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bstract

Copolymer networks based on acrylonitrile (AN)/divinylbenzene (DVB) have been investigated by thermogravimetric analysis (TG) to evaluate
heir thermal stability in nitrogen atmosphere. Thermal stability was determined from TG-DTG curves to investigate the influence of AN and DVB
n the synthesis of copolymers on the copolymer thermal properties. The TG and DTG curves of copolymers clearly show two thermodegradation

tages. The solid residues produced after thermodegradation stages were analyzed by FTIR and elemental analysis (CHN). The decomposition
emperatures were dependent on amount of AN and DVB used as the crosslinking agent. The degradation temperatures of copolymers were
nfluenced by the diluent system during their synthesis. FTIR analyses indicate that the cyclization of the polymer proceeds before any mass loss.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Copolymer networks with controlled porous structure are
idely employed as starting materials for ion exchangers, as

pecific sorbents, as packing for gel permeation chromatogra-
hy and as catalyst support [1–4]. The morphological control of
he copolymer beads and their porous structures may result in

any advantages concerning removal of metal ions and other
ollutants from wastewater. These characteristics have a strong
nfluence on the removal kinetics and flow properties [2].

Crosslinked copolymers based on acrylonitrile (AN) have a
reat potential for many applications as chelating resins, cata-
yst supports, in the water purification industry, in monitoring
eavy metals, and as other useful materials [5–7]. However,
here are very few papers about thermogravimetric study of AN
rosslinked with divinylbenzene (DVB) [8–10].
Some papers present study about thermal degradation
thermal resistance, mechanisms of thermolysis and thermooxi-
ation) of polymers (including copolymers with monofunctional
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onomers) based on acrylonitrile. For carbon fiber production,
olyacrylonitrile (PAN) are stabilized by heating in air at tem-
eratures in the range 200–300 ◦C, prior to carbonization in an
nert atmosphere at temperatures above 1000 ◦C [8,11].

Literature has pointed out various reactions during thermal
reatment of polymers based on AN [12–17]. The formation
f a heteroaromatic structure was suggested [18]. Afterward
yclic polyimine structures (frequently referred to as “ladder
olymer”) are favored, which may undertake tautomerization
o a polyenamine, followed by isomerization [19] and supple-

entary reactions [20]. Many researchers believe that the initial
tep in the degradation is an intramolecular cyclization [20,21].
ther authors propose that the cyclization reaction occurs by
ucleophilic attack on the nitrile groups [19].

Some researchers have also suggested that various types of
ntermolecular crosslinking may take place [22] or that dehy-
rogenation may result in conjugated polyenes [23]. Ferguson
nd Mahapatro suggested that oxidative chain degradations also
articipate with cyclization [24]. The production of HCN on
hermal oxidative degradation at temperatures above 250 ◦C was

ttributed to a process of chain scission [25].

The purpose of the present work was a thermogravimetric
tudy for poly(acrylonitrile-co-divinylbenzene) prepared with
ifferent AN/DVB molar relations and diverse porosities.

mailto:alcino@ime.eb.br
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dx.doi.org/10.1016/j.tca.2007.02.014
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Table 1
Synthesis parameters of copolymer networks

Resin Diluent system (%) Feed monomers
(mol%) AN/DVB

Yield (%)

R1 100ANI 60/40 65
R2 70ANI/30HEP 60/40 60
R3 100ANI 80/20 75
R4* 100ANI 80/20 82
R5 70ANI/30HEP 80/20 74
R6 65ACT/35TOL 80/20 85

Polymerization conditions: aqueous phase (AP) composed of gelatin and 2-
hydroxyethyl-celullose (both suspension stabilizers at 0.3 wt.% with respect to
the AP) and Na3PO4 (2 wt.% in relation to AP) or *NaCl (2 wt.% in relation to
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3)] are r31 = 4.52, r13 = 0.20, r21 = 1.55, r12 = 0.26, r32 = 1.55 and
r23 = 0.42. These values point out that the AN-DVB copolymer
produced at the initial stages is more loaded with DVB units
than the monomer mixture and therefore there is a trend to form

Table 2
Chemical analysis and specific surface area of copolymer networks

Resin (g/mL)a Vp (cm3/g)b Dp (Å)c S (m2/g)d

R1 0.4 0.32 70 184
R2 0.2 0.54 118 232
R3 0.4 0.56 141 126
R4 0.4 0.43 249 70
R5 0.2 0.32 202 63
R6 0.3 0.44 222 72
P); AIBN used as initiator (1.0 mol% with respect to the monomers); dilution
egree = 150% (dilution in relation to total volume of monomers); HEP = n-
eptane, TOL = toluene, ACT = ethyl acetate, ANI = anisole, AN = acrylonitrile
nd DVB = divinylbenzene.

. Experimental

.1. Materials

Commercial DVB (grade of 45% of DVB, containing a
ixture of DVB and ethylvinylbenzene) and AN were kindly

onated by Nitriflex (Brazilian Co.) and used as received.
,�′-Azo-bis-isobutyronitrile (AIBN, donated by Metacril,
razilian Co.) was purified by recrystallization from methanol.
-Hydroxyethyl-celullose (HEC, Cellosize QP-100 MH) was
onated by Union Carbide and used as received. The
ther reagents were commercially purchased, namely gelatin,
ropanone, methanol, NaCl, Na3PO4, n-heptane (HEP), anisole
ANI), ethyl acetate (ACT), toluene (TOL) (Vetec Quı́mica Fina
tda, Brazil) with P.A. degree and used as received. Aqueous
olutions were prepared using distilled deionized water.

AN and DVB copolymerizations were carried out as
escribed elsewhere [6]. The synthesis parameters of AN/DVB
opolymers were summarized in Table 1. These copolymers
ere obtained in a typical glass reactor (1000 mL) fitted with
echanical stirrer using the aqueous suspension polymerization

echnique. Aqueous phase (AP) was composed by gelatin and 2-
ydroxyethyl-celullose (both at 0.3 wt.% with respect to AP) and
a3PO4 (2 wt.% in relation to AP) or NaCl (2 wt.% in relation

o AP). The organic phase (OP) was composed by monomers
ixture (monomers, diluent system at dilution of 150% (v/v) in

elation to the monomers) and AIBN used as initiator (1.0 mol%
ith respect to the monomers). OP was added slowly to AP pre-
iously prepared under stirring at room temperature, employing
P/OP ratio = 3/1. These two phases were maintained under

tirring (300 rpm) at room temperature for 10 min. Then, the
uspension copolymerization system was kept under stirring at
0 ◦C for 24 h. The resin beads were thoroughly washed with hot
ater (8 portions of 500 mL), extracted with propanone (Soxh-

et extractor) and dried around 90 ◦C. The diameter of obtained
eads was around 50–100 �m.
.2. Characterization

The copolymers were analyzed by Fourier transform infrared
pectrometer (FTIR-Perkin Elmer mod. 1710×) using KBr pel-
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ets. The TG and DTG analyses were carried out with powdered
esin beads. The copolymers porous structure was characterized
arlier [6].

Thermal analyses of copolymers were conducted with a Shi-
adzu TG-50 at a heating rate of 10 ◦C min−1 under nitrogen

99.99% purity) with a platinum pan at temperatures from ambi-
nt (∼25 ◦C) to 800 ◦C. The powdered sample, about 5 mg in
eight was packed into the platinum pan and the gas flow rate
as kept at 30 mL min−1.
The beads porosity was determined by BET or BJH meth-

ds from low-temperature nitrogen adsorption isotherms (ASAP
icromeritics 2010), which were obtained at 77 K using a high-

acuum volumetric apparatus. The samples were degassed at
00 ◦C/1 mPa for 3 h.

Copolymer beads were also characterized at a scanning elec-
ron microscope (SEM, JEOL JSM–5800LV apparatus). The
eads were coated with gold by sputtering. Their external and
nternal parts were observed using 10 kV acceleration electron
eam.

. Results and discussions

Table 2 shows the characteristics of AN/DVB resins. Their
contents evidence the AN incorporation in the copolymers. In

arlier results, we had observed that the AN incorporation and
he copolymer porosity are related to the solubility parameter
nd the dielectric constant of diluent employed in the copolymer
ynthesis [5,6]. The highest AN incorporation was attained for
he R6 resin compared to those prepared with the same AN
mount added to the feed (namely, R3, R4 and R5 resins). These
esults could be explained by the different dielectric constants (ε)
f the diluents employed in the copolymer synthesis. Therefore,
t seems that the diluent polarity has an important role on the
N incorporation due to the solvation capacity, consequently
inimizing its solubility in water [5].
In addition, the reactivity ratios for the monomers present

n the system composed by AN (monomer 1) and commercial
VB [mixture of m-DVB (monomer 2) and p-DVB (monomer
lemental analysis (CHN), error = 0.1%.
a Apparent density.
b Average pore diameter determined by BJH method.
c Average pore volume determined by BJH method.
d Specific surface area determined by BET method.
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Fig. 1. FTIR spectra of the copolymers

icrogels (phase separation). However, whereas the microgels
re well solvated by aromatic monomers, the AN monomer is
poor solvent. Therefore, if the larger is the fraction of AN in

he system, the earlier the phase separation or precipitation of
icrogels occurs [26–30].
We can observe that when the AN amount in the feed was

ncreased the inhomogeneity of polymeric network was also
ncreased due to the poor solvation conditions for the involved

onomers or formed polymer [4,31]. The S, Dp and Vp data
Table 2) show that the copolymer porosity was dependent on
he AN content, and on the diluent system employed (Table 1)
n their synthesis. By the results of apparent density (Da) and
orosity (S, Dp and Vp values in Table 2), we can clearly note
hat the ANI was a better solvent for the AN/DVB monomer
ystem. This solvent produced copolymer with higher Da and
maller pores compared to the others ones.

FTIR spectra of all copolymers have an absorption band at
240 cm−1 attributed to CN stretching vibration of the AN units,

onfirming the AN incorporation [20,32,33]. Fig. 1 shows typi-
al spectra of copolymers. The R1, R2, R3 and R5 spectra show
he absorption at 1720–1670 cm−1 indicated with arrows. This
bsorption could be attributed to carboxyl groups from amide or

c
a
S
s

Fig. 2. TG (A) and DTG (B) curves of the AN/DVB copolymers (R1
d on acrylonitrile and divinylbenzene.

arboxylate (C O stretching vibration). The carbonyl appear-
nce might be produced by the alkaline hydrolysis of nitrile
roups due to the Na3PO4 use in aqueous phase (pH 12–13).
his way, higher pH conditions (pH 12) were expected to be the

esponsible for the production of hydrolyzed material [20]. For
onfirming this goal, the R4 resin was synthesized using NaCl in
he aqueous phase (pH around 7). As it can be seen in Fig. 1, the
arboxyl band absorption was not displayed on the R4 spectrum.

By analyzing Figs. 2 and 3, it can be possible to notice that
he competing processes of destruction and crosslinking could
ccompany the pyrolysis of a polymeric material. The predom-
nance of the destruction process leads to the full disintegration
f the initial material to monomers (depolymerization process)
nd simple compounds, and to a carbon frame representing the
arbonized product (raw carbon). The main chemical processes
nvolved are dehydration and dehydrogenation, the removal of
ow molecular compounds of hydrogen with carbon and het-
roatoms, oxidation, and the linkage of fragments of polymeric

hains with the formation of polynuclear structure involving the
djacent nitrile units with the elimination of ammonia [20,34].
ince the number of neighboring nitriles in random polymers
hould be big due the larger AN amounts employed for the syn-

and R2 resins) under nitrogen at a heating rate of 10 ◦C min−1.
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Fig. 3. TG (A) and DTG (B) curves of the AN/DVB copolymers (R

hesis of R3, R4, R5 and R6 resins (see Table 1), this supports
he suggested degradation pathway of this polynuclear structure
rrangement.

Generally, the TG and DTG curves (Figs. 2 and 3) show that
ll copolymers are thermodegraded in two stages and nearly
rumbled between 600–700 ◦C (char yield around 2%). This
esult evidence that the almost all polymer mass was crumbled
n gaseous products. The earlier process relates to the elimination
f moisture (around 110 ◦C). The first stage of sharp loss in mass
Tdm1 around 379–390 ◦C, see Table 3) is mostly attributed to
he DVB degradation (Tonset around 347–353 ◦C). Considering
he aromatic component, the appearance of degradation products
benzene, toluene and styrene monomer and oligomers) begins
t about 347 ◦C could be attributed to DVB units. These are
ost likely connected with the polycondensation of aromatic

hains [34]. This mass loss seems to be related to the crosslink-
ng degree. One observes that the copolymers with larger DVB
ontent (R1 and R2) present higher Tdm1 compared to those
ith lower DVB contents (R3, R4, R5 and R6). For a polymeric
atrix based on AN, the main loss in mass takes place in the

emperature interval of 250–600 ◦C (Table 3), and the major
roducts of pyrolysis are HCN and NH3 [20,34]. Above 600 ◦C,
olecular hydrogen is among the main products (low loss in
ass). The least stable stage (Tdm2, see Table 3) may be due

o the most stable step related to the random scissions process

rom uncyclized segments of AN units. This process could be
onfirmed by the FTIR spectra of the polymer residues shown in
ig. 4. The spectra display absorption bands attributed to C C
1590–1670 cm−1) and C N (1580–1620 cm−1) [20,32,34].

able 3
hermal decomposition temperatures of the modified copolymers

esin Tdm1
a (◦C)

(±3 ◦C)
Total weight
loss (%)

Tdm2
a (◦C)

(±3 ◦C)
Total weight
loss (%)

1 390 47 581 50
2 388 53 566 45
3 381 40 542 54
4 380 35 591 64
5 379 47 558 50
6 384 36 584 62

a Tdm = temperature at the maximum weight-loss rate.

4
o
1
i
1

T
E

C

%
%
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%

R
i

R5 and R6 resins) under nitrogen at a heating rate of 10 ◦C min−1.

These residues proceeding from the degradation in 450 and
00 ◦C of the R3 copolymer had been analyzed by FTIR and ele-
ental analyses (CHN). Fig. 4 shows the spectra of the original

opolymer (R3) and its residues. The CHN values of the original
opolymer and its residue at 450 ◦C are shown in Table 4.

The FTIR spectra of Fig. 4 evidence the gradual but signif-
cant reduction of the CN band at 2240 cm−1. This reduction
an be explained by cyclization process of the repetitive AN
nits promoted by the thermolysis process, leading to the poly-
mine/enamine structures, which display the broad band at
585 cm−1 [16]. In addition, the residue at 450 ◦C has presented
shoulder at 1712 cm−1, which could be attributed to C O from
arboxylic groups formed by the thermooxidation of AN groups.
his spectrum also displayed a strong absorption at 1596 cm−1,
hich could be assigned to C C (1590–1670 cm−1) and C N

1580–1620 cm−1).
The results of elemental analysis of R3 and its residue show

hat after the thermodegradation at 450 ◦C, the oxygen content
as increased. This results point out the generation of ther-
ooxidation products, confirming the FTIR observations. The

egradation products of polymers based on acrylonitrile at tem-
eratures below 400 ◦C normally are NH3, HCN and H2O [20].
ence, the significant reduction in nitrogen and hydrogen con-

ents (Table 4) can be attributed to the release of these substances.
The FTIR spectra (Fig. 4) of the R3 residues obtained at

50 and 600 ◦C in TGA experiments are different from that
f the starting material as new bands appear at 1580 and

620 cm−1. These may be attributed to C C and/or C N stretch-
ng (C C stretching, 1590–1670 cm−1 and C N stretching,
580–1620 cm−1). At 450 ◦C, the nitrile group has almost disap-

able 4
lemental analysis of copolymers and their product after thermal treatment

HN results R3 R3′ R6 R6′

C 79.3 71.7 76.9 76.3
H 7.0 3.6 7.8 6.3
N 12.2 6.8 15.8 13.4
O 1.5 17.9 0.0 4.0

3′ = residue at 450 ◦C; R6′ = copolymer after thermal treatment at 100 ◦C dur-
ng 5 days CHN, elemental analysis, error = 0.1%.
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Fig. 4. FTIR spectra of the R3 copolyme

eared and the bands for C C and/or C N are fully developed.
rom the CHN analysis, the composition of the residue does not
egin to change until 275 ◦C. This implies that AN segments
yclization process occurs without loss of any material. As also
iscussed by Xue and Wilkie [34], from the TGA data no weight
oss is noted until 290 ◦C.

The R6 copolymer was submitted to the constant temperature
around 100 ◦C) for a long time (5 days) under usual atmosphere.
fter this treatment, the material (R6′) was analyzed by FTIR

Fig. 5) and elemental analysis (Table 4). The R6′ spectrum dis-
lays the band at 1685 cm−1, which is related to C C vibration
f the enamine. The band related to imine group was observed
n the R6 spectrum (C N, at 1634 cm−1). Under heating, the
namine/imine equilibrium was displaced to the formation of
he enamine structure, which is related to the appearance of a

−1
road band at 1585 cm [16,19]. The significant increase of
he cyclization implies the intensity reduction of CN absorption
18]. It was observed another change in FTIR spectra, which was
he presence of the characteristic C O band at 1711 cm−1. This

u
s
m
(

Fig. 5. FTIR spectra of the R6 copolymer and the product (R6
its residues obtained at 450 and 600 ◦C.

bsorption could be attributed to the thermooxidation process of
itrile groups. One note that CHN values indicate the increasing
f the oxygen content for R6′, what confirms the occurrence of
xidative process during the resins drying. Therefore, the oxy-
en content of intermediate residue of R3 resin (at 450 ◦C) could
e attributed to this earlier oxidation at the oven (drying process).
dditionally, the appearance of C O absorption displayed in the
TIR spectra could also be explained by this previous drying.

Comparing TGA curves of R3 and R5 resins to the porosity
haracteristics (Table 2), it is possible to note that the porosity
id not have a significant role on the thermal behavior. The dif-
erence between Tdm2 values of these copolymers is 16 ◦C. The
ame behavior was observed for R1 and R2 copolymers (15 ◦C,
ifference between their Tdm2). On the other hand, the R3 and
6 resins have shown large difference between their Tdm2 val-

◦
es (42 C). As the crosslinking degree of these materials is the
ame, it seems that the AN content incorporated to the copoly-
er could explain this result, namely NR3 = 12.2 and NR6 = 15.8

Table 4). These results evidence that the ACT/TOL diluent sys-

′) obtained after thermal treatment at 100 ◦C for 5 days.
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urve of R6 resin clearly shows that the first mass loss is less
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. Conclusions

The TG-DTG results up to 800 ◦C and IR-spectroscopic
ata provided a picture of the multi-stage thermal decomposi-
ion processes of copolymers based on acrylonitrile crosslinked
ith divinylbenzene. These processes could be attributed to the

emoval of moisture from the polymer matrices, the primary
rosslinking of the chains, their aromatization and condensation
ue to the crosslinking of polynuclear structure.
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