrane, whereas surface modification
involves alteration of surface properties after mem-
brane formation.

Typical surface modification methods include
chemical oxidation, organic chemical reaction, plasma
treatment, and grafting.6 The present work focuses on
the surface modification of polysulfone membranes
with peroxydisulfates. This approach is particularly
attractive because of the low cost of the reagents used,
aqueous phase reaction conditions, and fast reaction
times. Bamford and Al-Lamee7 functionalized ali-
phatic polymers with K2S2O8 via a hydroxylated in-
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termediate. The anticipated benefit was improved bio-
compatibility of these materials for in vivo medical
implants and polypropylene dialysis fibers. Biocom-
patibility would be improved by changing the hydro-
phobic surface to a hydrophilic surface by substitution
of aliphatic hydrogens with hydroxyl groups.

The expected modifications on Udel are depicted in
Figure 1, where R1,2 could be, by extension of the work
of Bamford and Al-Lamee,7 one or, possibly, two al-
cohols, OCH2O (OH), at each site. Further oxidation
could yield an aldehyde,OCHAO, or carboxylic acid,
OC(AO)OOH.8,9 The ease of implementing this mod-
ification is of great benefit. Existing spiral wound,
plate and frame or hollow fiber modules could be
modified in situ by recirculating K2S2O8 solution at the
appropriate temperature, concentration, and time.

A pulping effluent, plug screw feeder pressate
(PSFP), from our previous work,3 was used to evalu-
ate the effectiveness of the proposed modification to
reduce adsorptive fouling. Unmodified and modified
membranes were contacted with the mill effluent in
nonpermeation conditions. Permeation tests would in-
troduce additional effects, such as pore plugging or
cake formation, and would confound the effect of
changes to the membrane surface characteristics. Pure
water fluxes were reduced to �20% of the initial value
by adsorptive fouling alone for unmodified mem-
branes. Changes in FTIR-IRS (Fourier transform infra-
red, internal reflection spectroscopy) spectra, as a
function of time, suggested that adsorptive fouling
was initiated by the deposition of lignin sulfonates
followed by cellulosic oligomers.10

EXPERIMENTAL

Materials

Udel P1800 (Solvay Advanced Polymers, Alpharetta,
GA) was dissolved (20 and 22 wt %) in N-methylpyy-
rolidinone (NMP) (reagent grade, Aldrich, Sigma-
Aldrich Canada Ltd., Oakville, Ontario, Canada), both
used as received. Membranes were produced in our
laboratory on an automated casting machine on a
nonwoven polyester backing (Hollitex 3296, Ahlstrom
Filtration, Inc., Windsor Locks, CT) with a casting gap
of 250 �m. The casting speed was 5 cm/s with a
standing time of �20 s. The gelation bath was reverse
osmosis (RO) water permeate at 2°C. The membranes
were exchanged daily with fresh RO water for 3 days.
Coupons were cut and stored in 25% aqueous ethanol.
Samples were prescreened with pure water fluxes to
avoid complicating interpretation of the degree of
fouling due to pore sizes,1,3 assuming the water flux
was an indicator of the nonfouled pore size for a given
casting solution composition. This procedure also re-
moved any residual NMP that may have been present.

The PSFP was obtained from a semichemical (sul-
fite) mechanical pulping mill. The plug screw feeder is
used to feed wood chips to a sodium sulfite digester.
After digestion, the pulp is sent to a press and then
pulp refining and paper making is done. This postdi-
gestion pressate, or sulfonated liquor, is recycled to
wash the wood chips before going to the digester. The
run-off from the wood chip feeder is the PSFP. A
typical composition of the PSFP is shown in Table I.
Attempts to prepare representative PSFP samples in
the laboratory did not produce a product with the
same fouling propensity as samples obtained at the
mill.11 Attempts to study adsorptive fouling in our
laboratory, using pure components (dehydroabietic
acid, oleic acid, sulfonated lignin, and lignin sulfonate
at various concentrations and pH), were not success-
ful. Peroxydisulfate solutions were prepared from po-
tassium persulfate, (K2S2O8, Sigma 7727–21-1) dis-
solved in RO water which had been degassed by

Figure 1 Molecular structure of polysulfone showing ex-
pected oxidation sites where R1 and R2 can be a methyl
(CH3), an alcohol (OCH2O(OH)), aldehyde (OCHAO), or
carboxylic acid (OC(AO)OOH) group.

TABLE I
Composition of Unfiltered PSFP

pH
Conda

(��)
DSb

(mg/L)
SSc

(mg/L)
TOCd

(mg/L)
BODe

(mg/L)
RFAf

(mg/L)

Lignin
sol

(mg/L)

Lignin
insol

(mg/L)
Volatile

acids (g/L)
Sugars
(mg/L)

5.7 5100 12,600 1700 5670 5250 432 2400 1900 920 2680

a Electrical conductivity.
b Dissolved solids.
c Suspended solids.
d Total organic carbon.
e Biological oxygen demand.
f Resin and fatty acids.
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boiling, and all reactions were carried out under ni-
trogen blanketing.7

Chemical analysis

FTIR-IRS analysis was described in detail in Ref. 10,
and performed on a Midac M1200-SP3 (Midac Corp.,
Costa Mesa, CA). In this work, rather than placing a
membrane sample in contact with the Ge crystal, the
reacted, dispersed polymer was dissolved in tetrahy-
drofuran (THF) and deposited directly on the Ge crys-
tal. This allowed rapid and complete evaporation of
the THF and, more importantly, any absorbed water.
This was essential to allow differentiation of the ex-
pectedOOH additions from adsorbed water. Analysis
was facilitated by derivatization of OCOOH groups
using sulfur tetrafluoride which would produce
OC(AO) OF or OCOF from a carboxylic acid and
hydroxyl group respectively (absorption between
1810 and 1850 cm�1)12.

XPS data were obtained with a Kratos Axis HS
X-ray photoelectron spectrometer (Kratos, UK). The
size of the analyzed area was about 1 mm2. Monochro-
matized Al K radiation was used for excitation and a
180° hemispherical analyzer with a three-channel de-
tector was employed. The X-ray gun was operated at
15 kV and 20 mA. High-resolution XPS spectra were
collected using 40-eV pass energy and are the average
of three scans. An electron flood gun neutralized sam-
ple charging during the experiment. The take-off an-
gle data on flat membrane samples were obtained by
changing sample orientation versus the normal from 0
to 60°. This corresponds approximately to a change in
the probing depth of 8.0 to 3.5 nm.13

1H NMR spectra were obtained on a Varian Unity
Inova NMR spectrometer operating at a proton fre-
quency of 399.95 MHz. Deuterated dimethylsulfoxide
(DMSO-d6) was the NMR solvent for heterogeneous
samples, and the DMSO signal at 2.50 ppm was used
as the chemical shift reference.

Scanning electron micrographs (SEM) were ob-
tained on a Joel JSM 840A (Dearborn, MA) after air
drying, vacuum drying, and gold coating under vac-
uum, at a magnification of 10,000.

Oxidation reactions

As will be discussed subsequently, XPS analysis sug-
gested chemical changes were occurring on the very
top layers of the membrane, less than 3.5 nm, making
detection by FTIR-IRS insensitive on membrane sam-
ples. Oxidation reactions on membranes were thus
restricted to evaluating changes in adsorptive fouling.
Characterization studies were further supported by
carrying out heterogeneous reactions on finely dis-
persed polysulfone, so as to maximize the surface to
mass ratio and the degree of oxidation. Homogeneous

reactions were also attempted on water-soluble,
highly carboxylated polysulfone for NMR analysis.

Membrane samples: Heterogeneous oxidation and
adsorptive fouling

Reactions with K2S2O8 and adsorptive fouling exper-
iments on membranes were carried out in a 4-L beaker
heated with a hot plate stirrer with an immersion
probe for temperature control. Membranes were
mounted in a retainer (316 stainless steel) designed to
hold the membranes at the circumference of the
beaker wall, skin side facing in. Reaction conditions
were optimized using the following procedure:

1. Initial pure water flux, J0, was measured.
2. Three membrane samples were reacted in K2S2O8

solutions; three concentrations (5, 10, 20 wt %),
two reaction times (10 and 60 min), and temper-
atures ranging from 60 to 100°C.

3. The pure water flux for the modified membrane,
Jm, was measured.

4. Adsorption on membrane samples was accom-
plished by exposure to the PSFP at 50°C for 3 h
with no permeation.

5. The pure water flux after adsorptive fouling, Ja,
was measured after membranes had been vigor-
ously rinsed with RO water but no physical or
chemical cleaning.

The adsorptive fouling tests were carried out at
50°C, as this was the anticipated temperature for pro-
cessing the PSFP. The 3-h time was chosen to match
the preselected time for the permeation test used in a
previous study for this effluent.3

Heterogeneous oxidations: Dispersed polymer

Fine dispersions of polymer were prepared by precip-
itation from a 1 wt % Udel solution in THF, which was
added slowly to hot water with vigorous stirring. The
THF was driven off by heating, leaving a very fine
suspension. Reactions with K2S2O8 were carried out at
70 and 90°C with 5 wt % K2S2O8. Samples were col-
lected at 10, 30, and 60 min and quenched by mixing
with approximately the same volume of RO water at
2°C.

Addition of the K2S2O8 promoted flocculation and
thereby potentially reduced the surface area. An ul-
trasonic probe (Sonics and Materials Inc.; VCX 750
controller with CV33 head, Sonics and Materials Inc.,
Newton, CT) immersed in the suspension during the
reaction helped to maintain the polysulfone disper-
sion. It should be noted that this sonication technique
may have increased the degree of oxidation, as re-
ported by Price et al.,8 during persulfate oxidation of
polyethylene surfaces. Price et al. used sonication over
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a fixed sample area, whereas, in this work, the poly-
mer dispersion was highly agitated and sonication
would be expected to have less impact on the degree
of reaction.

Polymer modified in the dispersed form was
washed with RO water several times to eliminate
K2S2O8 and by products. This was verified by compar-
ing FTIR transmission spectra of new and used K2S2O8

with polymer FTIR-IRS spectra. Centrifugation or set-
tling was used to collect the dispersed polymer, fol-
lowed by decanting and remixing/washing and vac-
uum oven drying at 40°C in petri dishes. All samples
were dissolved in THF or CHCl3 and coated on both
sides of a Ge crystal for FTIR-IRS analysis. THF was
subsequently the preferred solvent for films, as it
could be more readily eliminated from films on the Ge
crystal compared to CHCl3. Moreover, increasing the
hydrophilicity of polysulfone reduces its solubility in
CHCl3,14 which could have resulted in the converted
material being lost during the sample preparation.

The SF4 derivatization was carried out on a film
deposited on a Ge crystal. The sample was placed in a
2-L polyethylene bottle flooded with SF4 for 6 h. The
conversion of the postulated carboxylic acid group on
the reaction product to the salt form was attempted on
one of the recovered samples described earlier. The
petri dish, containing a thin polymer film remaining
after dissolving the polymer with THF for coating a
Ge crystal, was half filled with NaOH (pH � 11) for
1 h, washed, vacuum oven dried, redissolved with
THF, and coated on a Ge crystal.

Homogeneous reactions

Homogeneous reactions were attempted using car-
boxylated Udel polysulfone, with two carboxylic acid
groups, ortho to the sulfone, per repeat unit14; the
carboxylic salt form is water soluble. A homogeneous
reaction was expected to increase the degree of reac-
tion significantly and yield indications of the reaction
product by NMR. The acid form of carboxylated poly-
sulfone was dissolved (1 wt %) in water with NaOH to
a final pH of 9–10. Homogeneous reactions of carbox-
ylated polysulfone in aqueous K2S2O8 solutions were
not productive. A pH of 9–10 required to keep the salt
form of the carboxylated polysulfone may also have
exhausted the K2S2O8 and the polymer precipitated
within 1 min after adding the K2S2O8. No changes
were detected by FTIR-IRS or NMR.

RESULTS AND DISCUSSION

Adsorptive fouling with PSFP

The ideal set of reaction conditions for modification of
a membrane would leave the membrane morphology
unchanged, i.e., the of Jm/J0 ratio � 1. A second addi-

tional criterion would be to maximize Ja/Jm, thereby
minimizing adsorptive fouling. The Ja/J0 ratio is not a
suitable measure of the reaction’s effectiveness for
reducing fouling. As will be seen, numerous cases exist
where Ja/J0 is �1 but also coupled with Jm/J0 �� 1.

Table II and Figures 2 and 3 show the Jm/J0 ratios for
various temperatures, concentrations, and times. A
Jm/J0 ratio of �1.5 was chosen as an acceptable in-
crease of the pure water flux after surface modifica-
tion. Exposing the Udel membranes to overly aggres-
sive conditions resulted in large increases in Jm, sug-
gesting degradation of the membrane, which was
confirmed with SEMs (Fig. 4). The pure water flux
increased by an unacceptable amount, for any time
and temperature combination with 10 wt % K2S2O8.
As expected, combinations of higher temperatures
and times at 5 wt % K2S2O8 also degraded the mem-
brane morphology. Some values of Jm/J0 were slightly
lower than unity; this was most likely caused by
reclamping the membrane samples in the same cell
and a compressed portion of the membrane being
located in the permeation area for measuring Jm.

Jm/J0 was close to unity at 5 wt % and 60°C for
persulfate-treated membranes, but the Ja/Jm ratio was
0.20, indicating severe adsorptive fouling. Previously
reported flux retentions, Ja/J0, were typically 0.23 after
adsorptive fouling with PSFP. Bamford and Al-
Lamee7 performed their modifications at 75°C, and
Price et al.8 needed ultrasound to see any changes at
35°C; hence, the lack of a measurable effect on the
membrane surface is not unexpected. Lower temper-
atures and longer reaction times were investigated in
an attempt to broaden the range of reaction condi-
tions. This would facilitate modification of premade
membrane modules.

Several conditions can be identified (see footnote in
Table II), which improved the flux retention, with
Ja/Jm considerably higher than the 20% for unmodified
membranes, while keeping Jm/J0 close to 1.5. Flux
retentions of 0.6–0.75 are a significant improvement.
The lower K2S2O8 concentration is appropriate with
large scale use to minimize reagent costs. The lower
concentration and temperature required longer reac-
tion times, which is also advantageous when trying to
work with large membrane areas or trying to modify
prefabricated spiral wound modules or tubular mem-
branes.

XPS analysis of heterogeneous reactions:
Membrane samples

Angle-resolved XPS is a useful technique for reaction
depth profiling. This technique applied to membrane
surfaces suggested that the depth of reaction on the
membrane surface was restricted to the exposed sur-
face. Changes in the relative atomic composition were
detected only at a take-off angle of 60°, suggesting that
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oxidation was occurring only on the uppermost mem-
brane layer (3.5 nm). Figure 5 shows the spectra of a
sample reacted with 5 wt % K2S2O8, at 90°C and 60
min.

The peaks positioned at 284.7, 285.3, and 286.2 eV
were assigned to COC, COS, and COOOC carbons
in the unreacted polysulfone. Peak assignments and

shifts are based on reported data in Ref. 15. At a 60°
take-off angle, a new peak appears at 287.6 eV. This
represents a shift of 2.9 eV, which is much less than the
expected shift for carboxylic acid (4.18–4.33 eV) but is
more similar to an aldehyde (2.81–2.97 eV). The rela-
tive concentration ratio of COO to COC also in-
creased at the highest take-off angle.

At a 60° take-off angle, two new oxygen peaks ap-
pear at around 534.0 and 535.5 eV. The peak at 534.0

TABLE II
Reaction Conditions, Pure Water Fluxes, and Ratios for Jm/J0, Ja/J0, and Ja/Jm (see Membrane Samples: Heterogeneous

Oxidation and Adsorptive Fouling for definitions) for Heterogeneous Reactions on Membranes and PSFP as
Adsorptive Foulant

K2S2O8

(wt %)
Temp
(°C)

Time
(min)

J0 (L/(m2 hr
bar))

Jm/J0 Ja/J0 Ja/Jm

Average SD Average SD Average SD

5 70 10 59 0.8 0.02 0.23 0.1 0.3 0.13
5 75 10 49 0.63 0.02 0.24 0.06 0.39 0.1
5 80 10 56 0.77 0.12 0.43 0.04 0.56 0.04
5a 85 10 51 0.66 0.21 0.42 0.14 0.65 0.02
5a 90 10 55 1.36 0.1 1.02 0.06 0.75 0.04
5 100 10 143 2.71 0.4 1.39 0.12 0.52 0.04

5 60 60 152 1.09 0.2 0.22 0.05 0.2 0.01
5 70 60 118 1.12 0.11 0.16 0.04 0.14 0.02
5a 70 60 56 1.13 0.21 0.72 0.2 0.63 0.06
5a 75 60 48 1.46 0.03 1.01 0.02 0.69 0.01
5a 75 60 48 1.24 0.32 0.86 0.29 0.68 0.07
5 80 60 45 1.87 0.05 1.37 0.09 0.73 0.04
5 90 60 54 3.88 0.3 3.19 0.33 0.82 0.02
5 100 60 146 5.7 0.31 3.17 0.34 0.56 0.08

10 85 10 105 1.79 0.13 1.4 0.06 0.79 0.07
10 94 10 125 3.52 0.39 2.65 0.25 0.75 0.04
10 100 10 106 3.16 0.17 2.74 0.79 0.86 0.24
10 85 60 127 7.58 0.81 5.28 0.49 0.7 0.01
10 94 60 134 9.34 1.3 7.37 0.86 0.79 0.02
10 100 60 87 7.64 2.02 7.98 2.53 1.04 0.18

a Indicates preferred reaction conditions. Averages and standard deviations are for three coupons in all cases.

Figure 2 Jm/J0 and Ja/Jm ratios as a function of reaction
time and temperature for 5 wt % K2S2O8. Contact with PSFP
at 50°C for 3 h.

Figure 3 Jm/J0 and Ja/Jm ratios as a function of reaction
time and temperature for 10 wt % K2S2O8. Jm/J0, Ja/J0 for 60
min are on right hand axis. Contact with PSFP at 50°C for
3 h.
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was difficult to assign and the peak at 535.5 eV was
tentatively assigned to a sulfate group. The sulfate
assignment was corroborated with changes of the sul-
fur peak features at high take-off angle. Indeed, the
fitted S2p1/2 peak at 60° take-off angle was too broad
and too high due to the suspected presence of an
additional sulfur peak around 169 eV consistent with
a sulfate group.16 There appears to be a trace of oxi-
dizing agent remaining on the uppermost surface of
the membrane.

FTIR-IRS analysis of heterogeneous reactions:
Dispersed polysulfone

The sensitivity of FTIR-IRS analysis of membrane sur-
faces in previous work10 was increased by clamping
two membrane samples to a Ge crystal, providing 25
internal reflections. In the current work, this was not
sufficient to detect any changes. This, coupled with
indications from angle-resolved XPS analysis, led to
attempts to increase the degree of reaction by increas-
ing the surface area to mass ratio for the polymer, as
described earlier in Heterogeneous Oxidations: Dispersed
Polymer.

Recovery of the dispersed polymer was qualita-
tively observed to be more difficult with greater reac-
tion times and temperature. This suggests a change in
the surface properties and a change in the particle size
distribution of dispersed polymer.

No changes were seen in the region expected for
OOH species; however, other changes were observed.
The FTIR-IRS spectra for a series of reaction times at
70°C (with ultrasound to maintain the dispersion) and
5 wt % K2S2O8 are shown in Figure 6 from 1500 to 1900
cm�1. The spectra for unmodified Udel was sub-
tracted from the spectra for reaction times of 5, 30, and
60 min, and then a uniform baseline correction was
applied to give zero absorbance at �1900 cm�1. After
5 min, no changes were observed, and at 30 min, there
was some absorbance at 1687 cm�1, which increased at
60 min reaction time. A second peak appears at 1772
cm�1 at 60 min reaction time. The absorbance at 1687
cm�1 is consistent with an aldehyde (diphenylacetal-
dehyde in Ref. 17), which would be an expected inter-
mediate product in oxidizing an alcohol to a carbox-
ylic acid.

The spectra in the same region at 90°C with ultra-
sound, 5 wt % K2S2O8 for 10-, 30-, and 60-min reaction
times are shown in Figure 7. The absorbance at 1687
cm�1 is still present but relatively small compared
with the new absorbance at 1725 cm�1, which is rela-

Figure 4 Udel membrane before (a) and after (b) exposure
to K2S2O8 (5 wt %), 60 min and 90°C, showing surface
crazing.

Figure 5 High-resolution spectra of carbon C1s at (a) 40°
and (b) 60° take-off angles. Reaction at 90°C, 5 wt % K2S2O8,
and 60 min. Peaks corrected to 284.7 eV for COC bonds.

Figure 6 FTIR-IRS spectral subtracts (see text) showing
absorbances in the carbonyl region after oxidation at 70°C
and various reaction times.
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tively similar for all the reaction times. This is some-
what lower than the absorbance reported for the acid
form of carboxylated polysulfone14 at 1740 cm�1, but
consistent with the absorbance of carboxylated poly-
sulfone repeated on the current FTIR instrument (not
shown). A new absorbance in the range 1770–1772
cm�1 appears at 60 min reaction time, similar to that
observed at 70°C and 60-min reaction conditions, but
has not been identified.

Further information about the absorbance at 1725
cm�1 was obtained by both derivatization of the
group with SF4 and attempting to convert the acid
form to the salt using sodium hydroxide (Fig. 8). In
this figure some quantity was added to the absorbance
to separate the spectra. The “control” and “persulfate”
spectra are those used in Figure 7 at 60 min.

Derivatization of the carboxylic acid group using
SF4 is expected to produce OC(AO) OF or OCOF

from a carboxylic acid or hydroxyl group. The ex-
pected absorbance is seen at 1851 cm�1 together with
some diminution of the peak at 1724 cm�1. The two
new adsorptions at 1788 and 1774 cm�1 are not ac-
counted for.

Salt formation should shift the carboxylic acid ab-
sorption to 1625 cm�1. The persulfate sample was
immersed in strong NaOH, but there was no appear-
ance of a new peak in the expected range and little
diminution of the peak at 1725 cm�1. This may be the
result of a low conversion of the acid to the salt,
because it was performed on a film, rather than on the
dispersed polymer.

In summary, the formation of an alcohol was not
detected by FTIR at any reaction condition. A new
absorbance at 1687 cm�1, consistent with an aldehyde,
increased with reaction time at 70°C. It would appear
that, if any alcohol formation occurred, it was oxidized
to an aldehyde. An absorbance at 1725 cm�1, consis-
tent with a carboxylic acid group, was observed at
90°C but showed no change with reaction time. SF4

derivatization supports the existence of the carboxylic
acid group.

CONCLUSIONS

Unmodified polysulfone membranes retained only
20% of their pure water flux due to adsorptive fouling
after exposure to a pulp mill waste stream. The pure
water flux retention was increased to 60–75% after the
membranes were pretreated with oxidizing aqueous
K2S2O8 solutions. Reaction conditions were optimized
such that changes to the membrane morphology, as
measured by the pure water flux, were minimized.
Large-scale modifications of premade membranes/

Figure 7 FTIR-IRS spectral subtracts (see text) showing
absorbance in the carbonyl region after oxidation at 90°C
and various reaction times.

Figure 8 FTIR-IRS spectra showing absorbance in the carbonyl and COF range, reaction with 5 wt % K2S2O8 at 90°C and
60 min.
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membrane modules would be most economical and
easily implemented at: (a) low K2S2O8 concentrations
(5 wt %), (b) a temperature of 70°C, and longer reac-
tion times (60 min).

Oxidation products on membrane samples were dif-
ficult to detect. FTIR-IRS analysis was not sensitive
enough to detect changes, and angle-resolved XPS
suggested that any oxidation that occurred was re-
stricted to the top 3.5 nm. XPS was not conclusive but
suggested an increased COO to COS ratio and a new
carbon peak consistent with an aldehyde group.

Changes to Udel polysulfone were detected by
FTIR-IRS more readily only after reactions were car-
ried out on fine dispersions of the polymer. An ultra-
sound probe was required to avoid agglomeration
after the addition of K2S2O8. The expected reaction
product, a polysulfone with hydroxylation at the iso-
propylidene linkage, was not identified. An increasing
amount of aldehyde with increasing reaction time was
detected for reaction conditions at 70°C and 5 wt %
K2S2O8. The aldehyde was no longer detected at 90°C
and was likely completely oxidized to a carboxylic
acid at the minimum reaction time of 5 min. Carbox-
ylic acid formation was corroborated by derivatization
with SF4 and a new absorbance at 1851 cm�1, consis-
tent with the formation of OC(AO)OF.

The authors thank the following personnel of ICPET: Farid

Bensebaa and David Kingston for analysis and interpreta-

tion of XPS, Gilles Robertson for 1H NMR and Linda Layton

for prescreening membrane samples.

References

1. Meireles, M.; Aimar, P.; Sanchez, V. J Membr Sci 1991, 56, 13.
2. Hanemaaijer, J. H.; Robbertsen, T.; van den Boomgaard, Th.;

Gunnink, J. W. Desalination 1989, 68, 199.
3. Dal-Cin, M. M.; Tam, C. M.; Striez, C. N.; Tweddle, T. A.; Capes,

C. E.; McLellan, F.; Buisson, H. Desalination 1995, 101, 155.
4. Ko, M. K.; Pellegrino, J. J.; Nassimbene, R.; Marko, P. J Membr

Sci 1993, 76, 101.
5. Nuortila-Jokinen, J.; Manttarri, M.; Nyström, M. In Membranes

for Industrial Wastewater Recovery and Re-Use; Judd, S.; Jef-
ferson, B., Eds.; Elsevier Advanced Technology: Kidlington, UK,
2003, pp 102–131.

6. Judd, S. In Membranes for Industrial Wastewater Recovery and
Re-Use; Judd, S.; Jefferson, B., Eds.; Elsevier Advanced Technol-
ogy: Kidlington, UK, 2003, pp 14–75.

7. Bamford, C. H.; Al-Lamee, K. G. Polymer 1994, 35, 2844.
8. Price, G. J.; Clifton, A. A.; Keen, F. Polymer 1996, 37, 5825.
9. Immelman, E.; Bezuidenhout, D.; Sanderson, R. D.; Jacobs, E. P.;

van Reenen, A. J. Desalination 1993, 94, 115.
10. Carlsson, D. J.; Dal-Cin, M. M.; Black, P.; Striez, C. N. J Membr

Sci 1998, 142, 1.
11. Ramamurthy, P.; Poole, R.; Dorica, J. G. J Pulp Pap Sci 1995, 21,

50.
12. Carlsson, D. J.; Brousseau, R.; Zhang, C.; Wiles, D. M. In Chem-

ical Reactions on Polymers; Gould, R. F., Ed.; ACS Symposium
Series, Vol. 364; ACS: Washington, DC, 1988; p 376.

13. Ratner, B. D.; Castner, D. G. In Surface Analysis; Vickerman,
J. C., Ed.; Wiley: New York, 1997, pp 43–98.

14. Guiver, M. D.; Croteau, S.; Hazlett, J. D.; Kutowy, O. Br Polym
J 1990, 23, 29.

15. Beamson, G.; Briggs, D. High Resolution XPS of Organic Poly-
mers; Wiley: West Sussex, England, 1992.

16. Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Hand-
book of X-Ray Photoelectron Spectroscopy; Chastain, J., Ed.;
Perkin-Elmer: Eden Prairie, MN, 1992.

17. Pouchert, C. J. The Aldrich Library of Infrared Spectra, 3rd ed.;
Aldrich: Milwaukee, WI, 1981.

1730 DAL-CIN ET AL.


	aGBxiaMzv7TUB6899947765627148636.bin
	axGmv9ukZQ4Pv8888250060507703933.bin

