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ABSTRACT

In this study, first silica gel surface was activated. The compound (3-Chloropropyl)triethoxysilane
(CPTS) was immobilized on the modified SiO, surface. 2-(2-Hydroxybenzylidinoamino) pyridin-3-ol
(HBAP) compound was covalently immobilized on the modified silica gel compound (Si-CPTS). The
newly prepared Si-CPTS-HBAP was characterized with a variety of techniques, including Fourier
transform infrared spectroscopy and scanning electron microscopy. Batch method was used for the
adsorption study of Cr(III) ions. The amount of adsorption of Cr(IIl) ions was controlled and detected
by ultraviolet-visible spectrophotometer. The influences of concentration, temperature, contact
time, and pH on the adsorption of Si-CPTS-HBAP were investigated. The results were obtained
by Langmuir, Freundlich, and Dubinin-Radushkevich isotherm equations. In addition, thermody-
namic parameters such as free energy (AH®), entropy (AS°), and enthalpy (AG®) were calculated from
the sorption results and used to explain the adsorption mechanism. The optimum values obtained
from this study are 6, 120 min, 0.05 g, and 303.15 K for pH, interaction time, adsorbent amount, and
temperature, respectively. The results indicate that this adsorbent can successfully be employed in the

separation of Cr(IIl) from aqueous solutions.

Keywords: Silica gel; Heavy metal; Immobilization; Adsorption

1. Introduction

Water is the most needed resource for living things.
Population growth, urbanization, and industrialization cause
water pollution. In parallel, clean water is also needed. Water
pollutants are generally categorized in two groups, namely,
organic pollutants and inorganic pollutants. Heavy metal
pollution takes place in the second group.

Chromium is present mainly as hexavalent and triva-
lent species with different chemical behavior and toxicity in
aquatic environments [1]. Cr(VI) is mainly present as highly
soluble oxyanions [2] but Cr(IIl) is less soluble and readily
precipitates as Cr(OH), [3]. Also Cr(III) has a low toxicity for
many organisms [4]. In contrast, Cr(VI) is up to 1,000-fold
more toxic than Cr(IIl) [5], and if it is inhaled through the
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mouth, it has carcinogenic properties [1]. Cr(VI) ions cause
serious problems in wastewater polluted by industrial foun-
dations and the other sources. Toxic and nonbiodegradable
substances tend to be accumulated in the human vital
organs [1]. Therefore, Cr(VI) and Cr(IIl) must be removed
from wastewaters before their disposal to natural aquatic
environments.

Many heavy metals such as chromium have a toxic
effect on the threshold limit values (TLV) in the human
body. The TLV of Cr(Ill) and Cr(VI) are, respectively, 0.5
and 0.05 mg m?® Chromium has toxic effect for human
body such as contact dermatitis, chromium ulcers, and
nasal perforation, pharyngitis, bronchitis, and lung cancers.
For this reason, a lot of techniques have been developed
for removal of heavy metals from wastewater. These are
chemical sedimentation, membrane separation, photocataly,
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reverse osmosis, electrodialysis, ultrafiltration, ion exchange,
chemical precipitation, phytoremediation, adsorption, etc.

The adsorption method is applied in many wastewater
treatment processes in developed countries [6,7]. Because
of the adsorbing capacities of different ions in water, active
coal and mud are mostly used as adsorbents in adsorption
studies. From these considerations, new adsorbent develop-
ment studies were carried out to recover valuable materials
from solvents and water and to remove toxic substances.
Adsorbent materials with high selectivity can be obtained
by covalent bonding onto the solid support material. Among
the supporting materials, silica gel has an important place
because of its high thermal properties, chemical and mechan-
ical strength, and chemical modification with functional
compounds. Support molecules are modified by bonding
molecules with various functional groups on the surfaces.

In this study, the surface of sporopollenin was activated
and then the (3-Chloropropyl)triethoxysilane (CPTS) com-
pound was bound to the activated surface (Si-CPTS).
Afterward, the 2-(2-hydroxybenzylidinoamino) pyridin-3-ol
(HBAP) compound was immobilized on an Si-CPTS com-
pound using a batch method (Si-CPTS-HBAP). The newly
synthesized compound was used as an adsorbent to remove
the Cr(III) ions in the aqueous solution and the wastewater.
The parameters affecting adsorption such as the amount of
adsorbent, pH, duration of interaction, solution concentra-
tion, and temperature were investigated. The mechanism
of adsorption is explained by examining the adsorption
isotherms and thermodynamics.

2. Materials and methods
2.1. Materials

Silica gel (0.063-0.200 mm, 70-230 mesh american soci-
ety for testing and materials (ASTM)), CPTS, HBAP, and
Cr(NO),"9H,0 were purchased from Sigma (USA) and Merck
(Darmstadt, Germany). Dilute NaOH and HNO, solutions
were used for pH adjustments. Industrial wastewater sample
(82.21 mg L™ Cr(III), pH = 5.1, temperature: 318.15 K, current
density: 12-20 A dm?, and H,SO,: 8.05 mg L) containing
Cr(III) ion was provided from an industrial corporation in
Turkey.

2.2. Instruments

The infrared spectra were characterized by Fourier trans-
form infrared (FT-IR). The pH of solutions was adjusted by
pH meter. In addition, thermostatic shaker, ultraviolet-visi-
ble (UV-VIS) spectrophotometer, and ultrapure water devices
were used for all experiments.

(si0)) +

Silica gel (Si0;) Hydrochloric acid (HCI) 37%

Fig. 1. Activation of silica gel surface.

HCI + Si0, HCI

3. Experimental section
3.1. Activation of silica gel surface

SiO, surface was activated as shown in Fig. 1 [8-10].
One hundred milliliters of HCl was added onto 100 g of
commercial silica gel placed in a round bottom flask. The
reaction mixture was heated up to 100°C under a nitrogen
atmosphere for 6 h under back cooler. Afterward, the mix-
ture was filtered under vacuum, and the resulting precipitate
was washed with excess water to get rid of HCl. Then the
silica gel, which is completely free of HCl, was activated in a
vacuum oven at 170°C for 24 h [11].

3.2. Synthesis of Si-CPTS-HBAP

Batch method (solid-liquid sorption) was used for the
preparation of the compound Si-CPTS-HBAP. Si-OH was
obtained by adding HCI onto silica gel [12]. Dry toluene
(100 mL) was used for the immobilization of CPTS onto sil-
ica gel. The mixture was refluxed for 72 h under vacuum
(Fig. 2(a)). In the next step, 10 g of Si-CPTS was treated
with 25% of HBAP solution (33 mL) in toluene and shaked
for 15 h. After filtration of the suspension, the residue was
washed with water and diethylether and dehyrated beneath
vacuum at 40°C for 72 h to obtain Si-CPTS-HBAP. The scheme
of target structure is given in Fig. 2(b).

3.3. Adsorption studies

Adsorbent of 0.1, 0.015, 0.025, 0.05, and 0.075 g with 10 mL
adsorbate was shaken in a temperature-controlled shaker
incubator at 25°C + 1°C (30, 60, 90, 120, 150, and 180 min)
until it reached the equilibrium (180 min). The solid phase
was separated by filtration. The residual metal ions were
measured by UV-VIS spectrophotometer.

3.4. pH studies

Si-CPTS-HBAP of 20 mg was stirred in the presence
of 10 mL Cr(NO),9H,O in wastewater solution. Studies
were performed at various pH values (2.0, 3.0, 4.0, 5.0,
6.0, and 7.0). The mixture was shaken for 180 min at
25°C + 1°C [13].

3.5. Effect of concentration

The adsorption was measured by using batch method
for aqueous solution of Cr(NO),-9H,0 and wastewater at
25°C + 1°C. For these sorption measurements, the modified
silica gel was suspended in the Cr(NO),-9H,O solution at
various concentrations and the wastewater sample. These

HO gy oH

Active silica gel
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Fig. 2. (a) Modification of (3-chloropropyl)triethoxysilane to silica gel surface and (b) immobilization of the compound

2-(2-hydroxybenzylidinoamino) pyridin-3-ol (HBAP) with Si-CPTS.

resulting suspensions with different concentrations (8, 12, 20,
and 40 mg L") were stirred for 180 min [14]. After equilibrium
was established, the amounts of metal ions remaining in
solution were determined by UV-VIS spectrophotometer.

3.6. Temperature studies

Experimental studies were performed for Cr(Ill) aque-
ous solution and wastewater between 20°C-50°C + 1°C at
optimum pH values. The amount of the adsorbed metal
ion was calculated from the change in the concentration
of metal ions in the solution [15].

4. Results and discussion
4.1. Characterization

The functionalized silica gel was characterized by FT-IR
spectroscopy. The infrared spectra of the prepared surface
were compared with raw silica gel shown in Fig. 3(a). OH
stretching vibration in Si-CPTS was shifted from 2,946 to
2,865 cm™ (Fig. 3(b)). Spectrum of Si-CPTS-HBAP has broad

—-OH peak at 3,387 cm™ owing to the -OH groups which are
in the structure of silica-based organic compounds (Fig. 3(c)).
[16]. Stretching of C=N group observed at 1,643 cm™ showed
primer amine group of Si-CPTS-HBAP and organic sub-
stances. The peaks at 1,410-1,643 and 2,774 cm™ were
interpreted as stretching of C=C and C-H in the benzene
ring, respectively [17].

According to the results of elemental analysis [12], the
percentage amounts of carbon, nitrogen, and hydrogen are
shown in Table 1.

Since the adsorption is a surface phenomenon, the rate
and degree of adsorption is mainly dependent on the surface
functional groups, pore size, and surface area of the adsor-
bent. Scanning electron microscopy (SEM) is one of the most
widely used surface diagnostic tools [18]. For this reason,
SEM was utilized (by applying 0.5 kV electron acceleration
voltage) to characterize the surface morphology of pure silica
gel, S5i-CPTS, and Si-CPTS-HBAP. The SEM images of pure
silica gel (Fig. 4(a)) show a very smooth morphology after the
immobilization of HBAP onto the surface of pure silica gel
(Fig. 4(b) and (c)); it shows an irregular morphology covered
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Fig. 3. FT-IR spectra of (a) Si, (b) Si-CPTS, and (c) Si-CPTS-HBAP compounds.
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Fig. 4. SEM images of Si (a), Si-CPTS (b), and Si-CPTS-HBAP (c).

with foreign material, i.e., HBAP. The presence of attached
particles, i.e,, HBAP, onto the surface of silica gel confirms
the immobilization.

4.2. Adsorption studies
4.2.1. Effect of adsorption

The amount of ions adsorbed was calculated using Eq. (1).

5500
MAG Y190 % 1 20.0 K WEE 12.0 7

)

where g is the amount of metal ion adsorbed (mol L), C,
and C, are the initial and equilibrium concentrations of
the metal ions in aqueous phase (mol L), V is the volume
of the aqueous phase (L), and W is the dry weight of the
adsorbent (g) [19].
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The effect of the amount of adsorbent on the adsorption
of Cr(Ill) ions in aqueous solution and in wastewater is
shown in Fig. 5(a). As shown in Fig. 5(a), as the amount
of adsorbent increases, the total amount of adsorbed
metal increases. The maximum adsorbent amount for the
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Fig. 5. (a) The effect of the amount of Cr(III) and Cr(III) in waste-
water ions on the amount of sorbent, (b) the effect of the contact
time on the adsorption of Cr(III) and Cr(IIl) in wastewater ions,
(c) the effect of pH on the sorption of pH of Cr(IIl) and Cr(III)
in wastewater ions, and (d) the effect of temperature on the
adsorption of Cr(IIT) and Cr(III) in wastewater ions.
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adsorption of Cr(Ill) ions in aqueous solution (Cr(NO)3-9H20)
and wastewater was found to be 0.075 g. The excess of the
metal ion might be adsorbed by the adsorbent owing to the
increase of the active surface area.

4.2.2. Effect of contact time

Fig. 5(b) shows the effect of the contact time on the
adsorption of Cr(IIl) ions in aqueous solution and waste-
water. As expected, the contact time increased the amount
of sorption for the studied metal ions and reached the
steady-state values. The adsorbent having hydrophilic
groups is defined as the best effect adsorbent. In our paper,
the detected rapid uptake kinetics can be attributed to the
hydroxy group and nitrogen unit of imine bond (C=N) of
the silica gel [19,20].

4.2.3. Effect of pH

The acidity of a solution has two effects on metal
adsorption. First, protons in an acidic solution can proton-
ate the binding sites of the chelating molecules. Second, the
hydroxide in a basic solution may complex and precipitate
many metals. Therefore, the pH of a solution is the first
parameter to be optimized. The reaction between Cr(III)
and the adsorbent (Si-CPTS-AHAP) can be influenced by
changes of the pH value. In order to determine this param-
eter, the effect of the pH on Cr(IIl) sorption onto Si-CPTS-
AHAP was investigated over the range of 2-7 using the batch
procedure. It can be seen from Fig. 5(c) that the adsorption
quantity of Cr(IIl) increases with the increases in pH values
in the studied pH ranges. The optimum pH values for max-
imum Cr(Ill) aqueous solution and Cr(Ill) wastewater are
at pH > 3. This can be explained by the different binding
affinity of the binding sites for Cr(Ill) of the adsorbent [21].
In this study, the pH value at which maximum sorption of
chromium ions occurred was found to be 6 [19,22].

4.2.4. Effect of temperature

Fig. 5(d) exhibits us the effect of temperature on the
sorption. The amount of adsorption increased with tempera-
ture. Depending on endothermic nature of the adsorption,
the thermodynamic parameter values also changed with
increasing temperature.

4.3. Isotherm studies

The experimental measurements were evaluated by
using Langmuir isotherm, Freundlich isotherm, and Dubinin—
Radushkevich (D-R) isotherm. The Langmuir isotherm
expresses the equilibrium distribution of metal ions between
solid and liquid phases, and the required calculations are
made according to Eq. (2).

g:&+i )

9, G0 qb

where g, is the amount of solute sorbed on the surface of the
adsorbent (mol L), C, is the equilibrium ion concentration
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in the solution (mol L), g, is the maximum surface density
at monolayer, and b is the Langmuir adsorption constant
(mol L™). The plot of C/q, vs. C, for the adsorption gives a
straight line of slope 1/bg, and intercepts 1/q, (Fig. 6(a)).

The Freundlich isotherm is an experimental isotherm
model which is used for adsorption on heterogeneous
surfaces [19,23]. It can be written as Eq. (3).
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Fig. 6. (a) Langmuir isotherms of Cr(Ill) and Cr(III) in waste-
water removal by Si-CPTS-HBAP, (b) Freundlich isotherms of
Cr(IIT) and Cr(III) in wastewater ion removal by Si-CPTS-HBAP,
and (c) D-R isotherms of Cr(IlT) and Cr(IIl) in wastewater ion
removal by Si-CPTS-HBAP.

where g, is the equilibrium solute concentration (mol g™), C,
is the equilibrium concentration of the solute (mol L), and
K, is the Freundlich constant. According to Eq. (3), the graph
of Ing, versus InC, gives a straight line, and the K| value can
be calculated from the intersection point of this straight line,
and the n value is the slope [19,24].

The values of 1/n for Si-CPTS-HBAP are <1, so they are
an indication of high adsorption intensity [25]. The K, val-
ues showed that immobilized silica gel has higher adsorp-
tion capacity for Cr(VI) in aqueous solution and wastewater
(0.50 and 0.10 mol L) [26]. Values of 1 > 1 represent favorable
adsorption conditions [27]. K, and n values were calculated
with the intercept and slope of the plot (Fig. 6(b)) and are
listed in Table 1. The D-R isotherm was chosen to estimate the
adsorption energy. The model is expressed as Eq. (4).

Ing, =lng,, — ke )

where ¢ (polanyi potential) is [RT In(1 + (1/C)], g, is the
amount of solute adsorbed (mol g™), k is a constant related
to the adsorption energy (mol® (kJ?)™), and g, is the adsorp-
tion capability (mol g). Hence, by plotting Ing, versus &> it
is possible to generate the value of g, from the intercept and
the value of k from the slope (Fig. 6(c)). The mean free energy
value (E) calculated using Eq. (5) and Dubinin-Radushkevich
isotherm is presented in Table 2.

-1/2

E =(2k) 6)

The mean energies were 25.00 and 18.25 kJmol™ for
the chromium ions in aqueous solution and wastewater,
respectively (Table 2). The adsorption of Cr(III) in aqueous
solution and wastewater occurs via chemical adsorptions.
The energy required for the substantiation of the chemical
sorption is between 8 and 16 kJ mol™ [28,29].

4.4. Thermodynamic studies

The thermodynamic parameters such as enthalpy change
(AH®), entropy change (AS°), and free energy change (AG®)
are crucial and must be taken into consideration in order to
determine the spontaneity of a process. The effect of tem-
perature on the adsorption for the modified silica gel was
investigated at optimized pH values and at a temperature
range of 20°C-50°C.

C,-C,| Vv
K, _[UC ”wa (6)

Table 1
Percentages (%) of hydrogen (H), carbon (C), and nitrogen (N)
for the matrices Si0,, Si-CPTS, and Si-CPTS-HBAP

Surface Nitrogen (%) Carbon (%) Hydrogen (%)
SiO, 0 0 0

Si-Cl 0 7.22 0.82

Si-HBAP 5.04 34.25 2.31
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AS° AH®

logK, = -
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where K is the adsorption equilibrium constant, V is the
volume of the aqueous phase (mL), and W is the dry weight
of the adsorbent (g). Also, in Eqgs. (6) and (7), AG® is the
change in Gibbs free energy (k] mol™), AH® is the change in
enthalpy (k] mol™?), AS® is the change in entropy (J (molK)™),
T is the absolute temperature (K), and R is the gas constant
(8.314 x 1073, k] molt K).

The enthalpy and entropy values for the adsorption of
metal ions onto Si-CPTS-HBAP were evaluated from the
Van't Hoff plots: log K, vs. 1/T. AG® was also calculated
by using Eq. (8). Results are listed in Table 3 [19,30]. Fig. 7
shows the value of logarithmic plot of distribution coefficient
K, against 1/T.

The positive value of AH® is shown in Table 3. These
values indicate the endothermic nature of adsorption,
and the negative values of AG®° indicate that adsorption
onto the adsorbents is feasible and spontaneous process.
The adsorbent has a complexing capability, and complex
formation must be the predominant mechanism. Positive
enthalpy values also support this argument. The values of
AG® decreased with increasing temperature. The formation
of adsorption is inversely proportional to the tempera-
ture. The positive value of entropy change (AS°) reflects
the increase in random adsorption in solid-solution inter-
face. It also indicates that ion replacement reactions occur.
When metal ion is coordinated with water molecules in
solution, it binds to adsorbent through coordinate cova-
lent bond formation. Due to the released water molecules,
the degree of randomness increases the magnitude of AH®,
related to the adsorption energy indicating the type of
binding mechanism involved, i.e., physical and/or chemi-
cal adsorption. The process is fast and usually reversible
due to the small energy requirement in physical adsorption.
The energy required for the hydrogen bond formation is

Table 2

4-8 k] mol™ while the energy needed for the London and
Van der Waals interactions is 840 k] mol™. Unlike, the
enthalpy associated with chemical adsorption accepted as
the transition limit between the physical and chemical sorp-
tion processes was about 40 k] mol™ [31]. The AH® values in
aqueous solution and wastewater were found to be 28.75
and 25.59 k] mol™, respectively, for the Cr(IIl) ions in the
25°C-50°C temperature range.

3.5. Mechanism

The sorption mechanism of Cr(Ill) metal ions on Si-CPTS-
HBAP can be explained with an ion exchange process.
However, the chelating effect of the functional group of the
organic compound on Si-CPTS-HBAP is also thought to take
part in the sorption process. It is possible to say that donor
nitrogens and hydroxyl groups on surface coordinate to the
chemisorption of heavy metal ions [29]. The complex per-
spective of Si-CPTS-HBAP metal ion combination can be
estimated as given in Fig. 8.

5.5 1
criin)
51 2 y = -3557,Tx + 16,126
Re = 0,9571
45 1
[=]
= Cr(Wastewater)
g 4. y = -1223,5x +7,5659
- 2 = (),9708
3.5 1

0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

T

Fig. 7. Plots of log K, versus 1/T for Cr(Ill) and Cr(Ill) in
wastewater removal by Si-CPTS-HBAP.

Isotherm parameters for Cr(III) and Cr(III) in wastewater by Si-CPTS-HBAP (T =298 K)

Freundlich isotherm

Langmuir isotherm

D-R isotherm

Metal 1/n K, Q, (L mol™) b (mol* (KJ»)™) k (mol? K1]J1) q,, (mol g™) E (k] mol™?)
Cr 0.1422 0.07 0.174 10,609.12 0.0008 0.062 25.00
Cr (wastewater) 0.2294 0.17 0.060 1,113.92 0.0015 0.231 18.25

Table 3

Thermodynamic parameters for sorption of Cr(III) and Cr(III) in wastewater ions of Si-CPTS-HBAP
Metal AH® (kJmol™) AS° (JK'mol™) -AG® (kJmol™)

298 303 313 323

Cr 68.12 265.09 9.59 11.12 12.76 13.48
Cr (wastewater) 23.42 108.20 8.29 8.82 9.62 10.12
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Fig. 8. The estimated perspective of Si-CPTS-HBAP metal ion
combination.

5. Conclusion

HBAP has successfully been immobilized by the batch
technique on a silica gel. It has been seen that the compound
newly synthesized (Si-CPTS-HBAP) was acquired selectivity,
sensitive to metal ions, and has highly active surface area.
Thus, the adsorbent which is cheap, suitable for heavy
metal removal, has more active surface, and water insoluble
was obtained. FT-IR spectroscopy and SEM confirmed the
synthesis of Si-CPTS-HBAP.

According to parameters discussed above, the best chro-
mium removal was carried out at pH = 6.0, with 0.075 g
adsorbent, at 323.15°C, in a final concentration of 40 mg L
in 180 min. It is found that the adsorption is mainly pH
dependent. It was observed that the adsorption tendency
was in accordance with Langmuir isotherm model. The mean
adsorption energies for modified silica gel were found to be
50.00 and 20.41 k] mol™ for Cr(Ill) in aqueous solution and
wastewater, respectively. This result indicates that the reac-
tion on the adsorbent has occurred chemically.

The thermodynamic parameters in the measurements
show that the reactions are endothermic and spontaneous.
If the values of AG® are negative at 25°C-50°C, the process
is spontaneous and decreased with warming. The sorption
of selected heavy metal ions on Si-CPTS-HBAP increases at
high temperatures. The Si-CPTS-HBAP compound has quite
high capacity to adsorb chromium from the wastewater [32].

The novelty of the study is the synthesis of the Si-CPTS-
HBAP and immobilization of organic substances on to silica
gel surface. The new material obtained is not soluble in water
and can contribute to separation and purification methods.

This study is important in providing complete steps
of characterization as well as providing effective usage of
Si-CPTS-HBAP to remove Cr(IIl) ions in wastewater. If the
organizations with heavy metal waste use Si-CPTS-AHAP

in wastewater treatment systems, they will provide
both low-cost and high-efficiency heavy metal removal.
Also desorption of the adsorbent is easy. Thus, this study
will contribute to the world economy and water and
environmental cleanliness.
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