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The possibility of oxidizing As(III) to As(V) in aqueous solutions by means of heterogeneous oxidants, i.e.
synthetic macromolecular redox compounds, was studied. The materials contain N-chlorosulfonamide
functional groups in the sodium form: [P]-SO,NCINa (R/CINa, 2.1 mmol/g) or in the hydrogen form:
[P]-SO,NCIH (R/CIH, 2.4 mmol/g), attached to a cross-linked macroporous poly(styrene-divinylbenzene)
matrix. They were obtained through the transformation of Amberlyst 15 (Rohm and Haas) commer-
cial cation exchanger’s sulfonic functional groups. The experiments were conducted in the H,O and
0.01 M NaOH environment (R/CINa) and in the H,0 and 0.01 M H,SO4 environment (R/CIH), using the
batch process and the column process and NaAsO, solutions (93-375 mgAs(Ill)/dm?). The experiments
showed that the two copolymers’ capacity to oxidize As(III) is high and depends on the process condi-
tions. In the column process experiments, conducted using NaAsO, solutions with a concentration of
~93 mg As(1ll)/dm? at a flow rate of 4BV/h (R/CIH) and 6 BV/h (R/CINa), a breakthrough (defined as the
exceedance of 0.05 mg As(Il)/dm? in the effluent) would occur after the solutions amounting to about
400 bed volumes had been passed through the column.
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1. Introduction

Inorganic arsenic compounds are toxic to living organisms, and
those present in natural waters pose a major environmental prob-
lem today. Since 1987 they have been listed by the International
Agency for Research on Cancer (IARC) as compounds proven to be
carcinogenic to humans [1].

The threats posed by arsenic are connected with its high concen-
trations in natural waters (mainly ground waters) used as a source
of drinking water. At the beginning of the 21st century the allow-
able arsenic content in drinking water was reduced from 0.05 to
0.01 mg/dm?3, but the water drawn from natural intakes often does
not meet this standard, particularly in Asia, South America and also
in many European countries (Slovakia, Hungary, Croatia, the UK,
France) [2-8].

Currently intensive research aimed at developing effective tech-
nologies to bring the arsenic concentration in water down to
the standard level is being conducted all over the world. The
research covers adsorption, ion exchange, precipitation and bio-
logical processes [9-13]. The oxidation of As(Ill) to As(V) receives
much attention due to the fact that most of the technologies
used to remove arsenic compounds from water, including the Best
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Available Technologies (BAT), are rather ineffective towards As(III)
[14-17]. This applies particularly to processes, such as ion exchange
or adsorption, used in the removal of impurities from dilute solu-
tions.

The principal factor taken into consideration in the design of a
technology for removing arsenic from water is the oxidation state
in which the arsenic occurs. In the water environment this element
occurs (in the form of arsenites and arsenates) in the +3 and +5
oxidation state. However, in the most often affected ground waters
mainly As(Ill) compounds, characterized by a much higher toxic-
ity than arsenates, are present. It is characteristic of arsenites that
they occur in the undissociated form in the pH range typical for nat-
ural waters (pKy1 =9.2, pKyp =12.1, pKy3 =13.4; H3AsO3, HAsO5 ™,
HAsO32-), whereas As(V) compounds occur in the dissociated form
(pKa1 =2.2, pKap =7.1, pKa3 =11.5; H3AsO4, HyAsO4~, HAsO427) in
natural waters. Since most methods of removing arsenic from water
are ineffective towards undissociated molecules, the presence of
As(IlI) compounds makes it difficult to reduce the total arsenic
content to the permissible level.

The oxidation of As(IIl) to As(V) is critical to any technology of
arsenic removal from water. One could use micromolecular, homo-
geneous oxidants (e.g. chlorine and its derivatives) for this purpose.
However, due to the fact that in waters arsenic occurs in a rela-
tively small concentration (which needs to be reduced to below
0.01 mg/dm3), the adverse effect of the homogeneous oxidant (the
excess of which lowers the quality of the treated water) poses a
problem. Research is underway on the use of inorganic heteroge-
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neous oxidants (manganese or iron oxides). Natural and synthetic
manganese minerals, e.g. birnessite, form the main group of such
materials. Also (hydrated) iron oxides, used mainly as adsorbents of
arsenic compounds, show some capacity to oxidize As(Ill) in certain
conditions. The drawback of these materials is their physical form,
making it difficult to run the processes in column conditions due to
the high hydraulic resistance of the beds, and the fact that impuri-
ties may get into the cleaned water [18-23]. Intensive research into
the synthesis and use of hybrid materials containing iron or man-
ganese oxides permanently dispersed in the structure of micro-
or macroporous cross-linked organic polymers has been underway
for several years now. Such materials combine the very good oxi-
dizing and/or adsorptive properties of manganese and iron oxides
with the excellent hydraulic properties of organic ion exchangers
usually used as the feedstock for the synthesis of hybrid polymers
[24-29].

In the present study, heterogeneous synthetic redox
polymers-copolymers of styrene and divinylbenzene, with N-
chlorosulfonamide groups in the sodium form (R/CINa) and in
the hydrogen form (R/CIH) - have been used for the first time to
oxidize As(Ill) contained in aqueous solutions. The macroporous
structure of the polymer matrix makes for excellent column
process hydraulic conditions and active chlorine (oxidation degree
+1) endows the materials with strongly oxidizing character. The
aim of the study was to examine the possibilities of oxidizing
As(III) to As(V) in accordance with the following reactions:

NaAsO, + 2H,0 — H3AsO; + Na* + OH- (1)

[P]-SO,NCINa + H3AsO3 +H,0 — [P]-SO,NH; + HASO427
+Nat +Cl- 4+ 2H* 2)

[P]-SO,NCIH + H3AsO3 +H;0 — [P]-SO,NH, + HAsO42~
+Cl~ 4+ 3H* (3)

[P] stands for the copolymer styrene/divinylbenzene macrop-
orous structure.

The experiments were conducted in a water environment with
different pH values, in both batch and column conditions.

The R/CINa copolymer is a macromolecular analogue of
Chloramine-T (N-chloro-p-toluenesulfonamide sodium salt) -
a well-known water-soluble micromolecular oxidizing and
disinfecting agent. The copolymer’s hydrogen form has no
equivalent among micromolecular compounds since the N-chloro-
p-toluenesulfonamide acid forming after Chloramine-T aqueous
solution is treated with mineral acid, quickly undergoes dispro-
portionation producing N,N-dichloro-p-toluenesulfonamide and
p-toluenesulfonamide. The R/CIH copolymer was obtained and
tested in the course of research on the oxidation of nitrites
by means of the R/CINa copolymer. By replacing the sodium
atoms with hydrogen atoms in the functional groups of the N-
chlorosulfonamide copolymer a new heterogeneous oxidant highly
effective in oxidizing nitrites contained in aqueous solutions was
obtained [30]. In contrast, the copolymer with its functional groups
in the sodium form was inactive towards nitrites.

2. Experimental
2.1. Reagents

Copolymers having N-chlorosulfonamide groups in the sodium
or hydrogen form were prepared in accordance with the methods

described previously [30-32]:
[P]-SOsH — [P]-SO,Cl — [P]-SO,NH; — [P]-SO,NCINa (4)
[P]-SO,NCINa + CH3COOH — [P]-SO,NCIH + CH3COONa  (5)

Amberlyst 15 (Rohm and Haas) - a commercially available sul-
fonate cation exchanger — was used as the starting material. It is a
macroporous poly(S/20%DVB) resin containing 4.7 mmol -SOsH/g
in the dry state (surface area 45m?/g, average pore diameter
25nm). The end product contained 2.1 mmol/g -SO,NCINa groups
(i.e. 4.20mequiv of active chlorine/g) and 0.70 mmol/g -SO3Na
groups. The N-chlorosulfonamide groups were transformed from
the sodium form into the hydrogen form by treating the R/CINa
product with an excess of 0.05M CH3COOH. The R/CINa resin
was placed in a glass column and was washed first with 0.05M
CH3COOH and then with distilled water. For a sample contain-
ing 50 mequiv of active chlorine (~12.5 g of resin), 1.0dm? of the
acid was used. The product was analysed after drying to a con-
stant weight at normal conditions. The active chlorine content of
the hydrogen form resin was 4.80 mequiv/g.

All the reagents were of analytical grade. The arsenite stock solu-
tion (1 mgAs(Ill)/cm3) was prepared from sodium (meta)arsenite
NaAsO, (Fluka, purity >99%). The solutions used in the investiga-
tions contained arsenic alone or in a mixture with sulphuric acid
or with sodium hydroxide. The solutions used in the batch regime
experiments were: NaAsO, (375 mgAs(lll)/dm3) in (a) water, (b)
0.01 M H,SO4 and (c) 0.01 M NaOH. The solutions used in the exper-
iments in the dynamic regime were: NaAsO, (93 mg As(Ill)/dm?) in
(a) water, (b) 0.01 M H,SO4 and (¢) 0.01 M NaOH.

2.2. Analytical methods

The active chlorine content in the heterogeneous oxidants
(R/CINa, R/CIH) was determined by the iodometric method mod-
ified by the longer interaction of the reagents.

Arsenic determinations (for concentrations>0.05mg/dm3)
were carried out using the spectrophotometric molybdenum blue
method (Spekol 1200, Specord 210, Analytical Jena, Germany).
Arsenate ions formed a colourless antimonyl-arsenomolybdate
complex, which was reduced with ascorbic acid, producing a blue
species. The absorbance measurement was taken at 730 or 880 nm,
depending on the desired sensitivity [33]. Since arsenite does not
form the molybdenum complex, the obtained absorbance value
was for arsenate only. In order to determine the total arsenic con-
centration, prior to the analysis an oxidizing agent (potassium
iodate) was used to convert As(IIl) into As(V). The arsenite concen-
tration was calculated as the difference between the total arsenic
concentration and the arsenate concentration [34]. For arsenic con-
centrations lower than 0.05mg/dm3, hydride generation atomic
absorption spectrometry HG AAS with a graphite tube (AAS Avanta)
was used. As(III) and As(V) were first separated using a strong-base
anion exchange resin (Amberlite IRA 402Cl), after adjusting the pH
to 4.0-4.2 [35]. This technique was validated by using solutions
with known arsenite and arsenate concentrations.

Chloride ions were estimated by argentometric titration, using
0.01 M AgNOs3 with a system of Ag/AgCl/calomel electrodes.

2.3. Batch oxidation studies

In all the experiments carried out in the batch regime at room
temperature, a measured amount of the resin (ca. 0.24g R/CINa
or 0.21g R/CIH) placed in a flask was shaken mechanically with
50 cm3 (100% excess of active chlorine) or 200 cm3 (100% excess of
arsenite) of NaAsO, solution (375 mg As(1l1)/dm3). Time-dependent
measurements of the As(Ill) and As(V) content in the solution were
performed. After the reaction the polymeric reagent was separated
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Table 1
Analytical data of the reaction in the batch regime between R/CINa resin and arsenite
solution (an 100% excess of NaAsO, in relation to stoichiometry).

Table 2
Analytical data of the reaction in the batch regime between R/CIH resin and arsenite
solution (an 100% excess of NaAsO, in relation to stoichiometry).

0.24 g R/CINa+200 cm? NaAsO, solution
(375 mg As(111)/dm?)

0.21 g R/CIH +200 cm? NaAsO; solution
(375 mg As(I11)/dm?)

In water In 0.01 M NaOH In water In 0.01 M H,S04
Concentration of arsenite, mg/L Concentration of arsenite, mg/L
Before reaction 375 375 Before reaction 375 375
After reaction (24 h) 226 267 After reaction (24 h) 193 190
pH value pH value
Before reaction 10.6 12.3 Before reaction 10.6 2.0
After reaction 9.3 12.2 After reaction 3.5 1.9
Active chlorine in a sample of R/CINa, mmol Active chlorine in a sample of R/CIH, mmol
Before reaction 0.5 0.5 Before reaction 0.50 0.50
After reaction 0.10 0.16 After reaction 0.01 0.01

from the reaction medium by filtration and was analysed for active
chlorine content.

Initially in the batch oxidation studies a double excess of As(III)
relative to the reaction (reactions 2 and 3) stoichiometry was used.
The aim was to determine the capacity of the R/CINa and R/CIH
copolymers to oxidize As(Ill) in various environments. The experi-
ments were conducted in water alone (for both redox polymers) as
well as in 0.01 M NaOH (R/CINa) and in 0.01 M H,SO4 (R/CIH).

2.4. Column tests

Column experiments were carried out using glass columns
(1.0 cmdiameter and 250 mm length) and pumps (GILSON Minipuls
3, KNAUER K 500) to ensure a constant flow rate. A sample of R/CINa
((a) 4.35g in the dry state, ~8.7 cm? after swelling in water, (b)
7.75 g in the dry state, ~15.7 cm? after swelling in water) or R/CIH
resin ((a) 4.2 g in the dry state, ~8.3cm? after swelling in water,
(b) 7.75 g in the dry state, ~15.3 cm? after swelling in water) was
packed into the column. Then NaAsO, solutions (93 mg As(III)/dm?,
in water and 0.01 M NaOH for R/CINa, in water and 0.01 M H,SO4
for R/CIH) were passed through the copolymer beds. The exam-
ined flow rates ranged from 4 to 18 bed volumes/h. Fractions (100,
250 cm?3) were collected to estimate their composition in terms of
pH, arsenate, arsenite and chloride ion concentrations.

3. Results and discussion

Because of the high active chlorine content in the redox
copolymers, As(Ill) solutions with very high concentrations
(93-375 mg As/dm?), many times exceeding the As(Ill) concentra-
tions in natural waters, were used in the experiments. Thanks to
this choice of reagents both the stationary and column experi-
ments could be carried out efficiently in a relatively short time.
The experimental results provided a good basis for planning fur-
ther experiments using dilute As(III) solutions with concentrations
close to those found in practice.

It should be added that aqueous solutions of NaAsO,, i.e.
reagents with the simplest chemical composition, have a pH of
about 10.6 (according to reaction (1), which is rather far from neu-
tral pH.

3.1. Batch oxidation studies

The results indicate that the N-chlorosulfonamide polymer in
the sodium form shows a particularly high efficiency with which
it oxidizes As(Ill) to As(V) in a weakly alkaline environment. In
this environment its oxidizing capacity amounted to 1.81 mmol
As(Ill)/g (Table 1). After 24 h of the reaction the concentration of
As(IIT) in the aqueous solution decreased by 39.8% (78.8% of the
redox polymer’s oxidizing capacity used) and the unused amount

of active chlorine (calculated per 0.1 mmol) was almost identical to
the amount in the polymer, determined after the reaction. In the
strongly alkaline medium (0.01 M NaOH) the redox polymer’s oxi-
dizing capacity was 1.3 mmol As(Ill)/g and the As(IIl) concentration
decreased by 28.7% (56.8% of the polymer’s oxidizing power used)
in the course of the reaction. The amount of active chlorine deter-
mined in the copolymer when the processes ended was found to
be ca. 25% smaller than the one calculated from the change in the
As(IIT) concentration. This was due to the release of some of the
active chlorine from the copolymer’s functional groups in accor-
dance with the reaction:

[P]-SO,NCINa + H,0 — [P]-SO,NH, +NaOCl (6)

The NaOCl present in the solution was not fully used in the oxi-
dation of As(III) because of the unfavourable alkaline environment.

The N-chlorosulfonamide copolymer in the hydrogen form was
found to be a very effective oxidant of As(Ill) in both water alone
and in 0.01 M H,SOy4. It appears from Table 2 that thanks to the
use of the R/CIH, the As(Ill) concentration in the two solutions
decreased almost by half. In the experimental conditions, in which
it is theoretically possible to oxidize 50% of the As(IIl) present in
the solution, its concentration decreased by 48.6% in water (96.5%
of the active chlorine used) and by 49.6% in 0.01 M H,SO4 (98.5% of
the active chlorine used). The calculated oxidizing capacity of the
R/CIH amounted to respectively 2.32 mmol As(IlI)/g and 2.36 mmol
As(Ill)/g, which is evidence of the nearly total use of the redox
polymer’s oxidizing capacity. The active chlorine present in the
copolymer’s functional groups was practically used up whereby
chlorides (in the amount of 0.5 mmol) appeared in the solution.

According to Table 2, the oxidation of As(Ill) by means of R/CIH
was accompanied by a marked decrease in the pH from 10.6 to 3.5.
It was found, that the presence of 0.01 M H,SO4 in the environ-
ment was not necessary to aid reaction (3), which without the acid
practically ran its full course.

The almost identical efficiency of the reaction in the two envi-
ronments is due to the fact that the R/CIH polymer considerably
reduces the pH of the reaction medium, and consequently the oxi-
dation process in both cases proceeded at a similarly low pH. This
is confirmed by results obtained in studies on the oxidizing power
of this redox copolymer. The formal redox potential of the reaction
system with R/CINa copolymer was high and similar in water alone
and in the 0.01 M H,SO4 environment [36]. The increased acidity of
the solution is mainly due the oxidation of As(IIl) to As(V) (reactions
(2) and (3)), but the hydrogen ions introduced into the solution are
not neutralized as in the case of the functional groups in the sodium
form.

In order to examine the suitability of the redox copolymers
for the so-called deep oxidation of arsenic, which is vital for the
removal of minute quantities of this element from water, further
experiments were carried out using a double excess of oxidant
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Table 3
Analytical data of the reaction in the batch regime between R/CINa resin and arsenite
solution (an 100% excess of active chlorine in relation to stoichiometry).

0.24 g R/CINa+50 cm? NaAsO, solution
(375 mg As(I11)/dm?)

In water In 0.01 M NaOH
Concentration of arsenite, mg/L
Before reaction 375 375
After reaction (24 h) 7.7 43
pH value
Before reaction 10.6 12.2
After reaction 6.8 115
Active chlorine in a sample of R/CINa, mmol
Before reaction 0.50 0.50
After reaction 0.205 0.215

(active chlorine in the functional groups of the polymer) relative to
the stoichiometric amount. The obtained results confirmed the very
high oxidizing efficiency of the synthesized heterogeneous redox
polymers with regard to As(IIl). After the 24-h-long reaction the
As(IIl) concentration in the solutions decreased from 375 mg/dm3
to as low as 8 mg/dm?3 (Tables 3 and 4).

A poorer result was obtained only for the reaction carried out
using R/CINa copolymer in the 0.01 M NaOH environment. This is
in accordance with previous studies on the oxidation of cyanides,
thiocyanates and sulfides by means of R/CINa copolymer [37-39].
Despite the unfavourable (for oxidation) strongly alkaline envi-
ronment, the process efficiency amounted to 88% (Table 3). An
analysis of the amount of active chlorine remaining in the copoly-
mer’s functional groups after the oxidation process showed that
it quite closely corresponded to the theoretical amount calculated
from reactions (2) and (3). This indicates that the functional groups
are stable in the water environment and that the redox polymer can
precisely “dose” the oxidant proportionally to the amount of the
reductant in the solution. Figs. 1 and 2 additionally show changes
in the As(Ill) concentration in the first 8 h of the reaction for the
two copolymers. Besides the clearly lower efficiency in the 0.01 M
NaOH environment one can notice that the oxidation of As(III) by
the R/CIH copolymer is slower than that by the R/CINa copolymer.
Hence it appears that the R/CIH copolymer, even though it shows
a higher oxidizing capacity and is capable of oxidizing practically
the total amount of As(IIl) present in the solution, requires a longer
contact time, which may be of significance for column processes.

3.2. Column tests

In the first stage of the column tests, the NaAsO, solutions
(93 mg As(Il)/dm?3) with different acidity were passed at a flow
rate of 18 BV/h through R/CINa and R/CIH beds, each containing
10 mmol (20 mequiv) of active chlorine. First the R/CINa bed and
an aqueous solution of NaAsO, with pH=10.6 were used as the

Table 4
Analytical data of the reaction in the batch regime between R/CIH resin and arsenite
solution (an 100% excess of active chlorine in relation to stoichiometry).

0.21 g R/CIH +50 cm? NaAsO; solution
(375 mg As(111)/dm?)

In water In 0.01 M H,SO04
Concentration of arsenite, mg/L
Before reaction 375 375
After reaction (24 h) 16 24
pH value
Before reaction 10.6 2.0
After reaction 2.3 1.7
Active chlorine in a sample of R/CIH, mmol
Before reaction 0.50 0.50
After reaction 0.23 0.24
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Fig. 1. Decrease of As(Ill) concentration in a batchwise reaction: (A) in water, (B) in
0.01 M NaOH. 0.24 g of R/CINa + 50 cm? NaAsO; solution (375 mg As(Ill)/dm?).

reagents. Fig. 3 shows the breakthrough curve (Fig. 3a, curve A). The
obtained results confirm the copolymer’s capacity to oxidize As(III)
in a close to neutral environment. Despite the high flow rate of the
solution through the bed and the relatively high concentration of
As(IIl) (~93 mg/dm3), a breakthrough (at this stage defined as the
exceedance of ¢/cy=0.05) occurred at BV =~170, after 1200 cm? of
the solution had passed through the bed. The operating capacity
of R/CINa to oxidize As(Ill) amounted to 0.34 mmol As(Ill)/g of the
copolymer (25.5 mg As(Ill)/g). After the breakthrough the oxida-
tion process continued and the As(III) concentration in the column
effluent reached half the initial concentration value after 3620 cm3
of the As(Ill) solution (BV=510) had passed through the column.
The calculated total oxidizing capacity of the copolymer in those
conditions amounted to 1.03 mmol As(Ill)/g (77.2 mg As(1ll)/g). This
value is much lower than what appears from the active chlorine
content in the copolymer. This is due to the high flow rate of the
NaAsO, solution, making it difficult to fully use the copolymer’s
oxidizing power. It should be noted that the redox reactions pro-
ceed much slower than the ion exchange reactions and in addition,
the reagents here occur in different phases.

As(Ill) in solution, mg/dm3

0 T T r
0 2 4 6 8
Time, hr

Fig. 2. Decrease of As(III) concentration in a batchwise reaction: (A) in water, (B) in
0.01 M H,S04. 0.21 g of R/CIH + 50 cm?® NaAsO, solution (375 mg As(Il)/dm3).
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Fig.3. (a)Arsenite breakthrough curve for R/CINaresin in the column; influx NaAsO,
(93 mg As(Ill)/dm?) in: (A) water, (B) 0.01 M NaOH, flow rate 18 BV/h. (b) pH value
of effluent.

The shape of the pH-effluent volume curve (Fig. 3b, curve A)
requires a comment. In accordance with reaction (2), the reaction
medium is acidified in the course of oxidation. Hydrogen ions are
partially neutralized as a result of the ion exchange in the sodium-
form N-chlorosulfonamide groups (whose pKj is ~7.2) [32]:

[P]-SO,NCINa + H* — [P]-SO,NCIH + Na* (7)

Once the ion-exchange capacity of the functional groups still
present in the copolymer is exhausted, the neutralization stops
and the oxidation reaction proceeds using the N-chlorosulfonamide
transformed into the hydrogen form (consistently with reaction
(3)). As aresult, the pH of the effluent decreases to below 4. As the
bed’s oxidizing capacity is being exhausted, the reaction advance-
ment slows down and even smaller amounts of hydrogen ions are
introduced into the solution whereby the effluent’s pH returns to
its initial value.

Similar column tests were carried out for an identical R/CINa
bed and an effluent in the form of a solution of NaAsO,
(93 mg As(lll)/Jdm3) in the 0.01 M NaOH environment. In this case,
the results were not satisfactory: the R/CINa copolymer turned out
to be ineffective as an As(IIl) oxidant since a breakthrough occurred
already in the first fraction (Fig. 3a, curve B). It was found that at a
pH of about 12 the reaction practically did not proceed.

The breakthrough curve for the R/CIH copolymer and NaAsO,
solution (Fig. 4a, curve A) and the one for an identical bed and a
solution of NaAsO, in 0.01 M H,S04 (Fig. 4a, curve B) show that the
effectiveness of R/CIH is much lower than that of R/CINa.

In the case of the solution in the 0.01 M H,SO4 environment,
a bed breakthrough occurred after the oxidation of the As(IIl) (in
the amount equivalent to 66 bed volumes) present in the solu-
tion (up to the breakthrough merely 450 cm? of the solution had

a 1
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Fig.4. (a) Arsenite breakthrough curve for R/CIH resin in the column; influx NaAsO,
(93 mg As(IlT)/dm?) in: (A) water, (B) 0.01 M H,SOy4, flow rate 18 BV/h. (b) pH value
of effluent.

been passed through the bed). The operating capacity of R/CIH to
oxidize As(Ill) was 0.13 mmol As(Ill)/g of the copolymer (9.7 mg
As(IIT)/g). In the case of the reaction in the aqueous solution, a bed
breakthrough occurred after As(IIl) in the amount equivalent to 89
bed volumes had been oxidized (up to the breakthrough 600 cm3
of the solution had passed through the column) and the copoly-
mer’s operating oxidizing capacity amounted to 0.18 mmol As(IIl)/g
(13.5mg As(Ill)/g). Since in the acidic environment R/CIH shows a
high oxidizing capacity, the oxidation process continued after the
breakthrough. The As(Ill) concentration in the effluent reached half
of the initial concentration after 4080 cm3 (BV =600) and 4454 cm3
(BV=655) of respectively water alone and 0.01 M H,SO4 had been
passed through the column. In those conditions the calculated total
oxidizing capacity amounted to respectively 1.21 mmol As(Ill)/g
(90.65 mg As(Ill)/g) and 1.33 mmol As(Ill)/g (99.6 mg As(Ill)/g). In
the case of the reaction in the aqueous solution, the degree of
use of the active chlorine present in the copolymer’s functional
groups amounted to 50%. A similar result (45%) was obtained for
the R/CINa copolymer and an identical solution, but the oxidizing
capacity was used differently. In the case of the R/CIH copolymer a
bed breakthrough would occur early and subsequently the arsenic
concentration in the effluent would slowly and uniformly increase.
In the case of R/CINa copolymer a breakthrough would occur much
later and was followed by a rapid increase in As(IIl) concentration.
The previous observations (made in the batch process studies) con-
cerning the poorer kinetics of As(Ill) oxidation by means of R/CIH
in comparison with that of the As(III) oxidation by means of R/CINa
were confirmed.

In the second stage of the column tests, the flow rate of the
NaAsO, solution through the copolymer beds was reduced to
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Fig. 5. Arsenite breakthrough curve for R/CINa resin in the column; influx NaAsO,
(93 mg As(Il1)/dm?) in water, flow rate 6 BV/h.
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Fig. 6. Arsenite breakthrough curve for R/CIH resin in the column; influx NaAsO,
(93 mg As(Il1)/dm?) in water, flow rate 4 BV/h.

6 BV/h (for R/CINa) and to 4 BV/h (for R/CIH). The tests were carried
out only for aqueous solutions of NaAsO, without pH adjustment.
As(IIl) and As(V) in collected fractions were separated using a
strongly alkaline anion exchanger bed and As(IIl) was determined
using HG AAS. Thanks to the deliberate variation of the flow rate of
the NaAsO, solution through the copolymer beds, the effectiveness
of copolymer oxidizing capacity utilization markedly improved.
The similar shape of the curves shown in Figs. 5 and 6 proves that
the flow rates of the solutions through the beds were correctly
matched to the oxidizing properties of the two redox polymers.
The operating and total oxidizing capacities of the copolymers,
determined from the breakthrough curves, amount to respec-
tively 0.96 mmol As(Ill)/g and 1.72 mmol As(Ill)/g (R/CINa) and
0.968 mmol As(Ill)/g and 1.6 mmol As(Ill)/g (R/CIH). It should be
highlighted that the As(Ill) concentration in the collected frac-
tions until the moment of bed breakthrough amounted to from a
few to between 10 and 20 p.g/dm?3, while the initial concentration
amounted to 93 mg As(Il1)/dm3 (the final concentration of As(IIl)
constituted 1/5000 of the initial concentration).

4. Conclusions

Thanks to the use of the synthetic macroporous redox copoly-
mers with N-chlorosulfonamide pendant groups in the sodium
([P]-SO,NCINa) and hydrogen form ([P]-SO,NCIH), the As(III)
present in the water solutions was successfully oxidized to As(V)
with a very high efficiency in various reaction conditions.

In the batch experiments the capacity of the two copolymers
to oxidize As(Ill) was determined and it was found to be com-
mensurate with the active chlorine content in them, amounting
to 1.81 mmol As(I1l)/g for R/CINa and 2.32 mmol As(lIl)/g for R/CIH.
The acidity of the reaction medium was found to affect the course of
oxidation of As(IIl) to As(V) by means of the heterogeneous oxidants
- the reaction proceeded efficiently in the environment of pH< 10,
whereas a strongly alkaline environment was not favourable to it.
By conducting the experiments with an excess of the oxidant the
As(IIT) concentration in the equilibrium solutions was reduced from
375mg/dm?3 to between 10 and 20 mg/dm?3, which indicates that
the two polymeric reagents can be used in column conditions.

In the column experiments with the [P]-SO,NCINa bed, despite
the use of a very high As(Ill) concentration (93 mg/dm3) in the
influent, the arsenic present in the solution was practically totally
reduced. It was found that in the case of the [P]-SO,NCIH bed a
similar reaction requires a longer contact time. It should be noted
that in both copolymer cases the As(IIl) concentration in the efflu-
ent from the column was reduced from a few to between 10 and
20 pg As(1l)/dm3.

The obtained results show that beds made of the two copoly-
mers can be successfully used for the removal of arsenic compounds
from water. The use of an oxidizing bed (oxidation of As(Ill) to
As(V)) before an adsorption bed or an ion-exchange bed (for remov-
ing As(V) seems to be a good solution.
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