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Synthesis and application of a bifunctional hybrid organic-inorganic
adsorbent based on polyvinylimidazole-5iO,/APTMS for the extraction
of arsenate in aqueous medium
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ABSTRACT

In the present study, the synthesis and characterization of bifunctional organic—inorganic hybrid adsor-
bent for As(V) extraction in aqueous medium is described. The hybrid adsorbent was synthesized by
coupling free radical addition with sol-gel processing, using 1-vinylimidazole (1-VI) as monomer,
(3-aminopropyl)trimethoxysilane (APTMS) as amino functional group, vinyltrimethoxysilane as cou-
pling agent, tetraethoxysilane as inorganic precursor and 2,2"-azoisobutyronitrile as radical initiator.
Characterization was performed by Fourier transform infrared spectroscopy, thermogravimetric anal-
ysis, scanning electron microscopy and textural analysis (surface area, average pore diameter and pore
volume). High As(V) adsorption by hybrid adsorbent was observed in a wide pH range 2-7, which
indicates robustness to this parameter. From adsorption kinetic, the As(V) adsorption equilibrium was
reached quickly (3 min), indicating a fast mass transfer. The pseudo-second order, Elovich and intrapar-
ticle diffusion models showed good adjustments on experimental kinetic data. The maximum adsorp-
tion capacity was found to be 15.00 mg g™, which has been higher than others observed from natural,
mineral and synthetic adsorbents. The Langmuir-Freundlich dual model showed the best fit on experi-
mental isotherm data, indicating the presence of energetically heterogeneous binding sites in the mate-
rials, most likely ascribed to the amino and imidazole groups from APTMS and 1-VI, respectively. Upon
achieving outstanding adsorption of As(V), it appears that hybrid material may present good perfor-
mance as an adsorbent for packing mini-column in separation and preconcentration analytical methods.

Keywords: Adsorption; As(V); Hydride generation atomic absorption spectrometry (HGAAS); Hybrid
adsorbent; Sol-gel process.
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1. Introduction

Organic-inorganic hybrid (OIH) materials have been
increasingly utilized as new materials with multifunctional
features in different field of sciences such as energy, biomed-
icine, catalysis, optoelectronics, sensor devices, automotive,
coating technologies and environmental remediation [1]. The
OIH materials have not only the properties themselves of
organic polymer and inorganic material, but also the unique
properties resulting from mixing them at a nanometer level
[2]. These materials are advantageous due to the easy control
of the final material properties, including the chemical nature
of organic and inorganic phases, the size and morphology of
these domains and the nature of interphase interactions [3].
It must be emphasized the difficulty on classifying and defin-
ing hybrid materials, principally because their performance
relies upon nature of interaction between organic and inor-
ganic components [4]. However, the most common classifica-
tion of OIH material can be divided into two classes. When
the organic and inorganic polymeric portions are embedded
through weak forces such as electrostatic interactions, Van
der Waals or 7—7t interactions, the OIH material is classified
in class I. In class II, the organic and inorganic components
are bonded through covalent bonds [4].

Bearing in mind the hybrid materials applications for
adsorption of toxic metals, the last OIH class may present
better structural rigidity, mechanical properties and, mainly,
higher selective and metal ion adsorption capacity by inser-
tion of binding functional groups through covalent bonds
in the materials [5,6]. The sol-gel process using organically
modified silane precursors and the self-assembly obtain-
ing mesoporous silicas such as MCM (Mobil Crystalline
Materials) and SBA (Santa Barbara Amorphous) have been
widely employed to prepare OIH materials focusing on metal
ions adsorption [7-10]. Unfortunately, these materials cannot
contain properly the properties of both organic and inor-
ganic phases, resulting in a material with properties closest
to the inorganic compound because the organic phase does
not polymerize [11]. In addition, a literature review reports
that the aforementioned hybrid materials prepared by sol-
gel and self-assembly process have been functionalized with
only one type of functional group [4].

Therefore, the present study purpose was to synthesize
and characterize a bifunctional hybrid organic-inorganic
adsorbent through the synthesis of polyvinylimidazole-S5iO,/
(3-aminopropyl)trimethoxysilane (APTMS) by coupling
free radical addition with sol-gel process. 1-Vinylimidazole
(1-VI) was used as monomer, APTMS as comonomer,
vinyltrimethoxysilane (VIMS) as coupling agent, tetraethox-
ysilane (TEOS) as inorganic precursor and 2,2'-azoisobutyr-
onitrile (AIBN) as radical initiator. Such synthesis strategy,
i.e., the polymerization of organic and inorganic components
through covalent bond has been already reported in litera-
ture to obtain hybrid adsorbents [11-16]; however, the use of
bifunctional binding groups, at the best of our knowledge,
has not been reported yet. The feasibility of OIH material was
evaluated and explored as adsorbent for arsenate [As(V)] in
aqueous medium, which justify the use of 1-VI and APTMS
as bifunctional binding groups capable to strongly interact
with arsenate [17,18]. The choice of arsenic as element in the
present study relies upon its high toxicity in aquatic medium.

Two forms in environmental waters are predominant, [As(I1II)
and As(V)]. Their inorganic forms are more toxic than the
organic ones, indicating the importance to remove and deter-
mine inorganic arsenic from aqueous medium [19]. Although
trivalent specie is more harmful than pentavalent, this latter
predominates in aquatic medium and is stable in oxygen rich
aerobic environments [20,21]. The synthesized adsorbent
was characterized by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR), thermogravimetric analy-
sis (TGA) and textural data. The adsorption features of mate-
rial were assessed by isotherm and kinetic studies.

2. Experimental procedure
2.1. Apparatus

The measurements were performed utilizing a con-
stant flow hydride generator Shimadzu® HVG-1 (Tokyo,
Japan) coupled with a flame atomic absorption spectrometer
Shimadzu® AA-6601 (Tokyo, Japan) equipped with an arse-
nic hollow-cathode lamp as radiation source (wavelength:
193.7 nm; current: 14 mA), a deuterium lamp for background
correction and using argon as carrier (Hydride generation
atomic absorption spectrometry (HGAAS)). To introduce the
sample into the equipment, a flow injection system was con-
structed by an Ismaltec® IPC-08 peristaltic pump (Glattbrugg,
Switzerland), Tygon® tubes (Courbevoie, France), polyeth-
ylene tubes (to propel sample solutions; diameter: 0.8 mm) and
a homemade poly(methyl methacrylate) injector-commutator.
The pH of samples was measured by a Metrohm® 827 pH lab
digital pH meter (Herisau, Switzerland).

An infrared spectrometer Shimadzu® 8300 with Fourier
transform (Tokyo, Japan) operating in the transmission mode
in the range of 4,000-400 cm™ (through a conventional KBr
pellet technique) and 4 cm™ of resolution was utilized in
order to elucidate the functional groups present in the mate-
rial. To evaluate the material surface morphology, an SEM
was performed in a JEOL® JSM 300-LV (Tokyo, Japan). Before
analysis, the polymer had been previously coated with a gold
thin layer using Leica® Bal-Tec Med 020 (Wetzlar, Germany)
equipment. The material thermal stability was analyzed by
TGA using a PerkinElmer® TGA 4000 Thermogravimetric
Analyzer (Walthan, USA) in the temperature range of
30°C-800°C at a heating rate of 10°C min™, under nitrogen
atmosphere (20 mL min™). A surface area and pore size ana-
lyzer Quantachrome® Nova Model 1200E (Boynton Beach,
USA) automatic nitrogen gas adsorption instrument was
utilized to determine the specific surface area, average pore
diameter and pore volume. After the sample preheating at
120°C for 4 h, the specific surface area was estimated from
nitrogen adsorption isotherms according to the Brunauer—
Emmett-Teller (BET) multipoint method, and the average
pore diameter as well as the pore volume was determined
through the Barrett-Joyner-Halenda (BJH) method.

2.2. Reagents and solutions

The polymer synthesis was accomplished by using TEOS
(298%), APTMS (97%), VIMS (298%), 1-VI (299%), methanol
(299.9%), acetic acid (299.8%), hydrochloric acid (232%) and
AIBN (98%), all acquired from Sigma-Aldrich® (St. Louis,
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USA) without previous purification. To prevent any possible
contamination, all glassware was kept in a 10% (v/v) HNO,
solution for 24 h with posterior cleaning with ultrapure water.
The 1,000 mg L™ stock solution of As(V) was prepared from
Na,HAsO,7H,O salt dissolved in ultrapure water, and the
working solutions were prepared from appropriated dilutions.
Sodium borohydride 2% (m/v) solution was prepared by disso-
lution of NaBH, (Sigma-Aldrich®, 299%) in a NaOH 0.5% (m/v)
solution. The pH of these solutions was adjusted by dropwise
addition of sodium hydroxide, hydrochloric acid and/or nitric
acid acquired from Merck® (Darmstadt, Germany).

2.3. Synthesis of organic—inorganic hybrid adsorbent

For the synthesis of OIH adsorbent, 12.96 mmol APTMS
and 25.92 mmol 1-VI were mixed in 22.0 mL methanol:acetic
acid (9:2, v/v). Afterward, the mixture was kept over magnet-
ically stirring during 1 h before the addition of 38.88 mmol
VIMS and 1.83 mmol AIBN. The dissolved oxygen was
removed by nitrogen purging for 5 min, and the flask was
sealed and kept at 60°C on oil bath for 30 min. Thereafter,
24.00 mmol TEOS previously dissolved in 10.0 mL of meth-
anol and 5.0 mL of 1 mol L HCl was added to the mix-
ture. The polymerization occurred at 60°C during 24 h. The
obtained material was removed from the flask, dried at 50°C
for 24 h, ground in a mortar and sieved in order to obtain par-
ticle sizes between 63 and 150 um. The schematic representa-
tion of synthesis of hybrid polymer and possible interaction
with arsenate is depicted in Fig. 1.

2.4. Point of zero charge determination

The point of zero charge (pH , ) determination was eval-
uated from batch assays. Aliquots of 25.0 mL of 0.1 mol L™
KClI solution were stirred with 20.0 mg of hybrid adsorbent
during 20 min at different pH values ranging from 2.0 up to
8.0, adjusted with HNO, and/or NaOH. The solutions pH
values were measured before and after the agitation proce-
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Fig. 1. Schematic representation of hybrid polymer and interac-
tion with As(V).

2.5. Adsorption pH optimization

The pH effect on the adsorptive profile was evalu-
ated from batch assays. Aliquots containing 25.0 mL of
1.0 mg L As(V) solution were stirred for 30 min with 80 mg
of material in the following pH values: 2.0, 4.0, 5.0, 5.5, 6.0
and 7.0. Afterward, the mixture was centrifuged at 1,600 rpm
for 10 min, and the supernatant was analyzed by HGAAS.

2.6. Adsorption kinetic

The adsorption kinetic studies of As(V) were carried out
from batch experiments at room temperature by stirring
100.0 mg of hybrid adsorbent with 25.0 mL of 0.1 mg L~
As(V) solution at pH 4.00 in different time periods (0.05 until
15 min). After stirring time, the obtained suspensions were
centrifuged at 2,000 rpm for 10 min, and the supernatants
were used to determine the As(V) retained onto the adsor-
bent (Q, mg g™'), according to Eq. (1):

C.-C)Vv
o L5 (1)
m

where C, and C, are the initial and the final (supernatant)
As(V) concentrations (mg L™), respectively, V is the solution
volume (L) and m is the adsorbent mass (g). The experimental
data were fitted to pseudo-first order, pseudo-second order,
kinetics of adsorption study in the regions with constant
adsorption acceleration (KASRA), Elovich and intraparticle
diffusion models [22,23].

2.7. Adsorption isotherm

In order to build adsorption isotherms, experiments were
performed in batch in similar way to kinetic studies: 100.0 mg
of hybrid adsorbent were stirred during 3 min with 25.0 mL
of As(V) solutions in concentration range varying from 0.05 to
150.00 mg L7, at pH 4.00 under room temperature. After stir-
ring time, the mixture was centrifuged at 2,000 rpm for 10 min,
and the supernatant was used for the determination of arsenate
not retained in the hybrid polymer. Eq. (2) was used to deter-
mine the amount of arsenate adsorbed onto hybrid polymer.

_G-CQ)V
m

Q. )

where C,and C, are the initial and equilibrium As(V) concen-
trations (mg L), respectively, Vis the solution volume (L) and
m is the adsorbent mass (g). Langmuir, Freundlich, single-site
Langmuir-Freundlich and dual-site Langmuir-Freundlich
isotherm models were applied to evaluate the data and char-
acterize the arsenate adsorption [24].

2.8. Interference studies

Potential competitive ions on the preconcentration and
determination of As(V) were evaluated using a mini-column
packed with 50.0 mg of the hybrid material and coupled
to a flow injection-hydride generation system. Many coex-
isting ions were added individually to solutions at pH 4.0
(acetate buffer) containing 0.020 mL~ As(V) at proportional
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concentrations according to the maximum limits recom-
mended by CONAMA 357 (freshwaters, class I) [25]. For
this task, the mini-column was loaded with 10.0 mL of each
binary solution at a flow rate of 5.0 mL min™ for 2 min, then
eluted with 3.0 mol L' HCI, and the desorbed As(V) was
online determined by HGAAS. HCl as eluent may be used at
concentrations ranging from 1.0 to 3.0 mol L7, since at very
low pH, the As(V) specie is in its molecular form, which has
less interaction with the hybrid polymer matrix. However,
HCl at 3.0 mol L™ was chosen for the column elution in order
to provide a better peak definition.

3. Results and discussions
3.1. Characterization of organic—inorganic hybrid adsorbent

From the FTIR spectra recorded, some characteristic
functional groups of the hybrid adsorbent are observed
(Fig. 2). The broad absorption around 3,450 cm™ can be
attributed to v(OH) from physically adsorbed water and sila-
nol groups or v(NH) from APTMS [26], while the low intensity
bands at 3,115 and 2,960 cm™ refer to v(C-H) from APTMS.
The band at 1,635 cm™ corresponds to the d(OH) vibration
which can be overlapped with C=C stretching from vinyl
groups [27]. The presence of bands at 1,504 and 1,413 cm™ are
due to v(C-N) and v(C-C), respectively, from imidazole ring
[11]. The strong band at 1,055 and 439 cm™ are attributed to
v(Si-O) from Si—O-S5i, indicating the occurrence of hydrolysis
and condensation reactions [11,28]. The bands at 921, 763 and
671 cm™ are assigned to C-H (ring) bending out-of-plane [29].

The adsorbent thermal stability was evaluated by TGA.
Thermogravimetric (TG) curves and derivative thermogravi-
metric (DTG) curves, which are shown in Fig. 3, reveals three
well-defined decomposition stages. The first decomposition
stage occurs between 30°C and 156°C with a weight loss of
12.8%, attributed to physically absorbed water on material
surface. The second stage was observed between 156°C and
420°C with a weight loss of 17.0%, and can be attributed to
the decomposition of poly(1-vinylimidazole) segments [30].
The last stage occurs between 420°C and 700°C due to scis-
sion of Si-C present in VIMS and APTMS segments with a
weight loss of 16.0%. A ceramic residue of about 53% remains
at 800°C, indicating the presence of SiO, generated during
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Fig. 2. FTIR spectra for the hybrid sorbent.

heating. This finding indicates larger amount of inorganic
material than the achieved to the organic portion.

The surface morphology was evaluated by SEM. As
seen in Fig. 4, the ground process gives rise to particles
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Fig. 3. TG and DTG curves for the hybrid sorbent.
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Fig. 4. SEM images for the hybrid sorbent: (a) 1,000 x magnifica-
tion and (b) 30,000 x magnification.
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with irregular shape. Moreover, it is observed the similarity
between the adsorbent plane surface with low roughness and
an inorganic matrix formed by oxides [31,32], demonstrat-
ing once again the larger amount of inorganic portion in the
hybrid material.

The adsorption isotherm showed no hysteresis, Fig. 5(a),
indicating equivalence between condensation and evapora-
tion processes of N, gas in the pores material. The hysteresis
absence does not indicate no porosity, since some pore for-
mats (such as cylindrical closed in one extremity, conical or
channel in “v”) can lead to equals adsorption processes [33].
From BET and BJH data, the surface area, pore volume and
pore diameter were obtained and found to be 0.447 m? g7,
1.431 x 10 em® g™ and 5.672 nm, respectively. According to
the pore distribution obtained by the BJH method, Fig. 5(b),
it is observed the existence of a well-defined population of
pores around 5.671 nm, closer to the average pore diameter.
Moreover, the synthesized material presented to be meso-
porous by having almost all pore diameters are between 2
and 50 nm [33].

3.2. Point of zero charge remarks

pH,, is defined as the pH where the electrical charge
density on the adsorbent surface is null. The pH was deter-
mined by stirring the adsorbent with aqueous solution under
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Fig. 5. (a) Nitrogen adsorption—desorption isotherm and (b) BJH
pore size distribution.

different pH values (pH, ) and the same ionic strength.
After stirring time (20 min), the pH, , (pH measured in the
supernatant) is plotted vs. pH, ., as shown in Fig. 6. As
observed, the pH,  remains at pH 3.80 when the pH,_ . was
changed from 4.0 up to 8.0, revealing the adsorbent pH__
value as 3.80. This indicates that at pH values below 3.80 the
material surface becomes positively charged and at pH val-
ues above 3.80 the polymer surface acquires negative charges
capable to adsorb positively charged species. The obtained
value showed quite similarity to the pH value of amor-
phous silica (5i0,2H,0, pH = 3.50) [34], comproving the
large amount of inorganic portion in the material, noted ear-
lier by TGA. The slightly increase is justified by the presence
of a lower amount of organic portion in the material.

3.3. Influence of pH on the adsorption of As(V) onto
organic—inorganic hybrid adsorbent

In order to determine the best conditions for As(V)
adsorption onto hybrid adsorbent, a pH study was per-
formed in a range of 2.00-7.00, as shown in Fig. 7. High As(V)
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Fig. 6. Point of zero charge (pH,,) determination of hybrid
polymer.
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Fig. 7. Effect of pH on the sorption capacity of the hybrid sorbent
for As(V) (n =2).
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adsorption percentages (around 72%-97%) were obtained for
all pH ranges studied, however, it was observed a slightly
higher absorption at pH 4.00. According to the literature,
below pH 4.00 the H,AsO, and H,AsO," species are found,
whereas at the pH range of 4.00-6.00 the dominant specie is
H,AsO,” and above pH 7.00 is found primarily as H,AsO,~
and HAsO* [35].

Since the adsorption process of As(V) onto the adsorbent
may takes place through electrostatic interactions between
the analyte and material surface [36], the monovalent specie
H,AsO, is more efficiently adsorbed, which can explain the
higher adsorption at pH 4.00. At this pH, the As(V) specie
presents electrostatic interaction with positively charged
amino group, originating from APTMS (pKa =10.6) and posi-
tively charged nitrogen atom from imidazole ring (pKa = 6.26)
[22]. On the other hand, at pH 7.00 the imidazole ring suffers
deprotonation, and, as consequence, gives rise to repulsion
forces with H,AsO,~ and HAsO,*, which may explain the
lower adsorption of As(V) in the adsorbent. However, the
rather low difference on the adsorption percentage (10.6%)
between pH 4.00 and 7.00 clearly shows the important role of
amino group from APTMS on the As(V) adsorption, since the
amino group exists in its completely protonated form while
the imidazole is found only 24% in its protonated form at pH
7.00. This finding can be ascribed to the higher amount of
inorganic portion in the hybrid material, as has already been
mentioned. At pH 2.00, As(V) exists in its molecular form
(H,AsO,) and H,AsO,” by being near its first acid dissocia-
tion constant (pKa = 2.2) while the material surface (vinylim-
idazole, binding sites from APTMS and inorganic portion)
acquires predominantly positive charge. The As(V) retention
under this medium is also explained by electrostatic interac-
tion, however, with lower adsorption due to the presence of
molecular form.

3.4. Adsorption kinetics

An adsorption kinetic study has significant importance
because it provides information about the adsorption process
mechanisms. The adsorption equilibrium effect between the
solid and liquid phases was reached in 3 min, Fig. 8, indicating
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Fig. 8. Kinetic curve of arsenate sorption onto the hybrid sorbent
under stirring.

a fast mass transfer of As(V) from the solution toward the
adsorptive site. In order to investigate the kinetic mechanism
driving As(V) toward the surface of hybrid material a pseu-
do-first order, pseudo-second order, KASRA, Elovich and
intraparticle diffusion kinetic models were applied.

The pseudo-first-order model is given by Eq. (3) as
follows:

kl
2.303

log(Qe - Qf) = log Qe - t (3)

where k, is the pseudo-first-order sorption rate constant
(min™), Q, and Q, are the concentration of adsorbate at equi-
librium and a determined time, respectively and t is the
adsorption time (min). This model has been widely utilized
to describe adsorption behavior when the occupation rate of
adsorption sites is proportional to the number of unoccupied
sites and assumes the adsorption occurrence at energetically
homogeneous sites on the adsorbent surface [37]. Due to the
equality between the occupation of adsorption sites and the
number of unoccupied ones, this model infers a good adjust-
ment to the initial adsorption because the amounts of free
binding sites are much higher when compared with equilib-
rium conditions [38].

The pseudo-second-order equation is given by Eq. (4) as
follows:

t 1 1

= +—t
Q kQ’ Q

*)

where k, is the pseudo-second-order sorption rate constant
(g mg” min™), Q, and Q, are the concentration of adsorbate
at equilibrium and determined time, respectively and ¢ is the
adsorption time (min). Different from the pseudo-first-order
model, the pseudo-second order infers the possibility of pre-
dicting the adsorption through all its extent when the adsorp-
tion capacity is proportional to the number of active binding
sites occupied with different energy [39].

In order to explore the adsorption kinetic data, the
KASRA model “kinetics of adsorption study in the regions
with constant adsorption acceleration”” was applied [40]. This
model considers: (1) each time range, which the adsorption
acceleration in constant, is named as ““region”’; (2) the exis-
tence of two regions before attaining plateau region and (3)
the boundaries between the first and second regions and the
second and third (plateau) regions are determined by the
KASRA equation:

Q,=Ar +Bt+C (5)
where A=1/2a,B=v —at, C=Q, -1/2at; — (v, — at,)t,,
a, is acceleration of adsorption kinetic in the i-th region and i
=1-3, v, and ¢ are the velocity and time values in the begin-
ning of i-th region, respectively, Q,, is the Q, value in the

beginning of i-th region.

The Elovich equation is given by Eq. (6) as follows:

Q, :%ln ((xB)+%Int 6)
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where t is the adsorption time (min), Q, is the concentration of
adsorbate at determined time, 3 is the extent of surface cover-
age and activation energy for adsorption (g mg™) and a is the
initial adsorption rate constant (min™ mg g™). The Elovich
has also been used to describe the adsorption of inorganic
compounds from aqueous medium and it assumes an adsor-
bent surface energetically heterogeneous due to the presence
of different binding sites through chemisorption [41].

In order to evaluate if the As(V) adsorption process onto
hybrid polymer is controlled by intraparticle diffusion, exter-
nal surface adsorption or both adsorption mechanisms, the
intraparticle diffusion model given by Eq. (7) was evaluated
to the experimental data:

Q = kidtl/z +C )

where C is the boundary layer thickness (mg g™), Q, is the
adsorbate concentration at determined time and k, is the
internal diffusion coefficient (mg g™ min™"?). From this model
a good fit to the experimental data is observed when C param-
eter is equal to zero, indicating the adsorption process occur-
rence only by intraparticle diffusion. When C parameter is
far from zero, the existence of multilinear segments indicates
external surface adsorption and intraparticle diffusion [42].

The kinetics parameters values obtained from the theo-
retical models as well as the determination coefficient (R?) are
summarized in Table 1. As expected, the pseudo-second-order
model had a good adjustment to experimental data, indicat-
ing the occurrence of arsenate adsorption on a heterogeneous
surface containing adsorption sites with different binding
energies attributed to positively charged amino group and
nitrogen atom from imidazole ring. This applied model pre-
sented a satisfactory determination coefficient and a pre-
dicted maximum adsorption capacity (Q, = 0.020 mg g™)
very similar to the experimental data (Q,=0.019 mg g™). The
Elovich model lack of fit reveals an As(V) adsorption not
described by chemisorption, but most likely through electro-
static interaction.

As observed from Fig. 8 and Table 1, two regions before
plateau can be observed according to KASRA equation. In the
first region, the positive value for a, indicates that the initial
adsorption of adsorbate molecules facilitates adsorption of
other ones and the interaction between them acts as a driving
force. From the first region to the second one, with increase in
time, v, values decreased and a, values became negative, indi-
cating the decreasing of the number of surface adsorption sites
and As(V) concentration [40]. As regard the intraparticle diffu-
sion model, it can be observed two linear segments with good
regression coefficients, indicating the existence of two adsorp-
tion stages attributed to quick external surface adsorption and
the intraparticle diffusion through pores of hybrid material.

3.5. Adsorption isotherms

To estimate the maximum adsorption capacity of hybrid
polymer toward the As(V), it was necessary to build adsorp-
tion isotherm. In reported literature, the use of non-linear
isotherms represents a viable and powerful tool for improv-
ing the interpretation of adsorption data, because it avoids
some errors on the parameters when linearized models are
employed [43].

Table 1
Kinetics parameters values to kinetics models applied in the
experimental data

Model Parameters Values
Pseudo-first order Q, 2.6 x107°
k, 7.8 x 107!
R? 0.6
Pseudo-second order Q, 20.0 x 10°°
k, 1.6 x 10°
R? 1.00
KASRA first region A 1.3 x107
B 2.1x10°
C 15.0 x 107
a, 6.5 x107°
Vo 2.5x107°
KASRA second region A -1.4 x10°
B 1.3 x10*
C 19.3 x 107
a, -6.9 x 107
Ve 1.3x10*
Elovich & 7.8 x 107
a 2.1 x10°
R? 0.834
Intraparticle diffusion k., 8.9 x107°
C 1.3 x 107
R? 0.931
k, 4.2 x10*
1.9x 107
R? 0.99

Note: Experimental Q, = (0.019 mg g™). k;: pseudo-first-order con-
stant of the adsorption process (min™); k,: pseudo-second-order
constant of the adsorption process (g mg™ min™); a,: acceleration of
adsorption kinetic in the first region; v, : velocity in the first region;
a,: acceleration of adsorption kinetic in the second region; v ,: veloc-
ity in the second region; : extent of surface coverage and activation
energy for adsorption (g mg™); a: initial adsorption rate constant
(mg g™ min™); k : internal diffusion coefficient (mg g min™?) and
C: constant related with the boundary layer thickness (mg g™).

The non-linear Langmuir model is described by Eq. (8)
and admits the presence of homogeneous binding sites,
whereas the adsorption occurs by the formation of a mono-
layer on the adsorbent surface. In this equation, the Q, is the
adsorptive capacity of each studied concentration (mg g™), K,
is the Langmuir constant (L mg™), b is the maximum adsorp-
tive capacity (mg g™') and C, is the equilibrium concentration
(mg L) [20,44].

Q- K, bC, ®)
(1+LC))

In the non-linear Freundlich model, Eq. (9), the adsorp-
tion process occurs by forming multilayers on the adsorbent
surface, consequently not predicting the adsorbent satura-
tion. This model is used to describe heterogeneous process,
in which 1/n represents the factor heterogeneity and K, is the
Freundlich constant (L mg™) [21].
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Q. =K.(C)" ©)

In order to confirm the availability of heterogeneous and
homogeneous sites capable to adsorb As(V), i.e., the presence
of adsorption binding sites with different affinities, the hybrid
Langmuir-Freundlich model was applied to the experimen-
tal data (Eq. (10)). In this equation, b represents the maximum
adsorptive capacity (mg g™), K is the constant of adsorption
affinity (L mg™), n is the factor heterogeneity, C, is the equilib-
rium concentration (mg L) and Q, represents the adsorptive
capacity (mg g™) [20]. Such hybrid model is useful to describe
both the Langmuir type and Freundlich type. In order words,
at low concentrations of adsorbate, the model reduces to a
Freundlich isotherm, while at high concentrations it behaves
as a Langmuir isotherm giving rise to a monolayer until the
maximum adsorption capacity is achieved.

b(K.C )"
L L (10)
1+(K.C,)"
=
f=]
E
[ N
@] 5L ‘:. ® Experimental data |
, ——Langmuir
7 s Ereundiich
Y Langmuir-Freundlich one-site
OV Langmuir-Freundlich twio-sites
0 20 40 60 80
Ceq(mg L'

Fig. 9. Isotherms plots for arsenate sorption onto hybrid sorbent
under stirred during 3 min, pH 4.00 and room temperature.

Table 2

The presence of heterogeneous and homogeneous binding
sites by using the Langmuir-Freundlich single model can be
evaluated through the analysis of index 1, which can vary from
0 to 1. It is acceptable the presence of homogeneous binding
sites when the index 7 is close to 1, while when it is less than 1
the material has heterogeneous sites. Although widely used, the
Langmuir—Freundlich single model is not able to determine the
presence of two-adsorption sites with different affinities toward
adsorbate. On the other hand, the Langmuir-Freundlich dual
equation, as demonstrated by Eq. (11), makes possible to eluci-
date the presence of heterogeneous solid surface and the avail-
ability of higher-affinity and lower-affinity sites [16,45].

- b(KC,) . b,(K,C,) 1)
1+(KC)" 1+(K,.C,)"

From the experimental adsorption isotherm depicted in
Fig. 9, the maximum adsorption capacity observed for the
hybrid adsorbent was found to be 15.0 mg g™'. The adsorption
parameters obtained for the theoretical models applied to the
experimental data are presented in Table 2. The Langmuir—
Freundlich dual model showed best fit to the experimental
data due to lowest root mean square error, higher determi-
nation coefficient (R* = 0.9972) and very similar maximum
adsorption capacity (b, +b,=15.22 mg g™') to the experimental
Q, (15.00 mg g™), allowing to estimate the availability of more
than one type of adsorption sites. Those findings corroborates
to the kinetic study, where the heterogeneous surface with
different binding energies is attributed to positively charged
amino group and nitrogen atom from imidazole ring.

Besides, it should be noted that the difference between
the parameters K, and K, (adsorbate — adsorbent affinities) is
rather high (0.14 and 2.02 L g™'), confirming the differences
on the affinity of amino group and nitrogen atom toward the
As(V)adsorption. Higher adsorption of As(V) was achieved at
lower-affinity binding site (K,=0.14 Lg"and b, =12.34 mg g ),
while a low amount of adsorption was observed at higher-af-
finity binding site (K, =2.02 L g™ and b, =2.88 mg g™). Based
on the achieved results, bearing in mind the larger amount of
inorganic matrix on the hybrid adsorbent, we can infer that

Adsorption parameters values to adsorption models applied to the experimental data

Model Equation K, K, b, b, mn, n, R? RMSE
Non-line.ar KbC, 0.14 - 1748 - - - 0.9857  0.68
Langmuir Q.= (1+LC)

Non-linear K(C I 3.54 - - - 0.37 - 09044 1.76
Freundlich Q. =K:(C)

Langmuir— b(K,C,)" 0.16 - 16.55 - 1.18 - 0.9877  0.65
Freundlich Q=—""7

. . 1+(K,.C,)"

single site ¢

Igangn;;u}:d 1 o b(K,C.)" . B(K,C.)" 0.14 2.02 1234 288 2.20 1.59 0.9972  0.35
sirt:m e COIH(KC)" 1H+(KC)™

Note: Experimental Q, = (15.0 mg g™). In the Langmuir, Freundlich and Langmuir-Freundlich equations: K, (Langmuir), K, , (Langmuir—

Freundlich) (L g™'), K, (Freundlich) (mg g™') (L g™') are adsorbate — adsorbent affinities, b, b

- . " )
, b, , are maximum adsorption capacities (mg g™') and

n, n, ,are intensities or degrees of favorability for adsorption. RMSE is the root mean square error.
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the lowest affinity site for the As(V) adsorption is attributed
to the APTMS while the highest one is ascribed to nitrogen
atom from imidazole ring, even though the former one is
found in high amount in the polymeric network. This finding
is still assured by Langmuir-Freundlich single model analy-
sis, recognizing the As(V) adsorption occurrence only at the
lower-affinity binding site attributed to APTMS as a result
of its higher amount. However, the Langmuir-Freundlich
single model analysis fails on describing the adsorption at
higher-affinity binding site.

Comparing the experimental maximum adsorption
capacity with a wide range of materials including natural
and synthetic adsorbents reported in literature (Table 3), the
unprecedented hybrid adsorbent exhibits satisfactory perfor-
mance for As(V) adsorption in aqueous medium. It is worth
to emphasize the highest adsorption capacity of this pro-
posed hybrid material when compared with inorganic poly-
mer mesoporous silica modified with 3-(2-aminoethylamino)
propyltrimethoxysilane previously reported [19], confirming
the effectiveness and importance of hybrid adsorbents for
removing pollutants.

3.6. Interference studies

In order to evaluate the effect of competitive ions,
As(V) determination on binary solutions was compared
with a solution containing only As(V) at the same concen-
tration. It was found that in the presence of 20.0 mg L™
NO,;, 2.0 mg L' NO,;, 0.600 mg L™ Fe*, 0.050 mg L™ Ni*,
0.200 mg L AI**, 0.020 mg L' Pb* and Se*' no significant
difference was observed on As(V) determination, consid-
ering a relative error of 10%. However, in the presence
of 500.0 mg L SO,*, 500.0 mg L™ CI- and 0.360 mg L~
Zn*, the As(V) determination was negatively affected by
70%, 25% and 50%, respectively, which is mostly likely

Table 3
Comparative data of some materials (natural and synthetic) for
the arsenate adsorption in aqueous medium

Adsorbents Q, References
(mg &™)

Hybrid organic-inorganic adsorbent 15.00 This work

3-(2-Aminoethylamino) propyltri- 10.3 [19]

methoxysilane modified ordered

mesoporous silica

Nickel/nickel boride nanoparticles 17.80 [46]

coated resin

Surface-ion-imprinted amine-func- 16.10 [47]

tionalized silica gel

Pine leaves 3.27 [48]

Chitosan 0.73 [49]

Agricultural residue ‘rice polish’ 0.147 [50]

Fe—zeolite 0.11 [51]

Biochar (derived from rice husk) 7.10 [52]

Al-impregnated activated alumina 3.00 [53]

Note: Q, is the maximum adsorption capacity.

attributed to interferences on hydride generation system,
since the same interference was noticed without the pre-
concentration step.

4. Conclusions

In this paper it is described the synthesis, character-
ization and application of a new hybrid polymer based on
polyvinylimidazole-S5iO,/APTMS as adsorbent for As(V) in
aqueous medium. The characteristic adsorption of the hybrid
bifunctional adsorbent was evaluated from batch assays by
exploiting kinetic and isotherm studies, where the presence
of heterogeneous solid surface on the material containing
higher-affinity and lower-affinity sites was confirmed.
Although higher inorganic amount in the material has been
achieved, giving rise to larger adsorption of As(V) by the
amino group from APTMS, this binding site possesses low
affinity toward the As(V). The material presented a slightly
rough morphology, conferred a fast mass transfer (3 min) and
a high maximum adsorption capacity (15.00 mg g') when
compared with other adsorbents in literature. One should
note the satisfactory cost for manufacturing the hybrid poly-
mer. Considering the cost of reagents from Sigma-Aldrich,
1 kg of material can be synthesized by a cost of US$ 269, which
is lower than commercial adsorbent for As(V) adsorption
Amberlyst® A21 free base styrene divinylbenzene modified
with dimethylamino (1 kg = US$ 514). For final remarks, the
mini-column packed with the hybrid polymer may be used
up to 150 times without any change on its performance, indi-
cating the high reusability of hybrid polymer.
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