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ABSTRACT: A macroporous, styrene-divinylbenzene polymer with N,N-dichlorosulfonamide functional groups (—SO,NCl,), containing
two chlorine atoms with oxidation number +1, have been prepared through the chemical modification of a commercial sulfonic cation
exchanger (Amberlyst 15, Rohm and Haas). Obtained product was used as the heterogeneous oxidant of As(IIl) in aqueous solutions.
The polymer’s oxidizing capacity, determined as part of the batch studies, amounted to 193.29 mg As(Ill) g~ ' (pH=7.7) and
206.03 mg As(III) g~ ' (pH = 2.0). The suitability of the redox polymer for long-lasting operation in the aqueous environment was con-
firmed in the column study conducted using a solution with a concentration of 10 mg As(III) dm? at a flow rate of 6 bed volumes
(BV) h™". The concentration of As(IIl) in the effluent reached the value of 0.01 mg As(Ill) dm™> only after 8 weeks of continuous

operation when 7930 BV of the solution had passed through the bed. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41552.
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INTRODUCTION

This study is a continuation of the research on the oxidation of
arsenite in aqueous solutions, using as heterogeneous oxidants
reactive polymers which include active chlorine (the +1 degree
of oxidation) covalently bound to a nitrogen atom in their
functional groups.' Porous heterogeneous oxidants, in the form
of spherical beads characterized by excellent hydraulic properties
and applied in column processes, are especially effective for
removing residual contaminants (i.e., toxic reducers) from
aqueous media. Most of the traditional oxidation techniques,
using low molecular reagents, do not achieve the removal of
undesirable contaminants from solutions to a level regarded as
safe for disposal, unless an oxidant excess is used (but this
results in the deterioration in the quality of the treated water).

Arsenites, as highly harmful compounds, pose various environ-
mental hazards. The long-term ingestion of water containing
even small quantities of inorganic arsenic species causes liver,
lung, kidney, bladder, and skin cancer.”® The effective removal
of arsenites from surface and municipal waters often requires a
pre-oxidation step to convert As(III) to As(V). This is due to
the chemical properties of arsenites which are present in the
waters as undissociated molecules (pK,;=9.2, pK,,=12.1,
pK,3=13.4), being more mobile in the aqueous environment
than arsenate ions (pK,;=2.2, pK,,=7.1, pK,;=11.5). The
oxidation state of arsenic is then the main factor influencing
the effectiveness of most of the technologies used for arsenic
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removal from water. Hence, intensive research is underway to
find new methods for arsenic oxidation, based on heterogene-
ous"*® or, to a lesser degree, homogeneous oxidants.'®"
Attention is also given to the development of photochemical
oxidation processes conducted in the presence of TiO, or com-
bining hydrogen peroxide/ozone with ultraviolet radiation.'*™®
Because adsorption is the most suitable technique for the treat-
ment of diluted solutions, a special effort is devoted to methods

based on heterogeneous oxidants.

The present authors have already reported the results of their
successful studies on the oxidation of arsenite to arsenate by
macroporous poly(styrene-co-divinylbenzene) (S/DVB) contain-
ing N-chlorosulfonamide functional groups (in sodium as well
as in hydrogen forms)." The results obtained in the column tests
were very promising—the final concentration of As(IIl) in the
effluent amounted to 1/5000 of its initial concentration in it. In
this way the oxidation of As(III) to As(V) can be carried out
before adsorption or ion-exchange processes which are effective
toward As(V).

In the method proposed in the present article the oxidation of
As(III) has been extended to the use of a polymer having N,N-
dichlorosulfonamide groups (abbreviated as R/Cl,), which con-
sists of a styrene-divinylbenzene macroporous matrix with
attached functional groups containing two chlorine atoms with
oxidation number +1. Owing to its oxidative properties the
polymer has been used as a biocide for water disinfection, in
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some organic synthesis applications and as a decontaminant of
chemical warfare agents.'”> Our investigations have been
devoted to the synthesis of this polymer and its application in
the removal of some toxic inorganic admixtures (cyanide, thio-
cyanate, sulfide, nitrite), through their transformation into envi-
ronmentally safe substances (i.e., oxidation of sulfide to sulfate),

from waters.?*°

The present study focuses on the possible use of R/Cl, for
arsenite oxidation in aqueous solutions according to the egs.
(1) and (2)':

2NaAsO, +4H,0 — 2H3AsO5+2Na™ +20H "~ (1)
[P] _SOZNCIZ +2H3ASO3 +2H20
— [P]—SO,NH,+2HAsO,*~ +2Cl~ +6H* (2)

where [P] stands for the macroporous styrene/divinylbenzene
copolymer structure.

The R/Cl, polymer is a macromolecular analogue of
dichloramine-T (N,N-dichloro-p-toluenesulfonamide)—a well-
known micromolecular oxidizing agent. It should be noted that
dichloramine-T as a water-insoluble compound can be used
only in waterless environments, while R/Cl,, being a water-
insoluble, but porous oxidant, shows excellent properties in
water treatment processes. The most important advantage of
solid phase oxidation conducted in the column process is the
possibility of using a large excess of the oxidant without intro-
ducing some micromolecular compounds (oxidants) into the
treated water which lower its quality [the concentration of
active chlorine in the polymer (R/Cl,) bead swollen in water
reaches ca. 2.5M]. Moreover, the synthetic, macroporous poly-
mer used as the feedstock for the synthesis of R/Cl, redox poly-
mer exhibits excellent hydraulic and mechanical properties.
Thus, owing to the high active chlorine content in R/Cl,, it can
be expected that this polymer will be an effective and efficient
heterogeneous oxidant for arsenites.

EXPERIMENTAL

Materials

All the reagents used were of analytical grade. Solutions were
prepared with deionized water (18.3 MQ cm™'; Barnstead,
EASYpure RF). The arsenite stock solution (1.0 mg As(III)
cm”) was prepared from sodium (meta)arsenite NaAsO,
(Sigma-Aldrich, >99% purity). The composition of the working
solutions is given in Table L.

Sulfonic cation exchanger Amberlyst 15 produced by Rohm and
Haas Co. (presently Dow Chemical Company) was used as the
starting material for the synthesis of the redox polymer. Amber-
Iyst 15 is a macroporous S/DVB resin containing 4.7 mmol
—SO3H g~ !, characterized by a surface area of 45 m* g~', an
average pore diameter of 25 nm, a uniformity coefficient of less

than 1.70 and a harmonic mean size of 600-850 pm.

Synthesis of Redox Polymer

The redox polymer having N,N-dichlorosulfonamide groups
was prepared in accordance with the method described previ-
ously.’*?! The following procedure was used:
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Table I. Composition of Working Solutions Used in Experiments

As(lll) concentration

Studies Environment mg dm~3 mmol dm™3
Batch Water 3750 50
Water 5.0% 0.067°
0.01M HzS04 375.0 5.0
Redox Water 375.0 50
0.01M HzS04 375.0 5.0
Column Water 10.0 0.135
Water 93.0 1.25
0.01M HzS04 93.0 1.25

@The solution additionally contained 1.0 or 5.0 mmol dm~2 of the partic-
ular ions (chlorides, sulfates, bicarbonates, or phosphates).

[P]—SOsH — [P]—S0,Cl — [P]—SO,NH, — [P|—SO,NCl,

The obtained product, in the dry state, contained 2.05 mmol
—SO,NCl, g71 (~8.0 meq of active chlorine gfl) and a small
amount (0.60 mmol g~') of sulfonic groups formed as a result
of a side reaction during the conversion of sulfochloride into
sulfonamide groups.

Analytical Methods

The active chlorine content in the R/Cl, redox polymer was
determined by the iodometric method modified with the longer
interaction of the reagents. The concentration of chlorides in
the solutions was estimated by argentometric titration, using
0.01M AgNO; with a system of Ag/AgCl/calomel electrodes.

Arsenic concentration was determined using the spectrophoto-
metric molybdenum blue method (Specord 210, Analytical Jena,
Germany) with absorbance measurement at 880 nm.® Prior to
the analysis an oxidizing agent (potassium iodate) was used to
convert As(III) into As(V) (arsenite does not form a molybde-
num complex). The arsenite concentration was calculated as the
difference between the total arsenic concentration and the arse-
nate concentration. Arsenic solutions containing less than
0.05 mg As dm > were analyzed by means of hydride genera-
tion atomic absorption spectrometry with a graphite tube (AAS
Avanta). Since this method enables one to determine only the
total arsenic concentration, As(III) and As(V) were first sepa-
rated using a strong base anion exchanger (Amberlite IRA
402Ql), after adjusting the pH to 4.0.*

Oxidation Studies

Oxidation experiments were performed in both batch (the
kinetics, the influence of co-existing ions, redox studies) and
column regimes, using an IKA KS-260 control shaker and the
Gilson MiniPuls3 peristaltic pump with the FC204 Fraction
Collector, respectively.

Batch Experiments. In order to determine the oxidative
capacity of R/Cl, and to examine its suitability for the oxidation
of residual amounts of As(III) (deep oxidation), kinetic studies
were carried out for both an oxidant (R/Cl,) and reductant
(arsenite) excess. A measured amount of the redox polymer
(0.125 @) placed in a flask was shaken for 24 h with 50 cm® (an
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excess of chlorine) or 200 cm® (an excess of arsenite) of
5.0 mM NaAsO, solution in water or 0.01M H,SO,. The con-
centration of As(V) was analyzed in appropriate time intervals.
After 24 h the redox polymer was separated from the reaction
medium by filtration and was analyzed for active chlorine con-
tent. The effect of various competing anions, such as sulfates,
phosphates, chlorides, and bicarbonates was assessed using 1
and 5 mM solutions of the particular ions in 0.067 mM
NaAsO,. A sample of the hybrid polymer (0.1 g) was shaken for
24 h in an Erlenmeyer flask with 50 cm® of the appropriate
solutions.

Redox Studies. In order to determine of the standard redox
potential of the heterogeneous system (the polymer with the
active chlorine/aqueous solution of NaAsO,) special potentiomet-
ric titration®® was performed using 5.0 mM NaAsO, solutions in
water or in 0.01M H,SO,. The following increasing solution vol-
umes of the titrant: (1) 0.0 cm?®, (2) 25 cm’®, (3) 50 cm’, (4)
75 cm’, (5) 100 cm’, (6) 125 cm’, and (7) 150 cm’ were loaded
into seven separate samples of the heterogeneous oxidant
(0.125 g, ~1.0 meq of active chlorine). The reaction medium
(25 cm® of water) was exclusively added to the first sample (1) of
the polymer. The increasing solution volumes of NaAsO, were
required to obtain (1) 0: 1, (2) 0.25:1, (3) 0.5: 1, (4) 0.75: 1,
(5) 1:1,(6) 1.25: 1, and (7) 1.5 : 1 of the stoichiometric ratio
of the reductant [As(II)] to the oxidant (C1*). The samples were
placed in separate, tightly closed, light-proof glass cells, and
shaken at room temperature for 24 h. Then pH and redox poten-
tial values were measured using a platinum/calomel electrode
pair (Millivoltmeter CPI-501, Zabrze, Poland). The vessels were
protected from contact with air during the measurements. Addi-
tionally, the As(II) and As(V) concentration in each sample was
determined by the methods described above.

Column Tests. Column studies were carried out using glass col-
umns (6 or 10 mm in diameter). A sample of R/Cl, [(a) 2.4 g
in the dry state, ~4.0 cm’® after swelling in water, (b) 4.0 g in

Table II. Analytical Data on Reaction Between R/Cl, Resin and Arsenite
Solution in Batch Regime (100% Excess of NaAsO, in Relation to
Stoichiometry)

0.125 g R/Cl, + 200 cm®
5.0 mM NaAsO> solution

In 0.01M
In water H-S04
Concentration of arsenite 0 0
mg dm~3
Before reaction 375 375
After reaction (24 h) 254 245
pH value 0 0
Before reaction 10.6 2.04
After reaction 7.66 2.01
Active chlorine in sample of 0 0
R/Cl5, mmol
Before reaction 0.5 0.5
After reaction 0.15 0.14
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the dry state, ~7.5 cm” after swelling in water] was packed into
the column. Then NaAsO, solutions [(a) 1.25 mM, (b)
0.135 mM, in water] were passed once through the polymer
beds. The flow rate was 6 or 18 bed volumes/h. Fractions (30,
250 cm®) were collected to estimate their composition in terms
of pH and arsenate, arsenite and chloride ion concentrations.

RESULTS AND DISCUSSION

Because of the exceptionally high active chlorine content in the
redox polymer [1.0 g of R/Cl, theoretically can oxidize as much
as 300 mg of As(III)], solutions with a relatively high reductant
concentration [many times exceeding the As(III) concentrations
in natural waters] were used in the preliminary studies. The
studies were conducted in neutral and acidic conditions (0.01M
H,SO,) because of the highest stability of the polymer in such
an environment. In strong alkaline conditions R/Cl, undergoes
dechlorination and loses one of the two active chlorine atoms
attached to the functional group.”” Incidentally, all the processes
(coagulation, adsorption) used to remove arsenic from waters
are usually conducted in neutral or weak acidic conditions.

Batch Studies

In the first stage of batch studies a double (relative to the stoi-
chiometric demand) excess of the NaAsO, reductant (Reaction
2) was used. The obtained results are presented in Table II.

The results indicate that a substantial part of the arsenites pres-
ent in the solution have been oxidized to arsenates. In the
course of 24 h the concentration of As(III) decreased from 375
to 254.2 mg dm ? in distilled water and to 246 mg dm > in
0.01M H,SO,. In the case of an As(III) excess relative to the
active chlorine content in the redox polymer sample, at which
theoretically 50% of the As(III) present in the solution can be
oxidized, the As(III) concentration decreased by 32.2% in dis-
tilled water (a 62.9% use of the active chlorine) and by 34.4%
in 0.01M H,SO, (a 67.2% use of the active chlorine). The cal-
culated oxidizing capacity of the polymer amounted to 193.3
and 206.0 mg As(III) gf1 in distilled water and 0.01M H,SO,,

respectively.

Due to the high active chlorine content in the redox polymer,
its oxidation capacity toward arsenites was larger than other N-
halogenosulfonamide polymers, especially under neutral envi-
ronment (Table III). Only in acidic conditions the copolymer
with —SO,NCIH functional groups exhibited almost equal
effectiveness as an arsenite oxidant, which was the result of its
higher redox potential (0.56 V) in comparison to R/Cl, polymer
(0.49 V)." However, it should be mentioned that despite the
highest redox potential of the polymers with N-chlorosulfona-
mide functional groups in the acidic conditions, the decrease of
pH causes the drop in the reaction rate.’® This can be explained
by a decreased degree of dissociation of arsenites in acidic con-
ditions, which involve a longer reaction time to reach a new
equilibrium between dissociated and undissociated arsenite mol-
ecules. The optimal pH conditions should therefore ensure a
proper balance between redox potential (favorable low pH) and
the reaction rate (favorable higher pH). The disadvantage of the
studied redox polymer is its instability in strong alkaline condi-
tions. At high pH values the functional groups of the polymer
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Table III. Oxidation Capacity Toward As(III) for Various Macromolecular Oxidants

Oxidation capacity, mg As(lll) g=*
Heterogeneous oxidant Batch studies Column studies Lit.
[PI-SO2NCINa 135.6 (pH 9.3) 97.4 (pH 12.2) 71.92 (6 BV/h) 1
[PI-SO=NCIH 176.8 (pH 3.5) 173.81 (pH 1.9) 72.5 (4 BV/h) 1
[PI-SO-NBrNa 103.4 (pH 6.6) 86.9 (pH 11.3) 31.03 (6 BV/h) 34
[PI-SO2NCl2 206.03 (pH 1.9) 193.29 (pH 7.7) 147.83 (6 BV/h) This study
R/S/Mn ~ 80 (pH 6.5) 18.8° 9

@The value was calculated before reaching the breakthrough point.

[Pl—stands for the copolymer styrene/divinylbenzene macroporous structure.

undergo dechlorination and lose one of the two active chlorine
atoms, leading to the conversion of dichlorosulfonamide groups
(—SO,NCl,) into monochlorosulfonamide groups
(—SO,NCINa).?” Because alkaline environment is usually unfav-
orable for oxidation reactions this inconvenience does not
reduce the usability of the R/Cl, polymer. Satisfactory oxidation
properties in the wide pH range exhibit hybrid polymers con-
sisting of manganese dioxide deposited within the polymeric
skeleton.”? In the case of such materials the oxidation rate is
the highest under acidic and neutral environment, whereas
under alkaline conditions this type of heterogeneous oxidants
required multiple longer reaction time to ensure adequate effec-
tiveness.” However, at neutral pH the hybrid polymer coated
with manganese dioxide exhibited the oxidation capacity over
twice lower than of the studied R/Cl, redox polymer (Table III).

In the next stage of batch studies the oxidation reaction was
conducted at a double excess of the oxidizer relative to the stoi-
chiometric demand. The aim was to determine whether the
copolymer was suitable for the thorough oxidation of As(III)—
a precondition for its use in the column process. Figure 1
shows the oxidation kinetics in the course of the first 8 h while
the reagents before and after the reactions are characterized in
Table IV.

100

percent of As(lll) oxidized, %

t,h

Figure 1. Kinetics of As(IIl) oxidation in batchwise reaction: (A) in water,
(B) in 0.01M H,SO4; 0.125 g of R/Cl,, 50 cm® 5.0 mM NaAsO, solution.
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The obtained results show that also in the above conditions the
yield of the oxidation of As(III) to As(V) was very high. After
24 h the concentration of As(III) in the solution decreased from
375 to 29.8 mg dm > and 20.2 mg dm™" in, respectively, dis-
tilled water and 0.01M H,SO,, which is indicative of favorable
conditions for As(III) oxidation in the acidic environment. This
is in agreement with the results obtained for other heterogene-
ous oxidants presented in the Table III. The marked reduction
in the pH in distilled water was due to the fact that the As(III)
oxidation reaction was accompanied by the introduction of
hydrogen ions into the solution (Reaction 2). It should also be
noted that the amount of active chlorine remaining in the poly-
mer functional groups after the oxidation process was close to
the theoretical one, for both the reaction environments. This is
indicative of the precise stoichiometric release of active chlorine
from the functional groups in the presence of the reductant in
the adopted experimental conditions.

If R/Cl, was to be used to oxidize As(III) in natural waters, it
was necessary to determine the influence of foreign ions on the
course and efficiency of this process. For this purpose further
experiments were conducted in the presence of sulfates, chlor-
ides, bicarbonates, and phosphates. Considering that the

Table IV. Analytical Data on Batch Regime Reaction Between R/Cl, Resin
and Arsenite Solution (100% Excess of Active Chlorine in Relation to
Stoichiometry)

0.125 g R/Cl +

50 cm® 5.0 mM
NaAsO, solution
In 0.01M
In water H>S04
Concentration of arsenite, mg dm~3 0 0
Before reaction 375 375
After reaction (24 h) 29.8 20.2
pH value 0 0
Before reaction 10.7 2.02
After reaction 2.44 1.76
Active chlorine in sample 0 0
of R/Cl5, mmol
Before reaction 0.5 0.5
After reaction 0.31 0.24
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100% +
80% |

60% +
oA

- =B
40% +

percent of As(lll) oxidized, %

20% +

0%

Cl- SO+ HCO,~ PO,
Figure 2. Efficiency of As(III) oxidation by means of R/Cl, in presence of

co-existing ions in various concentrations: (A) 1.0 mM, (B) 5.0 mM; 0.1 g
R/Cl,, 50 cm® 0.067 mM NaAsO, solution.

concentrations of the anions commonly occurring in natural
waters usually considerably exceed the concentrations of As(III),
the influence of their presence on As(III) oxidation efficiency
was studied in 1 and 5 mM solutions of the particular anions.
The studies showed that despite the high concentrations, the
anions had practically no influence on the efficiency of As(III)
oxidation by means of the R/Cl, copolymer (Figure 2).

Redox Studies

Figure 3(a) shows the redox titration curves for the reduction
of R/Cl, with increasing doses of the reductant (an arsenite
solution). Curve A represents the reaction between R/Cl, and
NaAsO, in distilled water. In this case, the shape of the curve is
characteristic of the redox titration of the oxidizer with the
reductant. The formal redox potential of the polymer (ie., the
potential read for the middle point of the redox titration curve,
at which the reductant-to-oxidizer ratio is 0.5 : 1), determined
by titration, amounted to 0.45 V [Figure 3(a), point 3 on curve
A, pH=2.6]. The marked reduction in the redox potential,
observed toward the end of titration, was caused by an increase
in the pH of the solution [Figure 3(c), curve A], resulting in
the deterioration in the reaction conditions. Curve B in Figure
3(a) illustrates the course of the reaction between R/Cl, and
NaAsO, in the acidic environment. In these conditions the
curve is flat—after an initial slight decrease the system redox
potential stabilizes at a constant level of approximately 0.50 V.
The formal redox potential of the polymer in these conditions
amounted to 0.49 V (point 3 on curve B, pH = 1.87).

It emerges from this stage of the investigations that: (a) R/Cl, is
a medium-power oxidizer, which is advantageous (too strong
oxidizers may enter into undesirable reactions with the constitu-
ents of the treated water), (b) the acidic environment favors the
oxidation of arsenites by means of the investigated polymer, (c)
the curves do not show any inflexion, which could be due to
the presence of two chlorine atoms in the function groups of
the polymer, (d) after half of the active chlorine is reduced
the heterogeneous oxidizer still shows high oxidizing power (the
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N-chlorosulfonamide polymer exhibited a very high redox
potential in the acidic environment)."

Fixed-Bed Column Study

Preliminary fixed-bed column studies were conducted using
high concentration (1.25 mM) arsenic solutions in distilled
water and in 0.01M H,SO,, which would be passed through a
fixed R/Cl, bed (2.4 g, h=14 cm) in a glass column 6 mm in
diameter at a flow rate of 18 BV h™'. The aim of the studies
was to test the capacity of the heterogeneous oxidizer to release
active chlorine from the functional groups, but only in the
amount corresponding to the concentration of the reductant
[As(III)] present in the solution. Theoretically, according to the
reaction stoichiometry, the molar concentration of arsenates
and that of chlorides in the solution leaving the column should
be identical:

A’ —2e” — AT /CIT+2e” — CIT
The obtained bed breakthrough curves with marked chloride

anion concentrations [Figure 4(a,b)], confirmed the high stabil-
ity of the redox polymer functional groups and their capacity to

a)
600
4
500 4
> 400 4
=5
< 300
c p
]
& 200 1
—_— A
100 A
—a— B
0 T T T T T
0:1 0.25:1 0.5:1 0.75:1 i 1.25:1 1.5:1
b) Stoichiometric ratio of As(lll) to Cl*
. 250
5 ——a
=]
S 200 ——B
w
L
55 150 |
5=
Sy, 100 -
gE
L2 50
c
@
@
< 0 & ; .
0:1 0.25:1 0.5:1 0.75:1 1:1 1.25:1 1.5:1
Stoichiometric ratio of As(lll) to CI*
[+
) 14
—_—— A
12 4
—— B
10 A
8 4
T
[=%
6 >
4 9
2 L . 3 4 i L
0 T T T v v
0:1 0.25:1 0.5:1 0.75:1 131 1.25:1 1.51

Stoichiometric ratio of As(lll) to Cl+

Figure 3. (a) Redox titration curves of R/Cl, by 0.005M NaAsO, in: (A)
water, (B) 0.01M H,SO, (reaction time =24 h), (b) concentration of
arsenites in solution, (c) pH value; 0.125 g R/CL,.
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Figure 4. As(V) and chloride ion concentration in effluent from column

containing R/Cl, polymer bed; influx 1.25 mM NaAsO, in (a) water

alone, (b) 0.01M H,SO,; flow rate 18 BV h™ ..

precisely “dose” the oxidizer into the solution, in both distilled
water and 0.01M H,SO,.

However, due to the very high rate of flow of the solution
through the polymer bed a breakthrough (defined as an exceed-
ance of ¢/cy = 0.05) occurred very quickly and the working oxi-
dizing capacity was found to amount to merely 16.9 mg As(III)
g{1 (this value was similar for the two studied environments),
which constituted 5.6% of the theoretical capacity.

The most important stage in the column studies consisted in
passing the solution with a low arsenic content (0.135 mM)
through an R/Cl, bed (4.0 g, d=1 cm, h=9.5 cm) at a flow
rate of merely 6 BV h™' (redox reactions proceed much slower
than ionic reactions in ion exchange processes). The aim of
this stage was to test the polymer’s capacity for long-lasting
operation, and the full exploitation of its theoretical oxidizing
capacity. The As(III) concentration in the effluent from the
column did not exceed 0.004-0.006 mg dm > throughout the
experiment, whereas the maximum allowable arsenic concen-
tration in potable water amounts to 0.01 mg dm™ > (Figure 5).
A bed breakthrough occurred after passing 59,133 cm’ of the
solution (7930 BV) and the working oxidizing capacity of the
polymer was found to amount to 147.83 mg As(Ill) g~ '
(49.4% of the total capacity). This value is the highest from
among other N-halogenosulfonamide redox polymers
(Table III), which confirmed the suitability of R/Cl, polymer
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for long lasting column processes. The working oxidation
capacity of the hybrid polymer coated with manganese dioxide
was much smaller (18.8 mg As g~ '), but this value was calcu-
lated before the breakthrough point of the bed was reached. It
is worth mentioning that due to some adsorptive properties of
manganese dioxide, the hybrid polymers with MnO, deposit
can simultaneously play the role of As(III) oxidant and
adsorbent.””* Introduction into such materials both manga-
nese and iron oxides significantly improves their adsorptive
properties toward arsenites [13.5 mg As(III) g~', 14.5 mg
As(V) gfl] but simultaneously diminishes the oxidative
capacity of the hybrid polymer due to the lower content of
manganese oxide.”” Hybrid polymers exhibiting both oxidative
and sorptive properties toward arsenite species, may be useful
in drinking water purification, where the As concentration
typically does not exceed 1.0 mg dm™?). In contrast the stud-
ied R/Cl, redox polymer exhibiting distinctively better oxida-
tive properties, can be used in wastewater treatment with high
arsenite concentration, ranging from several to tens mg dm ™,
for example, as the pretreatment fixed oxidizing bed.

It appears from the graph shown in Figure 5(b) that the pH of
the effluent stabilized at a level of approximately 4.0 and after
the breakthrough it increased to about seven as a result of the
inhibition of the As(III) oxidation reaction (Reaction 2) causing
the acidification of the reaction medium. The reduction of the

a) o,
*
0,08 +
0,06 +
S
3] [
0,04 +
b \d
0,02 + *

*e
Set
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

b) bed volumes
0,05 ¢
:% 004
® 0,03 + .
i .
- 002 .,
% 001 £ -
S . +*e i A ot
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
bed volumes
¢ 4 i
71
6+
& 2]
*e

47 000000t 00000000 Mt *04 o000,
3:f

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
bed volumes

Figure 5. (a) Arsenite breakthrough curve for R/Cl, resin in column;
influx 0.135 mM NaAsO, in water, flow rate 6 BV h™', (b) As(IIl) con-
centration in effluent, (c) pH value of effluent.
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rate of flow of the solution through the bed to 6 BV h™" in this
experiment ensured a sufficiently long reagent contact time
whereby the theoretical oxidizing capacity of R/Cl, could be
more fully exploited. It should be noted that the used concen-
tration of 10 mg As(III) dm ? is still many times higher than
the arsenite concentrations in natural waters.

CONCLUSIONS

The redox polymer with N,N-dichlorosulfonamide functional
groups has been found to be an effective oxidizer of As(III). The
polymer’s oxidizing capacity determined as part of the batch stud-
ies amounted to 193.29 mg As(III) g71 (pH=17.7) and 206.03 mg
As(IIT) g_1 (pH =2.0), constituting, respectively, 64.5% and
68.7% of the oxidizing capacity which follows from the active
chlorine content. Thanks to the use of a double oxidizer excess rel-
ative to the amount of As(III) in the solution in the batch studies
over 90% of the arsenic present in the solution was oxidized.

The normal oxidizing potential of the R/Cl, polymer, deter-
mined in the redox studies amounted to 0.45 V (pH = 2.6) and
0.49 V (pH = 1.87), confirming the polymer’s high effectiveness
as an oxidizer of As(III).

The effectiveness of the R/Cl, polymer was further confirmed in
the column studies in which a solution with a 10 mg As(III)
dm™? concentration, that is, much higher than in natural waters
usually subjected to treatment, would be passed through a bed
of the heterogeneous oxidizer. The As(III) concentration in the
effluent reached 1% of the initial value only after 8 weeks of
continuous operation when 60 dm” of the solution, correspond-
ing to 7930 BV, had passed through the bed. The suitability of
the polymer for long-lasting operation in the aqueous environ-
ment stems from the stability of its functional groups (con-
firmed in the batch studies and in the preliminary column
studies), manifesting itself in the capacity for the precise release
of active chlorine only in the amount corresponding to the
reductant concentration in the solution.

It has also been found that the presence of sulfates, chlorides and
bicarbonates, as well as phosphates, in concentrations considerably
higher than in natural waters has no significant effect on the
effectiveness of As(IIl) oxidation by means of the R/Cl, polymer.

The obtained results confirmed that the studied redox polymer,
among other heterogeneous, polymeric based oxidants, exhibits
the highest effectiveness in the arsenite oxidation processes pro-
vided both in batch and column regime. Along with the excel-
lent hydraulic and mechanical properties of the spherical
polymeric beads, high stability of functional groups in neutral
and acidic conditions, the ability for precise release of active
chlorine only in the amount corresponding to the reductant
concentration in treated solution, the studied redox polymer
seems to be suitable for long-lasting operations realized indus-
trially in water and wastewaters treatment.
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