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Abstract: In this study, we demonstrated that well-defined poly(glycidyl methacrylate)-grafted non-woven polypropylene
(PP-g-PGMA) can be reproducibly achieved by pre-irradiation at the current-adjusted higher dose rate, and further used
as an efficient heavy metal adsorbent by functionalization using ethylenediamine (EDA). The results of grafting degree
and conversion rate revealed that the desired degree of reproducible grafting of PP-g-PGMA (while maintaining the con-
version rate above 90%) can be achieved under the optimized conditions. The successful synthesis of PP-g-PGMA was
clearly confirmed using Fourier transform infrared spectrometer spectroscopy (FTIR), thermogravimetric analysis (TGA),
and field emission scanning electron microscopy (FE-SEM). The PP-g-PGMA-EDA adsorbents produced by the amine
reaction exhibited grafting degree-dependent amine density ranging from 2.8 to 3.5 mmol/g. It also had good tensile prop-
erties suitable for application to metal ion adsorption. Noticeably, the PP-g-PGMA-EDA adsorbent exhibited better Cu**
ion-adsorbing performance than did the commercial resin.

Keywords: polypropylene nonwovens, radiation emulsion graft polymerization, glycidyl methacrylate, copper ion,

adsorption.
Introduction global concern due to their persistence in nature and their
harmful effect on human beings and animals.' Therefore, the
Heavy metal pollutants in wastewaters have become of removal of metal ions from wastewater is a critical envi-

ronmental issue to be resolved.*’ Commonly, a variety of tech-

"To whom correspondence should be addressed. nologies including adsorption, membrane separation, ion ex-

jch@kaeri.re.kr, ORCID®0000-0001-7482-9426 change, precipitation, and reverse osmosis have been applied
©2021 The Polymer Society of Korea. All rights reserved. for the removal of metal ions.*” Among these options, the
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adsorption method has demonstrated an effective process in
terms of cost-effectiveness, productivity, and recyclability.*'

To achieve high-performance adsorption, non-woven, poly-
mer-fabric-based adsorbents have been widely explored because
they have a variety of desirable features that include chemical
inertness, good mechanical properties, and low cost.'"
Noticeably, their unique features of both high adsorption effi-
ciency and liquid flux capacity (stemming from their large sur-
face area with high-density surface functional groups) make
them better than other types of materials (activated carbons,
chelating resins, etc.).""® This non-woven polymer fabric-
based adsorbent has been mainly produced using heat, plasma,
UV, and other high energy radiation-induced surface polym-
erization and post functionalization.'®" However, there has
still been a high demand for more efficient and environ-
mentally friendly surface polymerization in the industrial area.

In this respect, radiation-induced emulsion graft polymer-
ization (RIEGP) (consisting of pre-irradiation of non-woven
fabrics and graft polymerization in monomer micelle-con-
taining emulsion solution in water) has been considered a
promising option.'®*® This strategy offers a lower absorbed
dose, a lower monomer concentration, and a shorter reaction
duration in comparison to conventional radiation-induced graft
polymerization.”"* This is because monomer micelles allow
provision of a high concentration of monomer at radical-active
sites and prevent such side reactions as homo-polymeriza-
tion.?! Due to these distinct merits, the functionalization of
non-woven fabric has been much studied using RIEGP to pro-
duce a precursor for the metal adsorbents.?'* However,
although the usefulness of RIEGP has been proved in numer-
ous studies, there is a lack of reliability and reproducibility in
RIEGP due to difficulty in controlling the constant formation
of radical initiators in polymer fabrics caused by irradia-
tion.*"*” Therefore, there is still great demand for more reliable
and reproducible processing conditions for highly efficient
RIEGP with a higher monomer-to-grafted polymer conversion
rate of 90% to constantly achieve the desirable grafting degree
for the application.”'

In this study, a reproducible preparation of poly(glycidyl
methacrylate)-grafted non-woven polypropylene (PP) (PP-g-
PGMA) was investigated using controlled electron-beam irra-
diation-induced emulsion graft polymerization. Ethylene
diamine-functionalized PP-g-PGMA (PP-g-PGMA-EDA) was
further demonstrated to serve as a highly efficient metal ion
adsorbent. Glycidyl methacrylate (GMA) was selected as the
monomer because of its aptness for the formation of micelles

in water and epoxy group providing versatile chemistry to ren-
der the desirable functionality for the metal ions.”* To estab-
lish the relationship between the processing parameters,
grafting degree, and conversion rate for the controlled RIEGP,
the emulsion graft polymerization of GMA on the PP (at a cer-
tain monomer concentration with a given reaction time) was
executed under different conditions of dose rate, absorbed
dose, and temperature. The resulting PP-g-PGMA was chem-
ically functionalized via amine reaction to produce PP-g-
PGMA-EDA adsorbent. Finally, the adsorption performance of
PP-g-PGMA-EDA was evaluated to demonstrate the feasi-
bility of its use as a metal ion adsorbent.

Experimental

Materials. The polypropylene (PP) non-woven fabric (30 g/
m?) with a thickness of 190 pm and pore size of 10 um used
as a substrate for RIEGP was obtained from Absfil Co.
(Korea). The glycidyl methacrylate (GMA, 97%) as the mono-
mer, polyoxyethylene sorbitan monooleate (Tween 80, Tw-80)
as the surfactant, ethylenediamine (EDA, 99%) as the ami-
nation reagent, and copper(ll) sulfate (CuSO,) used in the
adsorption experiments were purchased from Sigma Aldrich
Co. (USA). Polystyrene-divinylbenzene-based AW90 resin
(particle size 500-600 um, amine functionality of 2.34 mmol/
g, Samyang Co., Korea) was used as a reference comparative
adsorbent. All the other solvents were purchased from Sam-
chun Co. (Korea). All the chemicals were used without further
purification.

Preparation of PP-g-PGMA by Electron Beam Irradiation-
induced Emulsion Graft Polymerization. To generate the
radicals by electron beam pre-irradiation as initiators, well-
rolled PP non-woven fabrics with the dimensions 45x5 cm?
were put into 50 mL glass vials and sealed completely. After
10 min purging with nitrogen gas, the vials were irradiated
using the ELV-8 electron beam accelerator at the Advanced
Radiation Technology Institute (ARTI) of the Korea Atomic
Energy Research Institute (KAERI). The energy of the electron
beams was fixed at 2.5 MeV. Dose rates of 20, 40, and 60 kGy/
s were controlled by adjusting the beam current to 10, 20, and
30 mA at the fixed conveyor speed of 10 m/min; or by adjust-
ing the conveyor speed to 3, 5, and 10 m/min at the fixed beam
current of 10 mA, respectively. The total adsorbed dose was
30, 60, 90, and 120 kGy. To avoid the thermal effect on the
samples during irradiation, a sample stage was used as a cool-
ing plate and kept at 5 °C. The cellulose triacetate dosimetry
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was carried out following ISO/ASTM 51650, and the uncer-
tainty of the doses was less than 5%. For emulsion graft
polymerization, GMA emulsion solution ranging from 2.5 to 6
wt% was prepared by mixing GMA, Tw-80, and deionized
water at the weight ratio of 10 GMA:1 Tw-80:89 water. After
homogenizing for 20 min, the GMA emulsion solution was de-
aerated with nitrogen gas for 30 min. A consistent portion (30
mL) of GMA solution was transferred to cover completely the
PP non-woven fabrics in 50 mL irradiation vials, without an
excess solution. The emulsion graft polymerizations were car-
ried out by placing the vials in a temperature-constant water
bath at various temperatures (from 25 to 60 °C) for various
reaction times ranging from 10 to 120 min. The organic sol-
vent graft polymerization was carried out in methanol for a
comparative study between RIGP and RIEGP at the 6 wt% of
GMA concentration. After the graft polymerization was done,
the product was taken out of the vials, washed repeatedly with
methanol and tetrahydrofuran, and finally dried in a vacuum
oven for 24 h. The grafting degree and conversion rate of the
PP-g-PGMAs were determined by the following equations:

Grafting degree (%) = (W, — Wy)/W, x 100 )
Conversion rate (%) = {(W,/142.15)/(W3/142.15)} x 100 (2)

Where W,, W,, W,, and W; are the weight of the control PP,
PP-g-PGMA, grafted PGMA, and the GMA monomer used,
respectively. The molecular weight of the GMA was 142.15.
The samples were named in the form PP-g-PGMA-X, where
X stands for the grafting degree.

Preparation of PP-g-PGMA-EDA Adsorbents. To intro-
duce amine functional groups, 1.7 g of PP-g-PGMA was put
into a 100 mL vial containing 10 wt% EDA solution in
dimethylsulfoxide. The reaction was carried out in a tem-
perature-constant water bath at 80 °C for 120 min. After the
reaction, the PP-g-PGMA-EDA product was taken out of the
vials, washed repeatedly with methanol and tetrahydrofuran,
and finally dried in a vacuum oven for 24 h. The respective
conversion rate and amine group density were calculated as
follows:

Conversion rate (%)=
{(Wy = W1)/60.1} x (142.15/W3) x 100 3)

Amine group density (mmol/g) =
{Wy— W)W} < (1000/60.1) )

Where W, and W, are the respective weights of PP-g-PGMA
and PP-g-PGMA-EDA, and 60.1 is the molecular weight of
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the EDA. The samples were named in the form PP-g-PGMA-
X, where X stands for the amine group density.

Cu?* lon Adsorption Test. The Cu** ion adsorption per-
formance of the PP-g-PGMA-EDA adsorbent was quantified
through a batch-type adsorption test. PP-g-PGMA-EDA adsor-
bent (0.5 g) was put into 100 mL vials containing 70 mL of
aqueous CuSO, solution (pH 5) at different initial concen-
trations ranging from 100 to 1000 ppm. These were stirred for
20 h at ambient temperature. The Cu®" ion concentration
before and after the adsorption was measured using an induc-
tively coupled plasma mass spectrometer (ICP-MS, 7500, Agi-
lent, USA). The amount of Cu** ions adsorbed by the
adsorbent was calculated using the following equation:

Cu*'-adsorbed amount (mg/g)=((C,— Cp) x V)/W %)

Where C, and C; are the concentration (ppm) of the Cu®* ion
before and after the adsorption, respectively, V is the volume of
the solution (mL), and W is the weight of the PP-g-PGMA-
EDA. For comparison, an adsorption test using commercially
available AW90 resin was performed under the same con-
ditions.

To compare the Cu*" ion adsorption performance between
the PP-g-PGMA-EDA-3.5 and AW90 resin with immersion
time, a batch-type adsorption test was performed. The 0.38 g
of PP-g-PGMA-EDA and AW90 resin were immersed in 70
mL of 10 ppm Cu?" ion solution (pH 5) and stirred at 30 °C.
After the immersion times of 5, 10, 20, 30, 60, and 120 min,
each solution was taken, passed through a 0.2 mm filter, and
the remaining Cu®* ion concentration was measured using an
ICP-MS. The Cu*" removal rate was calculated using the fol-
lowing equation:

Cu*" removal rate (%)= (C,— C)/C, x 100 6)

Where C, is the initial ion concentration and C; is the ion
concentration of the solution at each immersion time.

Characterization. The chemical structure was investigated
using an Attenuated total reflectance Fourier transform infrared
spectrometer spectroscopy (ATR FTIR, Varian 640, USA)
equipped with an ATR accessory containing a ZnSe crystal. A
thermogravimetric analysis (TGA) was performed using a
Q500 analyzer (TA Instrument, USA) under nitrogen atmo-
sphere at a heating rate of 10 °C/min in the range of 50-600 °C.
High resolution field emission scanning electron microscopy
(FE-SEM) was carried out using an analytical HR-SEM (SU-
70, Hitachi, Japan). Tensile properties (tensile strength and
elongation-at-break) were measured by using a universal test-
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ing machine (UTM, EZ-SX, Shimadzu, Japan) according to
the ASTM standard D638.

Results and Discussion

The preparation of PP-g-PGMA-EDA adsorbent was per-
formed incrementally, as depicted in Figure 1. To form the rad-
ical initiators, the PP fabric was irradiated by electron beam
irradiation under the inert condition. To produce the PP-g-
PGMA, the irradiated fabric was placed into the emulsion
and the
formed radicals at the tertiary carbons of the PP backbone

solution in water containing monomer micelles,

structure readily initiated graft polymerization of GMA. As
shown in the inset for the emulsion solutions, the 2.5 wt%
GMA at the monomer-to-surfactant ratio of 10, was deter-
mined to be the minimum concentration for the stable emul-
sion solution in water. Finally, to introduce the metal-ion
adsorbing functionality, the resulting PP-g-PGMA was func-
tionalized through an amine reaction between epoxy groups of
PP-g-PGMA and the amine groups of EDA, thereby producing
the PP-g-PGMA-EDA adsorbents. Furthermore, there was no
significant change in its physical appearance (compared to
those of the pure PP and PP-g-PGMA) as shown in the inset
of the photographs of the PP, PP-g-PGMA, and PP-g-PGMA-
EDA adsorbent.

Preparation of PP-g-PGMA by Controlled Electron
Beam Irradiation-induced Emulsion Graft Polymerization.

Electron beamirradiation
[Radical (#) inftiator formation]

767

To investigate the effect of the dose rate on the grafting degree
and conversion rate, electron beam-induced emulsion polym-
erization was carried out at different dose rates (20, 40, and 60
kGy/s; corresponding to the absorbed dose of 10, 20, and 30
kGy) by either adjusting the beam current from 10 to 30 mA
at the fixed conveyor speed of 10 m/min, or by adjusting the
conveyor speed from 3 to 10 m/min at fixed beam current of
10 mA. As shown in the Figure 2(a), the grafting degree and
conversion rate abruptly increased with increasing reaction
time of up to 30 min, and then leveled off after 60 min when
irradiated at 40 and 60 kGy/s by adjusting the beam current
from 10 to 30 mA at a fixed conveyor speed (except for 20
kGy/s). In the case of 40 and 60 kGy/s, the respective grafting
degree and corresponding conversion rate at the reaction time
of 60 min tended to level off at ~160+7% and 90+3%. This
higher grafting degree and conversion rate above the absorbed
dose of 40 kGy/s, is probably attributable to the fact that the
radicals needed to initiate the graft polymerization were effi-
ciently generated at above absorbed dose of 20 kGy at the dose
rate of above 40 kGy/s, induced quicker monomer consump-
tion, and eventually leading to a higher grafting degree and
conversion rate.*** Likewise, as shown in Figure 2(b), the
effect of dose rate by adjusting conveyor speed at fixed beam
current exhibited a similar tendency. However, comparing the
deviations in the grafting degree and conversion rate at the
reaction time of 60 min for 40 and 60 kGy/s, the current-
adjusted dose rate is relatively smaller than the conveyor
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Figure 1. Schematic diagram for the preparation of PP-g-PGMA-EDA fabric by electron beam radiation-induced emulsion graft polymer-

ization and subsequent amine reaction.
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Figure 2. Changes in grafting degree and conversion rate of PP-g-PGMA at the different dose rates (respective absorbed doses of 10, 20, and
30 kGy): (a) by adjusting beam current at a fixed conveyor speed; (b) by adjusting conveyor speed at a fixed beam current.

speed-adjusted one, on average (grafting degree = 160+11%
and conversion rate = 90+5%). This result indicates that the
current-adjusted way (even at the same dose rate) could pro-
vide more efficient and reliable grafting degree and conversion
rate than the conveyor speed-adjusted one. This better effi-
ciency of the current-adjusted way is presumably ascribable to
the fact that, although the dose rates achieved by adjusting the
current or conveyor speed are equal, current-adjusting way
(namely, the shorter irradiation with the higher numbers of
accelerated electrons to break the chemical bonds) improved
the radiolysis efficiency of PP. This resulted in the efficient for-
mation of polymerization-initiating radicals.”® Therefore, the
condition to achieve the reliable level of conversion rate (aver-
age 93+£2%) was the absorbed dose of 30 kGy at the dose rate
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of 60 kGy/s (by adjusting beam current of 30 mA at the fixed
conveyor speed of 10 m/min, and a reaction time of over 60
min).

To further confirm the efficacy of the high dose rate on the
grafting degree and conversion rate, change in the grafting
degree and conversion rate of PP-g-PGMA with the current-
adjusting different absorbed doses (corresponding to the fixed
absorbed dose) was investigated, and the results are shown in
Figure 3(a) and 3(b). As shown, the dose rate of 60 kGy/s pro-
duced relatively the higher grafting degree and conversion rate
with smaller deviation at the initial reaction time (between 10
and 30 min) in comparison to that for 20 kGy/s, even at the
same dose of 30 kGy.*** As expected, after 60 min, those
seemed to be saturated. However, the dose rate of 60 kGy/s
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Figure 3. Changes in (a) grafting degree; (b) of PP-g-PGMA at the different dose rates of 20 and 60 kGy/s (corresponding to fixed absorbed
doses of 30 kGy) by adjusting the beam current at fixed conveyor speed.

ZaH, Al459 A5, 20214



Reproducible Green Radiation-based Synthesis of PP-g-PGMA Adsorbent for Removal of a Heavy Metal Ion 769

O
)

180+

&
(=]

I~}
o

A 30 kGy

60 kGy
+ 90 kGy
¥ 120 kGy

=23
(=3

Grafting degree (%
w [7=]

o
-

0 20 40 60 80 100 120
Reaction time (min)

(b)._ —
=
o
L
©
| .
5
P
» A 30KGY
> 60 kGy
5 + 90 kGy
O v 120 kGy

0 20 40 60 80 100 120
Reaction time (min)

Figure 4. Changes in (a) grafting degree; (b) conversion rate of PP-g-PGMA at different absorbed doses ranging from 30 to 120 kGy with

a fixed current-adjusting dose rate of 60 kGy/s.

produced more reproducible grafting degree (160+5%) and
conversion rate (93+2%) than the dose rate of 20 kGy/s (graft-
ing degree 160+7% and conversion rate 90+5%). This result
strongly supported that the higher dose rate (with higher num-
ber of accelerated electrons) at the same absorbed dose effi-
ciently generated the polymerization-initiating radicals in the
PP. This produced a reliable grafting degree and conversion
rate as mentioned in the discussion of the efficiency of the cur-
rent-adjusted way. Therefore, the optimized absorbed dose of
30 kGy, dose rate of 60 kGy/s, and reaction time of 60 min is
good enough to achieve a relatively-constant grafting degree
with a reliable conversion rate above 90%.

The effect of absorbed dose on the grafting degree and con-
version rate was investigated, and the results are shown in Fig-
ure 4(a) and 4(b). As can be seen, the grafting degree and
conversion rate at the reaction times between 10 and 30 min
were slightly increased with the absorbed dose.’ However,
after 60 min, both were almost saturated to the maximum
(grafting degree of average 160+£5% and the corresponding
conversion rate of 93+£2%) irrespective of the given absorbed
doses. This result implies that the absorbed dose of 30 kGy and
reaction time of 60 min is good enough to achieve the constant
grafting degree with conversion rate above 90%.

The effect of reaction temperature on grafting degree and
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conversion rate was investigated, and the results are presented
in Figure 5(a) and 5(b). As shown, even if emulsion graft
polymerization occurred at the ambient temperature of 25 °C,
the grafting degree at the reaction time of 60 min reached just
~100+£6% with a conversion rate of 60+4%. At the relatively
higher temperature of 40 °C, the higher grafting average
degree of 140+1% with the conversion rate of 80+2% was
obtained for the reaction time of 60 min due to the heat energy
effect.***' On the other hand, for the temperatures of 50 and
60 °C, the average grafting degree of 160+5% with a con-
version rate of 93+2% was achieved at the reaction time of 60
min although there is a thermal energy-induced discrepancy in
the grafting degree and conversion rate at the reaction time of
10 and 30 min.”? Therefore, the temperature of 50 °C and the
reaction time of 60 min is quite satisfactory for gaining the
constant grafting degree with conversion rate above 90%.
Therefore, it is confirmed from the overall results of the rela-
tionship between the RIEGP parameters, grafting degree, and
conversion rate that the established RIEGP condition in this
system (the current-adjusting dose rate of 60 kGy/s, the
absorbed dose of 30 kGy, the reaction time of 60 min and the
reaction temperature of 50 °C) can achieve the constant graft-
ing degree desired, with a conversion rate of 93+2%.

To provide further evidence of the reliability and repro-
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Figure 5. Changes in (a) grafting degree; (b) conversion rate of PP-g-PGMA at different temperature ranging from 25 to 60 °C at fixed

absorbed dose of 30 kGy.
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Figure 6. (a) Change in grafting degree and corresponding conversion rate as a function of GMA concentration at fixed absorbed dose of 30 kGy;
(b) comparative study on grafting efficiency between organic solvent- and emulsion-graft polymerization at the 6 wt% of GMA concentration.

ducibility of the above-mentioned RIEGP condition, the rela-
tionships between monomer concentration, grafting degree,
and conversion rate were investigated, and the results are pre-
sented in Figure 6(a). As expected, the grafting degree was lin-
early increased from average 101+£2% to average 256+5% with
the increase in monomer concentration from minimal con-
centration of 2.5 wt% to 6 wt%. Even so, the conversion rate
of averaged 93+2% was nearly steady. Moreover, as shown in
Figure 6(b), the grafting degree and conversion rate in emul-
sion graft polymerization are much higher than those in
organic solvent graft polymerization.”"** These results indicate
that the grafting degree of PP-g-PGMA can be precisely con-
trolled in emulsion graft polymerization with excellent grafting
efficiency by manipulating a monomer concentration. This
allows customization of its physicochemical properties to those
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desirable for the application of metal adsorbent.

To confirm the successful formation of PP-g-PGMA by the
PP fabrics by electron beam irradiation-induced emulsion graft
polymerization, diverse analyses of chemical structure, thermal
decomposition, and morphology were carried out, as presented
in Figure 7. The FTIR spectra give clear insight into the
change in the chemical structure of pristine PP fabric (Figure
7(a)): the PP spectrum showed characteristic peaks at 2918
cm™ (aliphatic CH), 1437 cm™ (-CH,), and 1376 cm™ (-CHj),
which were assigned to the chemical structure of PP back-
bone.®* On the other hand, in all the spectrum of PP-g-
PGMA-101, PP-g-PGMA-151, and PP-g-PGMA-201, new
peaks appeared clearly at 1721 cm” (C=O of (C=0)O) and
1180 cm™ (C-O of (C=0)0), 905 and 843 cm™ (tri-cyclic C-
0-C). These were identical to the GMA spectrum except for
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Figure 7. Chemical structure, thermal decomposition, and morphology of PP-g-PGMA: (a) FT-IR spectra of PP, GMA, PP-g-PGMA-101, -

161, and -201; (b) Thermal decomposition profile of PP, PP-g-PGMA-101, -160, and -201; (c) FE-SEM images and corresponding fiber diam-
eter distributions of PP and PP-g-PGMA-201.
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the double bond, appeared along with the characteristic peaks
for the pristine PP. The intensities of the peaks for the C=0, C-
0, and C-O-C were relatively much increased with an increase
in the grafting degree.® As shown in the thermal decom-
position profiles as other evidence for the successful intro-
duction of PGMA on the PP (Figure 7(b)), the typical weight
loss of pristine PP occurred at the temperatures between 300
and 480 °C in the thermal decomposition profile.* In contrast,
all the PP-g-PGMA-101, PP-g-PGMA-160, and PP-g-PGMA-
201 exhibited the weight losses over two temperature spans
(200-350 and 350-480 °C). These results were due to the well-
known thermal decomposition of PGMA and PP, respectively.’
The PGMA thermal decomposition-induced weigh losses were
clearly dependent on the grafting degree (quite good agree-
ment with those using the weight-based measurement). Fur-
thermore, as shown in FE-SEM images and in the fiber
diameter distributions of the fiber dimension (Figure 7(c)),
pristine PP showed randomly flat fibers with randomly entan-
gled morphology and the fiber diameter in the FE-SEM image
was average 2.9+1.2 um. On the other hand, PP-g-PMGA-201
exhibited the round fibers with three-dimensional shapes
(unlike those of pristine PP), and its fiber average diameter
was 3.7+1.2 um (thicker than that of pristine PP). Therefore, it
is confirmed from these overall analytic results that the PP-g-
PGMA was successfully produced through emulsion graft
polymerization of GMA onto the irradiated PP fabric under
controlled conditions.

Preparation of PP-g-PGMA-EDA Adsorbent and its
Copper lon Adsorbing Performance. To investigate the for-
mation of PP-g-PGMA-EDA adsorbent via the amine reaction
between epoxy groups of PP-g-PGMA and the amine groups
of EDA, amine group density measurement, FTIR, and UTM
were carried out, and the results are shown in Figure 8. As
shown in Figure 8(a), the prepared PP-g-PGMA-EDAs exhib-
ited the amine group density ranging from 2.8 to 3.5 mmol/g
(dependent on the grafting degree of the PP-g-PGMA) and the
corresponding conversion rates of 88% were achieved under
the given condition of 20 wt% EDA in dimethyl sulfoxide
(DMSO) solution for 80 °C for 1 hr. As shown in FTIR spectra
as a clear evidence for the successful preparation of PP-g-
PGMA-EDA (Figure 8(b)), PP-g-PGMA-EDA-3.5 spectrum
shows new peaks at 3360 cm™ (-OH: due to ring opening reac-
tion of epoxy with EDA) and 1605 cm™ (-NH: corresponding
to EDA spectrum) along with the near disappearance of the
peaks at 905 and 843 cm’, in comparison with those of PP-g-
PGMA-201 as a starting material."’ These indicate the suc-
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Figure 8. Chemical and tensile properties of PP-g-PGMA-EDA
adsorbents: (a) amine group density of PP-g-PGMA-EDA-2.8, -3.2,
and -3.5; (b) FTIR spectra of EDA, PP-g-PGMA-201, and PP-g-
PGMA-EDA-3.5; (c) tensile strength and elongation-at-break of PP,
PP-g-PGMA-201, and PP-g-PGMA-EDA-3.5.

cessful functionalization of PP-g-PGMA-201 with EDA, pro-
ducing the PP-g-PGMA-EDA-3.5 adsorbent. Moreover, as
presented in tensile strength and elongation-at-break results for
the sequential introducing influence of PGMA and EDA on
the mechanical properties of pristine PP (important for the
practical application (Figure 8(c)), the pristine PP exhibited a
tensile strength of 1.4+0.20 MPa and elongation-at-break of
28+2%. The tensile strength (1.0£0.02 MPa) and elongation-
at-break (14+2%) of PP-g-PGMA-201 was slightly reduced in
comparison to those of pristine PP. The PP-g-PGMA-EDA-3.5
(prepared by amine reaction of PP-g-PGMA-201 with EDA)
exhibited the lower tensile strength (0.6+£0.06 MPa) and lower
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Figure 9. Copper (Cu*") ion adsorbing performance of PP-g-PGMA-EDA adsorbents: (a) Cu** adsorbed amount of PP-g-PGMA-EDA-2.8,
-3.2, -3.5, and commercial AW90 resin (inset shows the photograph of PP-g-PGMA-EDA-3.5 before and after the adsorbing test at 1000 ppm);
(b) Cu*" removal rate of PP-g-PGMA-EDA-3.5 and commercial AW90 resin.

elongation-at-break (15+1%) in comparison to those of PP-g-
PGMA-201. The reduction of tensile properties by the incre-
mental introduction of PGMA and EDA is probably attrib-
utable to the reduction in the flexibility of PP chain. This is
induced by PGMA and further deteriorated by hydrogen bond-
ing formation of EDA.** Therefore, the PP-g-PGMA-EDA
adsorbents with amine-group density ranging from 2.8 to 3.5
mmol/g were successfully produced through amine reaction
with EDA. Moreover, they still retained the mechanical prop-
erty suitable for application toward the metal ion adsorption,
although their tensile properties were lower than those of pris-
tine PP’

To demonstrate practically the feasibility of adopting Cu**
ion as a new adsorbent for the removal of heavy metal ion, the
adsorption performance of PP-g-PGMA-EDA adsorbents was
evaluated in terms of Cu*" ion concentration and immersion
time. Cu*" ions were selected as a model of hazardous metal
ions and commercially-available AW90 resin with amine
groups (industrially used for the removal of the heavy metal
ion) was employed as a reference for comparison. As pre-
sented in Figure 9(a), the amount of copper adsorbed by PP-g-
PGMA-EDA-2.8, -3.2 and -3.5 adsorbents all increased with
increase in the Cu?" concentration. At concentration over 600
ppm, PP-g-PGMA-EDA-3.5 with the highest amine group
density showed the higher Cu*" adsorption than PP-g-PGMA-
EDA-2.8 and -3.2 did. The PP-g-PGMA-EDA-3.5 exhibited
the highest amount of adsorbed Cu*" (189+16 mg/g), which is
51% higher than that of AW90 resin (125+2 mg/g). As pre-
sented in the inset in Figure 9(a), the white PP-g-PGMA-EDA-
3.5 adsorbent turned an even blue color after the adsorption of
Cu*" at the concentration of 1000 ppm. This clearly indicates
efficient Cu®* adsorption. In addition, as shown in kinetic com-
parison in Cu*" removal rate between developed PP-g-PGMA-

ZaH, Al459 A5, 20214

EDA-3.5 and commercial AW90 (critical to determine the
removal capability for the practical continuous system; see
Figure 9(b)), the PP-g-PGMA-EDA-3.5 showed a removal rate
of 90+£6% even at the immersion time of 5 min and then a
removal rate of 100+3% at the time of >20 min. This removal
rate is much higher than that of commercial AW90 (that is,
removal rate of 61+2% even at the time of 120 min). This
more rapid removal ability of PP-g-PGMA-EDA-3.5 is pos-
sibly attributable to its evenly distributed fibrous structure of
amine groups (allows more rapid adsorption).”> The amine
group is generally regarded as one of the most favorable func-
tionality for adsorption of heavy metal ions due to its strong
chelation ability towards positive charged metal ions, easily
forming amine-metal complex.’®>' Therefore, it is firmly
believed that the PP-g-PGMA-EDA prepared by controlled
RIEGP could be considered as an efficient adsorbent for the
removal of heavy metal ions from diverse wastewaters.

Conclusions

PP-g-PGMA-EDA was successfully prepared from PP-g-
PGMA, using controlled RIEGP and the amine reaction.
Moreover, it was demonstrated that PP-g-PGMA-EDA serves
well as an efficient adsorbent for the removal of hazardous
heavy metal ions. From the overall results of the relationship
between the RIEGP parameters, grafting degree, and con-
version rate, it was shown that the RIEGP conditions in this
system could provide a reproducible grafting degree with a
conversion rate >90%. The established RIEGP conditions used
were: current-adjusted dose rate of 60 kGy/s, adsorbed dose of
30 kGy, reaction time of 60 min, and reaction temperature of
50 °C. The PP-g-PGMA-EDA produced by amine reaction
with EDA exhibited the grafting degree-dependent amine
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group density ranging from 2.8 to 3.5 mmol/g with the tensile
properties suitable for the application toward the metal ion
adsorption. As a result, the PP-g-PGMA-EDA-3.5 showed the
highest amount of adsorbed Cu?* (189+16 mg/g). This is 51%
higher than that of AW90 resin (125+2 mg/g). It also exhibited
a faster rate of Cu*" removal (100+£3%) after 20 min, than that
commercial AW90 (removal rate of 61+2%) even after 120
min. This ability to achieve more rapid removal by PP-g-
PGMA-EDA-3.5 is possibly attributable to the evenly dis-
tributed fibrous structure of its amine groups. This clearly
authenticates the notion that the functionalization of non-
woven fabric could be more reliably and reproducibly
achieved using the established RIEGP, and that it might be fur-
ther customized to produce a desirable adsorbent via simple
chemical treatment to remove hazardous heavy metal ions
from diverse wastewaters.
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