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Marcela MIHAI,* Florica DOROFTEI, Ana-Lavinia VASILIU and Ion BUNIA

“Petru Poni” Institute of Macromolecular Chemistry of Roumanian Academy, 41A Grigore Ghica Voda Alley,
700487 Iasi, Roumania

Received October 21, 2016

Dyes, even in low concentrations, affect the aquatic life
and food web, many of the industrial dyes being toxic,
carcinogenic, and mutagenic, causing skin sensitivity
and eye diseases. Therefore, their removal from
wastewater is of great interest. In this study new dye
sorbents were obtained by CaCO; mineralization from
supersaturated solutions on insoluble templates based on
a divinylbenzene : ethylacrylate : acrylonitrile cross-linked

copolymer functionalized with weak acid, basic, or amphoteric functional groups. CaCO; crystals growth was initiated using
different initial inorganic concentrations (0.1 — 0.4 M) and addition protocols (the initial swelling medium containing Ca** or CO,”
ions). The (composite) materials were tested as sorbents for two dyes, namely neutral red and bromocresol green. The sorption
capacity was evaluated using UV-Vis spectrophotometry and the composite beads surface modification was evidenced by scanning

electron microscopy.

INTRODUCTION

Dyes are widely used in industries such as
textiles, rubber, paper, plastics, cosmetics, and so
forth. The resulted industrial effluents have often a
significant pollutant load dye which is hardly
biodegradable. Dyes usually have a synthetic origin
and complex aromatic molecular structures, which
make their biodegradation more difficult. Even in
low concentrations, dyes affect the aquatic life and
food web, many of the industrial dyes being toxic,
carcinogenic, and mutagenic, causing skin sensitivity
and eye diseases. Therefore, their removal from
wastewater is of great interest. Several techniques are
commonly used to remove these harmful compounds,
mainly  biological method,'"” ion exchange
processes,* and adsorption on various media.>®

Over the past few decades, ion exchange resins
were intensively used in the removal of organic and
inorganic matters in water and wastewater. Usually,

* Correspondence to: Marcela Mihai (e-mail: marcelas@icmpp.ro)

the water treatment with ion exchangers is used to
remove the color, Fe concentration, to improve the
conductivity or the alkalinity, and to decrease the
total dissolved solids. The already reported studies
suggest that ion exchangers of various
acidity/basicity and different matrix structures could
be efficient sorbents for dye removal.” "

Calcium carbonate is one of the most abundant
inorganic biomineral, having three anhydrous
crystalline polymorphs (calcite, aragonite, vaterite),
two hydrated metastable forms (monohydrocalcite
and calcium carbonate hexahydrate), and an unstable
amorphous phase. The high porosity and specific
surface area recommend CaCO; as adsorbents of
functional molecules. For instance, previous studies
showed that the polymorph ratio and the functional
groups of the polymeric templates can induce
different sorption capacity for methylene blue.'"'*

Ion exchanger beads based on divinylbenzene:
ethylacrylate: acrylonitrile matrix, functionalized
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with weak acid, basic, or amphoteric functional
groups, were already tested as sorbents for Cu(Il)
ion,” both before and after CaCO; mineralization.
The sorption capacity increased significantly after
CaCO; crystals growth on the weak anionic beads
surface (up to 1041.5 mg Cu(Il)/g sample) as
compared to that of unmodified beads (491.5 mg
Cu(Il)/g sample). SEM images and FTIR-ATR
spectra showed that Cu(Il) ion sorption mechanism is
complex, partly dictated by the functional groups and
the porosity of the polymeric resins and partly by the
formation of new structures on beads surface by
interaction of CaCOj; crystals with Cu(Il) ion."” In
this study, the same composite sorbents were tested
for two dyes, namely neutral red (NR) and
bromocresol green (BCG). Neutral red is an
important deep red coloring agent, being often used
as linsey-woolsey coloring agent, biological stain and
acid-base indicator. BCG is a dye of the
triphenylmethane (anionic) family which is used as a
pH indicator and as a tracking dye for DNA agarose
gel electrophoresis, and in the weaving industry like
cotton and linen. BCG can be used in its free acid
form (light brown solid) or as a sodium salt (dark
green solid). The sorption capacity of the (composite)
sorbents was evaluated using UV-Vis spectroscopy,
the (composite) beads surface modification being
followed by scanning electron microscopy (SEM).

RESULTS AND DISCUSSION

The chemical structures of the weak
acid, basic, and amphoteric ion exchangers and

B type beads

the dyes used in this study are shown in
Scheme 1.

The sorption capacity (C,,) was determined
taking into account the initial dye aqueous solution
concentration and the residual concentration of the
supernatant. Figures 1 and 2 summarizes the
obtained results by measuring the absorbance in
the supernatant at the specific wavelength, namely
615 nm, Ag;s, and 450 nm, Aysg, for BCG and NR,
respectively, for all investigated samples (CaCOs3
growth from 0.1 — 0.4 M initial concentrations and
both addition protocols), and both dyes.

As shown in Figure 1, the highest sorption
capacity for BCG was obtained when B type beads
were used, ~0.45 mg/g. The highest sorption capacity
of cationic beads can be ascribed to the electrostatic
interaction between the sorbent and dye, taking into
account that BCG dye molecule is anionic. After
CaCO; microparticles growth on ion exchanger
beads, the sorption capacity is influenced by the
reactants addition order and slightly by the inorganic
concentration, the sorption capacity decreasing at
~0.06 mg/g when Na,CO; was the first reactant in
CaCO; preparation and increasing up to ~0.58 mg/g
when CaCl, was used. Taking into account the
cationic nature of the beads, when Na,CO; was the
first reactant the electrostatic interaction between the
NH;" groups on the ion exchanger and CO;* would
block the cationic groups of the sorbent for
electrostatic interaction with anionic dye. By
contrary, when CaCl, was used, the amino groups are
free to interact with anionic groups on BCG and
therefore the highest sorption capacity.

C type beads

NR

Scheme 1 — Chemical structure of anionic (A), cationic (B)
and amphoteric (C) beads and the dyes neutral red (NR) and bromocresol green (BCG).
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Fig. 1 — Sorption of bromocresol green (BCG) on anionic (A), cationic (B) and amphoteric (C) beads, before and after CaCO,
growth from 0.1 — 0.4 M initial concentrations and both addition protocols: (a) Na,CO; / CaCl,, (b) CaCl, / Na,COs.
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Fig. 2 — Sorption of neutral red (NR) on anionic (A), cationic (B) and amphoteric (C) copolymeric beads, before and after CaCOs
growth from 0.1 — 0.4 M initial concentrations and both addition protocols: (a) Na,CO; / CaCl,, (b) CaCl, / Na,COs.

When A and C type beads were used, the
anionic groups of both type of beads conduct to an
electrostatic repulsion of the dye molecules. Thus,
C,, for composites based on anionic beads (A type)
are lower than 0.0035 mg/g (practically do not
adsorb BCG), irrespective of the inorganic
concentration and addition order. The amphoteric
beads (C type) have ionized the anionic groups at
pH lower than 6.5, and show a slightly higher
sorption capacity (0.014 mg/g) as compared to A
type beads. The increase in sorption capacity can
be assigned to H-bonds which can be formed
between secondary amino groups on the side chain
of the beads and OH groups of BCG. After CaCO;
growth on C type beads the composites Cs,
increases as compared to corresponding initial
beads, the highest values, ~0.03 mg/g, being
obtained when CaCO; grown from 0.4 M inorganic
concentration and CacCl, the first added reactant.

The sorption of NR on the (composite) samples
show a different behavior as compared to BCG
sorption. All samples have a good sorption
capacity for NR, the highest value being also
obtained when the cationic beads were used,
irrespective of the addition order of the reactants.
The sorption capacity of the B type beads cannot
be explained by the electrostatic interactions, in
this case more relevant being the CaCO;
properties. As our previous study shows,"” B type
beads are covered by a thin layer of CaCOj crystals
with lower size than those formed on A type beads
surface, the crystals size increasing with increasing
inorganic phase concentration. Also, the spheres
pores remain open during swelling phase and thus
the CaCQOj; crystals growth take place inside pores,
as proved by in phase AFM." Therefore, the
uniform layer formed at B type beads surface and
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the presence of CaCO; crystals inside the pores
determine a higher sorption capacity.

The dyes sorption results can be explained by
the synergic contribution of organic/inorganic
component materials on the sorbents while
interacting with dyes: (1) the polymeric matrix
capacity for dye sorption by electrostatic
interactions or H-bonds, (2) the availability of
functional groups after CaCO; growth, (3) the
distribution of CaCOj; crystals on/onto beads, (4)
the capacity of crystals to interact with dyes as a
function of their arrangement on/onto beads.

Surface morphology modifications of A, B and
C type beads, before and after CaCOj; crystallization
with [Ca®] = [CO5"] = 0.4 M, for both addition
protocols, after interaction with dyes aqueous
solution were investigated by SEM images and
shown in Figures 3 — 5. Also, some photos of the
samples are shown, to evidence the beads color
changes after dye sorption, taking into account that
before dye sorption the beads are colorless (bare
beads) or white (composites with CaCOs).

As shown in Figures 3 — 5, and as compared to
SEM images of the corresponding samples before
the interaction with dyes,"* the surface morphology
of the samples is changing after the dye sorption,
some of CaCO; crystals being dissolved. The
initial concentration of the inorganic components
used in this study (0.1 — 0.4 M) ensures solutions
supersaturation with respect to calcite and vaterite.
The previous XRD investigations confirm that the
crystals on all investigated composite samples are
calcite and vaterite, irrespective of the type of the
functional groups on beads or the inorganic
solutions concentration and addition order, the
calcite content decreasing with increasing
inorganic concentration.”” Previous studies,"
suggest that during sorption process the

transformation of vaterite to calcite and the
recrystallization of calcite take place. However,
during the sorption procedure some of dissolved
crystals don’t meet the supersaturation condition to
re-crystallize and therefore partially loss of
inorganic crystals takes place.

Fig. 3 — SEM images and photos after BCG or NR sorption on A type beads, before and after CaCO; growth from 0.4 M initial
concentrations and both addition protocols: A(a) — Na,CO; / CaCl,, A(b) — CaCl, / Na,COs; SEM images scale bare 20 um and
400 um on spheres surfaces and on their overview, respectively.
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B(b)

Fig. 4 — SEM images and photos after BCG or NR sorption on B type beads, before and after CaCO; growth from 0.4 M initial
concentrations and both addition protocols: B(a) — Na,CO; / CaCl,, B(b) — CaCl, / Na,CO;; SEM images scale bare 20 um and
400 pum on spheres surfaces and on their overview, respectively.

BCG NR

Fig. 5 — SEM images and photos after BCG or NR sorption on C type beads, before and after CaCO; growth from 0.4 M initial
concentrations and both addition protocols: C(a) — Na,CO; / CaCl,, C(b) — CaCl, / Na,CO;; SEM images scale bare 20 um and
400 um on spheres surfaces and on their overview, respectively.
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EXPERIMENTAL

Preparation of CaCOj/beads composites

The cross-linked acrylic copolymer was obtained as
previously published,' its further transformation in anionic (A),
cationic (B) and amphoteric (C) copolymers and CaCO;
microparticles growth being described in ref. 13. Briefly, the
beads were swollen in water and then immersed in CaCl, or
Na,COj; aqueous solutions for 15 min. The crystallization process
was initiated by rapid mixing of CaCl, (or Na,CO;) aqueous
solutions containing 1g beads with an equal volume of Na,CO,
(or CaCl,) aqueous solution of equal inorganic concentration. The
inorganic concentration in the starting solutions has been varied
between 0.1 and 0.4 M. The obtained composites were intensively
washed with water and finally with acetone.

Dyes sorption on CaCOs/beads composites

The sorption properties of the composite beads as
compared to the bare beads vs NR and BCG dyes (from
Fluka), were tested using a batch equilibrium procedure. Thus,
about 30 mg of dry (composite) material was placed in a flask
and contacted with 10 mL of dye aqueous solution (1.5x107
mol/L and 3x10™ mol/L for BCG and NR, respectively), under
gentle shake, at room temperature, for 4 h. Then, the beads
were separated by filtration and deeply washed with double
distilled water until the solution was free of any dye excess.
The residual concentration of dye remained in the supernatant
was determined using a UV-Vis Spectrophotometer (UV-Vis
SPEKOL 1300, Analytik Jena), by measuring the absorbance
at 615 nm, Ags, and 450 nm, Ay, for BCG and NR,
respectively. The composite materials sorption efficiency, Ci,,
was calculated using eq. (1):

Coo =[(Co—C) - M- V])/(w - 1000), mg/g (M

where Cy and C are the concentrations of dye in aqueous solution
(mol/L) before and after the interaction with the (composite)
material, respectively (both concentrations indirectly determined
using the C/Ag;5 or C/Ays etalon curves); M is the molar mass of
the dye (698 g/mol and 289 g/mol for BCG and NR,
respectively); V' is the volume of the aqueous phase (L); w is the
amount of the dry (composite) material (g).

The surface of some samples (bare beads and composites
prepared with 0.4 M initial concentration of inorganic precursors
and both addition order) after BCG and NR dyes sorption was
examined with a Quanta 200 type Scanning Electron Microscope
operating at 20 kV with secondary electrons. To avoid
electrostatic charging the particles were sputtered with gold.

CONCLUSIONS

In this study some CaCOs/ion exchanger
composites were tested as sorbents for two dyes,
NR and BCG. The sorbents were obtained by
CaCO; mineralization from  supersaturated
solutions on insoluble templates based on
divinylbenzene: ethylacrylate: acrylonitrile cross-
linked matrix functionalized with weak acid, basic,
or amphoteric functional groups. CaCO; crystals
growth was initiated using different initial inorganic
concentrations (0.1 — 0.4 M) and addition protocols

(the initial swelling medium containing Ca*" or COs*

ions). The sorption capacity was evaluated using
UV-Vis spectrophotometry and the composite beads
surface modification was followed by SEM. All
samples show a good sorption capacity for NR, the
highest values being obtained when cationic beads
were used, irrespective of the addition order of the
reactants. The highest sorption capacity for BCG was
obtained when B type beads were used, ~0.45 mg/g,
ascribed to the electrostatic interaction between the
sorbent and dye. After CaCO; microparticles growth
on ion exchanger beads, the sorption results are
influenced by: (1) the polymeric matrix capacity for
dye sorption, (2) the availability of functional groups
after CaCO; growth, (3) the distribution of CaCO;
crystals on/onto beads, (4) the capacity of crystals to
interact with dyes as a function of their arrangement
on/onto beads. During the sorption procedure some
of dissolved crystals don’t meet the supersaturation
condition to recrystallize and therefore partially loss
of inorganic crystals takes place.
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