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SYNOPSIS 

Microporous hydrophobic polypropylene (PP) membranes (Celgard@ 2400 and 2500) were 
modified by the chemical modification technique to impart permanent hydrophilicity. The 
modification was carried out in two stages. In the first stage, the membranes were hydrox- 
ylated by treatment with aqueous potassium peroxydisulfate solution under a strong flow 
of nitrogen. In the second stage, the hydroxylated membranes were subjected to grafting 
of acrylamide using cerric ammonium nitrate as an initiator. Subsequently, acrylamide 
grafted PP membranes were partially hydrolyzed to have carboxyl functional groups at  the 
membrane surfaces. Under given experimental conditions the grafting also took place within 
the pores of the microporous structure of hydrophobic PP Celgard@ membranes. Modified 
membranes exhibited permanently wettable characteristics by aqueous solutions and ap- 
peared translucent when immersed in water. Contact angle measurements showed excellent 
wetting properties with water. In contrast to unmodified Celgard@ membrane, the modified 
membranes exhibit water permeability even after repeated drying. Membranes were further 
characterized by FTIR and ESCA for the different types of functional groups. 0 1996 John 
Wiley & Sons, Inc. 

I NTRODU CTlO N 

Microporous polyolefinic membranes are relatively 
inert, hydrophobic, and nonwettable with water. 
There is therefore much interest in modification of 
the membranes to improve hydrophilicity and to 
functionalize surfaces. Interest in a number of ap- 
plications for hydrophilic membranes has increased, 
for example, biomedical,'S2 biosensors? immobili- 
zation of proteins/en~ymes,~,~ biotechnology,6 per- 
vapora t i~n ,~ ,~  electrodialysis?" and also in a number 
of stringent alkaline battery applications as battery 
~eparators.l'-'~ Several different methods are re- 
ported in the literature for the hydrophilization of 
the membranes. One of the simplest modification 
methods is to treat the membranes with hydrophil- 
izing agents such as  alcohol^,'^ surf act ant^,'^*'^ 
polyelectrolyte cornplexe~,'~ or a coating with hy- 
drophilic compounds.'sJ9 However, it is difficult to 
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sustain the initial hydrophilicity. The micropores of 
the alcohol wetted membranes sustain hydrophil- 
icity during immersion in water; but once the mem- 
brane is dried, the hydrophilicity is instantly 10st.l~ 
In the case of surfactant impregnated membranes, 
the hydrophilicity decreases with time as the sur- 
factant tends to leak out from the pores.20 Although 
these techniques are extremely simple, they do not 
impart permanent hydrophilicity to the membranes 
because the tensides or surfactants adsorb only 
physically and do not bind chemically to the surface 
of the membrane. 

Further conventional methods for hydrophili- 
zation of polymeric materials, which introduce 
hydrophilic groups, include irradiation with UV 
rays,21,22 corona d i ~ c h a r g e , ~ ~ , ~ ~  flame treatment,25s26 
oxidizing chemical treatment,27.28 oxidizing gas 
treatment,29,30 etc. When these methods are em- 
ployed, an excellent hydrophilicity may be at- 
tained immediately after the treatment; but hy- 
drophilicity deteriorates over a time, presumably 
because the hydrophilic groups formed on the 
plastic surface are rotated and buried in the in- 
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terior of the plastics due to microscopic move- 
ments of the p ~ l y m e r . ' ~ , ~ ~  

Recently, more complex and advanced technol- 
ogies are being used to change, modify, or improve 
the surface properties of membranes. Some of the 
key surface modification technologies are plasma 
t ~ e a t m e n t , ~ . ~ ~  plasma p~Iymerizat ion,~,~~ plasma-in- 
duced graft polymerization,@-34 high energy radia- 
tion ( y  rad ia t i~n?~ electron beam radiati~n~"'~) in- 
duced graft polymerization, etc. However, these 
techniques are complicated, require special equip- 
ment, and are expensive as well as time consuming. 
It is also known that surface modification of mem- 
branes with the plasma technique, again to provide 
the membrane with desirable hydrophilic properties, 
is effective only on the outer surface of the pores. 
On the other hand, the modification of pores, and 
particularly their inner walls, materially influences 
the behavior and desired properties of permanent 
hydrophilicity. Therefore, it is necessary to extend 
a kind of modification method that can modify the 
interior pore surface of a membrane. To obtain these 
results, it is necessary to modify the membrane 
chemically by grafting polar monomers onto the 
surface and also within the pore surface of the mem- 
brane.20 

Recently, Bamford and Al-Lamee39 reported a 
simple chemical modification method for the surface 
functionalization and grafting of polar monomers 
onto microporous polypropylene (PP) hollow fibers 
and also onto nonporous polymeric films, which 
provides excellent hydrophilicity to the polymeric 
surfaces. It is a two-stage process of which the first 
is hydroxylation of polymer films and the second is 
grafting of polar monomers onto the hydroxylated 
films. Hydroxylation is achieved by a reaction in an 
aqueous solution of potassium peroxydisulfate at 60- 
100°C with vigorous nitrogen purging. The grafting 
of polar monomers is carried out by using the con- 
ventional cerric ion technique. This technique is 
simple and no special equipment is needed for the 
modification of polymeric films. The present article 
deals with the functionalization of the microporous 
PP membranes to improve their hydrophilic prop- 
erties permanently. 

EXPERIMENTAL 

Materials 

Porous PP membranes (Celgard@ 2400 and 2500) 
were obtained from M/S Hoechst AG (Frankfurt/ 
Main, Germany). Their physical properties are as 
follows40: 

Celgarda 2400 CelgardO 2500 

Thickness (pm) 22.9-27.9 22.9-27.9 
Pore size (nm) 50 X 125 75 X 250 
Percentage 

porosity 28-40 37-48 

Cerric(1V) ammonium nitrate (PA grade) and po- 
tassium peroxydisulfate (PA grade) were purchased 
from Fluka and used without further purification. 
Acrylamide was purchased from Apolda (Germany) 
and used for grafting without purification. Reactive 
Black 5 (Remazol Black) and Trypan Blue were ob- 
tained from Aldrich and Fluka, respectively. 

Hydroxylation of PP Membranes 

The microporous PPs were first wetted by impreg- 
nating with methanol for 1 h, and then the methanol 
in the pores was replaced with distilled water before 
carrying out the oxidation reaction. It was expected 
here that the wetting of the membranes is necessary 
so that the oxidizing reagent can wet the membrane 
surface and the inner surface of the pores uniformly. 

The water-primed membranes were treated with 
an aqueous solution of potassium peroxydisulfate 
with nitrogen purging for a period varying from 10 
to 120 min at 80°C. Ten percent (w/v) concentration 
of K2S20s was used for the hydroxylation of the 
membranes. Membranes were removed from the re- 
action flask, washed copiously with distilled water, 
and the resulting hydroxylated membranes were 
preserved in wet conditions until the grafting with 
acrylamide was carried out. Some of the hydroxyl- 
ated membranes were dried in a vacuum oven at  
60°C for 24 h before surface characterization. 

Grafting of Hydroxylated PP Membrane 

Hydroxylated membranes were subjected to grafting 
reaction in an aqueous solution with the cerric ion 
technique.39 Cerric ammonium nitrate concentration 
(2 X mol/L) in nitric acid (0.04N) was used in 
all the grafting experiments. The grafting was car- 
ried out at 50°C under a stream of nitrogen. Acryl- 
amide in 0.1-5.0% (w/v) concentrations were taken 
for the grafting. The grafted membranes were re- 
moved from the reaction flask and washed with hot 
water to remove ungrafted homopolymer from the 
surfaces and the pores. Finally, grafted membranes 
were washed in an ultrasonic bath containing water 
for 15 min and allowed to dry before carrying out 
water permeability measurements. Some of the 
grafted membranes were also extracted with water 
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in a Soxhlet apparatus for 24 h to ensure the removal 
of free homopolymers from the membranes. The de- 
gree of grafting, G (%), was determined by the per- 
centage increase in weight. 

G = [( W, - Wo)/Wo] X 100 

where Wo and W, represent the weights of initial 
and grafted membranes, respectively. 

Hydrolysis of Acrylamide-Grafted PP Membranes 

After the above treatment the acrylamide-grafted 
polypropylene membranes were partially hydrolyzed 
to carboxyl functional groups by heating in 1N 
NaOH solution for 15 min at  60°C under nitrogen 
atmosphere. The overall reaction scheme of the 
chemical modification of the PP membrane is shown 
in Figure 1. 

Hydroxylation: OH OH 0 OH 

Grafting: 

OH OH 0 OH 
VOH2 V O H 2  
0 0 

Hydrolysis: 

0 HH2 0 WOH2 
0 

Measurements 

Pure Water Permeability Measurements 

The grafted membranes were characterized for the 
pure water permeability with an Amicon-8200 test 
cell. The membranes with the effective area of 28.7 
cm2 were set in the test cell and the pure water per- 
meability test was carried out by applying 4 bar 
pressure to the feed side. The quantity of water per- 
meated through the membrane was measured as 
permeability rate or flux (Q = L/m2 h). 

Contact Angle and Wettability Test 

The measurement of the contact angle between wa- 
ter and a membrane surface is one of the easiest 
ways to characterize the hydrophilicity of a mem- 
brane surface. When water is applied to the surface, 
the outermost surface layers interact with the water. 
A hydrophobic surface with low free energy gives a 
high contact angle with water, whereas a wet high- 
energy surface allows the drop to spread, i.e., gives 
a low contact angle. 

The measurements of the contact angle of water 
were carried out with an instrument from M/S Kriiss 
(No. G-40) a t  25°C. The contact angles reported 
here were measured when the water drop moved over 
the dry surface, the so-called advancing contact 
angle. 

Characterization by FTIR/Attenuated Total 
Reflectance (ATR) and ESCA 

IR spectroscopy is one of the most commonly used 
techniques for polymer characterization. This 

Figure 1 
cation of the microporous polypropylene membrane. 

Schematic diagram of the chemical modifi- 

method coupled with ATR plays an important role 
in the identification of functional groups in the sur- 
face of polymeric materials, in particular when 
specimens are thick, opaque, or otherwise unsuitable 
for transmission analysis. 

We used an IFS 66-FTIR spectrometer (Bruker) 
with MCT detector. Two-hundred scans/spectrum 
were added with 4 cm-' resolution and a variable 
Angle ATR Unit (Graseby Specac) with a german- 
ium element (n = 4.0) was used. The element has a 
variable adjustment from a 30" to 60" angle of in- 
cidence. 

For ESCA measurements, a FISONS ESCAlab 
22Oi spectrometer with a MgKal,2 (hv = 1253.6 eV) 
radiation source was used to record spectra for 
membrane samples. The power of the source was 
300 W at  20 mA. The binding energy (BE) scale of 
the spectra was set on the Cu (2p3I2) peak, BE 
= 932.67 eV, and the Au (4f7/2) peak, BE = 84.00 
eV. Data accumulation and analysis were performed 
on an IBM PC by means of the VG ECLIPSE soft- 
ware routine. The background of the peaks were 
subtracted according to the Shirley method. Fitted 
parameters of the component peaks were the peak 
maximum position, the full width half maximum 
(FWHM), the peak area, and the Gaussian-Lor- 
entzian ratio. 

The qualitative determination of the elemental 
surface composition was carried out using the spec- 
trometer transmission function and the generally 
accepted Wagner's atomic sensitivity  factor^.^' 
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Table I Hyroxylation of Celgard@ Membranes by KzSzOs Treatment 

Water Flux of 
K,S,O, Oxidation Conditions Membranes" 

Experiment Concn Temp. Time Wet Dry 
No. (w/v %) ("C) (min) (L/m2 h) (L/m2 h) Remark 

- - l b  

2 10 80 

3 
4 
5 

6 

7b 

8 
9 

10 
11 
12 

13 
14 
15 
16 
17 

10 
10 
10 

10 

- 

10 
10 
10 
10 
10 

10 
10 
10 
10 
10 

80 
80 
80 

80 

80 
80 
80 
80 
80 

80 
80 
80 
80 
80 

- - 

30 28.80 

30 
30 
10 
20 
30 
10 
20 
30 
60 

30.00 
26.00 
7.56 

12.75 
35.40 

30 
30 21.53 
30 37.50 
30 
30 64.00 
60 14.00 
90 12.00 
30 34.30 
30 42.10 
30 38.50 
30 63.70 
30 64.00 

Nil 
26' 
34' 

Nil 
30.00 
76.00 

Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 

174' 
417' 

Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 

Flux for water 
Flux for isopropanol 
Flux for water after wetting 

with isopropanol 
Flux for water 
Flux for isopropanol 
Flux for water after wetting 

with isopropanol 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Flux for water 
Flux for isopropanol 
Flux for water after wetting 

with isopropanol 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettabie/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 
Nonwettable/opaque 

Experiments 1-6 and 7-17 are modifications of Celgard" 2400 and 2500 membranes, respectively. 
*Water flux measured at 1 bar. 

Unmodified membranes, i.e., without treatment with K2S208- 
Values obtained from the literat~re.~' 

During the measurements, the spectrometer was 
working with a constant pass energy of 25 eV. 

RESULTS AND DISCUSSION 

Hydroxylation of CelgardB 2400 and 
2500 Membranes 

Celgardn PP membranes were functionalized by 
carrying out oxidation in the presence of a 10% 

aqueous solution of potassium peroxydisulfate at 
80°C under a continuous flow of nitrogen. The ex- 
perimental conditions and results are shown in Ta- 
ble I for Celgardn 2400 and 2500. The direct evidence 
of introduction of hydroxyl groups into the mem- 
brane matrix was observed by coupling with the re- 
active dye Remazol Black, which gave a permanent 
blue tint; unmodified membrane gave a negative re- 
sult. The reaction mechanism for the functionali- 
zation of PP membrane is shown in Figure 2 as re- 
ported by Bamford and Al-Lamee.42 Schemes I and 
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Scheme I: Thermal decomporltlon of potasslum 
peroxydlrulfate 

K2S201 -- 'OJSO-OSO~ - 2soI" (1) 

SO,.' + H2O - HSOi+ OH' (2) 

2 OH' H20 + 0.502 (3) 

Scheme II: Hydroxylatlon of polypmpylene membrane 

Scheme 111: GnfUng of monomer on hydroxylated polypropylene mem- 
brane 

Scheme 1V:Oxidatlve deggndatlon of polypropylene membrane 

2 OH' - H20 + 0 5 0 2  (3) (5) 

(6) {HZ 

H E - Y H  H S -  H 

nJc-cn I HS-f -00' HS-f=O 
7H2 + Oz- [H2 - 

Hydmxylated Pdypropylene Membrane y 2  CHz FY (10) 
I 

Figure 2 Reaction mechanism for various steps during the functionalization of micro- 
porous polypropylene membranes!* 

I1 of Figure 2 show the reaction mechanism for hy- 
droxylation of the PP membrane. 

Effect of Oxidation Time 

The PP membranes were treated with oxidizing re- 
agent for different periods of time. The membranes 
were found to be damaged when treated for pro- 
longed periods i-e., for more than 2 h, which is mainly 
due to oxidative degradation. A generally accepted 
reaction mechanism is that a polymer radical reacts 
with an oxygen molecule to form a peroxy radical.43 
The peroxy group can undergo various chemical re- 
actions yielding keto, aldehyde, and unsaturated 
functional groups as shown in Figure 2 (Scheme IV). 
However, the degradation of PP membranes was not 
observed when treated for less than 2 h. 

Supposedly oxidative degradation leads to the 
formation of hydroperoxide groups onto the PP 
backbone when irradiated with high energy radia- 
tions or treated with plasma in the presence of 
air.44'45 But we could not detect peroxide groups on 
the surface of the membranes, either by the potas- 
sium iodide test or by carrying out redox polymer- 
ization of acrylamide in the presence of aqueous fer- 

rous sulfate solution. The presence of peroxide 
groups on the surface would have initiated the po- 
lymerization of acrylamide in the presence of ferrous 
~ u l f a t e . ~ ~ . ~ ~  The results of the redox polymerization 
were negative, indicating the absence of peroxide 
groups on the surface of hydroxylated PP mem- 
branes. Hydroxylated membranes were further 
characterized with ATR for the detection of hydro- 
peroxide groups. As described in the l i terat~re;~ the 
absorption band of the hydroperoxide group appears 
at 3350 cm-'. However, our FTIR analysis on both 
transmission and internal reflection modes for the 
hydroxylated membrane does not show any absorp- 
tion peak at  3350 cm-'. The emission peak for hy- 
droperoxide groups appears in the range of 535.1- 
536 eV in the O(1.s) spectrum of ESCA.48 However, 
the ESCA scans taken for the hydroxylated PP do 
not reveal any emission peak in the O(ls) spectrum 
at 535.2 eV corresponding to hydroperoxide groups. 

Characterization of Hydroxylated Membranes 

Measurements of Water Permeability 

The measurements of pure water permeability were 
carried out for the hydroxylated membranes with 
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Oxidation time 

Figure 3 
dation periods. 

Water contact angle measured for hydroxylated membranes at different oxi- 

the use of a Millipore test cell. The water flux was 
observed for the hydroxylated membranes when 
measured immediately after the hydroxylation re- 
action for the wet membranes. However, water flux 
could not be observed when it was measured again 
after drying of the same membranes. 

The wet membranes show the flux of water after 
the hydroxylation step because they were already 
primed with alcohol and finally with water to be 
wetted with the oxidizing reagent before carrying 
out the reaction. The membranes lost their wetta- 
bility with water when dried. The variation in the 
water flux was observed when measured in the wet 
condition, after the hydroxylation step, due to the 
difference in wetting properties after the reaction. 
So, it was difficult to correlate with the experimental 
conditions. 

It was expected here that the hydroxylation step 
introduces highly polar hydroxyl groups onto the 
membrane surface. Hence, the resulting membrane 
must be hydrophilic in nature and should also show 
water permeability after drying the membranes. In 
contrast to our expectation, the hydroxylated mem- 
branes did not show any water permeability. The 
unmodified membranes did not allow flux because 
they are hydrophobic in nature (Expt. 1, Table I). 
However, the water flux for the hydroxylated mem- 
brane could be initiated similar to unmodified mem- 
branes after wetting the membranes with alcohol 
and then replacing the same with water. This water 
flux was observed to be higher than the unmodified 
membrane as mentioned in Table I (Expt. 2). This 
could be explained on the basis that formation of 

larger pores takes place due to the damage of the 
fibril structure between the pores by the oxidizing 
reagent. 

Water Contact Angle Measurements 

The wettability of the hydroxylated membranes was 
characterized by water contact angle measurements. 
The values obtained for the hydroxylated mem- 
branes are graphically represented in Figure 3. The 
water contact angle measurements were carried out 
immediately after the drying of membranes after 
the hydroxylation reaction. 

Water contact angles measured for hydroxylated 
membranes were found to be similar to those of un- 
modified PP membranes as seen in Figure 3. Only 
a marginal tendency to decrease the contact angle 
with increasing oxidation time was observed. It was 
expected that the water contact angle for the hy- 
droxylated membranes would be smaller, due to 
higher surface energy by introduction of highly polar 
hydroxyl groups onto the membrane surface. How- 
ever, the observed larger contact angle indicates that 
the membrane surface is hydrophobic in nature and 
the hydroxyl groups formed during the oxidation re- 
action may be disappearing from the contact angle 
surface on drying. This is due to the hydrophilic 
groups generated at  the PP surface, moving and dif- 
fusing into the bulk polymer to minimize the surface 
energy. Surface reconstruction in which the high 
energy, more hydrophilic surface produced in the 
oxidative functionalization reactions reorganize to 
produce a lower energy, more hydrophobic surface 
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Figure 4 FTIR spectra (transmission mode) of (a) unmodified polypropylene membrane, 
Celgardm 2500; (b) hydroxylated polypropylene membrane (after K2S208 treatment); and 
(c) acrylamide-grafted polypropylene membrane. 

is a general phenomena for surface functionalized 
 polymer^.^' When membranes were dried and ex- 
posed to air, hydrophobic groups and molecules 
tended to orientate or move toward the surface to 
reduce the interfacial energy. Thus, hydrophilic 
groups, especially polar hydroxyl groups, get buried 
into the bulk of the polymer, and hence a lower 
number of hydrophilic groups are located on the 
surface. Reorientation of functional groups by con- 
figurational movements of the polymer segments has 
been frequently reported in the l i t e ra t~re .~ ' -~~ Sim- 
ilar results have been mentioned when polyolefinic 
films were investigated for the surface properties af- 
ter carrying out treatments such as flame treat- 
ment,3l plasma t~-eatrnent:~?~~ or plasma polymer- 
ization of polar monomer~,4~ or chemical oxidative 
treatment with chromic acid31 or sulfuric 
Hence, the hydroxylated membranes exhibit hydro- 
phobic properties and they are not wettable with 
water and appear opaque. If hydroxyl groups are 
buried into the bulk of polymer but are near the 
surface, they should be easily detected with ATR 
analysis because it is a method to identify functional 
groups up to the depth of about 300 nm (60" Ge 
element) a t  1800 cm-' according to the Harrick 
equation.55 

FTIR Analysis 

The hydroxylated membranes were analyzed in the 
transmission mode and with ATR to identify hy- 

droxyl groups on the surface and in the depth of the 
polymer, respectively. Figure 4 shows the IR trans- 
mission spectra taken for unmodified and hydrox- 
ylated PP Celgard@ 2500 membranes. The spectra 
of unmodified [Fig. 4(a)] and hydroxylated mem- 
brane [Fig. 4(b)] are identical and no additional ab- 
sorption band for hydroxyl groups can be detected 
in the spectrum of hydroxylated membranes. This 
could possibly be due to the very small concentration 
of OH groups compared with the bulk PP matrix 
measured in the transmission mode. Therefore, ATR 
spectra were recorded and compared for unmodified 
and hydroxylated membrane surfaces. ATR spectra 
of unmodified and hydroxylated membrane show 
that only small absorption PP bands corresponding 
to - CH, - bending and - CH, - stretching of 
PP occurred at  1460-1470 and 2900-3000 cm-', re- 
~pectively.~ However, no additional absorption band 
could be detected from the spectrum of the hydrox- 
ylated membrane. Both spectra were identical, again 
indicating the disappearance of hydroxyl groups 
from the surface on drying. Note that it is difficult 
to obtain good ATR spectra of porous membranes 
because the necessary contact between the rough 
membrane surface and the Ge crystal could not be 
realized. It should be considered that a migration of 
OH groups from the hydroxylated surface into the 
depth of the polymer matrix were sometimes dis- 
cussed. Therefore IR analysis does not reveal any 
information about the presence of hydroxyl groups 
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on the surface or in the hydroxylated membrane. In 
view of this the membrane surface was analyzed with 
ESCA. 

ESCA Analysis 

In an attempt to gain further information about the 
composition of the surface of the hydroxylated 
membranes, membranes were subjected to ESCA. 
Figure 5 shows the ESCA survey scan for the un- 
modified and modified Celgard@ 2500 PP membranes 
at  different stages of surface modification. 

As shown in Figure 5(a) for unmodified PP mem- 
brane, a major emission peak corresponding to 285- 
eV binding energy of C(1s) was detected and a minor 
emission peak corresponding to oxygen was observed 
that might be caused by the impurities or additives 
initially present in the polymer. A similar emission 
peak was also reported by Wang et al.3 for the PP 
Celgard@ 2500 membranes. The ESCA survey scan 
for the hydroxylated membrane shows the three 
peaks corresponding to C(ls), N(ls), and O(ls), re- 
spectively. An additional emission peak of nitrogen 
could be explained on the basis that the oxidation 
of the membrane was carried out under vigorous flow 
of nitrogen, and hence it could be incorporated as 
primary amine or amide groups onto the surface. 
Recently, Poncin-Epaillard et al!4 reported nitrogen 
emission peaks in the ESCA spectrum of electron 
beam irradiated PP film. They discussed the for- 
mation of primary amine when the PP films were 
treated with electron beam irradiation in the pres- 
ence of air. 

The high resolution spectra of hydroxylated Cel- 
gardm 2500 PP membrane corresponding to C(ls), 
O(ls), and N(1s) are shown in Figure 6 in order to 
see different types of functionalities at the mem- 
brane surface. Table I1 summarizes the results of 
the functional groups determined by ESCA. 

The C( 1s) spectrum of hydroxylated membrane 
deconvoluted into four peaks is shown in Figure 6(a). 
Peak D corresponds to C - H and C - C at a bind- 
ing energy of 285.00 eV. The peak maximum for 
peak C (286.20 eV) may be considered to be the al- 
cohol groups (C-OH) or in the expected range of 
binding energy of C-0-C groups that may be 
due to inter- or intramolecular interactions between 
C - OH groups at  the membrane surface yielding 
in the formation of a hydrogen bridge. Peak B 
(287.64 eV) corresponds to the binding energy of the 
carbonyl group that could be mainly expected as a 
ketone group because primary aldehyde groups are 
generally very reactive and may possibly undergo 

chemical reactions to build up either primary amine 
or amide groups under experimental conditions. 

Peak A (288.53 eV) can be considered for the 
presence of amide functionaI groups. The high res- 
olution C(1s) spectra of acrylamide grafted PP 
membrane [Fig. 6(a)] shows the presence of amide 
functional groups at  the binding energy 288.17 eV 
that has a shift of only 0.36 eV at lower emission 
energy in comparison to the emission energy of peak 
A of the hydroxylated membrane. Therefore, peak 
A can be considered for the presence of amide func- 
tional groups. The formation of amide functional 
groups onto the surface of hydroxylated membrane 
can be possibly due to the reaction between aldehyde 
or ketone groups formed during the oxidation re- 
action and reactive nitrogen as shown in the follow- 
ing: 

H 
I 

*C=O + [A, A2, N b x ,  bH1- 
Aldehyde 

H NH, 
I I 

wC=N-O-H - MC=O 
Oxime h i d e  

Figure 6(b) shows the high resolution spectra of 
O(1s) for the hydroxylated PP membrane that has 
been resolved into three peaks. Peak C (531.46 eV) 
is possibly due to the amide group, because the 
binding energy for the oxygen of the amide func- 
tional group is mentioned in the range of 531.30- 
532.0 eV. 

Peak B can be interpreted for the oxygen of the 
carbonyl groups and also for the alcohol oxygen. 
However, the peak ratio for [C]/[B] = 0.6954 does 
not correspond to the peak ratio in the C(1s) spec- 
trum ([A]/[B] + [C] = 0.1330). Besides this, it is 
also necessary to explain the presence or shifting of 
peak A in the O(1s) spectrum. 

M C - 0  
I 6- 

I 6' 
H Hydrogen bridge 

*C-O-H 

Higher density of hydroxyl groups on the surface of 
the hydroxylated membrane lead to the formation 
of a hydrogen bridge. This results in the building of 
higher electron density on the electron receiving 
C -OH groups, whereas the electron donating 
groups have a partially positive charge. A partial 
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O H  OH 0 O H  

_ _ _ ~ .  
600 500 400 300 

Binding energy (eV) 

Figure 5 ESCA survey scan for the unmodified and 
modified polypropylene membranes, Celgard@ 2500, at dif- 
ferent stages of modification. 

positive charge shifts the oxygen peak to higher 
binding energy, which indicates the strong shifting 
of peak A. Similarly the emission peak for the oxygen 
having higher electron density shifts to the lower 
binding energy and contributes partly to peak C, 
which yields higher value for peak C of O(1s). If the 
ratio of {[C] - [A]/[A] + [B] + [C] = 0.1717) is 
considered, where [C] - [A] corresponds to amide 
group concentration in the O( Is) spectrum, and the 
ratio for the amide groups corresponding in the C(1s) 
spectrum {[A]/[A] + [B] + [C] = 0.117) is com- 
pared, then the obtained values are almost correla- 
tive. Hence, the emission peak A in the O( 1s) spec- 
trum corresponds to the carbonyl groups. Figure 6(c) 
shows the N( 1s) high resolution spectrum having 
mainly one peak with a small apex shifted to higher 
energy. The binding energies corresponding to these 
peaks do not give any clear indication about the type 
of nitrogen group. Amine groups are generally re- 
ported in the range of BE = 399-400 eV,56; amide 
groups are in the range of BE = 399.7-400 eV,56 
which corresponds to the peak maximum of peak B 
(399.6 eV). 

Peak A could be considered for the protonated 
form of the amide groups. The values given are for 
the protonated amide or amine groups in the range 
of 401.46-402.14 eV.56 It  is worth mentioning that 
protonated and deprotonated functional groups are 
always found in equilibrium due to inter- and in- 
tramolecular acid-base interactions. The charac- 
terization of hydroxylated membranes with ESCA 
supplied the information about the presence of hy- 
droxyl groups on the surface. However, FTIR anal- 
ysis, water contact angle measurements, and water 
permeability study suggest that the hydroxyl groups 
disappear from the surface and get buried in the 
depth of the polymer when the membrane is dried. 
The environment around the membrane surface 
plays a very important role for the surface func- 
tionalized polymers by maintaining their hydro- 
philic properties a t  the surface. In view of this the 
hydroxylated membranes were preserved in wet 
conditions under water until the grafting with 
acrylamide was carried out. 

Acrylamide Grafting onto PP Surface 

The hydroxylation step is essential for the grafting 
of acrylamide onto the surface and the membranes 
should be preserved in a wet condition. To prove 
this, the hydroxylated CelgardO 2500 membranes 
were grafted with acrylamide immediately after the 
treatment, after preserving in a wet condition and 
drying the membrane, and also with nonhydroxy- 
lated membrane. The results are shown in Table 111. 

It  was found that a higher percentage of graft- 
ing was obtained when membranes were subjected 
to the acrylamide grafting immediately after the 
hydroxylation step without drying the membrane. 
The grafting efficiency was found to decrease when 
preserved for 24 h in a wet condition and almost 
negligible grafting was observed when membranes 
were used after drying. The nonhydroxylated 
membrane did not show any grafting onto the 
surface. The membranes grafted with a higher 
percentage of acrylamide had excellent wetta- 
bility and appeared translucent when immersed 
in water. 

The membrane also appears translucent when 
grafting of the polar monomer takes place within 
the porous structure of the membrane.2 After drying 
in a vacuum the acrylamide-grafted membrane ap- 
peared opaque upon immersing in water, indicating 
that the grafting had taken place only on the surface 
of the membrane; however, the nonhydroxylated 
membrane appeared opaque and did not wet with 
water. In view of this, the hydroxylated membranes 
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Figure 6 High resolution ESCA spectra (satellites substracted) for the hydroxylated 
polypropylene membrane, CelgardO 2500: (a) C(1s) spectrum, (b) O(ls)  spectrum, and (c) 
N(1s) spectrum. 

were subjected to grafting immediately after the ox- 
idation treatment. 

The conditions for the acrylamide grafting and 
test results are shown in Table IV for the CelgardB 
2400 and 2500 membranes. The acrylamide-grafted 
membranes with higher concentrations of acryl- 
amide, i.e., 2.5 and 5% (w/v) were wettable with 
water and translucent when immersed in water 
even after drying. The grafted membranes also 
exhibited a pure water flux that is almost the 
same when measured both before and after drying. 
This shows that the acrylamide-grafted mem- 
branes do not need to be primed with the wetting 
agent to initiate the water flow. However, the 
water flux was considerably low. This could be ex- 
plained on the basis that the grafting of acrylamide 
plugs the pores of the membrane and hence re- 
duces the effective free cross section for the water 
flow. Polyacrylamide grafted into the pores will 
also swell within the pores and subsequently re- 
duce the free flow of the water expected, by re- 
ducing the effective area of the porous volume of 
the membrane. 

Acrylamide Grafting onto Celgard* 2400 
Membranes 

Celgarda 2400 membranes were treated with the 
10% (w/v) aqueous solution of potassium peroxy- 
disulfate for a different period of time as shown 

in Table IV. The resulting hydroxylated mem- 
branes were subjected to acrylamide grafting with 
different concentrations of acrylamide, 5 and 
2.5% (w/v), as shown in experiments 5 and 6, re- 
spectively. 

The pure water flux observed for the acrylamide- 
grafted membranes after 10 min of hydroxylation 
treatment was higher in both cases and it was found 
to decrease with the increase in the hydroxylation 
treatment time. A higher hydroxylation time intro- 
duces a higher concentration of hydroxyl groups on 
the membrane surface and also the inner surface of 
the pores that subsequently results in a higher per- 
centage of acrylamide grafting, which yields a Iower 
water flux. The acrylamide-grafted membranes with 
a lower 2.5% (w/v) concentration of acrylamide show 
a higher flux than the membranes grafted with the 
5% (w/v) concentration of acrylamide. This could 
again be explained on the basis of the lower polymer 
density on the membrane surface when modified 
with lower concentration. The acrylamide-grafted 
membranes were water wettable and translucent 
when immersed in water. When nonhydroxylated 
membranes (i.e., without treatment with potassium 
peroxydisulfate) were subjected to acrylamide graft- 
ing, they did not show any grafting of acrylamide 
onto the membranes (experiments 5a and 6a) and 
were found nonwettable with water, looked opaque 
when immersed in water, and allowed no flow of 
pure water. 
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Table I1 ESCA Data of Unmodified and Modified Celgard Membranes 

Position 2c = FWHM Intensity 
Sample Peak (eV) (eV) Assignment (%) 

Unmodified 
membrane 

Hydroxylated 
membrane 

Amide-grafted 
membrane 

Partially hydrolyzed 
membrane 

285.00 

532.96 
531.64 

> 285 

288.53 
287.64 
286.20 
285.00 
533.71 
532.61 
531.46 
401.73 
399.96 

288.17 
287.54 
286.21 
285.00 
533.88 
532.73 
531.45 
400.95 
399.70 

289.27 
288.25 
287.43 
286.32 
285.00 
533.65 
532.34 
531.35 
400.56 
399.70 

1.27 

1.67 
1.67 

1.67 
1.36 
1.67 
1.36 
1.55 
1.55 
1.55 
1.84 
1.84 

1.63 
1.63 
1.63 
1.60 
1.70 
1.70 
1.70 
1.65 
1.65 

1.63 
1.63 
1.63 
1.63 
1.63 
1.68 
1.68 
1.68 
1.68 
1.68 

C,Hy traces of C - 0 
components 

c-0 
C = 0 and inorg. impurities 

Has not been detected 

C(0)-NH2 
c=o 
C-OH 

c-0 
c=o 
C(O)NHz 
C (0) N+H 
C(0)NH 

C,HY 

C(0)  -NH2 
c=o 
C-OH 

c-0 
C=O, C(O)N+H 
C(O)NHz 
C( O)N+H 
C(0)NH 

C,Hy 

C(0 )  - 0 
C(0)  - NH2 
c=o 
C-OH 

c-0 
C=O, C(O)N+H 
C(0)NH 
C(O)N+H 
C(0)NH 

CZHY 

N 99 
= 1  

39.60 
60.40 

2.41 
2.41 

15.63 
79.51 
16.92 
49.00 
34.08 
4.90 

95.10 

22.98 
1.53 
7.55 

67.94 
3.42 
1.82 

81.76 
9.28 

90.72 

2.29 
15.64 
1.37 

11.22 
69.46 
17.53 
56.50 
25.97 
32.27 
67.73 

Acrylamide Grafting onto CelgardB 2500 
Membranes 

CelgardB 2500 membranes were modified similarly 
to the CelgardB 2400 membranes and the results are 
shown in Table IV. In this case the acrylamide con- 
centration was varied from 5 to 0.1% (w/v). The 
grafted membranes were extremely hydrophilic 
when grafted with higher than 2.5% (w/v) concen- 
tration of acrylamide. The membranes were water 
wettable and translucent when immersed in water. 
These membranes exhibited pure water flux when 
measured immediately after the reaction in wet 

conditions and also after drying. However, the water 
flux was very low. To improve the flux of the mem- 
branes, i t  was decided to reduce the concentration 
of acrylamide during grafting, so that there would 
be a lower percentage of grafting onto the membrane 
surface. 

When the acrylamide concentration was reduced 
from 2.5 to 0.1% (w/v), the resulting membranes 
were found to be opaque and did not exhibit any 
water flux after drying. However, these membranes 
allowed water flux when measured in wet conditions 
because they were already prewetted before carrying 
out the grafting. This wetting property was lost when 
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Table I11 
Different Conditions 

Grafting of Aerylamide onto Hydroxylated CelgardD 2500 Membranes Preserved in 

~ ~ ~ ~ ~ 

Water Flux of 
Membranes 

Grafting Wet Dry 
Surface Conditions (%) (L/m2 h) (L/m2 h) Wettability after Drying 

I. Immediately after hydroxylation step 78.04 2.23 2.30 Excellent/translucent 
11. After preserving in wet condition by 31.70 2.75 2.80 Excellent/translucent 

immersing in water for 24 h 
111. After drying in vacuum for 24 h at 25°C 7.30 Nil Nil Partial/opaque 
IV. Inmodified membrane (without No grafting Nil Nil Nonejopaque 

hydroxylation step) 

Experimental conditions: acrylamide concentration 5% (w/v), [L] = 2 X lo-, mol/L in 0.04N HNO,, temperature 50"C, time 4 h. 

the membranes were dried. The grafting efficiency 
onto the membrane surface was also found to be 
lower when the concentration used was lower than 
2.5% (w/v). The grafted membranes appeared 
opaque, which indicates that no grafting had taken 
place in the inner surface of the pores. 

The pure water flux observed for the acrylamide- 
grafted Celgard@ 2500 membrane was found lower 
than CelgardB 2400. It was expected here that the 
modified CelgardB 2500 membrane would show a 
higher flux of water due to larger pore size and higher 
percentage porosity. However, this lower flux of wa- 
ter could be due to higher grafting onto the mem- 
brane surface and also within the surface of the 
pores. The larger pores of the Celgard@ 2500 mem- 
brane have easier access to the reaction gradients 
that results in a higher concentration of hydroxyl 
groups during the oxidation treatment and hence a 
greater possibility of acrylamide grafting within the 
pore in comparison to CelgardO 2400 membranes. 
Hirotsu and Arita34 also reported higher grafting on 
Celgard@ 2500 membrane than on CelgardO 2400 
membrane for the plasma modified Celgard mem- 
branes. Discrepancies in the data could be attrib- 
utable to the heterogenous properties of PP mem- 
brane and also to  the heterogenous nature of the 
acrylamide grafting, depending upon the availability 
of hydroxyl groups on the surface of the membrane. 

Characterization of Acrylamide-Crafted CelgardB 
2500 Membranes 

The acrylamide-grafted membranes were analyzed 
for their hydrophilic properties by carrying out water 
contact angle measurements. The acrylamide- 
grafted membranes showed considerable decrease in 
contact angle from 99.8" to 51.3" for unmodified 

membranes and modified membranes, respectively, 
as shown graphically in Figure 7 which indicates the 
increase in hydrophilicity after grafting of acrylamide. 

The grafting of acrylamide was confirmed by 
FTIR analysis as illustrated in Figure 3(c)  that 
shows strong absorption bands at 3351, 3199, and 
1664 cm-' for the amide functional groups. When 
acrylamide grafting is carried out without treatment 
with potassium peroxysulfate, the membranes do not 
show any grafting of acrylamide. The FTIR spec- 
trum taken for the acrylamide-grafted membrane 
without the hydroxylation step is shown in Figure 
8. As expected, the absorption band for the amide 
group of acrylamide at  1664 cm-' could not be de- 
tected. This indicates that the hydroxylation step 
is essential for the grafting of acrylamide. 

FSCA Characf eriza fion 

Figure 5(c) illustrates the ESCA survey scan for the 
acrylamide-grafted PP membrane. The atomic ratio 
obtained from the survey scan spectrum for [O] : 
[C] and [N] : [C] are 0.2510 and 0.2317, respectively, 
which indicates almost the same concentration of 
[O] and [N] with respect to carbon. This gives an 
idea about the surface composition of the acryla- 
mide-grafted membrane. 

Figure 9 shows the high resolution spectra of C( Is), 
O(ls), and N(1s). The C(1s) spectrum [Fig. 9(a)] de- 
convoluted in four peaks where peak D, appearing at 
the binding energy of 285.00 eV, corresponds to C - H 
and C-C. The peak maximum for peak A (288.17 
eV) can be interpreted as an amide group. 

The peak ratio for the amide groups ([A]/[A] 
+ [B] + [C] + [D] = 0.2298) in the C(1s) spectrum 
is almost the same obtained for the peak ratio for 
nitrogen to carbon, [N] : [C] = 0.2317, in the survey 
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Table IV Grafting of Acrylamide onto Hydroxylated Membranes 

Ammonium Grafting Water Flux of 
Conditions" Membranesb 

Experiment Concn Temp. Time Grafting Wet Dry 
No. (w/v 7%) ("C) (min) (%I  (L/m2 h) (L/m2 h) Wettability after Drying 

3 5.0 50 4 32.0 6.16 5.92 
4 5.0 50 4 39.9 3.84 3.76 
5 5.0 50 4 21.6 5.84 6.12 

27.5 3.84 4.00 
27.6 3.96 3.84 

5a" 5.0 50 4 0.0 - Nil 
6 2.5 50 4 14.4 9.56 9.72 

14.2 6.28 6.68 
17.9 4.80 5.40 
14.7 2.92 3.56 

6a" 2.5 50 4 0.0 - Nil 
8 5.0 50 4 68.4 2.76 2.88 
9 5.0 50 4 78.3 2.20 2.64 

10 5.0 50 4 65.3 2.40 2.44 
10a 5.0 50 4 0.0 - Nil 
11 2.5 50 4 24.6 10.40 4.92 
12 2.5 50 4 21.9 11.20 4.72 

36.1 12.80 2.48 
17.8 8.40 1.48 

13 2.0 50 4 8.1 21.20 Nil 
14 1.0 50 4 7.3 5.60 Nil 
15 0.5 50 4 8.5 7.30 Nil 
16 0.25 50 4 3.2 50.00 Nil 
17 0.1 50 4 1.6 65.00 Nil 

Experiments 3-6a and 8-17 are modifications of Celgard@ 2400 and 2500 membranes, respectively. 
a Cerric ammonium nitrate concentration 2 X 

' Nonhydroxylated membrane, i.e., without K2S2O8 treatment. 

mol/L in 0.04N N H 0 3  
Measured a t  4 bar. 

Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Nonejopaque 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
None/opaque 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Nonelopaque 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Excellent/translucent 
Partial/opaque 
Partial/opaque 
Partial/opaque 
Partial/opaque 
Partial/opaque 

scan. The peak position corresponding to the amide 
groups (288.17 eV) in the C(1s) spectrum of acryl- 
amide-grafted membrane, on the basis of grafting of 
acrylamide, indicates that the peak position ap- 
pearing at  the binding energy 288.53 eV in the C( 1s) 
spectrum for hydroxylated membrane is due to 
amide groups. This confirms the formation of amide 
functional groups on the PP membrane surface when 
treated with the aqueous solution of potassium per- 
oxydisulfate and under a vigorous flow of nitrogen. 
Peak B (287.54 eV for C=O) and peak C (286.21 
eV for C-OH) appear a t  the same position as in 
the C(1s) spectrum of hydroxylated membranes and 
can be interpreted similarly. 

Figure 9(b) shows the high resolution O(1s) spec- 
trum deconvoluted into three peaks. Peak C (531.45 
eV) corresponds to amide groups whereas peak B 
(532.72 eV) and peak A (533.88 eV) can be interpreted 
for C = 0 and C - OH functional groups, respectively. 

The N(1s) spectrum [Fig. 9(c)] for acrylamide- 
grafted membrane is again resolved into two peaks 
similar to that of the N(1s) spectrum for the hy- 
droxylated membrane. Peak B appears at almost the 
same binding energy of 399.70 eV, which corresponds 
to amide functional groups. However, shifting of 
peak A for the binding energy of 400.95 eV could 
only be explained on the basis of changes in equi- 
librium of protonated and deprotonated nitrogen due 
to a relatively lower concentration of hydroxyl 
groups on the surface of the membrane. 

Partial Hydrolysis of Acrylamide-Grafted 
Membranes 

Some of the acrylamide-grafted Celgard@ 2500 
membranes were subjected to partial hydrolysis with 
1N NaOH solution at 60°C for a period of 15 min. 
After carrying out the hydrolysis the membranes 
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Types of modification 

Figure 7 Water contact angle measured for different modified membranes. 

were copiously washed with water and measured for 
pure water permeability in wet conditions and after 
drying. The results are shown in Table V. 

The hydrolyzed membranes with a higher con- 
centration than the acrylamide-grafted membranes, 
above 2.5% (w/v), exhibited water flux; the mem- 
branes grafted with a lower concentration of acryl- 
amide did not show any water permeability when 
measured after drying. The partially hydrolyzed 
membranes were water wettable and translucent 

t-. 

when immersed in water, but the membranes with 
a lower concentration were nonwettable and re- 
mained opaque. The partially hydrolyzed mem- 
branes exhibited higher water flux than the acryl- 
amide-grafted membranes. The 33.3" water contact 
angle measured for the hydrolyzed membranes was 
also found to be smaller than the 51.3" found for 
the acrylamide-grafted membrane as shown in Fig- 
ure 7. This indicated that the partially hydrolyzed 
acrylamide-grafted membranes are more hydrophilic 

Figure 8 
membrane, Celgardm 2500 (without K&O, treatment). 

FTIR spectrum (transmission mode) of acrylamide-grafted polypropylene 



HYDROPHILIZATION OF MICROPOROUS PP MEMBRANES 2 101 

a 
/" 

b 
/" 

C 

I I 1 1 I I I I 1 I I I I I I 
2 9 0 2 8 8 2 8 6 2 8 4 2 =  5 3 8 5 3 4 5 3 2 5 3 6 5 2 8  4 0 4 4 0 2 U y ) 3 9 8 3 8 6  

BlndLp E m  (eV) 

Figure 9 High resolution ESCA spectra (satellites substracted) for acrylamide-grafted 
polypropylene membrane, Celgardm 2500: (a) C(1s) spectrum, (b) O(1s) spectrum, and (c) 
N( Is) spectrum. 

in nature. The FTIR spectrum taken for the partially 
hydrolyzed membrane is shown in Figure 10. The 
appearance of the carboxylate band a t  1559 cm-' 
corresponds with the deprotonated carboxyl groups? 
The presence of an absorption band at  1664 cm-', 
corresponding to the amide functional groups, beside 
the carboxylate band indicates the partial hydrolysis 
of polyamide segments. 

Figure 5(d) shows the ESCA survey scan for the 
hydrolyzed PP membranes, whereas Figure 11 shows 
the high resolution spectra of C(ls), O(ls), and 
N(1s). The C(1s) spectrum is shown in Figure l l ( a )  
deconvoluted into five peaks. Peak A (289.27 eV) 
corresponds to carboxyl groups on the surface, which 
also confirms the partial hydrolysis of amide groups 

into carboxyl groups. Peak B (288.25 eV) corre- 
sponds to the remaining amide functional groups. 

Peak C shows the presence of carbonyl groups of 
ketones. Peak D (286.32 eV) contains the component 
peak for alcohol groups and the /3 shift of the car- 
boxyl groups, and the main peak E appears at 285.00 
eV for C,H,. 

The O(1s) spectrum [Fig. l l(b)] resolves into 
three peaks like the O(1s) spectrum of the acryl- 
amide-grafted PP membrane. However, the inten- 
sities of the component peaks have been changed. 
Through the carboxyl groups, the intensity of the 
OH and the C - 0 component peaks A and B, re- 
spectively, were increased. The component peak C 
corresponding to the amide groups is much lower. 

Table V Hydrolysis of Acrylamide Grafted Celgard@ 2500 Membranes 

Hydrolysis Conditions 

Experiment Temp. Time 
No. Concn ("C) (min) 

Water Flux 

10 1N 60 15 
11 1N 60 15 
13 1N 60 15 
14 1N 60 15 
15 1N 60 15 
16 1N 60 15 
17 1N 60 15 

6.75 
9.18 

74.00 
32.00 
56.00 
87.00 
90.00 

Dry 
(L/m2 h) 

6.55 
12.8 
Nil 
Nil 
Nil 
Nil 
Nil 

~~ 

Wettability after Drying 

Excellent/translucent 
Excellent/translucent 
Partial/opaque 
Partial/opaque 
Partial/opaque 
Partial/opaque 
Partial/opaque 
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Figure 10 
polypropylene membrane, Celgard@ 2500. 

FTIR spectrum (transmission mode) of partially hydrolyzed acryiamide-grafted 

The N(1s) spectrum [Fig. l l(c)]  is divided into 
two peaks. Peak B (399.70 eV) can be considered 
for the amide functional groups because it appears 
a t  the same position of the N(1s) spectrum of hy- 
droxylated and amide-grafted membranes. Further- 
more, peak A (400.56 eV) shows the presence of pro- 
tonated nitrogen on the surface of the hydrolyzed 
acrylamide-grafted membrane. The component peak 

E 

for protonated nitrogen species is relatively higher 
than in the nonhydrolyzed acrylamide-grafted 
membrane. Obviously, the Brcansted acid carboxyl 
groups formed by the hydrolysis are able to donate 
H+ ions to the basic nitrogen containing groups. In 
the case of the hydrolyzed membrane, deprotonated 
carboxyl (COO-) groups were observed in the FTIR 
spectrum (absorption band at 1559 cm-'). For the 

I I I I I I 1 I I I I I I I 
2 9 0 2 8 8 2 8 8 2 8 4 2 8 2  5 3 6 5 3 4 5 3 2 s r )  4 0 4 4 0 2 4 0 0 3 9 8 3 9 6  

Bhdlno EnrDv (*v) 

Figure 11 High resolution ESCA spectra (satellites substracted) for partially hydrolyzed 
acrylamide-grafted polypropylene membrane, GelgardB 2500: (a) C( 1s) spectrum, (b) O( Is) 
spectrum, and (c) N(1s) spectrum. 
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amide functional groups, the positive charge formed 
on the nitrogen atom has an influence on the elec- 
tron density of the oxygen atom adjacent. The ox- 
ygen atom gets a positive partial charge and the 
O(1s) peak of this oxygen species shifts to higher 
binding energies. So the component peak B in the 
O( 1s) spectrum presents the protonated amide 
groups too. 

CONCLUSIONS 

The microporous PP CelgardO 2400 and 2500 mem- 
branes were modified by grafting acrylamide onto 
the surface to impart hydrophilic properties. The 
acrylamide-grafted membranes were further par- 
tially hydrolyzed to enhance the hydrophilic prop- 
erties by introducing carboxyl functional groups. 
This was verified by water contact angle measure- 
ments. Before grafting acrylamide, the inert, hydro- 
phobic PP membranes were subjected to oxidative 
treatment with an aqueous solution of potassium 
peroxydisulfate to introduce hydroxyl groups onto 
the membrane surfaces. 

It was observed that the hydroxyl groups get bur- 
ied in the depth of the polymer upon drying, which 
may be due to the configurational movement of the 
polymer chains. Therefore, it was essential to pre- 
serve the membranes in wet conditions. The acryl- 
amide-grafted and hydrolyzed membranes appeared 
translucent when immersed in water and allowed 
water flow even after drying. This indicates that the 
grafting of acrylamide also takes place within the 
pores of the membrane. The grafting of acrylamide 
onto the surface of the interior pore space of PP 
membranes could be confirmed by FTIR and ESCA 
analysis. The introduction of amide groups onto the 
surface of the PP membrane during oxidation with 
potassium peroxydisulfate under the flow of nitrogen 
could be confirmed with the ESCA analysis. 
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