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ABSTRACT: Polymeric oxidants in the bead form that
were macroporous styrene/divinylbenzene copolymers
containing N-chlorosulfonamide functional groups (in so-
dium or hydrogen form) or N-bromosulfonamide groups
(in sodium form) were synthesized and investigated to
determine their oxidizing powers. The redox potentials
of the N-chlorosulfonamide/sulfonamide and N-bromo-
sulfonamide/sulfonamide systems were determined by
potentiometric studies at different pH values with aque-
ous solutions of Na,SO;, KCN, and KSCN as reducers.
The formal redox potentials of the N-chlorosulfonamide
copolymers were 0.79, 0.44, and —0.12 V at pH’s of 1.8,
8.45, and 13.6, respectively. The formal redox potential of
the N-bromosulfonamide copolymer was about 100 mV

higher in comparable conditions and in solutions over
pH = 5 (e.g., 0.56 V at pH = 8.56). The comparatively
higher oxidizing power of the N-bromosulfonamide co-
polymer was particularly evident in a strong alkaline me-
dium (in which the N-chlorosulfonamide copolymer was
not reactive). In contrast, the N-chlorosulfonamide co-
polymer showed strong oxidative properties in acidic
media (in which the N-bromosulfonamide copolymer
decomposed itself). © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 107: 2190-2195, 2008

Key words: functionalization of polymers; heteroatom-
containing polymers; macroporous polymers; supports;
redox copolymers

INTRODUCTION

Redox polymers have been synthesized and studied
on the laboratory scale for a long time."” They dis-
play special properties that can be very useful for
solving chemical, biochemical, industrial, and environ-
mental problems. Redox materials that show a very
high or very low redox potential that are very stable
chemically and mechanically have very long-lasting
reversible redox properties, and particularly, redox
materials that can react persistently for a long time
are few and are difficult to produce. Ion-exchange re-
dox products dominate the commercial offerings of
major world-known companies, whereas clear redox
copolymers are few, are produced in small quantities
and have special destinations. For example, Novabio-
chem offers redox polymers in reagent quantities for
solution-phase organic synthesis.* Polymer-supported
oxidants comprise anion-exchange resins in the form
of the perruthenate, metaperiodate, and oxoammo-
nium moieties, whereas the polymer-supported reduc-
tants are anionites in the form of cyanoborohydride or
borohydride. These products have a fundamental
flaw: the redox group undergoes elution because it is
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combined by ion-exchange ionic bonds. One can
observe a lack in the market of real redox copolymers
with wide uses, for example, for the treatment of nat-
ural and industrial waters.

One important group of intensively studied macro-
molecular oxidants are the copolymers that incorpo-
rate active halogen atoms covalently bound to a nitro-
gen atom. The halogen atoms are at +1° of oxidation.
Solid supports of the halogens are styrene/divinyl-
benzene (S/DVB) copolymers, which include (1)
sulfonamide groups (in this case, they are macromo-
lecular analogues of p-toluenosulfonamide) or (2) het-
erocyclic amines, which have five or six atom rings
and include one, two, or three nitrogen atoms (these
are macromolecular analogues of oxazolidine, hydan-
toine, melamine, or cyanuric acid). Attention should
be given to the numerous articles on this subject
by Emerson and coworkers®® and Worley and co-
workers,”® who studied the possibility of using bead-
form biocide products in water disinfection.

In our earlier investigations, we dealt with the
synthesis of copolymers that included active halo-
gens in functional groups comprising N-chlorosul-
fonamide, N-bromosulfonamide, or iodosulfonamide
as well as dichlorosulfonamides and dibromosul-
fonamides of the S/DVB copolymer, and we look
forward to their application in the amelioration of
diluted solutions of harmful residual matter. We
have shown so far that they are effective in the
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removal of some toxic admixtures from waters,
which as the result of oxidation, transform into envi-
ronmentally safe substances (e.g., sulfides to sulfates,
nitrites to nitrates).

The aim of this study was to provide answers to
the following questions:

1. What is the oxidation power of the N-chlorosul-
fonamide copolymer in comparison with its
low-molecular counterparts, that is, Chloramine
T or elementary chlorine?

2. What is the oxidation power of the N-bromoro-
sulfonamide copolymer in comparison with the
N-chlorosulfonamide copolymer (when the dif-
ferent halogen atoms are combined to the same
macromolecular rest)?

3. What is the impact on the oxidation reaction
course of medium pH and the ionic form of
copolymeric oxidants functional groups (Na* or
H")?

Chlorine and its low-molecular derivatives are
strong oxidants, and this is not always favorable.
The redox potential of chlorine varied from 1.50 V in
acidic media to 0.90 V in alkaline media. The redox
potential of Chloramine T varied from 1.14 V at pH
0.65 to 0.61 V at pH 9.2.1°

The oxidizing powers of S/DVB copolymers with
functional groups of N-chlorosulfonamide or N-bro-
mosulfonamide were determined by means of a spe-
cial potentiometric reductometric titration method
followed by the analysis of the resulting titration
curves, obtained in different conditions. The poten-
tial of the copolymer dispersion in the central point
of the titration curve is the formal redox potential of
the copolymer.

Redox reactions run considerably slower than the
ionic reactions, and this is particularly true when the
reaction partners form different phases. The reaction of
medium insoluble macromolecular oxidants sometimes
requires long-lasting substance contact, which can
even amount to hours (it depends on the resin-grain
dimensions and on the resin porosity); in our case, this
was 10 h. In this research, the traditional potentiomet-
ric titration was replaced by a procedure whose pur-
pose was to limit the long-lasting gradual dosage of
the titrant, to prevent the reaction mixture’s contact
with air, and to prevent the mechanical destruction of
the copolymer bead structure during mixing.

The following chemical compounds were used as
reducers in various pH values of their solutions:
NaySO3;, KCN, and KSCN. The properties of the
chemicals used in this study gave rise to some limi-
tations in the range of investigations:

1. The N-bromosulfonamide copolymer could not
be studied in an acid medium, nor could its
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functional groups be transformed into hydrogen
form because the copolymer decomposed itself,
losing its active bromine atoms below pH = 5,
whereas the N-chlorosulfonamide copolymer
was stable in the whole range of pH values,
and so its functional group could well appear
in the form of hydrogen.

2. Reducers such as Na,SO; and KCN decom-
posed in acid media, and therefore, their reduc-
tive properties toward macromolecular oxidants
were studied in a limited pH range.

Knowledge of the reagent redox potentials measured
in this study may be significant from a practical
point of view. The values obtained in this research
may be helpful in the estimation and design of new
oxidation methods by means of the these investi-
gated redox copolymers.

EXPERIMENTAL
Materials

Three reactive crosslinked S/DVB copolymers were
used as heterogeneous oxidants:

1. RCl/Na stands for the sodium form of the N-
chlorosulfonamide copolymer; it contained 2.15
mmol/g —SO,NCINa groups (i.e., 4.30 mequiv
of active chlorine/g of resin).

2. RC1/H stands for the hydrogen form of the N-
chlorosulfonamide copolymer; it contained 2.40
mmol/g —SO,NCIH groups (i.e., 4.80 mequiv
of active chlorine/g of resin).

3. RBr/Na stands for the sodium form of the N-
bromosulfonamide copolymer; it contained 1.65
mmol/g —SO,NBrNa groups (i.e., 3.30 mequiv
of active bromine/g of resin).

The quoted contents of active halogen in the copoly-
mers always refer to the constant-mass air-dried
products. All of the copolymers contained a small
quantity of sulfonic groups in the sodium form (ca.
0.50 mmol/g).

The copolymers were prepared by chemical modi-
fication of sulfonic cation exchangers by methods
published elsewhere.'"’? As a starting material,
Amberlyst 15 (Rohm and Haas Co., Philadelphia, PA),
a commercially available sulfonic cation exchanger,
was used. This was a macroporous poly(S/20%DVB)
resin, which in the air-dried state, contained 4.7 mmol
of —SO3;H/g and had a surface area of 45 m?/ g, an
average pore diameter of 25 nm, a uniformity coeffi-
cient of less than 1.70, and a harmonic mean size of
600-850 um. We transformed its initial functional
groups to the chlorosulfonyl and then to sulfonamide
groups, which joined the active chlorine atoms as a
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TABLE I
Solutions Used as Titrants
Symbol of Reducing Concentration Potential

solution agent (M) Medium (mV) pH
A Na,SO; 0.01 H,O +56 9.69
B KCN 0.01 0.001M NaOH —168 11.8
C KCN 0.01 0.01M NaOH —180 12.7
D KCN 0.01 0.1M NaOH —192 13.5
E KSCN 0.005 H,O +124 5.93
F KSCN 0.005 0.01M NaOH =35 13.10
G KSCN 0.005 0.01M H,SO, +406 2.06

result of the sodium hypochlorite reaction. [P] stands
for the copolymer S/DVB macroporous structure:

[P]—SO5H — [P]—SO,Cl — [P]—SO,NH,
[P]|—SO,NH, + NaOCl — [P]|—SO,NCINa + H,O (1)

[P]—SO,NCINa + NaBr — [P]|—SO,NBrNa + NaCl (2)

The transformation of the N-chlorosulfonamide
groups from sodium form to hydrogen form was
carried out by means of treatment with 0.1M
CH3COOH of the RCl/Na:'**?

[P]—SO,NCINa+CH;COOH — [P]—SO,NCIH
+CH;COONa  (3)

The chemical compositions of the solutions used in
the redox titrations are shown in Table I. Analytical
grades of Na,SO5;, KCN, and KSCN were used as the
reducing agents. With the differentiated stoichiometric
relations of the studied reactions taken into account,
the quantities and concentrations of the reacting sub-
stances were chosen so that comparable volumes of
the solutions were consumed during the titration.

Measurements

The following increasing solution volumes of the
reducing agents were loaded into seven equal sepa-
rate samples of RCl/Na, RCl/H, or RBr/Na: (1) 0.0,
(2) 125, (3) 25, (4) 37.5, (5) 50, (6) 62.5, and (7)
75 cm® (Table II). To the first (1) samples of the
copolymers, the sole reaction medium was added
(12.5 cm®, see Table I, column 4). The said increasing
volumes of the reducing agent solutions were
needed to bring about the reduction of (1) 0, (2) 25,
(3) 50, (4) 75, and (5) 100% of the active chlorine or
active bromine functional group. However, the last
two samples of each copolymer contained (6) 125
and (7) 150% of the reducer. The samples of the
macromolecular oxidant loaded with the solution of
the reducer were placed in separate, tightly closed,
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light-proof glass cells and shaken out on a shaking
machine. The pH and redox potentials values (with
a platinum and a calomel electrode couple) were
measured after 1, 2, 4, and 24 h, with a Milivolt-
meter CPI-551 (Elmetron, Zabrze, Poland). To mea-
sure the potentials, the solution sample was placed
in a closed glass vessel protected from air contact
during the measurements. The reading was made af-
ter 1-5 min, when the value was fixed.

RESULTS AND DISCUSSION

Reductometry is an analytical method used in the
analysis of low-molecular or high-molecular but
soluble oxidants. In reference to high-molecular,
crosslinked, insoluble substances, this technique has
not been given much attention in the literature. We
used this method for the first time in a previous
investigation to oxidize nitrites to nitrates by RCI/
Na and RCI/H.'® In this study, we extended the
investigation to three heterogenic oxidants (with dif-
ferent reactive groups but with similar macromolec-
ular structures) and various reaction media.

First, we examined the reaction of RCl/Na and
RBr/Na with sodium sulfite:

[P]—SO,NCINa + Na,SO5 + H,O
— [P]=SO,NH, + Na,SO, + NaCl  (4)

[P]—SO,NBrNa + Na;SOs3 + H,O
— [P]=SO,NH; + NaySO, + NaBr  (5)

TABLE II
Reagents (Oxidants and Reducers) in the Potentiometric
Titration
Active halogen
Weighed in sample
Resin portion (g) (mequiv) Solution®
RCl/Na 0.2325 1.0 A, B,C D
RCl/Na 0.4650 2.0 E F
RClI/H 0.4167 2.0 E G
RBr/Na 0.3030 1.0 A, B, C D

@ See Table L
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Figure 1 Redox titration curves of (1) RBr/Na and (2)
RCI/Na with 0.01M Na,SOj; (reaction time = 24 h).

This reducer was chosen because of its smooth one-
stage oxidation course without any intermediate prod-
ucts and with a favorable molar quotient. Na,SOj; is a
reducer of medium strength,; its aqueous solution is,
in due measure, stable; and the oxidation product,
NaySQy,, is stable in the reaction medium. Both curves
in Figure 1 have a shape characteristic of the titration
of an oxidant by a reducer. From their location in the
coordinates system, it is clear that the N-bromosulfo-
namide copolymer was a stronger oxidant than the N-
chlorosulfonamide copolymer: the determined redox
potential of RBr/Na was 0.56 V (see point 3 on curve
1, pH = 8.56), and that of RCl/Na was 0.44 V (point
3 on curve 2, pH = 8.45). The pH measurements for
successive samples (in line with our expectations)
showed a gradual drop in value from about. 9.5 to
about 7.80 (the sodium sulfite hydrolyzed to an alka-
line reaction, whereas the product of its oxidation, the
sodium sulfate, was a neutral salt).

It is known that the value of a redox potential is
pH dependent. Samples of RCI/Na and RBr/Na
were subjected to potentiometric titration in alkaline
media with different strengths during successive
stages of this investigation. KCN was applied as the
reducer, and its 0.01M solution was prepared in
0.001, 0.01, and 0.1M NaOH aqueous media:

[P]—SO,NCINa + KCN + H,O
— [P}=SO,NH, + KOCN + NaCl  (6)

[P]—SO,NBrNa + KCN + H,O
— [P}=SO,NH, + KOCN + NaBr  (7)

In this cyanide oxidation process, the oxidation
product were cyanates, which were unstable in
aqueous solution. They underwent hydrolysis to car-
bonates and ammonia:

OCN™ + 2H,0 — HCO; + NHj (8)

2193

In both drawings shown in Figures 2(top) and
3(top), the curves of titration are situated on differ-
ent levels in relation to the axis of abscissae in the
following order: the more alkaline the medium was,
the lower and flatter was the position of the titration
curve. In the experiments discussed here, the deter-
mined redox potentials of RCl/Na were 0.33, 0.04,
and —0.12 V (potentials in point 3 on curves 1, 2, in
Figures 2(top) and 3(top); the pH values were 9.52,
12.56, and 13.58, respectively). For the RBr/Na co-
polymer, the respective results were the following:
0.33, 0.07, and —0.08 V (pH = 9.20, 12.31, and 13.61,
respectively). A comparatively low pH of the postre-
action solution deserves our attention. It was the
case in the titration of 0.01M KCN in 0.001M NaOH
(the pH value of the titrant was 11.8; see Table I).
We attributed this drop in NaOH concentration to
the neutralization of HCOj3 ions, which formed as a
result of the reaction (8). We confirmed that the
higher the pH was, the lower were the redox poten-
tials of the RCl/Na and the RBr/Na. In the medium
of 1M NaOH, they even had a negative value,
whereas the potential of the RBr/Na in each me-
dium under investigation was higher than the re-
spective value for RCl/Na.

Figure 3 shows the change in the redox potential
value in relation to the time for the reaction of RBr/
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Figure 2 (Top) Redox titration curves of RCI/Na by
0.01M KCN in (1) 0.001, (2) 0.01, and (3) 0.1M NaOH (reac-
tion time = 24 h) and (bottom) the concentration of cya-
nides in solution after the reaction.
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Figure 3 (Top) Redox titration curves of RBr/Na by
0.01M KCN in (1) 0.001, (2) 0.01, and (3) 0.1M NaOH (reac-
tion time = 24 h) and (bottom) concentration of cyanides
in solution after the reaction.

Na and the titrants 0.01M KCN in 0.001M NaOH.
From the curves taken after 1, 2, 4, and 24 h, it fol-
lows that the final shape of the titration curve
required long-lasting contact of the reagents (several
hours).

The titration curves of both copolymers with KCN
had less favorable runs than the titration curves with
NaySO;. They deviated considerably from the shapes
of classic titration curves, which are well known
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KCN in relation to stoichiometry, %
Figure 4 Redox titration curves of RBr/Na by 0.01M

KCN in 0.001M NaOH with reaction times of (1) 1, (2) 2,
(3) 4, and (4) 24 h.
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from the titration of an oxidant with a reducer in
reductometry. We explained this by analyzing the
contents of cyanides in the postreaction solutions
[Figs. 2(bottom) and 3(bottom)]. As we found in
samples 3-5, the concentration of cyanides was con-
siderably higher, and the more alkaline the medium
was, the higher it was. As we said earlier, the reac-
tivity of the RBr/Na copolymer was larger than that
of the RCI/Na copolymer, and this property was
particularly distinctive in the high-pH medium.
Comparing the two parts in Figures 2 and 3, we
deduced the oxidation reaction progress from the
shape of the titration curve.

The aim of the next investigation step was to es-
tablish the reductometric titration curves of the RCI/
Na and RCI/H copolymers in a wide range of pH
values. The acetic acid transformed the weak acidic
N-chlorosulfonamide groups from sodium form to
hydrogen form (pK, ~ 7.2), but it could not trans-
form the residual sulfonic groups (which were also
present in the copolymer) from their sodium to
hydrogen form. In this part of the investigation,
0.005M KSCN was used as the reducer:

4[P]—SO,NCINa + KSCN + 5H,0
— 4[P]—SO,NH, + KOCN + H,S0; + 4NaCl (9)

4[P]—SO,NCIH + KSCN + 5H,0
— 4[P]—SO,NH, + KOCN + H,S0; +4HCl ~ (10)

The solution applied here had a lower concentration
than the previously applied solutions because of a
less favorable stoichiometric ratio of the thiocyanate
oxidation reaction. The reaction of the N-chlorosul-
fonamide copolymer with KSCN had a considerably
more complicated course than the previously studied
reactions. There were more reaction products; one of
the products underwent a consecutive hydrolysis
reaction [see eq. (8)].

1000

800

600

400

Potential, mV

0 50 100 150
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Figure 5 Redox titration curves of RCl/Na by 0.005M
KSCN in (1) 0.01M NaOH and (2) water and RCI/H by

0.005M KSCN in (3) water and (4) 0.01M H,SO,.
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The titration curve of RCl/Na with 0.005M KSCN
alone is shown in Figure 5, curve 2; the redox poten-
tial at point 3 was 0.47 V (pH = 7.30). Our attention
was drawn to the relatively flat course of this curve.
This was caused by the pH of the reaction environ-
ment, which fell proportionally to the reaction pro-
gress. In the case when 0.005M KSCN in 0.01M
NaOH was applied as the titrant (the NaOH in solu-
tion was taken in the amount suitable to neutralize
the acidic reaction products), the titration curve had
a more favorable shape (see Fig. 5, curve 1). In
points 1-5, a pH downfall from alkaline to neutral
reaction is shown. An increase in pH took place at
points 6 and 7 (the contents of NaOH in solution
surpassed the acidic products). The redox potential
in point 3 was 0.41 V (pH = 8.52).

Curve 3 in Figure 5, showing the titration curve of
RC1/H with 0.006M KSCN, alone was situated con-
siderably higher in the coordinate system than the
two former curves. The pH value for all measuring
points fell to 2.0-2.1. The potential in point 3 was
very high, almost 0.75 V. Curve 4 in Figure 5 con-
cerns the titration of RCl/H with KSCN in acidic
medium. As we expected, the redox potential in
point 3 showed a higher value as it did previously,
that is, 0.79 V. The pH value fell to about 1.8.

CONCLUSIONS

S/DVB copolymers, with a macroporous structure
containing N-chlorosulfonamide or N-bromosulfona-
mide functional groups and being heterogeneous
oxidizing reagents, were useful for the removal of
various reducers from aqueous solutions. The reac-
tivity of these high-molecular-weight reagents can be
measured by platinum/calomel potentiometric stud-
ies with a reducing substance solution. The neces-
sary time of the reagent contact should be at least
several hours. The reaction progress can be deduced
from the shape of the titration curve.

The high-molecular-weight oxidant containing
active chlorine is a weaker oxidant than its low-
molecular-weight analogues (Chloramine T and ele-
mentary chlorine). RCl/H ([P]—SO,NCIH) displayed
considerably stronger oxidizing properties than RCl/
Na ([P]—SO,NCINa). In the acidic medium, the for-
mal redox potential of the N-chlorosulfonamide co-
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polymer was considerably higher (almost 0.80 V)
than in the neutral medium (0.40 V) or in the alka-
line medium (< 0 V).

The high-molecular-weight oxidant containing
active bromine showed a higher oxidizing potential
(by ca. 100 mV) than the N-chlorosulfonamide co-
polymer in analogous conditions. However, its oxi-
dizing working conditions were limited to media
with a pH value not lower than 5 when it was
chemically stable. The advantage of the N-bromosul-
fonamide copolymer was its comparatively strong
oxidizing activity in the alkaline media, where the
N-chlorosulfonamide copolymer was not very active.

The experimentally determined formal redox
potentials of all three copolymers permitted us to
draw conclusions about their usefulness in oxidation
reactions of different inorganic and organic substan-
ces. The established redox potential values are help-
ful for the projection of the conditions of a new
batch or column oxidation processes when unfavora-
ble side reactions should be avoided. Those side
reactions occur often when one uses low-molecular
homogeneous oxidants with a very high oxidizing
power, for example, elementary chlorine and bro-
mine.
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