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ABSTRACT

This study describes synthesis of a new resin through immobilization of the 4,4 -((1Z,82)-
2,5,8-triazanona-1,8-diene-1,9-diyl)diphenol (TRI) onto silica gel modified with 3-chloropropyltri-
methoxy silane and its application for the removal of chromium(VI) ions from aqueous
solution as well as from industrial wastewater. The same applications were also made for
industrial wastewater vapor. The newly synthesized Si-TRI is characterized by scanning
electron microscope and elemental analysis and Cr(VI) heavy metal ions were used as sor-
bate. The sorption of Cr(VI) ion was evaluated with using batch methods. The value of
adsorption of Cr(VI) ion was detected by an atomic absorption spectrometer. The influences
of concentration, temperature, amount of metal ions, contact time and pH to sorption on
the Si-TRI were also investigated. The optimum pH range for the sorption of the metal ions
is 5.0. The mean sorption energies for modified silica gel were found to be 21.32 and
17.68 kJ/mol for Cr(VI) in aqueous solution and industrial wastewater respectively, which
may correspond to chemical ion-exchange. The maximum adsorption capacities and iso-
therm parameters were calculated from the Langmuir, Freundlich and Dubinin-Radushkevich
(D-R) isotherm equations. The adsorption of Cr(VI) ion onto the immobilized material fol-
lowed the Langmuir adsorption models. Thermodynamic parameters such as free energy
(AG"), entropy (AS®) and enthalpy (AH®) were also calculated from the sorption results. It
was reflected reactions were endothermic and spontaneous. The modified structure used as
adsorbent was successfully employed in the removal of Cr(VI) ions on the samples of
industrial wastewater.
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1. Introduction [1], ion exchange [2], biotechnology [3], catalysis [4],
clean technology, and green chemistry [5]. The silica
surface consists of two types of functional groups,
siloxane (5i—-O-Si) and silanol (Si-OH) [6-8], which
provide functionalization with different functional
groups. Thus, silica modification can occur via the

Silica modified with both inorganic and organic
functionalities has been for metal ion preconcentration

*Corresponding author.

1944-3994/1944-3986 © 2015 Balaban Desalination Publications. All rights reserved.


mailto:ayselcimen42@hotmail.com
mailto:eren_karakus@hotmail.com
mailto:abilgic100@hotmail.com
http://dx.doi.org/10.1080/19443994.2015.1014854

7220

reaction of particular molecules with either siloxane or
silanol [9]. Among the different adsorbents, silica gel
immobilized with various organic compounds with
metal chelating ability has immense importance
[10-12]. Modification of silica gels can be achieved via
chemical sorptions of the active species onto the silica
surface. In this process, organic reagents or synthe-
sized organic molecules containing the desired organic
functional group are directly attached to the supports
[13].

Silica gel provides good solid support for
adsorption due to its thermal, chemical and mechani-
cal stability [14]. It has a high surface area of
480-540 m*/g and micropore size of 6 nm and can be
used at a relatively low cost [15]. The use of silica gel
as support material has many advantages like high
thermal stability and high resistance to organic sol-
vents, no swelling. The binding to the surface of silica
gel is easier than the binding to the surface of the
organic supports and the most popular substrate for
the study of the surface. The modified silica gels gen-
erally provide higher adsorption capacities than other
organic-inorganic structures used as a support. There-
fore, immobilized molecules are used to removal of
metal ions from industrial wastewater [16,17]. The
chemical immobilization with appropriate organic
groups on silica gel is formed as a new surface and
can be used as an adsorbent for removal of heavy
metal ions.

Chromium compounds are used in a wide variety
of industrial processes such as: metallurgy, chemical
and refractory industries, textile dying, tanneries,
metal electroplating, wood preserving, and preparation
of chromate compounds. Therefore, chromium contam-
ination has been often reported in many industrial
sites, due to accidental leakages or improper disposals,
measures [18-21]. In aquatic environments chromium
is present mainly as hexavalent and trivalent species,
characterized with markedly different chemical behav-
ior and toxicity [22]. While Cr(VI) exists mainly as
highly soluble oxyanions [23], Cr(Ill) is less soluble
and readily precipitates as Cr(OH); [24] with low
toxicity and being considered an essential nutrient for
many organisms [25]. In contrast, Cr(VI) is up to 1.000-
fold more toxic than Cr(IlI) [26] and a well-established
carcinogen by the inhalation route of exposure [22]. Cr
(VD) ion, from industrial wastewater and polluted
water from other sources has become serious problems
[27] due to toxicity, non-biodegradable and tend to be
accumulated in the human vital organs where they can
act progressively over a long period through food
chains [28]. Therefore, Cr(VI) must be removed from
wastewaters before their disposal to natural aquatic
environments.
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The main effect of the immobilization of Schiff
bases TRI on silica gel is to produce a new surface,
which could be used as an adsorbent of heavy metal
ions. The present study was designed to immobilize
chemically Schiff base TRI on the silica gel by using of
batch method along with to check the capabilities of
novel modified adsorbent for removal of Cr(VI) from
aqueous solution.

2. Materials and methods
2.1. Materials

Silica gel (Merck Darmstadt Co.) with high surface
area of 480-540 m?/ g, micropore size of 6nm,
0.036-0.200 mm diameter, pore volume of 0.74-0.84
(cm®/g) and particle size of 70-180 um was used in
the study. 3-chloropropyltrimethoxy silane (CPTS) and
K>Cr,0O; were also purchased from Merck. A series of
standard metal solution with appropriate dilution of
the stock metal solution were prepared. The dilute
NaOH and HNOj; solutions were used for pH adjust-
ments. All chemicals used in the study were analytical
graded. Cr(VI) ion-containing industrial wastewater
sample was obtained from the valve factory in
Konya/Turkey.

2.2. Instruments

The functionalized silica gel was characterized by
scanning electron microscope (SEM). The pH values
were monitored with Jenway 3010 model digital pH
meter with glass and saturated calomel electrode,
calibrated on the operational stage using standard
buffer solution at 298 +1 K. A Selecta-Ivmen 100D
thermostatic shaker was used for the sorption experi-
ments. The metal concentrations of the supernatant
were determined by a flame atomic absorption
spectrometer (AAS) (28 ‘C temperature, 1atm pres-
sure, ContrAA 300, Analytik jena). All aqueous solu-
tions were prepared with ultrapure distilled water
obtained from a water purification system (Millipore
Milli-Q Plus).

2.3. Preparation of Si-TRI

Silica gel was converted in to Si-OH [29]. The
immobilization of the CPTS onto silica gel was carried
out with suspended the silica gel (15.0 g) in dry tolu-
ene (100 mL) and CPTS (9 mL). The mixture was
refluxed for 72 h and conditioned under vacuum con-
ditions. In the next step, 10 g of Si-CPTS was treated
with 25% TRI of solution (33 mL) dissolved in toluene
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and stirred for 15 h. After filtration of the suspension,
the residue was washed with water and ether and
dried under vacuum at 313 1K for 72 h to obtain
Si-TRI. The scheme of target structure is given in
Fig. 1.

2.4. Sorption studies

20 mg sorbent with various concentration of 10 mL
sorbate and pH were shaken in a temperature con-
trolled shaker incubator at 298 + 1 K until equilibrium
was reached (180 min). After extraction, the solid
phase was separated by filtration. The residual metal
concentration of the supernatant was measured by
flame AAS and amount of cations sorbed was calcu-
lated with using following equation.

(Co—Co)V
=W 1)
where g is the amount of metal ion sorbed onto unit
amount of the adsorbent (mol/L), Cy 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).

2.4.1. pH studies

For pH studies, 20 mg of Si-TRI was stirred with
the presence of 10 mL of Cr(VI) and Cr(VI) in waste-
water solution and studied to different pH values (2.0,
3.0, 4.0, 5.0, 6.0, 7.0). The mixture was shaken for
180 min at 298 + 1 K [30].

2.4.2. Effect of concentration

The sorption was investigated with batch method
for aqueous solution of K,Cr,O; and wastewater at
298 + 1 K. For these sorption measurements, 20 mg of
modified silica gel was suspended in 10 mL of aque-
ous solution containing various amounts (0.01, 0.05,
0.015, 0.075, 0.025 g) of Cr(VI). These suspensions were
shaken in concentrations between 8.0 and 40.0
+ 0.01 mol/L in a shaker thermostat for 180 min [31].
After equilibrium was established, the amount of
metallic cations remaining in solution was determined
by flame AAS.

2.4.3. Temperature studies

The experiments were carried out between 20 and
50 =1 °C at optimum pH values for Cr(VI) in aqueous
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solution and wastewater. The amount of the adsorbed
metal ion was calculated from the change in the metal
concentrations in the aqueous solution [32].

2.4.4. Sorption of evaporating Cr(VI) ion in industrial
wastewater

100 mL chromium industrial wastewater (chro-
mium and chromic acid) was added to 250-mL beaker.
1 g Si-TRI compound was stuck on watch glass. Watch
glass was closed over the beaker and the beaker was
heated at 50°C as in Fig. 2. 5 mL sample was taken
from the solution on days 3, 6, 9, 12, and 15. Initially
dark yellow color of chromium wastewater solution
was changing with time. Color of waste solution was
lighter yellow color the end of 15d (Fig. 2). Mean-
while, it was observed that the white color Si-TRI
which was stuck to watch glass surface yellow. The
samples were taken apart three days were also
measured with AAS.

3. Result and discussion
3.1. Characterization

On the basis of the results of elemental analysis
[33], the percentage amounts of carbon, nitrogen and
hydrogen are shown in Table 1.

The functionalized silica gel was characterized by
FTIR and SEM. The infrared spectra of the prepared
surface were compared with raw silica gel and this
was shown in Fig. 3(a).

OH stretching vibration in Si-CPTS was shifted
from 2,951 to 2,926 cm™ (Si). A small decrease of OH
stretching vibration in silanol was observed at 794 cm.
Hence frequency of CH, stretching vibrations in
Si-TRI were observed at 2,979-2,926 cm™, Fig. 3; spec-
trum of Si-TRI has broad -OH peak at 3,100 cm™! due
to the -OH groups which are in the structure of silica-
based organic compounds [34]. Stretching of C=N
group observed at 1,657 cm™' showed primer amine
group of Si-CPTS, TRI and organic substances. The
peak at 1,208-1,149 cm™! was bending of -C-OH. The
peaks at 1,483-1,500 and 2,853 cm™! were interpreted
as stretching of C=C and C-H in the benzene ring
respectively [6,17].

The infrared spectra of the prepared surface (SI-
TRI) were compared with wastewater vapor treated
Si-TRI-Cr(VI) and this was shown in Fig. 3(b).
Although small shifts observed in other peak, C=N
stretching vibration in Si-TRI was shifted from 1,657
to 1,616 cm™ (Si-TRI-Cr(VI)) by complex formation.
The peak at 1,208-1,149 cm™ belongs to bending
of -C-OH or C-O. C-OH makes a connection with
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Fig. 1. Possible structure of silica gel bonded 4,4 ~((12,87)-2,5,8-triazanona-1,8-diene-1,9-diyl)diphenol (TRI) molecules.
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Fig. 2. Sorption diagram of evaporating Cr(VI) in industrial wastewater ions.

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

Nitrogen Carbon  Hydrogen Carbon
Surface (%) (%) (%) (mmol/g)
5i0, 0 0 0 -
Si-C1 0 7.20 0.81 1.23
Si-TRI  5.05 34.27 2.33 1.04

metals and this shift occurs because of the C-O- bond
metal. Interaction between the metal and donor atom
concerns most of these two bonds. Therefore, these
two bonds are the most affected. The peak at around
1,000 and 1,400-1,600 cm™' was stressed Si-O and
aromatic C=C, respectively [6].

Since the sorption is a surface phenomenon, the
rate and degree of sorption are mainly dependent on
the surface functional groups, pore size, and surface
area of the sorbent. Therefore, that SEM is known as
one of the most widely used surface diagnostic tools
[35] for that reason SEM micrographs were obtained
(by applying 0.5kV electron acceleration voltage) to
observe the surface morphology of pure silica gel and
Si-TRI. The SEM micrograph of pure silica gel
(Fig. 4(a)) shows a very smooth morphology while

after the immobilization of TRI onto the surface of
pure silica gel (Fig. 4(b)); it shows an irregular mor-
phology covered with foreign material, i.e. TRI. The
presence of attached particles, i.e. TRI onto the surface
of silica gel confirms the immobilization.

3.2. Adsorption studies
3.2.1. Effect of adsorption

Fig. 5(a) shows the effect of the amount of sorbent
on the sorption of Cr(VI) in aqueous solution and in
industrial wastewater. The adsorption change depends
on increase of amount of adsorbent. When the amount
of adsorbent increased, the total amount of adsorbing
metal ions increased. The maximum amount of adsor-
bent for Cr(VI) in aqueous solution and in industrial
wastewater ions was found as 0.075 g. The excess of
the metal ion might be adsorbed with the adsorbent
owing to the increase of the active surface.

3.2.2. Effect of contact time

Fig. 5(b) shows the effect of the contact time on the
adsorption for Cr(VI) in aqueous solution and in
industrial wastewater. As expected, the contact time
increased with the amount of adsorption for the
studied metal ions.
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Fig. 3(b). FTIR spectra of Si-TRI and Si-TRI(CrVI).

3.2.3. Effect of pH

The effect of pH on the sorption studied for Cr(VI)
in aqueous solution and in industrial wastewater ions
is shown in Fig. 5(c). According to results, the adsorp-
tion of Cr(VI) in aqueous solution and in industrial
wastewater ions decreased at a low pH. The competi-
tion of H;O" ions with the metal ions was enhanced
due to the increased concentration of H;O" ions in the

medium [36]. The pH for maximum sorption of
Cr(VD) in aqueous solution and Cr(VI) in industrial
wastewater ions was found as 5.

3.2.4. Effect of concentration

Fig. 5(d) shows that the adsorption effect depends
on the concentration of metal ions. The curves of the
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Fig. 6(a). Langmuir isotherms of Cr(VI) in aqueous
solution and Cr(VI) in industrial wastewater removal by
Si-TRI.

graph show that the adsorption increases with the
increasing concentration of metal ions and reaches
steady state values.
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Fig. 6(c). D-R isotherms of Cr(VI) in aqueous solution and
Cr(VD) in industrial wastewater ions removal by Si-TRI.

3.2.5. Effect of temperature

Fig. 5(e) exhibits the effect of temperature on the
adsorption. The amount of adsorption increases with
temperature. Depending on endothermic nature of the
sorption, the thermodynamic parameters values also
change with increasing temperature.

3.2.6. Sorption of evaporating Cr(VI) ion

Fig. 5(f) shows the percentage sorption of Cr(VI)
ions in industrial wastewater vapor by Si-TRI com-
pound. According to experimental results, Cr(VI) ions
carried with water vapor is hold onto Si-TRI com-
pound. Sorption (%) is in line with the results found
by the batch method, but sorption time is longer
(15 d).

3.3. Isotherm studies

The experimental measurements were evaluated
with  Langmuir isotherm, Freundlich isotherm, and



A. Cimen et al. | Desalination and Water Treatment 57 (2016) 7219-7231

Table 2
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Isotherms parameters for Cr(VI) in aqueous solution and Cr(VI) in industrial wastewater by Si-TRI (T = 298 K)

Freundlich isotherm Langmuir isotherm

D-R isotherm

Metal 1/n Kg R*  go@mmol) b(@L/mmol) R* k(mol’/K/]) gm (mmol/g) E (kJ/mol) R?
Cr 0233 0.149 031 0.00002 1795.18 0.95 0.0011 0.169 21.32 0.15
Cr (wastewater) 0.112 0982 0.12 0.092 541.06 0.87 0.0016 0.150 17.68 0.16

Dubinin—Radushkevich (D-R) isotherm. The Langmuir
isotherm represents the equilibrium distribution of
metal ions between the solid and liquid phases and as
follows (Eq. (2)).

(5 (S 1
Ce G, 1 @)
g Go Gob

where g, is the amount of solute sorbed on the surface
of the sorbent (mol/L), C, is the equilibrium ion con-
centration in the solution (mol/L), g, is the maximum
surface density at monolayer coverage, and b is the
Langmuir adsorption constant (mol/L). The plot of
Ce/ge vs. C, for the sorption gives a straight line of
slope 1/bgo and intercepts 1/, (Fig. 6(a)).

The Freundlich isotherm is an empirical isotherm
model which is used for adsorption on heterogeneous

5.9
5.7 1 Cr
5.5 1 Cr (Wastewater)
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1T

0.0031

Fig. 7. Plots of log Kp vs. 1/T for Cr(VI) in aqueous
solution and Cr(VI) in industrial wastewater removal by
Si-TRI.

Table 3

surfaces or surfaces supporting sites of varied
affinities [37]. The Freundlich isotherm can be written as
Eq. 3);

1
Inge = InKg + Eln C. 3)

where g., C., and Kg are the equilibrium solute con-
centration on adsorbent (mmol/g), the equilibrium
concentration of the solute (mol/L), the Freundlich
constant, respectively. According to Eq. (3), the plot of
In g. vs. In C. gives a straight line, and Kr and n
values can be calculated from the intercept and slope
of this straight line [38].

The values of 1/n for Si-AHAP are <1 is an indica-
tion of high sorption intensity [34]. The Kg values
showed that immobilized silica gel has higher adsorp-
tion capacity for Cr(VI) in aqueous solution and Cr in
industrial wastewater (0.15 and 0.98 mol/L) [39].
Values of n >1 represent favorable adsorption condi-
tions [40,41]. Values of Kr and n were calculated from
the intercept and slope of the plot (Fig. 6(b)) and were
listed in Table 3. The Dubinin—Radushkevish (D-R) iso-
therm was chosen to estimate the adsorption energy.
The model is expressed as Eq. (4):

Inge =Ingm — ke? 4)

where ¢ (polanyi potential) is [RT In(1 + (1/C))], g. is
the amount of solute adsorbed per unit weight of
adsorbent (mol/L), k is a constant related to the
adsorption energy (mol®/(kJ?), and gy, is the adsorp-
tion capacity (mol/L). Hence by plotting In g, vs. &, it

Thermodynamic parameters for sorption of Cr(VI) in aqueous solution and Cr(VI) in industrial wastewater ions of Si-TRI

(metal ion concentration 10 mol/L)

Metal AH" (k] /mol) AS° (J/K/mol) —AG” (kJ/mol)

297 303 313 323
Cr 45.13 202.59 13.12 13.91 14.47 14.97
Cr (wastewater) 58.75 311.376 14.55 15.09 16.05 16.74
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is possible to generate the value of g, from the inter-
cept and the value of k from the slope (Fig. 6(c)). The
mean free energy (E), calculated by the Dubinin-
Radushkevich isotherm, is presented in Table 2. The
energy values were calculated with using Eq. (5):

E= 2k (5)

The mean free energy was 21.32 and 17.68 k] /mol for
the Cr(V]) in aqueous solution and Cr(VI) in industrial
wastewater respectively (Table 2). The adsorption of
Cr(VD) in aqueous solution and Cr(VI) in industrial
wastewater occurs via chemisorptions. The energy
adequate for the realization of the chemical sorption is
between 8 and 16 kJ/mol [42].

3.4. 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 con-
sideration in order to determine the spontaneity of a

1200 =

1100

Counts
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process. The effect of temperature on the sorption for
modified silica gel was investigated at temperatures
(293-323 K) under optimized conditions of pH values
for each ion.

C,—C. V
Kp = C. X W (6)
AS° AHP
log Ko = 5303k ~ 2.303RT @
AG® = AH® — TAS® ®)

where Kp, is the adsorption equilibrium constant, V is
the volume of the aqueous phase (mL) and W is the
dry weight of the sorbent (g). Also, in Eq. (6), AG” is
the change in Gibbs free energy (kJ/mol), AH" is the
change in enthalpy (kJ/mol), AS® is the change in
entropy (J/(mol/K)), T is the absolute temperature (K),
and R is the gas constant (8.314 x 10>, kJ/mol/K).

The enthalpies and entropies values for the
sorption of metal ions onto Si-TRI were evaluated
from the van’t Hoff plots: log Kp vs. 1/T. AG” was

L B o o e e o e S e o e o e e

20 30 40

L S A B S S e B S e
50 60 70

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 8. X-ray diffraction pattern of Si-TRI(CrVI).
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also calculated by using Eq. (7) and results were listed
in Table 2 [32]. Fig. 7 shows value of logarithmic plot
of distribution coefficient Ky against 1/T.

The positive value of AH® shown in Table 3 indi-
cates the endothermic nature of adsorption, and the
negative values of AG® for three cations indicate that
adsorption onto the adsorbents is feasible and sponta-
neous process and required energy input from outside
of the system. The sorbent used has a complexing
capability, and so complex formation must be the pre-
dominant mechanism. Positive enthalpy values have
also supported this argument. The values of AG’
decreased with an increase in temperature, suggesting
that the spontaneous nature of adsorption was inver-
sely proportional to temperature. The positive value of
entropy change (AS°) reflects the increased random-
ness at the solid-solution interface during sorption,
and it also indicates that ion replacement reactions
occurs. When metal ion, which is coordinated with
water molecules in solution, binds to sorbent through
coordinate covalent bond formation. Due to the
released water molecules, the degree of randomness
increases the magnitude of AH", related to the sorption
energy indicating the type of binding mechanism
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involved, i.e. physical and/or chemical sorption. In
physical sorption, the process is fast and usually
reversible due to the small energy requirement. Ener-
gies of 4-8 kJ/mol are required by London, van der
Waals interactions compared from 8 to 40 kJ/mol for
hydrogen bond. In contrast, the enthalpy associated
with chemical sorption is about 40 kJ/mol which has
been recognized as the transition boundary between
both types of sorption processes [43]. AH® values for
Cr(VD) in aqueous solution (45.13k]J/mol) and in
industrial wastewater (58.75 kJ/mol) were recorded in
the temperature range of 297-323°K. The calculated
AH® values for Cr(VI) in aqueous solution and in
industrial wastewater and sorption were higher than
40 kJ/mol which indicates the strong interactions of
the compound with the Si-TRI surface at this
temperature range.

3.5. Mechanism

The sorption mechanism of Cr(VI) in aqueous solu-
tion and in industrial wastewater metal ions on Si-TRI
can be explained with a classical chelating effect.
However, the chelating effect of the Schiff base
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\ O
5 .@ [
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0 - &~OCH, :
\_— H:CQ 5,\ /, s _
HC L Q0 = C=y
N N o—:. Ho
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P HyCOw )
N__.-H P —O —_"\ W
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Hyco” | X
‘-.'/ 6CHLH.
/ Si-TRI

Fig. 9. The estimated perspective of Si-TRI metal ions combination.
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functional group on Si-TRI 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 chemical sorption of heavy metal ions. The
presence of Cr(VI) on the surface of adsorbent was
confirmed by X-ray diffraction pattern of Si-TRI(CrVI)
and showed in Fig. 8. The complex perspective of
Si-TRI metal ions combination can be estimated as
given in Fig. 9.

4. Conclusions

The optimum pH range for the sorption of the
metal ions is 5.0. The mean sorption energies for
modified silica gel were found to be 21.32 and
17.68 kJ/mol for Cr(VI) in aqueous solution and in
industrial wastewater, respectively, which may corre-
spond to chemical ion exchange.

The calculated thermodynamic parameters prove
that reactions were endothermic and spontaneous. For
spontaneous processes, the values of AG* are negative
in the range of 297-323 K. AG”® values decrease with
increase in temperature, which indicates that sorption
of selected heavy metal ions on Si-TRI becomes better
at higher temperatures. The results of this study indi-
cate that Si-TRI has high capacity to adsorb Cr(VI)
from the wastewater.

The novelty of the study is synthesis of the Si-TRI
in our laboratory followed by immobilization of Schiff
base on to silica gel surface. The new material
obtained is not soluble in water and can contribute to
separation and purification methods.

With this study, the effect of chromium steam can
be reduced. This study is important in providing com-
plete steps of characterization as well as providing
effective usage of Si-TRI to remove Cr(VI) ions in

industrial wastewater and industrial wastewater
vapor.
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