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Summary

The preparation of a chelating ion-exchange network based on acrylonitrile
was carried out by chemical modification with hydroxylamine. The beads of
resin were synthesized by aqueous suspension copolymerization of
acrylonitrile (AN), styrene (STY) and divinylbenzene (DVB). The influence of
diluent used in the suspension polymerization on the structure of the resulting
copolymers was evaluated. The diluents employed were heptane (HEP),
toluene (TOL) and anisole (ANI). It was found that the AN incorporation into
copolymer structure was dependent on the diluent used. Conversion of nitrile
groups into the amidoxime was conducted by treatment with hydroxylamine
under alkaline solution. The resins were characterized by apparent density,
surface area, average pore diameter, elemental analysis (CHN), FTIR and
optical microscopy. Based on the results obtained, it was possible to control the
porosity by diluent employed in the synthesis and to modify chemically a resin
containing nitrile groups by hydroxylamine reaction.

Introduction

Functionalized cross-linked polymers have gained great importance in many
fields of scientific research as well as for industrial applications, which
continues increasing due to several possibilities of modification of their
chemical and physical properties. Organic and inorganic sorbents
functionalized with complexing groups have been developed and reported in
the literature[1-7]. As it has been reported, the porous structure is very
important to this material. This porous structure is responsible for its
performance and can be controlled by the concentration of the crosslinking
agent and by the concentration and nature of the porogen system employed
during the copolymerization reaction [8,9].
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Polymers that present nitrile groups display some uncommon features. In
polymers based on acrylonitrile, dipole-dipole interactions among nitrile
groups make it crystalline. The degree of crystallinity can be high and even in
crosslinked acrylonitrile/divinylbenzene (AN/DVB) copolymers a significant
amount of crystallites can be detected[10-16]. It has been found that polymers
network based on acrylonitrile were macroporous regardless of the crosslinker
level, thus indicating importance of additional ‘physical’ crosslinks.
Resin based on acrylonitrile is easy to prepare and presents a reactive pendant
group (nitrile group), which can be modified by different kinds of reagent
through nucleophilic addition[17]. However, normally, the degree of
modification is low due to poor accessibity of nitrile groups[18-23]. Hence, the
aim of this work is to present simple way to enhance AN incorporation into
resin structure and to introduce the amidoxime group by reaction with
hydroxylamine.

Experimental part

Materials − Acrylonitrile (AN) and divinylbenzene (DVB, grade of 45%,
containing a mixture of DVB and ethylvinylbenzene) were kindly offered by
Nitriflex (Brazilian Co.) and styrene (STY) was donated by Petroflex
(Brazilian Co.) and used as received; α,α’-azo-bis-isobutyronitrile (AIBN) was
donated by Metacril do Brasil and was recrystallized in methanol;
hydroxylamine hydrochloride, gelatin, 2-butanone, propanone, NaCl, NaOH,
n-heptane, toluene, methanol were purchased from Vetec (Brazilian Co.) and
anisole (Merck) with P.A. degree and used as received.
Preparation of resin based on acrylonitrile − AN/DVB and AN/STY/DVB
copolymers were obtained in a typical glass reactor (1000 mL) fitted with
mechanical stirrer using the suspension polymerization technique. Aqueous
phase (AP) was composed by gelatin and 2-hydroxyethyl-celullose (0.3 and 0.2
wt.-% with respect to AP, respectively) and Na3PO4 (2 wt.-% in relation to
AP). The organic phase (OP) was composed by monomers mixture (0.28 mol
of AN, 0.14 mol of STY and 0.28 mol of DVB or 0.42 mol of AN and 0.28
mol of DVB), diluent, namely heptane, toluene and anisole, mixed or not (150
% v/v with respect to the monomers) and AIBN used as initiator (1.0 mole %
with respect to the monomers). OP was added slowly to AP previously
prepared under stirring at room temperature, employing AP/OP ratio = 3/1.
These two phases were maintained under stirring (400 rpm) at room
temperature during 10 min. Hence, the suspension copolymerization system
was kept under stirring at 70ºC during 24 hours. The resin beads was
thoroughly washed with hot water (8 portions of 500 mL) and with propanone
and dried at 60ºC. The yield of copolymers beads was 41-75% and they have
presented a narrow particle size distribution (210-250 µm).
Chemical modification of resin − Preparation of alkaline hydroxylamine
solution: about 4.5 g of hydroxylamine hydrochoride was dissolved in 32 mL
methanol-water (5:1) mixture. The HCl of NH2OH was neutralized by NaOH
solution and the precipitate of NaCl was removed by filtration. The pH of the
reaction solution was maintained at pH 10-11 by adding NaOH solution. The
modification of resins was carried out by reacting the AN/DVB (ER06 - resin
that presents a large AN content) with the alkaline hydroxylamine solution at
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85ºC for 24 or 48 h.
Resin characterization − The bead size distribution was determined by
different sieves. The specific surface area (in m2/g), average pore diameter (Å)
and pore volume in the dry state (cm3/g) were determined by the BET method
from low-temperature nitrogen adsorption isotherms (ASAP Micromeritics
2000) at 77 K using a high-vacuum volumetric apparatus. The samples were
degassed at 100ºC/1mPa for 3 h. Surface area, average pore diameter and pore
volume of ER02 and ER05 resins were determined by mercury porosimetry
(Quanta Chrome-Auto Scan mercury porosimeter model SP33D). Carbon,
hydrogen and nitrogen contents were determined by elemental analysis (CHN
Perkin-Elmer 2400). The chemical modification of nitrile groups was verified
by infrared techniques (FTIR − Perkin-Elmer Spectrum One) in KBr pellets.
The morphological characteristics were observed with a stereo optical
microscope (Olympus SZ10). Resins were also characterized at scanning
electron microscope (Jeol JSM − 5800LV). The beads were coated with
carbon film and their external and internal parts were observed using 10 kV
acceleration electron beam. The swelling degree (%S) of copolymers in
different solvents (namely, toluene, n-heptane, water, methanol and anisole)
before amidoximation was calculated from the following relation %S = [(v1 −
v0)/v0].100, where v1 is the volume of swollen resin after 24 hours and v0 is the
volume of dry state[24].

Results and discussion

The copolymers beads of acrylonitrile (AN), styrene (STY) and divinylbenzene
(DVB) with a nominal crosslinking degree 40 % molar of DVB (ER01, ER02
and ER03) were obtained by suspension polymerization of monomers. The
portion of STY (20% molar) in subsequent samples (ER04, ER05 and ER06)
was replaced by AN and polymerization conditions were exactly the same as in
the case on AN/STY/DVB copolymers. In order to obtain copolymers
containing high nitrile group content, resins based on AN were prepared using
different types of diluents at a constant DVB amount. Table 1 summarizes the
synthesis parameters and chemical composition of resins obtained. Figure 1
shows the FTIR spectra of copolymers synthesized. It was observed that the
bands of nitrile groups (CN stretching at 2237cm-1) were presented for all
spectra, indicating AN incorporation. As it can be seen on Table 1, the type of
diluent had an important role on the AN incorporation. The resin obtained with
anisole (ANI) (ER06) used as diluent has presented higher AN incorporation
than those obtained with n-heptane (HEP) or toluene (TOL) alone or mixed.
Priorly, it was observed a lightly increase in the nitrogen content of the resin
obtained with the major amount of TOL which possesses a solubility parameter
similar to that calculated for poly(DVB/STY), but is a poor solvent for
poly(AN). As it was pointed out by Okay[23,25], during STY-DVB
copolymerization, TOL remains mainly in the polymer gel, resulting in the
formation of an expanded network. One can assume that in the case of AN-
DVB, with large portion of DVB in the monomer mixture, a similar situation
occurs. TOL is able to swell the gel of poly(STY-DVB) or poly(DVB) formed
in early polymerization stages due to the highest reactivity of DVB compared
to AN. Thus, the AN polymerization takes place in the swollen gel of
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poly(STY-DVB) or poly(DVB) or on surface of agglomerates. When the AN
amount in the monomer mixture increases, the inhomogeneity of polymer
network also increases due to the poor solvation conditions. Moreover, TOL is
molecule of low polarity (dielectric constant ε = 2.38 and dipole moment µ =
0.36 D)[26] and consequently it is able to separate AN associates[25]. For this
reason, TOL was replaced by ANI (dielectric constant ε = 4.30 and dipole
moment µ = 1.38 D). Although there is no information about the solubility
parameter of this solvent in relation to poly(STY/DVB) and poly(AN)[27], it
seems that this diluent is a better solvent for the polymer formed than TOL or
HEP (ε = 1.92 and µ ≈0).
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The higher AN incorporation in the ER06 resin than the other ones can be
attributed to its partial solubility in water (7.35 parts in ration to 100 parts of
water) [26]. Hence, it is possible to assume that the distribution coefficient of
AN in ANI between aqueous and organic phases is higher than HEP. It can be
attributed to the better affinity of AN to polar solvents compared to nonpolar
one. Comparing TOL and ANI, the best solvent was ANI maybe because of its
highest polarity.
As it can be seen from Tables 2 and 3, the copolymers obtained differ in their
porosity (bulk density, pore diameter, specific surface area and appearance)
and swelling properties in different solvents. In a general way, it can be noted
that copolymers obtained with TOL or ANI presented higher bulk density
(ER03, ER04 and ER06) than those obtained with HEP or a TOL/HEP mixture.
It could be observed that the ER02 resin obtained with HEP presented lower
density and bigger pore volume compared to other ones. These results can be
explained by the higher degree of phase separation, which occurred in great
extension during the copolymerization process. On the other hand, the
copolymer obtained in the presence of polar diluent (ANI) can be characterized
with higher density (0.5 g/cm3), with more closely packed structures than those
synthesized in HEP or TOL/HEP mixture. The resins obtained with the mixture
TOL/HEP (ER01 and ER05) presented intermediate porosity (Table 2). The
porous structure was confirmed by swelling in different solvents (Table 3). All
dense resins (ER03, ER04, ER06) have swollen very well in methanol, toluene,
anisole and even heptane (a poor solvent for acrylonitrile polymers). It
indicates that these resins are mesoporous. As it can be noted on Table 2, this
feature was confirmed by medium pore diameter of these copolymers that are
smaller than those copolymers obtained with HEP or HEP/TOL mixture. In
addition, the specific surface areas of dense copolymers are large due to the
mesoporosity. It is possible to conclude that there is a correlation of the pore
diameter, bulk density and swelling on the diluent composition used in the
copolymer synthesis. As the polarity of solvent increases, the solvating power
of the diluent increases leading to a less pronounced phase separation,
decreasing the copolymers porosity. As expected, the increase of pore size has
provoked a reduction in the density and in the swelling, since there are larger
pores.
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Figure 2a shows the optical micrography of copolymer beads obtained with
ANI as diluent (ER06). It is possible to note that there are diaphanous beads
and opaque ones, showing a porous structure between microporous and
mesoporous. Figure 2b shows the scanning electronic micrography of this
resin, confirming the heterogeneity of porous structures in this resin.

As shown on Table 2, the appearance of copolymer beads was significantly
affected as their porosity increased. This is related to the differences in the
porosity degree. In the microporous-type copolymers, the structures are
homogeneous and consequently the beads are diaphanous. On the contrary,
porous copolymers consist of heterogeneous crosslinked structure formed by
the agglomeration of microspheres inside the beads and exhibit an opaque
appearance due to the light scattering in their irregular structures. It is possible
that the copolymers containing AN units have, similar to poly(AN),
semicrystalline structures in which ordered regions can act as additional
‘physical’ crosslinks. These crosslinks result in a rise in stiffness of the
macromolecules and make the formation of porous structure easier. Replacing
a nonpolar solvent (TOL or HEP) by a polar one (ANI) should affect the
molecular packing. The AN/DVB and STY/AN/DVB copolymers obtained in
the presence of good solvent presented higher density (with more closely
packed structures) than those synthesized in a poor solvent. Thus, the
copolymer obtained from good solvent should have more flexible networks.
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The incorporated amount of AN in the copolymer should enhance the
exposition of CN groups which enable these copolymers to be more easily
anchor the metal ions. The amidoximation reaction was evaluated (reaction
times are 24 or 48 hours) using the ER06, as represent in Scheme 1.

Figure 4 shows the typical spectra of unmodified and modified resins at the
same analysis conditions. The presence of a band at 2238 cm-1 related to CN
group on modified resins spectrum has shown that the modifications of nitrile
groups were not complete. However it is important to note that the
hydroxylamine reaction was conducted in a solid phase. The IR spectrum of
modified resin with hydroxylamine exhibited a broad band observed in the
3650-3340 cm-1 (OH of oxime group)[27]. The C=N of the oxime group was
observed at 1655 cm-1. The band observed at 910 cm-1 is assignable to the N-O
bond of the oxime group[28-31]. Although the ER06 resin presents low
porosity the chemical modification was efficient. It was due to exposition of
nitrile groups by good swelling of ER06 in the solvent employed.
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