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ABSTRACT: Six chelating hollow fiber membranes were prepared by radiation-induced
grafting of glycidyl methacrylate onto a polyethylene hollow fiber membrane and its
subsequent amination. The adsorption characteristics of Pb?* and Pd?" for the chelat-
ing hollow fiber membranes were presented when the solution of Pb*" and Pd**
permeates across the chelating membrane, respectively. The degree of grafting for
glycidyl methacrylate increases with increasing monomer concentration, reaction tem-
perature, and preirradiation dose. The adsorption of Pd?" by chelating hollow fiber
membranes modified with five kinds of amines was in the following order: diethylene
triamine > hexamethyl diamine > ethylene diamine > dimethyl amine > trimethyl
amine. The chelating hollow fiber membrane modified with iminodiacetic acid adsorbed
Pb2" ions much more than Pd®". © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71:

643-650, 1999
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INTRODUCTION

The effective treatment of heavy metals in the
environment has been one of the major issues
owing to their toxicities. The treatment of aque-
ous wastes, including soluble heavy metals, needs
concentration of the metallic solution into a small
volume, followed by recovery or secure disposal.
Heavy metals can be removed by the adsorption
on solid materials.! Activated carbon, metallic ox-
ides, and ion-exchange resins®® have been used
as nonspecific adsorbents. Recently, chelating
resins* have been applied for the selective adsorp-
tion of specific metallic ions from industrial
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wastes. Guler and colleagues® reported that a
new polymeric adsorbent bearing both hydro-
philic groups caused swelling in the water and
amidoxime groups for chelating with uranyl
ions.?

The microfiltration membrane, having an af-
finity ligand and an ion-exchange group, is capa-
ble of separating a trace of specified ions during
permeation across the membrane. Graft polymer-
ization of vinyl monomers onto polymer sub-
strates has attracted considerable interest be-
cause it imparts some desirable properties, such
as chelation, ion exchange, biocompatibility, and
protein adsorption. Graft polymerization is one of
the methods for preparing functional materials
with new properties. This technique has enabled
the preparation of a polymeric material contain-
ing functional groups on its branch grafted onto a
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Scheme 1 Preparation of chelating hollow fiber membrane.

variety of substrate polymers, such as films,® fi-
bers, nonwoven fabric,”® and hollow fibers.'%11

Graft polymerization is achieved by ionization
radiation,'? UV,'® plasma,'* or chemical initia-
tors,'® but among them radiation-induced graft-
ing can be one of the most effective techniques
because of its uniform creation of radical sites in
the polymer matrix. In general, two techniques
for radiation grafting can be used: (1) the direct
method,'® whereby a polymer substrate is im-
mersed or dissolved in either an individual mono-
mer or a solution of monomers, and then the
whole mixture is irradiated; and (2) the preirra-
diation method,!” where a polymer substrate is
activated by irradiation, regardless of the pres-
ence of oxygen, and sequentially allowed to react
with the monomer.

In recent years, preirradiation techniques have
been extensively reported on some crystalline
polymers.'”'® Graft polymerization of glycidyl
methacrylate (GMA) onto polymer substrates is
advantageous because the epoxy group of GMA is
modified easily to have functions such as ion ex-
change'® and adsorption of toxic gases,?’ with the
original properties remaining intact. Tsuneda
and colleagues®! introduced iminodiacetate che-
lating groups onto the polyethylene membrane for
the purpose of the removal of cobalt ion from the
aqueous solution using the radiation-induced
grafting process. Konishi and colleagues®® re-
ported a method for the introduction of the high-
density iminodiacetate group without lowering
the liquid permeability of the porous membrane.

In this study, six chelating hollow fiber mem-
branes were prepared by radiation-induced graft-
ing of GMA onto a polyethylene (PE) hollow fiber
membrane (PE-HM) and its subsequent amina-
tion. When the lead and palladium solution was
permeated across the chelating hollow fiber mem-
branes for six types of chelating hollow fiber mem-
branes containing trimethyl amine (TMA), di-
methyl amine (DMA), ethylene diamine (EDA),
hexamethyl diamine (HMDA), diethylene tri-
amine (DETA), and iminodiacetic acid (IDA), re-
spectively, the adsorption characteristics of these

chelating hollow fiber membranes on Pb?" and
Pd?* were examined.

EXPERIMENTAL

Materials

A commercially available microfiltration hollow
fiber membrane (Asahi Chemical Industry Co.,
Ltd.) was used as a trunk polymer for the graft-
ing. The inner and outer diameters of the porous
PE-HM were 1.95 and 3.01 mm, respectively.
PE-HM has 0.34 um pore diameter and 71% po-
rosity. GMA (CH,—CCH;COOCH,CHOCH,) was
used without further purification. Other chemi-
cals were of reagent grade.

Grafting Procedures

PE-HM was irradiated by y-rays from cobalt-60
under atmospheric pressure and ambient temper-
ature, and then was added to a reaction ampoule
with a cock. After evacuating the ampoule, the
monomer solution was placed into the ampoule.
Grafting copolymerization was conducted at tem-
peratures of 30°C, 50°C, and 70°C.

After a grafting reaction, the monomer and
homopolymer were removed with tetrahydrofu-
ran (THF), and the GMA-grafted microfiltration
membrane obtained by grafting copolymerization
was dried in a vacuum at 60°C for 4 h.

In studies on the effects of various parameters
on grafting copolymerization, the degree of graft-
ing is defined as

(W, = W,)

W X100 (1)

Degree of grafting (%) =

where W, and W, denote the weights of the
grafted and ungrafted PE hollow fibers, respec-
tively.

Preparation of Chelating Hollow Fiber

Scheme 1 shows the preparation procedure of ra-
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diation grafting of GMA onto PE-HM and the
introduction of functional groups, such as TMA,
DMA, EDA, HMDA, DETA, and IDA. GMA was
grafted onto the preirradiated PE-HM, and then
subsequently reacted with various amines, such
as EDA, TMA, DMA, DETA, HMDA, and IDA in
a glass ampoule at various temperatures and
times, respectively. A 30% aqueous amine solu-
tion was used in this study, except for IDA and
EDA. The conversion yields (%) of the aminated
hollow fiber membranes above were calculated as
follows:

EDA X (%) = 100[(W, — W,)
1601/[(W, — W,)/142] (2)

TMA X (%) = 100[ (W, — W)/77]

(W, — W,)/142] (3)

DMA X (%) = 100[(W — W,)/45]
I[(W, — W,)/142] (4)

DETA X (%) = 100[(W, — W,)/103]

(W, — W,)/142] (5)

HMDA X (%) = 100[ (W, — W,)/116]

(W, — W,)/142] (6)

IDA X (%) = 100[(W, — W,)/133]

(W, — W,)/142] (7)

where W, is the weight of the aminated PE-HM
60, 45, 103, 116, and 133 in eqs. (2) through (7)
correspond to the molecular weights of EDA,
DMA, DETA, HMDA, and IDA, respectively. 77 in

Pressure
(1.0x 105 Pa)

s

1

1 Feed Tank 2 Flow Controller
3 PE Hollow Fiber Membrane 4 Measuring Cylinder

Scheme 2 Experimental apparatus for determining
flux and breakthrough curves.
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Figure 1 Grafting of GMA onto irradiated PE hollow
fiber at 50°C for 1 h.

eq. (3) is the molecular weight of the [N (CH),]-
OH™ complex. 142 in egs. (2) through (7) corre-
sponds to the molecular weight of GMA.

Breakthrough Curve

Scheme 2 shows the experimental apparatus for
measuring pure flux and breakthrough curves.
The inner and outer diameters and the lengths of
PE-HM were measured in the wet state with a
microscope, respectively. After the hollow fiber
was dried in a vacuum, the pore volume distribu-
tion was measured by a mercury intrusion
method. The flux, u;, was determined by

u; = (volumetric flow rate)/wD,L (8)

where D, is the inner diameter and L is the length
of the hollow fiber membrane (10 cm). The volume
flow rate of pure water was measured from the
amount of dropping from the outside of the mem-
brane. The pressure in the feed tank, shown in
Scheme 2, was 1.0 X 10° Pa. The collection of
Pb?" and Pd®" during permeation of the solution
across the membrane was conducted in a measur-
ing cylinder under a constant pressure of 1.0
X 10° Pa. The concentrations of Pb?* and Pd**
obtained during permeation were determined by
inductively coupled plasma atomic emission spec-
troscopy. The extent of adsorption was deter-
mined by a ratio of C to C°, with C° being the
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Figure 2 Grafting of GMA onto 40 kGy-irradiated PE
hollow fiber in MeOH for 1 h.

initial concentration of Pb%®* and Pd®", respec-
tively, before the permeation across the mem-
brane, and C being their final concentrations af-
ter permeation. The permeation volume (PV) was
determined by

where ¢ is the time of permeation.

RESULTS AND DISCUSSION

Grafting Copolymerization

The grafting of GMA onto PE-HM was conducted
by the preirradiation grafting technique. Atten-
tion was paid to the effects of irradiation dose,
reaction time, reaction temperature, and solvents
on the extent of grafting. Figure 1 illustrates the
effects of GMA concentration on the grafting of
GMA onto PE-HM at 50°C in methanol (MeOH)
for 1 h. The grafting yields increased by increas-
ing both the GMA concentration and irradiation
dose. As shown in Figure 1, similar curves for the
degree of grafting versus GMA concentration (%)
are obtained for three different irradiation doses,
which indicates the same grafting mechanism at
fixed experimental conditions of temperature,
time, and GMA concentration. Over a GMA con-

centration ranging from 70 to 100%, the grating
degree was more sensitive, compared with the
same other range. Therefore, the select ion of a
suitable monomer concentration is a valuable fac-
tor to get a desirable grafting yield.

Figure 2 shows the effect of reaction tempera-
ture on the grafting of GMA onto the irradiated
PE-HM in MeOH at reaction temperatures of
30°C, 50°C, and 70°C for 1 h. The degree of graft-
ing increased with increasing temperature and
GMA concentration. A slight increase in GMA
concentration greatly increased the degree of
grating at 70°C, compared with 50°C and 30°C.
The reason for this is due to radicals formed when
the peroxide caused by oxygen during irradiation
in air is decomposed at the temperature of 70°C.
Therefore, a relatively higher temperature is re-
quired to obtain a high grating yield, indicating
that another important factor for grafting is the
reaction temperature.

Figure 3 shows variations in the degree of
grafting with GMA concentrations onto preirradi-
ated PE-HM for various solvents, such as MeOH,
acetone, and THF. As for Figure 3, GMA was
grafted on 40 kGy-irradiated PE-HM at a fixed
temperature of 50°C for 1 h. Among the solvents,
a slight deviation in the degree of grafting was
observed, which is likely to be related to the sol-
vent or nonsolvent for polyGMA. It was shown
that a nonsolvent system, such as MeOH for
polyGMA, was slightly beneficial to the grafting
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Figure3 Grafting of GMA onto 40 kGy-irradiated PE
hollow fiber at 50°C for 1 h.
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Figure 4 Pore diameter distribution of PE hollow
fiber.

yield. Such an example was shown in the grafting
of styrene onto a PE film in good solvent and
nonsolvent for polystyrene. Nonsolvents, such as
MeOH for polystyrene, which is formed during
the grafting reaction of styrene, is beneficial to a
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Figure 5 Dimensional change accompanied by graft-
ing of GMA.
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Figure 6 Amination of 80% GMA-grafted PE hollow
fiber using 100% EDA as a function of reaction temper-
ature.

high grafting yield. As seen in Figures 1-3, the
highest grafting yield was obtained at a 100%
GMA concentration for the irradiation doses, re-
action temperatures, and solvents under consid-
eration in this study.

Figure 4 shows the relationship between the
pore volume distributions and the grafting yield.
The pore volume on a region ranging from a 1 to
10~ ! um pore diameter was found to be large. The
pore volume decreased with a decrease in the
degree of grafting. The pore volume of 2.6 L kg !
for the ungrafted PE-HM was reduced to 1.75 L
kg ! for the 50% grafting yield, and to ~ 1.5 L
kg ! for the 80% and 100% grafting yield. The
pore volume was approximately linearly propor-
tional to the degree grafting of up to 80%, but
nonproportional beyond the grafting value.

The dimensional change in the hollow fiber
accompanied by the grafting was shown in Figure
5. It was observed that the size of the inner diam-
eter and outer diameter increased with an in-
crease in the grafting yield. This is because the
increase in the degree of grafting caused the
GMA-grafted hollow fiber to swell.

Amination of GMA-Grafted PE Hollow Fiber

TMA, DMA, EDA, HMDA, DETA, and IDA were
introduced onto 80% and 100% GMA-grafted
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Figure 7 Effect of reaction time and temperature on
80% GMA-grafted PE hollow fiber with 50% EDA aque-
ous solution.

PE-HM to make chelating membranes having
various amino groups by varying conditions, such
as temperature, time, solvent, and concentra-
tion. Figure 6 shows the effect of reaction time on
the extent of amination conversion. 80% GMA-
grafted PE-HM was used for amination with
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Figure 8 Effect of EDA concentration on 80% GMA-
grafted PE hollow fiber at 50°C.
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Figure 9 Amination of 80% GMA-grafted PE hollow
fiber using 0.425M IDA solution at 80°C. DMSO, di-
methylsulfoxide; EtOH, ethanol.

100% EDA concentration. In all cases at 30°C,
50°C, and 70°C, the conversion (%) increased with
increasing reaction time. In particular, the sharp
increase in conversion occurred over a 0- to 5-min
span. Figure 7 shows the effect of EDA concentra-
tion on the amination extent. The addition reac-
tion of EDA to an 80% GMA-grafted PE-HM was
linearly proportional to the EDA concentration.

TMA, DMA, EDA, DETA, and HMDA were
introduced onto an 80% GMA-grafted PE-HM to
make a chelating membrane having various
amino groups at 50°C (Fig. 8). The reaction of
TMA and DMA increased rapidly up to 5 min, and
then decreased slowly, whereas EDA, DETA, and
HMDA, having lower reaction rates than TMA
and DMA, increased slowly up to 30 min.

Figure 9 shows the effects of reaction time and
solvents on the amination of 80% GMA-grafted
PE-HM using 0.425M IDA at 80°C. The amina-
tion reaction increased with the reaction time for
mixed solvents, such as dimethylsulfoxide/water,
MeOH/water, ethanol/water, dioxane/water, di-
methylformamide/water, acetone/water, and THF/
water, but amination did not occur in the presence
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Figure 10 Dimensional change accompanied by con-
version of EDA.

of water. Among the mixed solvents, dimethylfor-
mide/water was the most effective for introducing
IDA to GMA-grafted PE-HM. As long as the mixed
solvent can dissolve IDA for any kind of mixed sol-
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Figure 11 Breakthrough curves of Pb®" ion by the
PE hollow fiber membrane (dg = 100%) modified
with EDA.
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Figure 12 Breakthrough curves of Pd®>" ion by the
PE hollow fiber membrane (dg = 100%) modified
with various amino groups.

vents, the small ratio of water versus organic sol-
vent led to the large conversion yield of IDA.

Properties of Chelating Hollow Fiber
and Breakthrough Curves

Figure 10 shows the dimensional change of hollow
fiber accompanied by introducing EDA onto
GMA-grafted PE-HM. It was observed that the
sizes of the inner and outer diameters increased
with an increase in the conversion yield of EDA.
The increase in diameter of the hollow fiber mem-
brane can be attributable to the increase in hy-
drophilicity by the introduction of EDA onto
GMA-grafted PE-HM.

Characteristics of the chelating hollow fiber
membrane were discussed for the Pb?" and Pd?*
ions. The solution (200 mg L™!) was forced to
permeate across the chelating hollow fiber mem-
brane containing EDA and IDA, respectively.

Figure 11 shows the breakthrough curves of
Pb%* with respect to the chelating hollow fiber
membranes with three different EDA conversions
(25%, 55%, and 95%). Pb®" [200 mg L' (200
ppm)] was used for the inlet concentration. In a
95% EDA yield, C/C° remained 0 until the PV
value reached 0.08. After this point, the C/C° rose
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Figure 13 Breakthrough curves of Pb®* and Pd®* ion
by the PE hollow fiber membrane (dg = 100%), with
a conversion yield of 15% IDA.

gradually with increased PV. A higher EDA con-
version required higher PV until C/C° = 1. At
C/C° = 1, the amount of Pb?* adsorbed by the
chelating fiber membrane with EDA functionality
can be calculated from the area of PV X C,
which is the area of the upper portion above the
breakthrough curves. The adsorbed amounts of
Pb?" were 17.8, 26.4, and 37.4 g kg~! PE-HM
with EDA conversion yields of 25%, 55%, and
95%, respectively. These results indicated that
the adsorption amount of Pb®" across the chelat-
ing fiber modified with EDA increased with in-
creasing EDA conversion.

Figure 12 shows the breakthrough curves of
Pd%* for the chelating fibers with TMA, DMA,
EDA, DETA, and HMDA functionality. Pd?" (200
mg L™!) was used for inlet concentration. A
DETA-modified hollow fiber membrane was found
to be superior to TMA, DMA, EDA, and HMDA-
modified hollow fiber membranes. In a 79% conver-
sion yield for DETA, C/C° remained 0O until the PV
value reached 0.44 L. After this point, the C/C*° rose
gradually with increased PV. The adsorbed amount
of Pd?* was estimated to be 129.7 g kg~ (DETA-
modified hollow fiber membrane). PE-HM with
DETA functionality had a higher PV to reach C/C°
= 1, compared with other amino groups. The ad-
sorption effect of Pd®* flowed in the order of DETA
> HMDA > EDA > DMA > TMA.

Figure 13 shows the breakthrough curves of
Pb?>" and Pd?* by a chelating fiber membrane
modified with IDA. The inlet concentration of
Pb?" and Pd?* were both 200 mg L. C/C° re-
mained 0 until the PV value reached the break-
through point (0.06 L and 0.13 L) in Pd?* and
Pb?", respectively. The chelating hollow fiber con-
taining IDA was found to have a higher adsorp-
tion capacity for Pb?* than Pd?".
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