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ABSTRACT

A fibrous adsorbent for arsenic (As) removal was synthesized with nonwoven cotton fabric as a trunk polymer.
2-hydroxyethyl methacrylate phosphoric acid monomer which composed of phosphoric acid mono (50%) and di (50%)
ethyl methacrylate ester was introduced with radiation-induced graft polymerization onto nonwoven cotton fabric. The
degree of grafting of 130% was obtained at irradiation dose of 20 kGy with 5% of monomer solution for 2 hours reac-
tion time at 40°C reaction temperature. After the grafted material was contacted with 10 mmol/L of zirconium (Zr) so-
lution at pH 1, 0.38 mmol/g of Zr was loaded on phosphoric units as a functional group for As(V) removal. The result-
ing adsorbent was evaluated by column mode adsorption with 1 mg/L of As(V) solution at various pH with space ve-
locity 200 h™'. The maximum capacity of As(V) adsorption was 0.1 mmol/g at pH 2.
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1. Introduction

The impact of water pollution by toxic metals on human
health remains a significant problem throughout the
world. Arsenic (As), which is one of the most common
causes of water pollution, exists in high concentrations in
natural water such as rivers, hot springs, groundwater
and drainage from abandoned mines [1-4]. To solve the
problem, a coagulation and ion-exchange of granular
resin have been extensively used for removal of As(V)
from water [5-6]. However, a large amount of waste is
produced by water treatment with coagulation, and it is
difficult to remove As(V) to a low concentration rapidly
with these techniques. Hence, a new adsorbent which
could effectively remove As(V) from water is needed.
Zirconium (Zr) has been used for adsorption of As(V)
as a functional group [7,8]. The reason is Zr(V) has a
particular affinity for As(V). But Zr(V) could not be di-
rectly introduced onto polymeric materials. Phosphoric
group has high affinity against metal such as Fe, Mo, Co
and Zr. Especially, Zr(V) strongly binds with phosphate
at high concentration of nitric acid. Therefore, phosphor-
ric group was introduced onto polymeric materials to
load Zr(V). Then the strongly bound complex of phos-
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phoric-Zr(V) shows high adsorption capacity of As(V),
which means Zr(V) plays a role of intermediary in the
adsorption process.

Radiation-induced graft polymerization (RIGP) is a
useful method to introduce a functional group onto
polymeric materials. The advantages of this method are
rapidly creating radicals in a trunk material by irradiation
without any chemical reagents and easily introducing
functional groups onto a trunk material without signify-
cant changes in the properties of the trunk material [9,
10]. The fibrous adsorbent, which was synthesized by
RIGP, can rapidly remove and effectively recover metal
from water. Therefore, many types of adsorbent have
been produced with RIGP. Normally these adsorbents
were synthesized by using petroleum materials such as
polyethylene and polypropylene as a trunk material
[11-13]. Graft polymerization using cotton, which one of
plant-based material, as a trunk polymer is possible to
decrease petroleum resources dependence and contribute
to conserving resources.

In this study, the Zr-type adsorbent for As(V) removal
was synthesized by RIGP with a phosphoric monomer
onto a nonwoven cotton fabric and was subsequently
modified with Zr(IV) loading on phosphoric units. The
adsorption behavior of the Zr-type adsorbent with As(V)
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was investigated by column mode adsorption.

2. Experimental
2.1. Materials

A nonwoven cotton fabric purchased from Marusan In-
dustry Co., Ltd. was used as a trunk polymer. Phosphoric
acid monomer (2-hydroxyethyll methacrylate phosphoric
acid; Kyoeisha Co.) was used for grafting monomer
which was composed of the mixture of mono (50%) and
diester (50%) as shown in Figure 1. Zirconium sulfate
tetrahydrate and Di-sodium hydrogen arsenate heptahy-
drate were supplied by Kanto Chemical Co., INC. All
other chemicals and solvents were used without further
purification.

2.2. Graft Polymerization

The nonwoven cotton fabrics were cut into 3 cm x 5 cm
and were packed in a polyethylene bag under nitrogen
atmosphere, which were irradiated with electron beam at
beam energy of 2 MV and current of 3 mA under dry-ice
temperature. The irradiated fabrics were placed into a
glass ampoule and were evacuated. The aqueous emul-
sion of phosphoric acid monomer was transferred into
the ampoule. The reaction temperature was maintained in
water bath at 40°C and 50°C. After graft polymerization,
the grafted materials were washed several times with
pure water and dried in vacuum oven at 30°C. The degree
of grafting (Dg) was calculated by the following equa-
tion;

Dg[%]= (W, -W, ) /W, x100

where W, and W, are the weights of nonwoven cotton
fabrics before and after graft polymerization, respec-
tively.

2.3. Loading of Zirconium on Phosphoric Units

Zr(IV) was loaded on phosphoric units by the contacting
of Zr(IV) solution with a column. The grafted materials
were packed into the column with an internal diameter of 1
cm. The height of grafted materials in the column was 0.3
cm. The Zr(IV) solution was prepared by dissolving Zir-
conium sulfate tetrahydrate in pure water. The pH of Zr(IV)
solution was adjusted to pH 1 and pH 2 by addition of
nitric acid. The Zr(IV) solution was delivered up-flow to

@) (b) CH2=|CCH3
= COO(CH,),0
CH, (|3CH3 2/2 >PO(OH)
COO(CH,) ,OPO(OH), COO(CH,),0
CH,=CCH,

Figure 1. Chemical structure of phosphoric acid monomer:
(a) mono ester; (b) diester.
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the column at flow rate of space velocity (SV) 200 h
using a peristaltic pump [Advantec, AP-1600]. After
Zr(IV) loading, the adsorbent in the column was washed
with pure water.

2.4. Arsenic Adsor ption

To evaluate the adsorption performance for As(V), the
adsorption test was investigated by column mode test.
The solution of As(V) was prepared by dissolving di-
sodium hydrogen arsenate heptahydrate in pure water.
The pH of As(V) solution was adjusted with nitric acid
and ammonia solution. These solutions were pumped
into the column at various flow rates and were collected
by the fraction collector. The concentration of As(V) was
determined by induced coupled plasma atomic emission
spectroscopy [ICP-AES, Perkin Elmer Inc.,Optimaa
4300 DV]. The breakthrough point was defined as the
bed volume (BV) of feed solution at As(V) concentration
in the effluents reached 5% of that in the feed solution.
The characteristic of breakthrough was observed by plot-
ting C/Cy which was the value of effluent dived by the
feeding concentration against BV, where Cy, and C are
the concentration of As(V) in the feeding solution and in
the effluent, respectively.

3. Result and Discussion
3.1. Graft Polymerization

In order to minimize the mechanical damage of cotton
fabric from irradiation, the graft polymerization of phos-
phoric acid monomer was carried out at irradiation dose
of 20 kGy. Figure 2 shows the effect of reaction time on
Dg with monomer concentration of 5 and 10% at 40°C.
The Dg increased with increment of the reaction time.
And the Dg becomes 2 times higher with the increase of
monomer concentration from 5% to 10%. The Dg of
130% was obtained at monomer concentration of 5% for
2 hours which is satisfied the requirements for preparing
As(V) adsorbent. Therefore, it was concluded that the
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Figure 2. Effect of reaction time on Dg with monomer con-
centration of (O) 5% and (@) 10% at 40°C.
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optimum graft condition of phosphoric acid monomer is
monomer concentration of 5% on the reaction time of 2
hours at reaction temperature of 40°C. In comparison
with a graft polymerization using polyethylene as a trunk
polymer [14], cotton-grafting could be reduce monomer
concentration, reaction time, reaction temperature and
irradiation dose, which indicates that the cotton-grafting
is effective and economical to introduce a phosphoric
acid monomer onto trunk polymer. Surface of cotton
fabric was observed with scanning electron microscope
[SEMEDX Type N, HITACHI]. SEM photographs of
cotton fabric before and after grafting were shown in
Figure 3. After grafting for 2 hours, the diameter in-
creased from 12 pm to 20 pum, and the damage from
grafting did not appear on surface of the cotton fabric.

3.2. Loading of Zirconium on Phosphoric Units

The Zr(IV) loading on phosphoric units was carried out
by pumping 10 mmol/L of Zr(IV) solution into the
grafted material-packed column at SV200 h™'. Figure 4
shows the characterization of Zr(IV) loading. Almost of
all Zr(IV) was loaded on phosphoric units around 10 BV.
As a result, 0.38 mmol/g of Zr(IV) was loaded on the
grafted material by 50 BV feeding at pH 1. The maxi-
mum Zr(IV) density at pH 2 was 0.31 mmol/g, which is
lower than the value obtained at pH 1. Hence, the Zr(IV)
loading was performed at pH 1.

Figure 3. SEM photographs of (a) trunk polymer and (b)
grafted polymer of 130%.

1.0

0.8

0.6

ciC,

0.4
0.2

0

0 10 20 30 40 50
BV

Figure 4. Zirconium(lV) loading on phosphoric units with
10 mmol/L of Zr (V) solution on SV200 h™ at pH 1.
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3.3. Column Mode Adsor ption of Arsenic

Column mode adsorption of As(V) was performed with 1
mg/L of As(V) solution. The breakthrough curves of
As(V) adsorption at various pH with SV 200 h™" is shown
in Figure 5. The adsorbent can adsorb As(V) across a
wide range of pH values. The BV at breakthrough point
were 870, 1420, 900, 550, 330 and 270 atpH 1,2, 3, 5,7
and 9, respectively. The maximum capacity of As(V)
adsorption was 0.1 mmol/g at pH 2. At pH range of
higher than 3, As(V) capacity of the adsorbent signify-
cantly decreased with increment of pH, and also de-
creased slightly at pH 1. Therefore, the effect of flow rate
on As(V) adsorption was investigated at pH 2.

Figure 6 shows the breakthrough curves of As(V) ad-
sorption with As(V) solution of 1 mg/L at SV 200 and
1000 h™'. The adsorption capacity for As(V) was 0.1
mmol/g with either flow rate. Increasing the flow rate up
to SV 1000 h™' did not have significant effect on the ad-
sorption capacity of As(V). In general, the granular resin
adsorbent is effective for As(V) adsorption at relatively
slow flow rate around SV 10 h'[7]. It means that the
fibrous adsorbent, which was synthesized by RIGP, can
adsorb As(V) 100 times faster than granular resin.
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Figure 5. Breakthrough curves of As(V) adsorption with 1
mg/L As(V) solution on SV200 h at various pH. (O) pH 1,
(@) pH 2, (A) pH 3, (A) pH 5, () pH 7 and (@) pH 9.
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Figure 6. Effect of flow rate on As(V) adsorption with 1
mg/L As(V) solution at pH 2 on (O) SV200 h-1 and (@)
SV1000 h™
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Figure 7. Zirconium(lV) dissolution from the adsorbent
during the As(V) adsorption with 1 mg/L of As(V) solution
on SV 200 h™at pH 2.

3.4. Stability of the Zr-Type Adsorbent

The loaded Zr(IV) should be hold on phosphoric units in
stable condition during the adsorption. The evaluation of
the stability of the Zr-type adsorbent was carried out by
monitoring the Zr(IV) dissolution from the adsorbent
during the As(V) adsorption with 1 mg/L of As(V) solu-
tion on SV 200 h™' at pH 2. The result was shown in
Figure 7. The concentration of Zr(IV) was 0.08 umol/L
at BV of 20 and then gradually decreased to 0.01 umol/L.

The total amount of Zr(IV) dissolution from the ad-
sorbent was 0.014 pmol, which correspond to 0.05% of
the loaded Zr(IV) on the adsorbent. This result indicates
that Zr(IV) is retained on the adsorbent stably.

4. Conclusion

The zirconium(Zr)-type adsorbent using a nonwoven
cotton fabric as a trunk polymer was successfully pre-
pared by RIGP with low concentration of phosphoric
monomer solution (5%) at low irradiation dose (20 kGy)
for short reaction time (2 hours) and was subsequently
modified with Zr(IV) by loading on phosphoric units.
The adsorption capacity of the adsorbent for As(V) was
0.1 mmol/g with SV 1000 h™' at pH 2. The adsorption
rate of the adsorbent was 100 times faster than that of
granular resin. The dissolution of Zr(IV) from the ad-
sorbent was negligible on As(V) adsorption.
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