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Preparation of Amidoxime-Fiber Adsorbents Based on
Poly(Methacrylonitrile) for Recovery of Uranium from
Seawater*

NALAN KABAY

INSTITUTE OF NUCLEAR SCIENCES
EGE UNIVERSITY

35100 BORNOVA, IZMIR, TURKEY

ABSTRACT

Polymerization of methacrylonitrile was performed with anionic initiators as
reported in the literature. The molecular weight of the polymer produced using
BuLi as initiator at 0 = 2°C was on the order of 10°. Maximum conversion was
97% with BulL.i initiator. For comparison, methacrylonitrile was polymerized with
diethylmagnesium in dioxane at 70°C. High-molecular weight polymers with
50-60% conversions were produced by diethylmagnesium initiator. The polymeth-
acrylonitrile obtained by BuLi initiator was used for the fiber production process.
The conversion of nitrile was performed by treatment with 3% NH>0OH in MeOH
at 80°C. The amidoxime-fiber adsorbent gave a large adsorption rate, such as 176
ng of U/g of adsorbent/day, in a batchwise seawater adsorption test.

INTRODUCTION

The chelating resins containing amidoxime groups have been shown to
be most effective for the recovery of uranium from seawater. A polymeric
adsorbent containing amidoxime groups may be prepared in various
shapes by different procedures. One of these is the preparation of spherical
amidoxime resins from poly(acrylonitrile-co-divinylbenzene) beads as
widely used by Egawa et al. and other researchers (1-14).

Poly(acrylonitrile)-based fibrous adsorbents containing amidoxime
groups have also been shown to be useful in the recovery of uranium from

* Dedicated to Prof. Iwao Tabushi.
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seawater because of their high adsorption capacity and rapid adsorption
rate (15). The fibrous adsorbents, however, have been found to have poor
mechanical stability when they are contacted with alkali due to hydrolysis
of the remaining cyano groups into hydrophilic acidic groups and a de-
crease in mechanical strength (16). Recently, radiation-induced grafting
was found to be a convenient method to produce a more stable fibrous
adsorbent (16—-19). Saito et al. suggested a novel adsorption system using
amidoxime hollow fibers prepared by radiation-induced grafting of acrylo-
nitrile onto polyethylene hollow fiber and subsequent chemical conver-
sions. Hollow fibers have been found to be easier to handle and to be
resistant during the passage of seawater (20-23). Kobuke et al. reported
on a composite fiber adsorbent which exhibited superior adsorption char-
acteristics (24, 25).

The objective of this study was to compare various routes for the syn-
thesis of poly(methacrylonitrile) leading to the preparation of amidoxime-
fiber adsorbents and to determine their ability with regard to the recovery
of uranium from seawater.

EXPERIMENTAL
Materials

The chemicals were products of Wako Junyaku and Nakarai Kagaku
Chemical, and they were purified in the same manner described in the
literature. Methacrylonitrile was purified by refluxing with CaH» for 7
hours followed by distillation under reduced pressure. Petroleum ether
was refluxed with LiAlH,4 for 7 hours and then distilled before use. Ethyl
ether was washed with 10% NaHSOs;. After successive washings with a
saturated NaCl solution containing a small amount of concentrated H,SO,
and two portions of saturated NaCl, ether was left over MgSO, overnight,
refluxed with metallic sodium, and then distilled before use. Ethyl bromide
was washed with concentrated H,SO4. After successive washings with
distilled water, 5% NaHSO; solution, and distilled water, ethyl bromide
was left over CaCl, overnight. It was refluxed with CaH- and then dis-
tilled. Dioxane was distilled, followed by refluxing with metallic sodium.
BuL.i was used directly without further purification. Liquid reagents were
transferred with hypodermic syringes. Other solvents and reagents were
generally used without further purification. The commercial sample of
MAN/6DVB/20 ED/300P copolymer beads was supplied by Mitsubishi
Kasei Co.
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Apparatus

Infrared spectra were recorded by using a Hitachi 260-50 infrared spec-
trometer. The colorimetric determination of uranium was performed using
a highly sensitive Union Giken SM-401 spectrophotometer.

Synthesis of Poly(methacrylonitrile) Using BuLi as Initiator

The polymerization was performed in a three-necked flask, connected
with vacuum and nitrogen inlet as described by Feit et al. (26). For Runs
1-5 in Table 1, methacrylonitrile (7.5 mL) was added dropwise to a solu-
tion of BuLi (1.44 mL.) in petroleum ether (40 mL). The reaction mixture
was stirred for 60 minutes at 0 = 2°C under N, atmosphere. After reaction,
the polymerization mixture was added to a 5% HCI solution to stop the
polymerization. The product was collected by filtration, washed with dis-
tilled water, and then dried under vacuum at 45°C.

Poly(methacrylonitrile) was also synthesized by changing the addition
order of reagents (Run 6 in Table 1). In that case, BuLi (1.44 mL) was
added to a solution of methacrylonitrile (7.5 mL) in petroleum ether (40
mL).

Synthesis of Poly(methacrylonitrile) Using
Diethylmagnesium as Initiator

Diethylmagnesium (Et,Mg) was prepared as described in the literature
(27). Polymerization was performed following the method described by
Joh et al. (28). Polymerization of methacrylonitrile was carried out using

TABLE 1
Polymerization of Methacrylonitrile by BuLi as Initiator®

[MAN] Yield .

Run (mol/L) [MAN)/[BuLi] (%) [w] M,
1 1.916 39.1 64.1 1.14 1.19 x 10°
2 1.916 39.1 78.3 1.48 1.30 x 10°
3 1.916 39.1 90.0 1.54 1.40 x 10°
4 1.916 39.1 97.1 1.45 1.25 x 10°
5 1.916 39.1 85.2 1.31 1.03 x 10°
6 1.916 39.1 78.0 0.84 4.40 x 10*

< Total concentration of BuLi, 0.049 mol/L; polymerization temperature, Runs 1-5: 0 =
2°C; and Run 6: —-70°C.
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a three-necked flask equipped with a condenser, nitrogen inlet, dropping
funnel, and stirrer. Methacrylonitrile (7.5 mL) was added dropwise to a
suspension of diethylmagnesium (1.3 mL) in dioxane (40 mL) with stitring
and allowed to polymerize at 70°C for 4 hours. After that, the product
was poured into methanol containing about 5% HCI solution to stop the
polymerization. The polymer was filtered off, washed with methanol, and
dried under vacuum at 45°C to give 3 g of product, corresponding to 50%
conversion (Run I in Table 2). In the case of Run 2 (Table 2), methacryloni-
trile (7.5 mlL.) was added dropwise to a suspension of diethylmagnesium
(1.32 mL) in dioxane (67.5 mL) by stirring. The polymerization was com-
pleted after 12.5 hours. The product was filtered off, washed with MeOH,
and dried under vacuum at 45°C to provide 3.6 g of product (conversion,
60%).

Viscosity Measurements

Viscosities were determined in dichloroacetic acid as described in the
literature (26, 29). The following equation was used to determine intrinsic
viscosities by measuring the viscosity of the polymer solution at one con-
centration (0.1 g/100 mL):

po= o X ee

where po. p, and [p] are the viscosity of the solvent, viscosity of the
polymer solution, and the intrinsic viscosity, respectively, and C is the
concentration of the polymer solution in g/100 mL. Molecular weight (M)
was calculated by using the equation of Joh et al. (29):

(n] = 3.24 x 10-3M0-520

Preparation of Fiber Adsorbents

The finely powdered polymers synthesized using BuLi as initiator were
used to produce fiber materials. The production of fiber materials was
performed by Toray Industries Inc.

TABLE 2
Polymerization of Methacrylonitrile by EtoMg as Initiator*
[Et-Mg] Dioxane Conversion
Run (mol/L) (mL) (%) fwl M.,
1 0.0316 40 50 4.34 1.03 x 10°
2 0.0316 40 60 5.00 1.36 x 106

“ Polymerization: 70°C, 4 hours, N> atmosphere; methacrylonitrile, 7.5 mL.
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A solution of KOH in MeOH (7.88 g KOH in 61 mL. MeOH) was added
dropwise to a methanolic hydroxylamine hydrochloride solution (10.43 g
NH;OH-HCI in 104 mL MeOH). After the mixture was stirred with a
magnetic stirrer, the KCl precipitated was filtered off. Functionalization
of poly(methacrylonitrile) fibers was carried out with 3% NH,OH in meth-
anol. The reaction mixture was gently refluxed and then filtered, washed
with methanol and dried under vacuum at 45°C. The conversion of the
nitrile to the amidoxime was shown by the disappearance of CN absorp-
tion at 2235 cm ™! on the IR spectra.

Adsorption Tests

The fiber adsorbent (50 mg) was immersed in 10 mL of 1 M NaOH for
6, 12, 24, 48, and 96 hours. After alkaline treatment, the sample was
neutralized by 0.1 M HCI, added gradually. Complete neutralization was
confirmed by no further pH change in the neutral pH range. The fiber
adsorbent was washed with deionized water. The alkali-treated fiber ad-
sorbent was immersed in 5 L of natural seawater thermostated at 25 +
0.05°C. The seawater was swirled at a constant speed (180-200 rpm) by
a poly(tetrafluoroethylene) blade driven by a mechanical stirrer. After 24
hours of immersion, the fiber was filtered off and washed with deionized
water. The elution of uranium was performed by immersing the fiber ad-
sorbent into 10 mL of | M HC1 (3 x) for 1 hour. The spectrophotometric
determination of uranium was based on the U-Arsenazo 111 complex. The
absorbance of the solution was measured at 665 nm wavelength.

RESULTS AND DISCUSSION
Synthesis of Poly(methacrylonitrile)

A different approach for preparing the amidoxime adsorbents used for
the recovery of uranium from seawater is to use poly(methacrylonitrile)
as the base polymer. It is known that acrylonitrile is more easily attacked
by nucleophiles at both the nitrile group and the double bond, and is
a more reactive dienophile (30). With this in mind, it was considered
that unlike poly(acrylonitrile)-based adsorbents, poly(methacrylonitrile)-
based ones are more stable, with little site deterioration during alkaline
treatment.

Ionic polymerization of methacrylonitrile has been successfully used
with anionic initiators in inert solvents, as reported in the literature (30).
The highly electronegative cyano group of methacrylonitrile makes nu-
cleophilic attack easy. It has been reported by Beaman (31) that methacry-
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lonitrile polymerizes rapidly even at temperatures as low as —75°C be-
cause this monomer contains no a-hydrogen atom which could cause chain
termination and subsequent branching from the newly formed active
center.

The mechanism of base-induced polymerization is given as follows (31):

R R
A7 + Csz(l? - A~CH2—C|‘: 1
L ]
R R R R
A—CH;—(II*: + nCHz———(ll — A— CHz——(I? n—CHz——ClI‘: 2
s R ! R
R R R
A— CHZ—(|? n—CHz'—(_L,_Z + H* - A— CHz—é aretH  (3)
R’ R’ R’

where A~ : is the initiating negative group, R is an electron-withdrawing
group, and R’ is H or some other substituent. Termination reaction (3)
may occur in various manners, such as elimination of A~ :.

Overberger et al. studied the mechanism of initiation in the lithium—-am-
monia~-methacrylonitrile system (32). The use of quaternary ammonium
hydroxides as catalysts for the polymerization of methacrylonitrile was
investigated by Zilkha et al. (33). The anionic homogeneous polymeriza-
tion of methacrylonitrile by alcoholic solutions of alkali metal alkoxides
in dimethylformamide was studied by Feit et al. (34). The same authors
investigated the mechanism of anionic heterogeneous polymerization of
methacrylonitrile by butyllithium (26). They concluded that the absence
of a chain transfer reaction in the case of methacrylonitrile, due to the o-
methyl group in this monomer, will lead to a high-molecular-weight poly-
mer. With this in mind, we have used butyllithium for the anionic polymer-
ization of methacrylonitrile.

Following the experimental work by Feit et al. (26), the conditions em
ployed for the anionic polymerization of methacrylonitrile by butyllithium
as initiator were chosen to allow a maximum degree of stereoregularity
and a high molecular weight. A number of polymethacrylonitriles have
been synthesized by employing different addition orders of reagents at
various stirring speeds. The resulis are summarized in Table 1. The poly-
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mers for Runs 1-5 were synthesized by adding the monomer solution to
the initiator solution and swirling the polymerization mixture at various
speeds. The polymerization temperature was kept at 0 + 2°C. The highest
conversion occurred with the highest swirling speed. However, this was
not sufficient to enhance the intrinsic viscosity and the molecular weight.
The polymerization for Run 6 was performed by adding the initiator solu-
tion to the monomer and keeping the temperature at —70°C. As shown
in Table 1, conversion of the Run 6 polymerization was 78%. However,
some decreases in intrinsic viscosity and molecular weight were obtained.
It is noted in the literature that the molecular weight remains practically
constant when the polymerization temperature is varied from —30 to
+10°C. The results show that polymers with higher molecular weights
are obtained when the monomer is added to the initiator at 0 + 2°C,

The stereospecific polymerization of methacrylonitrile with diethylmag-
nesium was studied in detail by Joh et al. (28). It was noted that the
intrinsic viscosity, stereoregularity, and molecular weight of the polymer
were higher when dioxane was used as a solvent during polymerization.
Although conversion was low, the polymer obtained in dioxane had a
higher stereoregularity and molecular weight than those obtained in hydro-
carbon solvents (28).

For comparison, poly(methacrylonitrile) was synthesized using diethyl-
magnesium as initiator according to a literature procedure (28). Polymer-
ization for Runs 1,2 in Table 2 was performed with various stirring speeds.
The molecular weights were very similar in both cases. The conversions
were in the 50-60% range. According to the literature, conversion was
37% when dioxane was used as the solvent. However, the molecular
weights were very similar to the value given in the literature.

Preparation of Fiber Adsorbent

The fiber material was produced from the poly(methacrylonitrile) syn-
thesized with butyllithium as initiator at 0 = 2°C. The functionalization
was performed using 3% NH,OH in MeOH at 80°C. The conversion of
the nitrile to the amidoxime functionality was indicated by the disappear-
ance of CN absorption at 2235 ¢cm ™! in the IR spectra. The main absorp-
tions at 3200-3400, 1625, and 925 cm~!, which are due to —OH,
>(C=N—, and =N-—0— of amidoxime groups, respectively, were also
observed in the IR spectra of fiber adsorbents.

Adsorption Characteristics of the Fiber Adsorbent

Figure 1 shows the adsorption profile obtained by 1-day adsorption from
5 L of natural seawater by using 50 mg of the fiber adsorbent in a batch
system at 25°C as a function of alkaline treatment time. The fiber adsor-
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bents were treated with 1 M NaOH for 6, 12, 24, 48, and 96 hours, respec-
tively. As shown in Fig. 1, the adsorption rate of uranium was increased
by the alkaline treatment. After 48 hours of alkaline treatment, the best
adsorption rate obtained was 176 pg of U/g of adsorbent/day. As explained
in the literature (9, 11, 35, 36), alkaline treatment enhances the potential
for much faster adsorption characteristics. It is believed that both the
physical structure in the swollen state and the chemical structure due
to alkaline treatment contributed to the high performance achieved. For
comparison, adsorption data were obtained by using spherical amidoxime
resins derived from the copolymer beads of methacrylonitrile (commercial
sample, MAN/6DVB/20 ED/300P). As shown in Table 3, the adsorption
rates were lower than those obtained by fiber adsorbent. This implies
that the crosslinked MAN/6DVB/20 ED/300P-based spherical amidoxime
resins swell less than the fiber adsorbents due to their relatively high
intrinsic hydrophobicity. The adsorption rate of spherical amidoxime res-
ins increased in a manner similar to alkaline treatment, although the ad-
sorption values fluctuated. These fluctuations may be due to a discrepancy
in the kinetic behavior of spherical amidoxime resins during the adsorption
period.

200

100

Adsorption rate
(ng of U/g of adsorbent/day)

0 1 - | " 1 " i 1 ] 2
0 20 40 60 80 100
Alkaline treatment time
(h)

FIG. 1 Effect of alkaline treatment on the adsorption rate of uranium from seawater by
fiber adsorbent.



12:18 25 January 2011

Downl oaded At:

PREPARATION OF AMIDOXIME-FIBER ADSORBENTS 383

TABLE 3
Effect of Alkaline Treatment on the Uptake of Uranium from Seawater by MAN/6DVB/
20 ED/300P-Based Chelating Resin

Alkaline treatment time Adsorption rate

(h)® ug U? (pg of Ulg of adsorbent/day)
0 2.15 430

12 4.91 98.2

24 4.53 90.6

48 4.15 83.0

96 5.10 102.0

41 M NaOH.

 Values are based on 50 mg of adsorbent (before alkaline treament).

CONCLUSION

Although an adsorption rate as high as 176 pg of U/g of adsorbent/day
was achieved, this value is lower than an economically feasible value such
as 500 pg of U/g of adsorbent/day. However, the results are encouraging
enough to justify further study in the preparation of poly(methacyloni-
trile)-based fiber adsorbents for the recovery of uranium from seawater.
The results suggest that in optimizing the adsorption characteristics of
poly(methacrylonitrile)-based fiber adsorbents, a basic requirement exist
in terms of the improvement of physical and chemical properties, and that
these factors should be carefully balanced against capacity requirements.
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