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SYNOPSIS

The sorption of phenol, p-toluenesulfonic acid (p-TSA), Na-p-toluenesulfonate (Na-p-TS),
1,2-dihydroxy-3,5-benzene disulfonic acid disodium salt (Tiron), and 3-hydroxy-
4(sulfonaphthylazo)-5,7-naphthalenedisulfonic acid trisodium salt (Ponceau 4R) on the
macroporous anion exchangers with acrylamide structural units (weak and strong basic
anion exchangers) and on the ion exchangers with amidoxime groups were studied. The
maximum specific sorption of p-TSA was almost identical with the total exchange capacity
for both the weak and strong basic anion exchangers. The sorption of Na-p-T8 is strongly
related to the functional group structure of the anion exchangers, being significant on the
strong basic anion exchangers. The maximum specific sorption of Tiron was higher than
the total exchange capacity of the strong basic anion exchangers because it is mainly de-
pendent on the ionic exchange properties. The morphological characteristics influenced
only the establishment rate of the sorption equilibrium. The sorption of Ponceau 4R, which
has the highest molecular weight, is important on the strong basic anion exchangers with
high permanent porosity. The sorption of the organic anions is also dependent on the

number of the sulfonic groups. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Organic pollutants (dyestuffs, organic anions, de-
tergents, phenols, antibiotics, and so on) usually
present in the industrial waste waters, should be
removed even at low concentrations due to their high
toxicity. Many researches dealt with the ability of
polymer sorbents, ™ or ion exchangers®!! to remove
these organic compounds. The anion exchangers
derived from styrene-divinylbenzene (St-DVB) co-
polymers occupy a special place among the ion ex-
changers used in this field.5®° The macroporous an-
ion exchangers allow the penetration of large mol-
ecules inside their network as well as an easier
elution during the regeneration process. The inves-
tigations proved that the adsorption capacity is de-
pendent not only on the number and the type of
functional groups, but also on the chemical and
physical structure of the macroporous matrix, and
on the structure of the organic compound. The se-
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lectivities for organic anions increase as the number
of aromatic rings in the organic ion increases.’

The study of dyestuff adsorption and desorption
is important both from the ecological point of view
and for analytical purposes.?”!!

The aim of this study was the synthesis of some
macroporous anion exchangers with acrylamide
structural units substituted with different functional
groups, their characterization from the morpholog-
ical and functional point of view, and the test of the
adsorption properties for some organic compounds.
Macroporous copolymers of acrylonitrile and divi-
nylbenzene [P(AN-co-DVB)], synthesized in the
presence either of toluene or of 2-ethyl-1-hexanol
(2EH) as diluent, were used as precursors for these
ion exchangers.

EXPERIMENTAL

Materials

Acrylonitrile (AN), technical grade, was distilled at
760 mmHg and the 76-77°C fraction was used. DVB,
technical grade (50.25% DVB, 30.87% ethylstyrene,
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Scheme 1 The structure of aromatic compounds used
as models for organic pollutants.

ESt, and 18.32% inert compounds, by gas chroma-
tography), was distilled at 3 mmHg before use. After
distillation the composition of DVB was 43.33%
DVB, 35.52% ESt, 21.16% inert compounds.

2-Ethyi-1-hexanol (2-EH), technical grade, was
distilled at 183.5°C and 760 mmHg before use. Tol-
uene and dimethylformamide (DMF) were analytical
grade reagents and were used without further pu-
rification.

N,N-Dimethyl-1,3-diaminopropane (DMDAP),
technical grade, was distilled at low pressure before
use. Benzyl chloride (BC), analytical grade reagent,
was distilled at low pressure before use.

p-Toluenesulfonic acid (p-TSA); 1,1-dihydroxy-
3,5-benzene disulfonic acid disodium salt (Tiron);
and phenol, analytical grade reagents, were used
without further purification. 3-Hydroxy-4(4-sulfo-
naphthylazo)-5,7-naphthalenedisulfonic acid triso-
dium salt (Ponceau 4R), commercial product with
NaCl 40%, was used as received. The solution con-
centration was calculated taking into account the
amount of the dye only.

The structural formulae of the aromatic com-
pounds studied in this work are included in

Scheme 1. ‘
Na-p-toluenesulfonate (Na-p-T'S) was obtained

by neutralization of methanolic p-TSA by meth-
anolic NaOH followed by recrystallization from
methanol.

Methods

The syntheses of macroporous copolymers P(AN-
co-DVB) were performed as before.'? All copolymers

were extracted with DMF until PAN homopolymer
was totally removed. After separation from DMF
the copolymers were washed with methanol and then
vacuum dried at 50°C, for 48 h.

The aminolysis—hydrolysis reaction of the nitrile
groups with DMDAP was performed at 115°C for
15 h. The molar ratio of the cyano group DMDAP
H,0 was 1: 6 : 4. The anion exchanger beads were
separated from the reaction medium by filtration
and washing with distilled water to neutral pH, thus
obtaining weak basic anion exchangers (WB).

The main reactions that take place in the syn-
thesis of ion exchangers used in this work are pre-

sented in Scheme 2.
In order to obtain strong basic anion exchangers

(SB), the ion exchangers with tertiary amine groups
were washed many times with methanol and then
dried at 50°C for 48 h. The reaction of the tertiary
amine groups with BC was carried out in DMF as
reaction medium at 60°C for 8 h. The molar ratio
of the amino group/BC was of 1 : 2. After the sep-
aration of the reaction medium, the anion exchanger
beads were washed with methanol to remove BC
and then with distilled water.

The synthesis of the ion exchangers with ami-
doxime groups (AAO) was performed with a meth-
anolic solution of hydroxylamine (HA) at 80°C for
2 h. The molar ratio of HA : CN was 2 : 1.

The anion exchangers were conditioned by alter-
nate conversions to hydroxide and chloride forms
with 4% NaOH and 4% HCl aqueous solutions. The
WB as free base and the SB in chloride form were
washed with distilled water until the complete re-
moval of free OH™ and free Cl” ions. The anion ex-
change capacity of the anion exchangers was deter-

CH,

/ +H,0
(®—CN + H,N—(CH,);—N —_—
AN ~NH,
CH,
— ®—C= /CH3
NH—(CH_);—N (wB) (1)
CH,
l + CgHyCH,Cl
®—(|:=° CH,
NH——(CHz)a—l:l{—CHa (SB) (2
Cl" “CH,CqHs
NH,
(®—CN + NH,0h —— B—C (AAO) (3)
SnoH

Scheme 2
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Table II Functional Characteristics of Weak (WB) and Strong (SB) Basic Anion Exchangers

Total Exchange

Capacity Water
Sample Uptake
No. Functional Group Tonic Form meq/mL meq/g (g/g)
CH,
100 WB —(CH,);—N OH~ 0.573 2.63 1.6538
CH;,
CH,
100 SB —(CH,)3—N*—CH;, Cl- 0.4106 1.7617 1.6925
CH,C¢H;
CH;,
102 WB —(CHy);—N OH~ 0.490 2.348 1.6105
CH;,
CH;,
103 WB —(CHy);—N OH~ 0.488 2.109 1.6377
CH;,
CH;
103 SB —(CH,);—N*—CH;, ClI” 0.336 1.484 1.4936
CH,C¢H;
CH;
/
105 WB —(CHy);—N OH~ 0.756 3.032 1.4367
CH,
CH;,
105 SB —(CH,);—N*—CHjs; Cl” 0.494 2.073 1.6510
CH,C¢H;
CH,
104 WB —(CH;);—N OH~ 0.735 2.990 1.3125
CH,
CH,
104 SB —(CHy);—N*—CHj; Cl- 0.553 2.041 1.4714

CH,C¢H;
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Total Exchange

Capacity Water
Sample Uptake
No. Functional Group Ionic Form meq/mL meq/g (g/2)
CH3
/
106 WB —(CHy);—N OH~ 0.588 2.976 1.6200
CH,
CH3
106 SB —(CH,);—N*"—CH;,4 ClI” 0.532 1.883 1.2428
CH2C6H5
NH,
/
AAQO 10* —C — 1.012 3.710 1.4527
N\
NOH

Sample numbers from Table I.
2 From Uy copolymer (Table I).

CORD M42 spectrophotometer. The following
wavelengths were used (standard 1 cm quartz cell):
261.5 nm (p-TSA and Na-p-TS); 291.5 nm (Tiron);
516 nm (Ponceau 4R); 269.5 nm (phenol).

RESULTS AND DISCUSSION

The morphological characteristics of various P (AN-
co-DVB) copolymers are presented in Table 1. The
influence of the composition of the monomer mix-
ture on the solvent uptakes, surface area, and mean
pore radius can be seen from Table I. The intro-
duction of the third comonomer (ethyl acrylate or
St) led to a decrease of the surface area and a cor-
responding increase of the mean pore radius. The
porosity and the mean pore radius are smaller when
the copolymers were prepared with toluene as dil-
uent comparative with copolymers prepared in the
presence of 2EH at the same cross-linking degree
(samples 100 and 104, Table I).

These differences might be explained by the
thermodynamic quality of the diluents (i.e., the co-
hesive energy density of diluents and monomers)
versus PAN or aromatic macromolecular chains. So,
toluene is a “bad solvent” for PAN chains, and 2EH
is a bad solvent both for PAN and aromatic mac-
romolecular chains.

The aminolysis-hydrolysis reaction of the nitrile
groups contained in P(AN-co-DVB) copolymers
with N,N-dialkylaminoalkylamines in the presence
of water could constitute a way to form WB with
tertiary amine groups.'”? The tertiary amine groups
can be transformed in ammonium quaternary salt
groups by the reaction with alkyl halide according
to Scheme 2.

The ion exchange characteristics of the WB and
SB are included in Table II. The anion exchangers
with the same cross-linking degree and different di-
lutions have similar total exchange capacities for
the same diluent (104, 105, and 106 SB). However,
the volumic exchange capacity decreases along with
the increase of the dilution. The resins synthesized
in the presence of toluene have a total exchange
capacity higher than the resins prepared in the
presence of 2EH for the same cross-linking degree.
This difference could be explained by a better access
of reactants to the nitrile groups in the case of the
more flexible structures (when toluene was used as
diluent).

The influence of the diluent and of the chemical
transformations on the morphological characteris-
tics of the anion exchangers can be followed in
Table III.

In order to test the sorption properties of these
ion exchangers the following organic compounds
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Table III Morphological Characteristics of Some Anion Exchangers

Apparent Specific Mean Pore

Density Density Porosity® A Se Radius
Sample (g/mL) (g/mL) (%) (mL/g) (m?/g) A)
100 WB 0.6021 1.0301 41.55 0.690 22.19 622
100 SB 0.7290 1.0424 30.06 0.412 8.26 998.6
103 WB 0.5451 1.0672 48.92 0.897 24.00 747.5
103 SB 0.7100 1.0810 34.32 0.483 14.61 661.7
104 WB 1.0285 1.0224 -— — < 1.0 —
104 SB 0.9971 1.0540 5.39 0.054 10.38 104.3
106 WB 0.6313 1.0301 38.71 0.613 22.53 544.4
106 SB 0.7935 1.0425 23.88 0.301 12.48 482.4
AA0 10 0.6071 1.105 54.94 0.7422 45.00 329.8

Sample numbers and functional group from Table II.
® Porosity = [1 — (pap/psp)] X 100.
b Pore volume, Voo = (1/pap) — (1/psp)-

were used: p-TSA, Na-p-TS, two sulfonic dyes [ dif-
ferent both by the molecular weight and by the
number of sulfonic groups { Tiron and Ponceau 4R) ]
and phenol.

The results obtained for the sorption test of p-
TSA are presented in Figure 1. The sorption depends
mainly on the total exchange capacity of resins. The
maximum specific adsorption of p-TSA was almost
identical with the total exchange capacity for all the
resins tested in our study.

The sorption equilibrium is quickly achieved in
the case of 103 WB and 103 SB. We assume that
the great permanent porosity of the matrix and a
greater concentration of the aromatic unit content,
given by the presence of St units, favor the sorption
process.

The results obtained for the adsorption trials of
Na-p-TS are presented in Figure 2. The SBs have
a significant sorption capacity although the maxi-
mum specific adsorption is lower than the total ex-

2

Time, hours

Figure 1

Sorption of p-TSA on anion exchangers.
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Figure 2 Sorption of Na-p-TS on anion exchangers.
change capacity. On the other hand, the WBs (103 exchangers in Cl~ form had a sorption capacity
WB for example), with free tertiary amine groups, about 10 times higher. This is proof for a sorption
show a weak sorption capacity, while the same anion by the ion exchange process only.
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Figure 3 Sorption of Tiron on strong basic anion exchangers.
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Figure 4 Sorption of Ponceau 4R on anion exchangers.

The sorption trials of Tiron were made only on
the SBs because the basic pH appearing in contact
with the WB resins caused changes in the dye struc-
ture (Fig. 3). The degree of Tiron sorption is related
mainly to the ion exchange capacity of the resins,
but we assume that the structure of Tiron may also
play an important role in the adsorption mechanism.

The maximum adsorption capacity was higher
than the total exchange capacity for all the studied
resins. The sorption equilibrium was also achieved
quickly in the case of the anion exchangers with
high permanent porosity (103 and 100 SB). How-
ever, the anion exchangers with the highest ex-
change capacity had the highest maximum specific
adsorption. That means the sorption capacity for
this dye is related more to the ionic exchange prop-
erties and less to the morphological characteristics.
The maximum specific adsorption higher than the
total exchange capacity could be explained by the
presence of two sulfonic groups in the Tiron struc-
ture as well as by hydrophobic interactions that
could take place between the molecules of Tiron.

The results obtained for the sorption of Ponceau
4R were included in Figure 4. The sorption of this
dye depended both on the chemical structure of the
functional groups of the resin and on its porosity.
The total exchange capacity is less important in this
case. The anion exchanger 104 SB, although having
the highest exchange capacity among the SBs,
showed the smallest sorption capacity. The sorption
equilibrium is quickly reached when the resins have

a great porosity (100 and 103 SB). The influence
of the sulfonic group number of the organic com-
pounds on the maximum specific adsorption of the
anion exchangers was resumed in Figure 5.

The maximum specific adsorption of Ponceau 4R
on the WBs with free tertiary amine groups (103
WB) was much smaller than on the SBs with similar
morphological characteristics (103 and 100 SB), but
higher than for Na-p-TS. That means the sorption
capacity of Ponceau 4R depends not only on the
functional group structure but also on the number
of sulfonic and aromatic groups of the dye. Although
Ponceau 4R has a molecular weight much higher
than Na-p-TS, the sorption of the former is higher
than of the latter.

The synthesis of resins with high sorption ca-
pacity for Ponceau 4R (100 and 103 SB) was per-
formed with 2EH as diluent, the mean pore radius
of these resins being much higher than that of the
resins obtained in the presence of toluene.

The adsorption capacity of the SBs (100 and 104
SB) for phenol is almost identical with their total
exchange capacity, while that of the WBs (100 and
104 WB) is lower than their total exchange capacity
(Fig. 6). The achievement of the sorption equilib-
rium depends on the anion exchanger porosity. As
in the case of the other organic compounds, the
sorption equilibrium is quickly reached in the case
of the macroporous anion exchangers (100 WB and
100 SB). The results obtained for phenol proved a
sorption capacity lower in the case of WBs compared
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Figure 5 Influence of sulfonic group number of aromatic compounds on the sorption on
anion exchangers: (1) sulfonic groups, Na-p-TS; (2) sulfonic groups, Tiron; (3) sulfonic

groups, Ponceau 4R.

with the sorption results of p-TSA. These results
led us to the conclusion that the sorption of the or-
ganic compounds with acid properties on the anion
exchangers depends mainly on the strength of the
organic anion.

The sorption trials of some organic compounds
on the ion exchanger with amidoxime groups led to
the results presented in Figure 7. As expected, the
sorption of Ponceau 4R is small; this is due to both
the much smaller mean pore radius than that of the

——
Q 16408
o 1008
O 10488
01008
0 1 i 1
0 7 2 2

Time, hours

Figure 6 Sorption of phenol on anion exchangers.
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Figure 7 Sorption on anion exchanger, AA0-10.
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