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ABSTRACT: The aim of this work was the synthesis of
macroporous resins with large specific surface areas
through the use of organic solvents (known as porogens
or pore- formmg agents) for applications in hexavalent
chromium (Cr*®) removal operations. The synthesis of
these materials by suspension polymerization allowed
the generation of macroporous structures. The comono-
mers 4-vinylpyridine and divinylbenzene were consid-
ered in different ratios. Poly(vinyl alcohol) was used as a
suspension agent in a mixture of toluene and hexane.
The materials produced were characterized with Fourier
transform infrared spectroscopy, elemental analysis, ther-
mogravimetry, nitrogen adsorption, and scanning elec-
tron microscopy. The macroporous resin with the largest
surface area (130 m?/ g) was thermally stable up to 300°C
and had a structure that included spherical domains

with a mean diameter of 68 pm, uniform porosity, and
expected high sorption capability. The sorption proper-
ties of the resins were evaluated for applications in
water-treatment operations to eliminate Cr'® ions at a
pH near 7. The advantages of these materials were their
high removal capability, high selectivity, and fast adsorp-
tion kinetics at a pH 6.5. An aqueous solutlon of 4 ppm
K,Cr,0; was used to quantify the Cr™® content by ultra-
violet-visible spectroscopy. A remarkable sorption level
(94%) of chromate ions (Cr*®) was obtained during a
15-h period for the resin with the highest pyridine group
content. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
2203-2210, 2008
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INTRODUCTION

The increasing accumulation of chromium in the
environment from industrial output has caused great
concern. Chromium compounds are extensively used
in electroplating, anodizing operations for surface fin-
ishing, corrosion control, and oxidation, and leather,
glass, ceramic, photography, and tanning industries.
Chromium has three main forms: chromium (Cr°),
trivalent chromium (Cr*?), and hexavalent chromium
(Cr*®). Cr° is not found in nature in the native form,
although it is believed that in this form it is not a risk
for health. On the other hand, Cr*® is an essential
nutrient for living organisms and is 100-fold less
toxic than Cr*®. The latter has a significant impact
on human health and other living organisms. Toxic-
ity to humans includes lung cancer, liver, kidney,
and gastric damage, and epidermal irritation. Vari-
ous technologies have been developed recently for
the removal of these chromate ions (existing in aque-
ous solutions as oxyanions such as Cr,0;2,
HCr,0;!, HCrO;!, and CrO;?) from wastewater to
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prevent pollution industrial
wastes.'

Precipitation is the method usually considered for
chromium ion removal in water-treatment opera-
tions.>” This requires a reduction of Cr*® to Cr*>,
although large residue concentrations exceed the
limits allowed in the wastes. To improve the re-
moval capacity, solvent extraction with tertiary
amines has been also considered.®® In this respect,
alternative processes such as anionic interchange are
useful for Cr™® removal in alkaline or acidic solu-
tions in the presence of high chloride, sulfate, bicar-
bonate, and nitrate ion concentrations.'%!? Recently,
Gang et al.'* modified a poly(vinyl pyridine)-coated
silica gel used for Cr™® removal under very fast
kinetics to increase the surface area.

There are man types of adsorbents, including
activated carbon."”'® Auki et al.'® reported the use
of activated carbon for Cr™® removal (up to 98%)
and recovery in electrochemical plants. A concentra-
tion of 200 mg/L at various pH levels was consid-
ered, which is higher than the 100 mg/L concentra-
tion previously reported. On the other hand, anionic
interchange resins made from styrene and divinyl-
benzene (DVB) possess good chromium removal
capacity at pH levels of 3—4. For larger pH levels,
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the removal capacity decreases steeply.'” The same
behavior has been observed with other adsorbents,
such as biomaterials,'®!” chitosan,?® sawdust,’ poly-
acrylamide-grafted sawdust” and polyacrylonitrile
fibers,? that have been studied for the adsorption of
chromium in aqueous solutions. However, some of
these adsorbents do not have high adsorption
capacities or need long adsorption equilibrium times,
whereas others may present difficulties for regenera-
tion and reuse. One of the recent developments in
the removal of heavy-metal ions from water and
wastewater is the use of polymer beads as adsorb-
ents. This is mainly attributed to the relatively large
external specific surface areas, high adsorption
kinetics, and low cost of these polymer beads.”*

Synthetic macroporous resins are widely used in
water-treatment operations and organic-compound
removal. They are characterized by a permanent
porous structure even when they are dried, and they
swell less than gel-type resins. In addition, they do
not require a porosity-generated solvent that allows
the rapid diffusion of particles to the solid inner
core.”? The porous structures are usually formed dur-
ing copolymerization of mixtures of two monomers
and the porogen agent. As a result, the final product
usually has a broad pore size distribution often rang-
ing from micropores to macropores. The use of an or-
ganic solvent as a porogen or pore former and the
resulting phase separation induced during polymer-
ization are crucial factors in controlling the average
pore diameter and corresponding internal surface
area of the resin. As a general guide, solvent poro-
gens with poor thermodynamic compatibility with
the incipient polymer network cause early phase sep-
aration and microgel formation.”” This allows the
microgel particles to fuse, aggregate, and become in-
filled during the ensuing polymerization (the mor-
phological structure coarsens). Overall, this gives rise
to the formation of pores with a large average diame-
ter and resins with a rather low surface area [e.g.,
<50 m?/ g, N sorption, Brunauer-Emmett-Teller
(BET)]. In contrast, solvent porogens with good ther-
modynamic compatibility with the polymer network
cause phase separation at a late stage in the polymer-
ization, and so the microgel particles, although still
becoming fused, tend to retain more of their individ-
uality (the morphological structure does not coarsen).
As a result, the average pore diameter is much lower,
and the surface area of such resins is larger (50—
750 m?/g). Further details on morphology control in
resins prepared by suspension polymerizations are
available in the literature.*** In addition, the type or
amount of the pore-forming agent or porogen is im-
portant in the resulting pore structure and morphol-
ogy of the polymer.

It is well known that polymers based on vinyl pyr-
idine (VP) can form polymer-metal complexes.”®
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Gutanu et al.'* found that the 4-vinylpyridine (4VP)-
DVB copolymer retains Fe™® ions from nitrogen—
Fe™ complexes. Sugii et al.”’ also proposed that
polymers containing pyridine groups could retain
metal ions by two mechanisms: conventional ion
exchange and complexation. Recently, Rivas et al."”
described the high selective binding of mercury ions
by a poly(4-vinylpyridine) hydrochloride resin. The
mercury retention occurs in an acidic solution
through the ion-exchange process of chloride anions
by tetrahedral [HgCL;]Zi anions.

Neagu et al.*® produced anionic interchange res-
ins, using 4VP and DVB functionalized with ali-
phatic groups such as methyl, ethyl, and butyl moi-
eties. The Cr*® removal capacity increased with
decreasing aliphatic group size. Arslan et al.*’ des-
cribed the sorption of Cr"® from aqueous solutions,
using the batch method with poly(4-vinylpyridine).
At a pH of 3.0, the maximum adsorption perform-
ance was achieved at 86.7 mg/g with 500 mg/L
Cr(VI) solutions. The process of adsorption of Cr(VI)
was described by the Langmuir isotherm.

In this work, the synthesis of macroporous resins
with specific surface areas produced by suspension
polymerization with 4VP and DVB as comonomers
and various proportions of porogens (e.g., toluene
and hexane) is reported. The sorption properties of
the resins are evaluated for applications in water-
treatment operations to eliminate Cr"® ions at pHs
near 7. The advantages of these materials are their
high removal capability, high selectivity, and fast
adsorption kinetics at pH 6.5. Commercial strong-
base anionic resins usually show high removal capa-
bility but low selectivity for some metallic ions.
Instead, the polystyrene-based chelating resins pres-
ent high selectivity to metals, although the inter-
change kinetics are slow because of the hydrophobic
character of the polystyrene polymer chain and that
of the chelating group.'”*° In addition, the chelating
resins are high-cost materials and cannot eliminate
metals in anionic form, such as chromium and ar-
senic. The use of VPs increases the hydrophilic char-
acter of the resin and the capacity for the physical
adsorption of anions on the sorbent surface.

EXPERIMENTAL
Materials

4VP (monomer; Aldrich, Milwaukee, WI) was puri-
fied by vacuum distillation. DVB (crosslinking agent;
Aldrich) was a 55% isomeric mixture. The purifica-
tion of DVB included a 5% NaOH washing stage to
eliminate the red color and a second stage with dis-
tilled water. Poly(vinyl alcohol) (PVA; Aldrich; 80—
87% hydrolyzed) had a molecular weight of 8500-
12,400. Toluene and hexane were used as porogen



PRODUCTION OF MACROPOROUS RESINS. I

2205

TABLE I
Synthesis Conditions and Swelling Properties of the Materials

Monomer (%)

Copolymer 4VP DVB Porogen rpm Swelling (%) BET area (m?/g)
PM40 60 40 100% toluene 470 43.94 = 0.03 129.74
PM20 80 20 100% toluene 470 249.55 + 0.03 1.20
PM10 90 10 40%/60% toluene/hexane 200 7.67 = 0.03 15.24

The organic/aqueous phase ratio was 1/1; 33% of the organic phase was composed of the monomer mixture, and 66%

was composed of the porogen agent.

agents. 2,2-Azobisisobutyronitrile (Aldrich, Milwau-
kee, WI) was used as an initiator.

Suspension polymerization

The 4VP-DVB copolymer was obtained by suspen-
sion polymerization. A four-necked, 1-L reaction ves-
sel equipped with a thermostat, a stirrer, a water
condenser, and a nitrogen inlet was used. The con-
tinuous phase (deionized water and a 2 wt % PVA
solution) was placed in a reactor vessel, under stir-
ring, at 70°C. At this temperature, the organic phase
(the two monomers, azobisisobutyronitrile, and the
porogen agent) was added. The mixture was heated
to 80°C for 24 h. The copolymers were then isolated
for filtration. The particles were washed with a meth-
anol-water mixture to eliminate the residual mono-
mer and PVA. The mixture was washed several times
until turbidity disappeared. The material was filtered
and dried in a vacuum oven at 50°C for 24 h.

Characterization

The copolymers were characterized with Fourier
transform infrared (FTIR) spectroscopy (Spectrum
GX, PerkinElmer, Norwalk, CT), elemental analysis
(PerkinElmer, Norwalk, CT), thermogravimetry (Pyris
TGA, PerkinElmer, Norwalk, CT), nitrogen absorp-
tion with the BET isotherm (Autosorb-1 apparatus,
Quantachrome, Boynton Beach, FL), and scanning
electron microscopy (SEM; DSM 940, Zess, Vertrieb,
Deutschland).

Chromium sorption

The batch equilibrium method was used to measure
the sorption properties of the polymers. The chro-
mium solution (100 mL, 4 ppm) and 0.5 g of resin
were added to an Erlenmeyer beaker at the ambient
temperature, with the pH set to 6.5. On the other
hand, the Langmuir isotherm was obtained with dif-
ferent amounts of metal ions (4-500 ppm) at a con-
stant temperature and at pH 6.5. The chromium
concentration was measured by ultraviolet-visible
spectroscopy with a PerkinElmer Lambda 40. The

calibration curve was obtained with standard solu-
tions with concentrations of 1-4 ppm. From each
solution, 5-mL samples were taken, and 12 drops of
sulfuric acid (0.18M) were added. Subsequently, di-
phenyl carbazide was added and left to rest for 10
min until the typical pink-violet color developed.
Absorbance measurements of each sample gave a
value of 540 nm.*'

The sorption capability of the copolymers was cal-
culated with the following expression:

g=(Co—C) X V/m

where g is the adsorbed ion amount (mg/g); Cy and
C are the initial and current concentrations in the
liquid phase, respectively; V is the volume of the
solution (L); and m is the amount of poly(4-vinylpyr-
idine) (g).

Measurements of the swelling properties

The copolymers were dissolved in water at the ambi-
ent temperature to reach equilibrium conditions.
After treatment, water in excess was removed via
blotting between filter paper.

The swelling amount (Q) was calculated according
to

Q= (Ws - Wd)/wd

where W, and W, are the weights of the swollen and
dried copolymers, respectively.

RESULTS AND DISCUSSION

In Table I, the reaction conditions and properties of
the pyridine copolymers are shown. The BET areas of
the resulting polymers prepared with various poro-
gen and DVB contents are also displayed. As the
DVB content changes, the measured specific surface
area is modified. The PM40 resin shows the largest
surface area (130 m?/g) and a swelling degree of
43.94. The highest swelling degree is that of PM20,
but it shows a surface area of only 1.20 m*/g. In con-

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Elemental Analysis of the Polymers

Elemental analysis (%)

C H N
Copolymer Experimental Theoretical Experimental Theoretical Experimental Theoretical
PM10 77.0 = 0.7 77.7 74 =04 8.3 9.7 = 0.9 11.2
PM20 81.5 £ 0.7 81.3 74 + 04 8.5 8.0+ 09 10.0
PM40 85.7 = 0.7 81.9 81 *+04 8.4 47 =09 6.7

trast, the PM10 resin has the lowest swelling degree
and surface area but the highest concentration of
pyridine groups. According to the current literature,
for lower DVB contents, the specific surface areas
decrease, whereas for larger DVB contents, the areas
should increase. If a 100% crosslinking agent is pres-
ent, an 800 m*/g surface area can be generated.”> Our
results confirm this observation.

Elemental analysis

Elemental analysis data of the precursor resins cor-
rected for the water content [from thermogravimetric
analysis (TGA)] are shown in Table II. The theoreti-
cal values were obtained under the assumption of
stoichiometric proportions, and it was possible to
calculate the real pyridine content incorporated into
the polymer. The last column in Table II displays the
theoretical values versus the experimental data for
pyridine incorporated into the polymer. Because the
reactivity coefficients of 4VP and DVB are similar
(0.55), both monomers have the same probability to
be incorporated into the polymer matrix. However,
the nitrogen content in the three polymers presents a
20% difference with the theoretical content, and this
shows that 4VP does not fully incorporate into the
polymer chain, as also reported by Neagu et al.*® A
possible explanation considers the presence of four
major components: m-DVB and p-DVB, typically in a
ratio of ~ 2:1, and m-ethyl styrene and p-ethyl sty-
rene in a similar ratio. In commercial-grade DVB,
the isomer content is ~ 50%. Within simple copoly-
merization kinetics, the reactivity ratios of styrene
and m-DVB are almost equal (0.58).>> However, the
ratios of styrene and p-DVB are different (0.28 and

1.2, respectively), and this leads to higher incorpora-
tion of p-DVB into the copolymer. If we assume a
similar pattern in m-DVB—4VP, a larger amount of
the p-DVB isomer may then be expected. A larger
amount of DVB induces a wider difference in the
incorporation of 4VP.

TGA

Table III shows thermogravimetric data for the poly-
mers. The resins present high thermal stability that
is a function of the crosslinking agent content. The
materials are a little hygroscopic (<5% water). At
elevated temperatures, the chelating polymers de-
compose in a single stage within the 273-420°C
interval.

SEM results

Figure 1(A) shows micrographs of the precursor
resins with 100% toluene as a porogen agent. The
microporous resin PM40, containing 40% crosslink
agent (DVB) and pure toluene as a porogen agent,
shows the largest surface area (130 m?®/g), with
spherical domains and a uniform size of 68 pm. The
porosity of the spherical domains reveals a high
specific surface area with an expected increased
sorption capability. With a low crosslinking content,
gel-type resin formation requires the presence of a
porogen at a concentration that does not cause pre-
cipitation of the growing polymer.”> With other tolu-
ene/hexane ratios, a microgel (40:60) and gel-type
microporous morphology (100:0) are observed for
PM10 and PM20, respectively. The gel-like lamellar
structure can be seen in Figure 1(B), and the microgel-

TABLE III
Thermal Stability of the Materials
Initial decomposition Mass Final decomposition  Final mass
Polymer  Water (%) temperature (°C) loss (%) temperature (°C) loss (%)
PM10 5 273 6 412 7
PM20 2 283 4 419 19
PM40 5 290 8 426 17

Journal of Applied Polymer Science DOI 10.1002/app



PRODUCTION OF MACROPOROUS RESINS. I

E! 100 pm B

2207

Figure 1 Micrographs of the resin with (A) 40% DVB and 100% toluene (PM40), (B) 20% DVB and 100% toluene (PM20),

and (C) 10% DVB and 40% toluene (PM10).

type morphology of the PM10 sample is shown in
Figure 1(C). Both are also observed in styrene-DVB
resins.

The difference of the N, adsorption and SEM
images can be explained by the structural and mor-
phological differences. In Figure 2, which shows an
image of PM40 in which the sphere is cut in half, a
number of channels can be observed through the
sphere, as happens in a cabbage. This means that it
is not a solid sphere. In Figure 3, which shows small
structures for PM10, it can be observed that these

structures do not present pores in contrast they
present a flakes structure. Therefore, the sphere can
adsorb more nitrogen according to the SEM images.

Contact time effect

The chromium retention capability of the pyridine
copolymers is presented in Figure 4. The resin
(PM10) with the largest nitrogen content (see Table
I) is the one for which in a short period the adsorp-
tion of metallic ions in a suspension increases

Figure 2 PM40 (20,000X). The sphere was cut in half,
and the image shows a number of channels through the
sphere.

Figure 3 Microgel-type morphology of the PM10 sample
(10,000X). These structures do not present pores in con-
trast they present a flakes structure.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Sorption capability of the macroporous poly-
mers at pH 6.5 and Cy = 4 ppm.

steeply and reaches a sorption capability higher than
that of the other resins with a lower concentration of
pyridine groups. On the other hand, the polymer
with the largest specific surface area but a lower
pyridine group concentration (PM40) does not
achieve high values of sorption capability. It is quite
remarkable that the sorption level of the PM10 resin
is not reached comparatively with a very large spe-
cific surface area (see Table I); this indicates that the
pyridine group content overshadows the effect of
the magnitude of the surface area.

During the first 2 h of contact time, the retention
capability of polymer PMI10 increases steeply and
levels off for times longer than 15 h. In the PM20
and PM40 polymers, the sorption capability in-
creases monotonically with time. Because the nitro-
gen content, that is, the pyridine group content, of
the polymers is larger in PM10, this result confirms
that the retention capability increases with the num-
ber of nitrogen groups in the polymer. On the other
hand, the sorption time is modified according to
changes in the morphology. PM40 is porous, and it
has the largest specific surface area. However, the

ORTIZ-PALACIOS, CARDOSO, AND MANERO

sorption rate is restricted by the smaller number of
active sites. The polymer PM20 is gel-like and does
not present a fast sorption rate, but its retention
capability is larger than that of PM40. The PMI10
polymer has a wrinkled structure with a faster sorp-
tion capability, which indicates that ionic diffusion
toward the inner part of the porous structure is fast
enough.

To explain the observed behavior of Cr(VI)
adsorption at a pH of 6.5, it is necessary to examine
the mechanisms involved. At this pH level, the dom-
inant oxyanion species of Cr(VI) are the chromates
(CrO;?), and because the protonation of the pyridine
nitrogen on the poly(4VP) beads is most likely insig-
nificant, electrostatic interaction does not play an
important role in the adsorption of Cr(VI) on the sor-
bent. Therefore, the only possible mechanism is
physical adsorption on the sorbent surface. In this
respect, it would be interesting to examine the range
of low pHs to compare the sorption capability where
most of the amine groups located on the sorbent
surface are likely to be protonated and possess posi-
tive electric charges. The protonated pyridine nitro-
gen can therefore attract the Cr(VI) species, carrying
negative charges in the solution, through the electro-
static interaction mechanism. In this context, the
adsorption capability and the adsorption kinetics
would increase. This issue is currently being investi-
gated in our laboratory.

The accessibility of the pyridine groups is deter-
mined according to the stoichiometry of the reaction
with standard 0.3M HCI solutions for titration. The
results are shown in Table 1V, indicating that the
concentration of pyridine groups accessible to PM10
is 74% in a 4 ppm (7.69 mmol) solution and
decreases to 52.6% for PM40. The largest value of
PM20 (82.4%) is due to the high degree of swelling
according to the morphology exhibited by this copoly-
mer. Then, it can be concluded that the adsorption
capability is influenced by both the concentration of
pyridine groups and the swelling degree.

Adsorption isotherms

This study was carried out with the PM10 sample,
that is, the sample with the highest retention capabil-
ity. Figure 5 shows the Langmuir isotherm results,

TABLE IV
Determination of Active Sites

Active sites (mmol/g of

HCl titration of the reactive ~ Accessibility of

Sample  resin on a stoichiometric basis) groups (mmol/g of resin) the groups (%)
PM10 7.70 5.70 74.0
PM20 6.40 528 82.5
PM40 3.92 2.07 52.8

Journal of Applied Polymer Science DOI 10.1002/app
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plotting the resin retention capability [g (mg of Cr/g
of resin)] versus the residual equilibrium metal con-
centration (C) according to the following equation:

9_49  qm

C K K

where K, is a constant related to the adsorption energy
and g,, is the maximum adsorption capability.

From the linear plot of the sorption capability ver-
sus the equilibrium concentration (R* = 0.9922), it is
possible to determine K; (416 L/mg) and the maxi-
mum retention capability (10.33 mg of Cr/g of
resin). Arslan et al.” using poly(4VP) beads, calcu-
lated g,, to be 87 mg of Cr/g of resin at a pH of 3.
The difference is that at a low pH, the pyridine
groups are protonated and have better adsorption
capacity. This result agrees with those of other
authors.'”?" In the resins studied here, the physical
adsorption mechanism is shown because the pH is
6.5, the pyridine group is not protonated, and the
chromium ion is only adsorbed.

FTIR spectra

The IR spectrum of PM10 (the copolymer with 10%
DVB and 90% 4VP) is presented in Figure 6. Adsorp-
tion bands from 1415 to 1597 cm ™!, assigned to aro-
matic rings, correspond to the C=C and C=N vibra-
tions, whereas the band at 3023 cm ™' corresponds to
the C=H group vibration in the aromatic ring.
Adsorption bands at 2926 and 1475-1450 cm ™' are
assigned to the CH, of the ethyl group or aliphatic
chain. The vibration at 820 cm ™' is characteristic of
disubstituted aromatic rings. The peak at 943 cm™'
in the spectrum is due to the resonance peak of the

1.2

0.8 1

ql/C

0.4 1

0 100 200 300 400
qmgll

Figure 5 Langmuir isotherm for PM10 at pH 6.5.
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Figure 6 FTIR spectra of the resin and Cr(VI) adsorbed
onto PM10. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Cr—O and Cr=O0 bonds from the Cr(VI) species and
suggests that Cr(VI) was adsorbed onto the surface
and the nitrogen atoms on poly(4VP) of the copoly-
mer were involved in the adsorption. In contrast,
Arslan et al.* also described this last peak, but they
observed it at 934 cm™' Finally, the band at 3434
cm™!' corresponds to the —OH bond due to the
presence of water.

CONCLUSIONS

Copolymers were synthesized in this work under
several reaction conditions with changes in the DVB
content, which induced changes in the morphology
and specific surface area, producing efficient resins
for Cr*® removal at pH 6.5. The resultant morpholo-
gies were affected by different porogen agents. A
relevant conclusion of this work is that the most
important factors in metal sorption are the concen-
tration of pyridine groups and swelling capability.
Morphology is also an important factor that influen-
ces the sorption rate.
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