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Abstract Phosphinic-derivative poly(styrene-co-divinylbenzene)-based on PS-DVB
copolymers with different porosity degrees have been prepared by aromatic elec-
trophilic substitution reaction using PCI;/AICl; followed by base-promoted
hydrolysis. The phosphorylation reaction was analyzed by infra-red spectroscopy
(FTIR), scanning electron microscopy (SEM), and thermogravimetry (TG/DTG). In
addition, the phosphorous content of the phosphorylated copolymers was deter-
mined by spectrophotometry using the method based on sodium molybdate reactant
so that the extension of that modification could be assessed. The performance of the
phosphorylated resins in the extraction of Pb>" from aqueous solutions in a batch
system was also evaluated. The Pb>" content was determined by atomic absorption
spectrometry (AAS). These materials presented excellent extraction capacity under
the contact time of 30 min and pH 6.
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Introduction

Lead is a toxic metal used in construction, batteries, ammunition, protection against
X-rays, and also as a component of alloys for various applications. The exposure of
humans to lead is harmful in many ways, such as disruption of the biosynthesis of
hemoglobin leading to anemia, increased blood pressure, kidney damage, among
others [1].

Copolymers of styrene and divinylbenzene (PS-DVB) are widely used as
polymeric supports for ion exchangers and chelating groups. Their main advantages
include their chemical versatility and low cost. In addition, the aromatic ring of the
styrene units may be modified into a wide variety of chemical structures and,
therefore, the physical properties of the network can be tailored by controlling the
parameters of the synthesis reaction [2].

Ion exchangers and chelating resins are very often used in the preconcentration
and removal of various metal ions in aqueous solutions. Another application
includes the use of such resins in hydrometallurgical processes [3, 4]. This field is
receiving a growing attention since many metals are obtained from secondary
sources, wastes, and rinsing water. Resins are particularly useful in metal recovery
when the concentration of the targeted ion in solution is low, requiring the treatment
of a large volume of solution [3].

Alexandratos and Natesan [5] have studied the development of a new kind of
solid extracting phase called chelating ion-exchange resin, which consists of
commercial styrene—divinylbenzene copolymers functionalized with phosphoryla-
tion agents. These resins are modified, incorporating hydrophilic groups to ensure
better surface contact area with the aqueous phase. Many phosphorous based ion
exchangers as well as ligand loaded resins for metal ion extraction may be found in
the literature [3—10]. The efficiency of these compounds regarding metal removal
depends on some important parameters, such as the porosity degree of the
copolymers substrates, the type and concentration of the chelating groups, the type
and charge of the target ion, and the regeneration of the ion-exchange resins and the
pH of the solution. The morphological characteristics of the copolymers determine
the extension of the modification reactions and consequently, the efficiency of the
removal process [1, 11-14].

The most of works that describe the development of phosphorylated resins deals
with the suitable conditions to phosphorylation reaction, complexation capacity,
and the selectivity of the products through several metal ions. The influence study
of the morphological copolymers characteristics on complexation capacity has not
been sufficiently studied in these works. However, the porous structure and
swelling capacity of the polymer influence the process of reagent diffusion and
consequently the extent of the modifications reactions for introducing phosphoryl
groups in this matrix, as well as the accessibility of those introduced groups by
metal ions [15]. Thus, this article addresses synthesis, characterization, and
evaluation of different sorbents based on styrene—divinylbenzene copolymers
containing phosphoryl group, with different degrees of porosity, for the removal of
Pb>" from aqueous solution.
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Experimental part
Chemicals

Commercial styrene (S) was donated by Petroflex Induistria e Comercio S.A. (Rio de
Janeiro, Brazil) and commercial divinylbenzene (DVB) by Nitriflex Industria e
Comercio S.A. (Rio de janeiro, Brazil). Commercial 2-hydroxyethylcellulose was
purchased from Union Carbide (New Jersey, USA). Toluene and phosphorus
trichloride were purchased from Merck (Rio de Janeiro, Brazil) and aluminum
chloride from Proquimios (S3o Paulo, Brazil). Other reactants and solvents were
purchased from Vetec Quimica Fina Ltda. (Rio de Janeiro, Brazil).

Preparation of PS-DVB copolymers

Copolymers of styrene and divinylbenzene were obtained via free radical
suspension polymerization. The organic phase was prepared by mixing 46 mL of
styrene, 14 mL of divinylbenzene, and 1.21 g of benzoyl peroxide (initiator). The
aqueous phase was prepared by mixing 0.96 g of gelatin and 50 mL of deionized
water at 50 °C for 30 min and then adding 0.48 g of 2-hydroxyethylcellulose and
200 mL of deionized water, which was left overnight. Finally, 19.2 g of sodium
chloride was dissolved into this aqueous phase.

In order to prepare the PS-DVB copolymer of low porosity, called (RM-1), the
organic phase was diluted in 42 mL of toluene and 18 mL of n-heptane. For the
copolymer of medium porosity, called RM-m, the organic phase was diluted in
36 mL of n-heptane and 24 mL of toluene. Finally, for the preparation of highly
porous copolymer, called RM-h, 6 mL of toluene and 54 mL of n-heptane were
used.

Each respective organic phase was transferred to a reactor (500 mL), which was
attached to a reflux condenser. The system was kept under reflux and mechanical
stirring for 24 h at 85 °C in an oil bath. The copolymer was washed with 3 L of
deionized water at 70 °C. The beads were thoroughly extracted with acetone under
reflux for 24 h in a Soxhlet apparatus and dried in an oven at 60 °C for 24 h [1].

Phosphorylation of PS-DVB copolymers

The phosphorylation reaction was conducted with 4.5 g of the RM-h copolymer and
90 mL of 1,2-dichloroethane in a 500-mL reactor equipped with a reflux condenser.
The beads were left for 30 min to swell. Besides, 41.04 g of AICl; and 18 mL of
PCl; (molar ratio P/Al = 1/1.5) were added to the reactor. The reactor was
immersed in an oil bath, the temperature was raised until 60 °C and the reaction was
conducted for 15 h. After that, 90 mL of tetrahydrofuran was added to the reactor.
Then, 300 mL of cold NaOH 3 mol L™ aqueous solution was slowly added to the
system, using an ice bath. After this treatment, the modified beads were thoroughly
washed with hot distilled water, then followed by washing with a HC1 3 mol L™
solution and then hot distilled water, and finally with 180 mL of acetone [1].
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Determination of total phosphorus

The polymer resin (50 mg), 1.5 g of catalyst (prepared with 14.35 g of K,SO, and
2.5 g of Se), and 4 mL of concentrated sulfuric acid were placed into a Kjeldahl
tube. The digestion of the sample was carried out on a hotplate. After cooling the
tube, the digested sample was transferred to a 250 mL volumetric flask. The sample
was neutralized with NaOH (2 mol L™") until pH 7 and the flask was filled up with
deionized water. Next, 25 mL samples of this solution were transferred into tubes
and 5 mL of sodium molybdate (12.5 g sodium molybdate dihydrate/500 mL
sulfuric acid—35 mol L") and 2 mL of hydrazine solution (1.5 g hydrazine sulfate/
1 L water) were added. Thus, the exact final volume after the reagents addition was
32 mL. The tubes were immersed in boiling water for 30 min. After cooling to room
temperature, the absorbance at 830 nm was evaluated [16].

Materials characterization

The apparent density of the synthesized copolymers was determined using
10 £ 0.1 mL test tubes. A 10-mL volume of the dry sample was placed into the
test tube, which was then weighed. The amount of copolymer was evaluated using
the mass of the empty test tube as discussed in reference [17].

The degree of swelling (DS) in 1,2-dichloroethane of the synthesized copolymers
was determined using a graduated cylinder (10 & 0.1 mL), which was filled with
about 3 mL of dry copolymer. The solvent was added up to the 10-mL grading and
24 h later the final volume was read. The DS was calculated according to Eq. 1:

DS (%) = (Vi = Vi)/Vi (1)

where: V; = volume of the dry copolymer (mL) and V; = volume of the copolymer
after swelling for 24 h (mL) .

Thermal analysis of the unmodified and the phosphorated copolymers was
conducted in a TA Instruments (mod. 2050) thermogravimeter from room
temperature to 750 °C, at a heating rate of 20 °C min~', under inert atmosphere
(nitrogen) and using open alumina crucibles. Each sample weighed around 20 mg
and a gas flow rate of 90 mL min~' was used. The copolymers were also
characterized by infrared spectroscopy (FTIR—Perkin-Elmer Spectro One) using
KBr pellets.

Shape and surface texture of the particles were monitored with a Philips XL-30
scanning electron microscope operating at 20 keV. The samples were spread on a
conductive tape and submitted to gold sputtering prior to analysis. A secondary
electron detector, a backscattered electron detector, and an EDS X-ray detector were
coupled to the SEM. The set-up conditions used were able to produce good
resolution images with minor polymer degradation due to radiation. ASAP area
analyzer via nitrogen adsorption (Micromeritcs, ASAP 2010 apparatus) was used to
estimate specific surface area, pore diameter, and pore volume.
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Pb>" removal from aqueous solutions by phosphorylated cross-linked resins
Influence of pH on the Pb>™ removal: A pre-set amount (0.2 g) of phosphorylated
resin was added into small beakers with lids. Then, 10 mL of a 50-ppm Pb(NOj3),
solution was added to the flasks and the pH was adjusted to 3 (using HNO;—
0.1 mol L™"). The flasks were agitated for 10 min on a shaker and the solutions
were used for the determination of lead by atomic absorption spectrometry. This
procedure was repeated for pH 5 and 6 [18]. Basic solutions were not used due to
the undesirable precipitation of lead (II) hydroxide.

Influence of extraction time on the Pb>" removal: a pre-set amount (0.2 g) of
phosphorylated resin was added into small beakers with lids containing 10 mL of a
10 ppm Pb(NOs3), solution. The pH was adjusted as described above. The solutions
were stirred for 1, 15, and 30 min and then the supernatant was collected for the
determination of lead by atomic absorption spectrometry. All Pb*" removal
evaluations were performed in duplicate.

Results and discussion

In order to prepare three copolymers with varied porosity degrees, the copolymer-
ization of styrene and DVB was carried out using mixtures of toluene and
n-heptane, a solvating and a non-solvating solvent, respectively, for polystyrene
chains, as pore forming agent in different proportions [19]. The apparent density,
specific surface area, pore volume, and degree of swelling results obtained for the
synthesized (PS-DVB) copolymers are shown in Table 1.

As shown in Table 1, the increase of the n-heptane proportion on diluent mixture
provoked a slight increase on porosity degree of the copolymers, as can be seen by
the values of surface area and apparent density. The copolymer RM-1 (30% of
n-heptane) presented low surface area and unmeasurable pore volume by nitrogen
adsorption, whereas the copolymer RM-h (90% of n-heptane) showed a surface area
of 58 m%*/g and a pore volume of 0.3 cm’/g. These results are confirmed by the

Table 1 Physico-chemical characterizations of copolymers

Copolymers Tol/Hep* df:p (g em™) $S(m? g V‘flp (ecm® g7 SD® (%) P (%)

RM-1 70/30 0.64 0.3 <0.1 167 9.1
RM-m 40/60 0.58 <0.1 <0.1 133 10.0
RM-h 10/90 0.46 58 0.3 93 12.2

? Tol/hep: toluene/n-heptane ratio in the diluent mixture

® Apparent density

¢ Specific surface area

4" Average pore volume

¢ Swelling degree in 1,2-dichloroethane

 Phosphorus incorporated
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swelling degree for those copolymers in 1,2-dichloroethane. It is possible to observe
that the increase on n-heptane content caused a decrease on swelling capacity in this
solvent, which can be explained considering that 1,2-dichloethane is a solvating

Dat WD ¥

Fig. 1 SEM micrographs: a low porosity copolymer (RM-1), b medium porosity copolymer (RM-m),
and c¢ high porosity copolymer (RM-h) (Magnification: x10,000)
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solvent for polystyrene chains and the copolymer RM-I presents a higher content of
collapsed mass [20]. The swelling capacity of copolymer beads in a solvating
solvent is a result of three contributions: filling of fixed pores, collapsed pores
expansion, and internuclear chains swelling [20]. Materials with a lower porosity
present a high swelling capacity in solvating solvents than the porous ones because
those structures possess higher content of collapsed mass. The expansion of the
collapsed mass effectively contributes to the enhancement of the swelling degree.

Scanning electron microscopy was used to evaluate texture, roughness, and
physical integrity of the copolymers pearls (Fig. la—c). A slight difference in
porosity between the synthesized copolymers can be noticed from this figure. The
copolymers RM-m and RM-h presented a more heterogeneous surface than the
copolymer RM-1 indicating that these materials possess a more porous structure.

The copolymers beads RM-1, RM-m, and RM-h with different porosity degrees
were reacted with PCl; in presence of AICl; in order to introduce phosphoryl
groups on aromatic rings (Fig. 2). The modification of the copolymers was
confirmed by FTIR bands related to P-OH (1040-910 cm_l), P=0O
(~1,150 cm™"), and P-H (~2,350 cm™') which are characteristics of the
phosphoryl group (Fig. 3). In addition, it can be easily seen that the modified
copolymers became hydrophilic because of the widening of the bands in the 2,200
to 3,600 cm~' region, which can be attributed to water absorption by the
phosphoryl groups [21].

The thermogravimetry (TG) and derivatives (DTG) curves for RM-1, RM-m, and
RM-h copolymers and their phosphorilate derivatives are showed in Figs. 4 and 5.
Similar thermal degradation curves can be seen for all unmodified copolymers. In
the same way, the DTG curves for the three copolymers were similar, presenting
only one thermal decomposition stage, with the peak thermal decomposition
temperature around 439 °C. Comparing the Figs. 4 and 5, it is possible to observe
that the chemical modification of the copolymers was successful. The modified
copolymers presented three degradation steps (at approximately 100, 200, and
400 °C) and three DTG peaks related to those weight-loss stages. The first thermal
decomposition step at 100 °C can be associated to residual water into the polymers.
The second thermal decomposition stage around 200 °C is due to the degradation of
phosphoryl groups and the last thermal decomposition stage around 400 °C can be
attributed to the degradation of the carbon chains of the copolymers. In addition, the
weight loss by thermal decomposition of the unmodified copolymers was almost
100%, leaving almost no residue, while the degradation of the phosphorylated resins
was around 60%, with 35-40% of residue.

O
PCL/AICT 1
e llj—OI-I
Hi0/0H H
Fig. 2 Reaction of copolymers S-DVB with PCl; in presence of AlICl; [7]

@ Springer



244

Polym. Bull. (2011) 67:237-249

%T

2349
After phosphorylation

(c) |

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1pp0  B00 600 450

-1
cm

2T

2350
After phosphorylation

! Vg M1 | Y I.'.] f || v

(a)

4000 3600 3200 2800 2400 2000 1300 1600 1400 1200 1000 800 600 450
-1
cm

%T

2350
After phosphorylation

— S Py e o 1108

§ RM3

(b)

4000 3600 3200 2800 2400 2000 1200 1600 1400 1200 Q000 800 600 450

-1
cm

Fig. 3 FTIR spectra of the (PS-DVB) copolymers before and after phosphorylation: a low porosity
(RM-1), b medium porosity (RM-m), and ¢ high porosity (RM-h)
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Fig. 5 TG (a) and DTG (b) curves of the phosphorylated PS-DVB copolymers

The content of total phosphorus incorporated into the phosphorylated resins
was determined by spectrophotometry. The phosphorylated copolymers RM-I,
RM-m, and RM-h have shown a %P content of 9.1, 10.0, and 12.2, respectively
(Table 1). Thus, the degree of porosity showed an influence on the phosphorus
incorporation, which may be explained by an easier diffusion of the phosphor-
ylating reactants into the network structure brought by the higher porosity. The
swelling capacity in 1,2 dichloroethane not influenced the phosphorous content
incorporated into copolymers. Although the copolymer RM-h has presented a
lower swelling capacity in 1,2-dichloroethane, this material presented higher
phosphorous content. The copolymer RM-h presented higher surface area
(Table 1). Probably, the higher content of the pores in this material permitted
the reactants to reach the more internal network structure, consequently the
reaction was more complete for this copolymer [20].

Figure 6 shows SEM micrographs of the unmodified PS-DVB copolymer (RM-h)
and the respective phosphorylated resin. After phosphorylation, morphological
changes can be noticed on the surface of the resin, such as the appearance of scales
and alveoli, confirming the chemical modification of the material.
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Fig. 6 SEM micrographs of the unmodified high porosity PS—-DVB copolymer (a) and the corresponding
phosphorylated resin (b)
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Fig. 7 Reaction of Pb>" ion with phosphorylated resins [18]

The Pb>" ion was removed from aqueous solutions using the phosphorylated
resins synthesized as illustrated in Fig. 7 [18].

Tables 2 and 3 show the results of the influence of the pH and extraction time on
the removal of Pb®" from aqueous solutions. It is possible to observe that the
phosphorylated copolymers presented Pb>" adsorption capacity and this capacity
was influenced by the pH and contact time. The highest performance regarding
metal removal occurred at pH 6, the least acidic condition. The phosphoryl group
gives a weak-acid character to the resin due to the P-OH acid (with moderate/poor
acid character). It is possible that, by rising the pH, the acid hydroxyl can dissociate
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Table 2 The influence of pH on the Pb>" extraction using 0.2 g resin/50 mL (contact time: 10 min)

pH % Removal of lead % Removal of lead % Removal of lead
for RM-h for RM-m for RM-1

3 4.83 3.98 3.23

5 2.70 9.68 16.32
61.70 73.04 82.70

Table 3 The influence of contact time on the Pb>" extraction using 0.2 g of resin/10 mL, at pH 6 and
initial concentration of Pb** of 10 ppm

Time (min) % Removal of lead % Removal of lead % Removal of lead
for RM-h for RM-m for RM-1

1 47 46 68

15 68 49 99

30 97 99 99

to yield PO™, improving the coordination with the Pb>" due to an increase in
electron density of the oxygen atom [22]. Metal removal increases with contact time
and the maximum removal was observed for a contact time of 30 min. This was
expected since a longer extraction time, allows greater diffusion of the metal ion
into the polymer network. After 30 min of contact, the percentage removal has
already reached nearly 100%, and therefore, no further removal will occur above
that, preventing Pb®" ion exchange.

Analyzing the Tables 2 and 3, it is possible to observe that, in general the
increase on porosity degree provoked a decrease on complexation capacity. This
behavior is opposite to the ones verified other works, which have been studied the
relationship between the porous characteristics of polymer supports and the
efficiency of the chelating resins produced [20, 23]. In those works, it was verified
that resins derived from copolymers with higher porosity originated materials with
higher capacity because the access of the metal ion to the chelating groups was
favored. Probably, the introduction of phosphoryl groups into PS-DVB copolymers
increased the swelling capacity in water. This can be proved analyzing the FTIR and
TG/DTG data presented on Figs. 3 and 5, respectively. As the RM-1 copolymer
possess higher content of collapsed mass, it is possible that this copolymer had
presented higher swelling degree in water than the RM-m and RM-h copolymers. It
may have provided higher contact area between the Pb>" ions and phosphoryl
groups for that material [18].

Conclusions
Three PS-DVB copolymers with varied porosity degrees were prepared using

mixtures of toluene and n-heptane in different proportions. It was possible to
observe that the increase of the n-heptane proportion on diluent mixture provoked a
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slight increase on porosity degree of the copolymers. These materials were
phosphorylated with PCl; and the reaction was confirmed by FTIR, SEM, and TGA.

The phosphorylated resins were effective in removing Pb®" from aqueous
solutions containing this metal. The highest performance regarding metal removal
occurred at pH 6, the least acidic condition. Metal removal increased with contact
time, reaching nearly full removal for a contact time of 30 min. The copolymer
RM-1 with lower porosity degree presented higher removal capacity than the
copolymers RM-m and RM-h.
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