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ium(VI) from polluted wastewater
by chemical modification of silica gel with 4-acetyl-
3-hydroxyaniline

Ali Bilgiç * and Aysel Çimen

In the current study, a new adsorbent that is insoluble in water and many acid solutions and has a high

adsorption capacity for Cr(VI) metal ions was synthesized. In the synthesis process, 3-chloropropyl-

trimethoxysilane (CPTS) was first modified on a silica gel (Si) surface. Secondly, 4-acetyl-3-hydroxyaniline

(AHAP) was immobilized on the modified silica gel compound (Si-CPTS). As a result of the

immobilization process, a new adsorbent compound named Si-CPTS-AHAP (silica gel-3-

chloropropyltrimethoxy silane 4-acetyl-3-hydroxyaniline) was obtained, which was used to separate

Cr(VI) ions from aqueous solution (K2Cr2O7) and industrial wastewater. The material was characterized

using scanning electron microscopy and Fourier-transform infrared spectroscopy. The amount of

chromium adsorbed was detected by ultraviolet-visible spectroscopy. The adsorption was evaluated

using batch methods. The effects of temperature, pH, concentration, adsorbent amount and interaction

time on the adsorption of Si-CPTS-AHAP were also investigated. The adsorption of Cr(VI) ions on Si-

CPTS-AHAP was investigated via adsorption kinetics, isotherm and thermodynamic studies. The value of

the isotherm parameters and the highest adsorption yields were calculated from the Dubinin–

Radushkevich, Freundlich and Langmuir isotherm equations. Thermodynamic features such as entropy

(DS), enthalpy (DH) and free energy (DG) were also calculated from the experimental results. The

experimental results showed that the best recoveries of Cr(VI) metal ions are under the conditions of

180 min (interaction time), 0.05 g (adsorbent amount) and 323.15 K (temperature) at pH 2. Si-CPTS-

AHAP can be used for the removal of poisonous pollutants in wastewater.
1. Introduction

The scarcity of clean drinking water in the world has been
a problem for decades. Some poisonous organic and inorganic
contaminants, especially heavy metal ions such as Co(II), Ni(II),
Cd(II), Pb(II), Hg(II), Cr(III) and dyes, enter the food chain via
wastewater. As a result, people, animals, and aquatic organisms
are adversely affected.1 In humans, toxic metals cause Alz-
heimer's, Parkinson's, blood pressure problems, stuttering,
psychological disorders, hypersensitive reactions, immune
system diseases, embolism and amnesia.2 These problems can
be solved by the removal of domestic wastes and water
contaminated from industrial wastes. For a long time, several
methods including reverse osmosis,3 ion-exchange,4 chemical
precipitation,5 membrane ltration6 and adsorption7 have been
used to remove heavy metal pollution from wastewaters. Among
these methods, adsorption is one of the most interesting,
because it is high yielding and so is a low-cost method and is
used the most widely in the treatment of contaminated water.8
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Many kinds of resin such as active carbon, zeolites, silica gel,
wood bark, walnut shell, and rice husk have been used as
adsorbents in the removal of toxic heavy metal ions from
wastewater.9

Chromium and its compounds are broadly used in a range of
industrial enterprises such as the chemical industry, metal-
lurgy, tanneries, textile dying, wood preserving and metal
plating preparation of chromate solution. Hence, chromium
pollution has frequently occurred in many industrial zones.
Random leaks or insufficient care taken in the storage of waste
are the main factors behind chromium contamination.10–14 In
nature, chromium compounds are present as Cr(VI) and Cr(III)
ions.15 Cr(VI) ions are highly soluble as oxyanions,16 however,
Cr(III) ions can be easily precipitated as Cr(OH)3 and are less
soluble.17 Cr(VI) ions are 1000 times more toxic than Cr(III)
ions.18 In contrast, Cr(III) exhibits lower toxicity in many
organisms19 and is breathed in through the mouth, but does
have carcinogenic properties.15 Cr(VI) ions in wastewater
polluted by industrial foundations and other sources cause
serious problems and toxic and non-biodegradable substances
tend to accumulate in the vital organs of humans.15 For this
reason, Cr(VI) ions must be removed from contaminated waters
before expulsion into natural bodies of water.
RSC Adv., 2019, 9, 37403–37414 | 37403
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Silica gel modication has been used in metal ion pre-
concentration,20 exchange,21 biotechnology,22 catalysis,23

adsorption,24 clean technology, and green chemistry.25 Adsorp-
tion is one of the most important methods used in the treat-
ment of heavy metal ions from waste water.

Silica gel (with a micropore size of 6 nm, a surface area of 480–
540 m2 g�1 and low cost) is a good solid support for adsorption
because it has chemical, thermal and mechanical stability.26,27 On
the surface of silica gel there are two different types of functional
groups; siloxane (Si–O–Si) and silanol (Si–OH).28,29

The silica gel, used as an adsorbent, has the advantages of
being robust against organic solvents, thermal stability and is not
capable of swelling. The bonding of a substance to the silica gel (Si)
surface is easier than bonding to an organic support surface, and
the silica gel (Si) is the most popular adsorbent for surface studies.
Modied silica gels usually have a higher adsorption capacity than
other organic and inorganic supports. Thus, the use of immobi-
lized molecules in the removal of heavy metal ions from industrial
wastewater gives better results.30,31 In this study, a new surface was
formed with the chemical immobilization of suitable organic
groups on the silica gel surface. This new silica gel surface can be
used as an adsorbent to remove Cr(VI) heavy metal ions, which
show a toxic effect to nature and living things, from industrial
wastewater and aqueous solutions.

There are many studies on the removal of Cr(VI) ions.7,32–34

Unlike these studies, we expanded the surface area of silica gel,
which is used as a support agent. This was accomplished by
modication and immobilization of 3-chloropropyl-
trimethoxysilane (CPTS) and 4-acetyl-3-hydroxyaniline (AHAP)
compounds on silica gel, respectively. The synthesized support
material is insoluble in water and many acids due to the
properties of the silica gel, does not swell easily due to cross-
linking, is cheap and shows reproducibility in experiments. For
the rst time, the modication of CPTS onto silica gel and the
immobilization of AHAP onto Si-CPTS were performed. Using
the newly synthesized Si-CPTS-AHAP adsorbent in the removal
of Cr(VI) ions in wastewater treatment systems could potentially
provide both low-cost and high-efficiency heavy metal removal.
Therefore, the current study has great potential to contribute to
the world economy, water and environmental cleanliness. In
addition, the adsorption method is cheap, easy to apply and has
a short test period.

In this work, the chelating molecule 4-acetyl-3-hydroxyaniline
(AHAP) was attached onto a silica gel surface through an immo-
bilization reaction and characterized using Fourier-transform
infrared spectroscopy (FTIR) and scanning electron microscope
(SEM). This new adsorbent was utilized to remove Cr(VI) metal ions
in industrial wastewater taken from a valve factory in the organized
industrial zone in Konya, Turkey. In addition, this new adsorbent
was applied to remove aqueous solutions containing trace
amounts of Cr(VI) metal ions.

2. Materials and methods
2.1. Materials

Silica gel 60 (diameter of 0.063–0.200 mm, micropore size of
6 nm, high surface area of 480–540 m2 g�1), used as the support
37404 | RSC Adv., 2019, 9, 37403–37414
material of the new adsorbent material, was purchased from
Merck (Darmstadt, Germany, www.merck.de). 3-Chloropropyl-
trimethoxy silane (CPTS), 4-acetyl-3-hydroxyaniline (AHAP) and
potassium dichromate (K2Cr2O7) were purchased from Sigma.
Toluene (99.8%) was purchased from Sigma-Aldrich. A standard
Cr(VI) metal ion solution was freshly prepared daily. Adjustment
of the pH of the industrial wastewater and aqueous solutions
was carried out using dilute NaOH and HNO3 solutions. All the
chemicals used in the study were used without further puri-
cation unless otherwise stated. Industrial wastewater sample
(82.21 mg L�1 Cr(VI), pH ¼ 2.0, temperature: 318.15 K, current
density: 12–20 A dm�2 and H2SO4: 8.05 mg L�1) containing
Cr(VI) ions was obtained from a valve factory in the organized
industrial zone in Konya, Turkey.
2.2. Instruments

SEM images of activated silica gel (Si), 3-chloropropyl-bonded
silica gel (Si-CPTS) and the Si-CPTS-AHAP adsorbent were ob-
tained using a Zeiss LS-10 device equipped with an Inca Energy
350 X-Max (Oxford Instruments) spectrometer.

FT-IR spectra of the activated silica gel (Si), 3-chloropropyl
bonded silica gel (Si-CPTS) and the Si-CPTS-AHAP adsorbent
compounds were scanned using a PerkinElmer 100 FTIR spec-
trometer (ATR; 21 �C temperature and 1 atm pressure) in the
range of 650–4000 cm�1. The pH values of Cr(VI) metal ion
solutions were measured using a Jenway 3010 digital pH meter.
Amounts of metallic Cr(VI) cations remaining in solution were
determined by ultraviolet-visible (UV) spectroscopy (Optizen
brand 3220 model UV-vis).
2.3. Functionalization of silica gel and immobilization of
AHAP

The preparation of the Si-CPTS-AHAP adsorbent was carried out
in three stages. In the rst stage, silica gel (10 g) was reuxed
with 6 M hydrochloric acid (100 mL) for 8 h to prepare
conventional activated silica to remove metal ions and maxi-
mize the number of silanol groups on the surface.35,36 The
resulting suspension was ltered under vacuum and the
resulting activated silica gel was washed 3 times with distilled
water and twice with ethanol.

In the second stage, the activated silica gel (5 g) was treated
with 5 mL of 3-chloropropyltrimethoxysilane (CPTS) in 50 mL of
anhydrous toluene37 at 96 �C for 12 h.38,39 The resulting Si-CPTS
compound was ltered through the mixture and washed with
toluene, ethanol and diethyl ether and dried at 60 �C for 6 h.38

The possible structure of the 3-chloropropyl-bonded silica gel
(Si-CPTS) is shown in Fig. 1.

In the third stage, the dried 3-chloropropyl-bonded silica gel
(5 g) was mixed with 33 mL of 25% 4-acetyl-3-hydroxyaniline
(AHAP) solution in 50 mL of anhydrous toluene37 and was
reuxed under nitrogen for 24 h at 90 �C.38,39 The crude product
obtained by the ltration of the suspension was washed with
water and ether and then dried at 40 �C for 72 h under vacuum
to afford Si-CPTS-AHAP.28–30 The possible structure of the
synthesized Si-CPTS-AHAP adsorbent is shown in Fig. 1.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Possible structure of the synthesized Si-CPTS-AHAP adsorbent.
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2.4. Adsorption studies

Adsorption experiments were conducted in batch mode, using
20 mL centrifuge tubes through the contacting of 10 mL of a 1
� 10�4 mol L�1 metal ion solution and wastewater with 20mg of
Si-CPTS-AHAP adsorbent at 200 rpm, for denite time intervals
in a temperature controlled shaker incubator.

Aer the experimental studies and measurements, the
amount of Cr(VI) ions adsorbed onto the Si-CPTS-AHAP adsor-
bent was calculated using eqn (1):

qe ¼ (C0–Ce) � V/m (1)

where qe (adsorption capacity) is the amount of adsorbed Cr(VI)
ions at equilibrium (mg g�1), Ce and C0 (mg L�1) are the equi-
librium and initial concentrations of Cr(VI) ions in an aqueous
solution, V (L) is the volume of the aqueous chromium solution
and m (g) is the mass of the Si-CPTS-AHAP adsorbent.40,41

2.5. pH studies

pH studies were carried out at various pH values (2.0, 3.0, 4.0,
5.0, 6.0, 7.0). 0.05 g of the Si-CPTS-AHAP adsorbent at 200 rpm
was mixed with a 10 mL aqueous solution containing 1 �
10�4 mol L�1 K2Cr2O7 and wastewater. The obtained solutions
were shaken for 180 min at 323.15 K.42
This journal is © The Royal Society of Chemistry 2019
2.6. Concentration studies

The effect of Cr(VI) concentration on adsorption was investi-
gated using a batch method for potassium dichromate
(K2Cr2O7) solution and industrial wastewater at 25 � 1 �C. For
these adsorption measurements, 0.05 g of the Si-CPTS-AHAP
adsorbent was suspended in 10 mL of aqueous solution con-
taining different amounts of potassium dichromate (K2Cr2O7)
solution and industrial wastewater. These suspensions were
shaken in various Cr(VI) concentrations (8, 12, 20, 40 mg L�1) in
a shaker thermostat for 180 min at 323.15 K.43 Aer adsorption
equilibrium was established, the amounts of Cr(VI) metal ion
residues in solution were detected by ultraviolet-visible (UV)
spectroscopy.
2.7. Temperature studies

0.05 g of the Si-CPTS-AHAP adsorbent and 10 mL of
a 0.0001 mol L�1 Cr(VI) metal ion solution at an optimum pH of
2.0 were added into a series of conical asks. All asks con-
taining the Si-CPTS-AHAP adsorbent and Cr(VI) metal solution
were kept in a water bath equipped with a thermostat.

All suspensions in the asks were stirred for 150min at (20�
0.01), (30 � 0.01), (40 � 0.01) and (55 � 0.01) �C, respectively.
The amounts of the adsorbed Cr(VI) metal ion residues in
RSC Adv., 2019, 9, 37403–37414 | 37405
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solution were detected by UV spectroscopy and calculated from
the change in Cr(VI) metal concentrations in aqueous solution.
2.8. Contact time studies

In this study, the solution concentration, pH value and
temperature parameters were kept constant, 0.05 g of the Si-
CPTS-AHAP adsorbent against 10 mL of 1 � 10�4 mol L�1

stock Cr(VI) metal solutions were activated separately at
different (30, 60, 90, 120, 150 and 180minutes) contact times. In
addition, this method was applied to an industrial waste solu-
tion. The amount of adsorbed Cr(VI) metal ion residues in
solution was detected by UV spectroscopy and the maximum
contact time was determined from the obtained data.
2.9. Studies of the effect of the adsorbent quantity on
adsorption

In order to investigate the effect of the amount of adsorbent, the
relationship between the amount of Cr(VI) metal ions adsorbed
on the adsorbent surface using different adsorbent amounts
(0.01, 0.015, 0.025, 0.05 and 0.075 g) was investigated.
2.10. Adsorption isotherm models

Adsorption equilibrium is an essential feature in adsorption
studies. Considering this, numerous investigations were con-
ducted to determine the amount of metal ions adsorbed under
certain conditions. To optimize the design of an adsorption
system to remove heavy metal ions from aqueous solutions, it is
important to nd the most appropriate correlation for the
balance curve.47 Adsorption isotherms are the most appropriate
way to evaluate the adsorption process. In this study, Langmuir,
Freundlich and Dubinin–Radushkevich (D–R) adsorption
isotherm models were used to process the experimental equi-
librium data to verify which model gives the best t. Adsorption
Table 1 Mathematical expressions used in the adsorption isotherm mod

Model Linear equation Plot

Langmuir Ce

qe
¼ Ce

qo
þ 1

qoKL

Ce/qe

Freundlich
ln qe ¼ ln KF þ ln Ce

n

ln qe

Dubinin–Radushkevich
(D–R)

ln qe ¼ qm � k32 ln qe
E ¼ (2k)�1/2

37406 | RSC Adv., 2019, 9, 37403–37414
isotherms can be investigated by changing the initial concen-
trations of pollutant chromium, keeping the other process
parameters constant in terms of pH, temperature, processing
time and agitation speed.48 In this study, the models used in
Table 1 are shown with mathematical expressions.

2.11. Adsorption thermodynamics

In the adsorption studies, thermodynamic parameters such as
free energy change (DG), entropy change (DS) and enthalpy
change (DH) are very important. These parameters provide
information about how the adsorption process takes place. The
effect of temperature on the adsorption of the newly synthesized
Si-CPTS-AHAP adsorbent was investigated at temperatures
between 20 and 50 �C under optimized conditions of pH,
contact time and concentration values, for each of the Cr(VI) ion
solutions. The values of the thermodynamic parameters,
including the Gibbs free energy (DG), enthalpy (DH) and entropy
(DS) were calculated from the following equations:49,50

DG ¼ �RT ln Kc (6)

where R is the universal gas constant (8.314 J mol�1 K�1) and Kc

is the ratio between the Ce adsorbent and Ce solution

DG ¼ DH – TDS (7)

ln Kc ¼ DS/R � DH�/RT (8)

3. Results and discussion
3.1. Characterization

3.1.1. FT-IR analysis. The FT-IR spectra of the activated
silica gel (Si), 3-chloropropyl bonded silica gel (Si-CPTS) and Si-
els

Nomenclature Ref.

vs. Ce qo is the maximum surface density at
monolayer coverage, Ce is the
equilibrium ion concentration in the
solution, qe is the amount of solute
adsorbed on the surface of the adsorbent,
KL is the energy constant for Langmuir

44

vs. ln Ce qe is the equilibrium solute
concentration on the adsorbent, n is
a constant reecting the adsorption
intensity, Ce is the equilibrium solute
concentration on the adsorbent, KF is the
Freundlich constant

45

vs. 32 qe is the amount of solute adsorbed per
unit weight of adsorbent, 3 (Polanyi
potential) is [RT ln(1 + (1/C))], qm is the
adsorption capacity (mol g�1), k is
a constant related to the adsorption
energy, E is the value of the mean free
energy

46

This journal is © The Royal Society of Chemistry 2019
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Table 2 Percentages (%) of nitrogen (N), carbon (C) and hydrogen (H)
in the activated silica gel (Si), 3-chloropropyl-bonded silica gel (Si-
CPTS) and Si-CPTS-AHAP adsorbent

Surface Nitrogen (%) Carbon (%) Hydrogen (%)

SiO2 0 0 0
Si-CPTS 0 7.22 0.82
Si-CPTS-AHAP 5.04 34.25 2.31
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CPTS-AHAP adsorbent were recorded by a PerkinElmer 100
spectrometer using the potassium bromide (KBr) disc method
and are shown in Fig. 2.

The FT-IR spectrum of the activated silica gel shows a band
at 1058 cm�1 due to the asymmetric stretching of Si–O–Si and
corresponding symmetric stretching was observed at
795 cm�1.51 The characteristic peaks of the Si–O–H groups of
the activated silica gel were observed at 967 cm�1 (ref. 52) and
also strong and broad peaks at around 3465 cm �1 can be
attributed to the hydroxyl group (O–H) stretching vibrations.53

The peak observed at 1637 cm�1 demonstrates the presence of
physically adsorbed water in the silica gel samples.54

In the FTIR spectrum of Si-CPTS, C–H peaks51 were observed
at approximately 2977 cm�1 and C–Cl peaks55,56 were observed
at around 684 cm�1. The OH peak observed for active Si at
3465 cm�1 shied to 3487 from 3465 cm�1 in the Si-CPTS
compound. The OH peak also shied from 3487 to 3485 cm�1

for the Si-CPTS-AHAP.54

For the Si-CPTS compound, the observed Si–O–Si tensile
vibration was 1049 cm�1, whereas in the Si-CPTS-AHAP adsor-
bent this stretching vibration was observed to be 1039 cm�1.
C–H asymmetric and symmetrical stretching vibrations were
seen in the range of 2923–2860 cm�1 in the spectrum of the Si-
CPTS-AHAP adsorbent, respectively.55

The FT-IR spectrum of Si-CPTS-AHAP shows the presence of
a C]C peak at 1431 cm�1 and the appearance of a new band at
1479 cm�1, both characteristic of the vibrations of the C]C
bonds of aromatic rings and also exhibits new peaks such as
C–N at 1204 cm�1 and C–O–H at 1150 cm�1. These indicate that
AHAP is xed to the surface of the silica gel.
Fig. 2 FTIR spectra of the activated silica gel (Si), 3-chloropropyl-bonde

This journal is © The Royal Society of Chemistry 2019
3.1.2. Elemental composition analysis. Elemental compo-
sition analyses of the activated silica gel (SiO2), 3-chloropropyl-
bonded silica gel (Si-CPTS) and Si-CPTS-AHA were carried out to
determine the percentages of nitrogen (N), carbon (C) and
hydrogen (H) in the samples,57 the results of which are shown in
Table 2.

Percentages of 34.25, 2.31 and 5.04% for carbon (C),
hydrogen (H) and nitrogen (N), respectively, conrmed the
surface modication of silica with AHAP.

3.1.3. SEM images. Adsorption takes place on a surface.
Therefore, the speed and degree of adsorption depend on the
surface functional groups of the adsorbent, the pore size and
the surface area. SEM is one of the most widely used surface
identication methods,58 therefore; SEM micrographs were
acquired (by applying a 50 kV electron acceleration voltage) to
observe the surface morphologies of the activated silica gel (Si)
and Si-CPTS-AHAP adsorbent. An SEM micrograph of activated
silica gel (Si) is shown in Fig. 3(a). As can be seen from Fig. 3(a),
d silica gel (Si-CPTS) and the Si-CPTS-AHAP adsorbent.

RSC Adv., 2019, 9, 37403–37414 | 37407
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the active silica gel surface has a very smooth morphology. An
SEMmicrograph of the Si-CPTS adsorbent is shown in Fig. 3(b),
which exhibits an irregular morphology covered by CPTS. The
structure of the active Si surface changed. However, no clear
change was observed as much as the change observed in the Si-
CPTS-AHAP adsorbent, as shown in Fig. 3(c). The SEM micro-
graph of the Si-CPTS-AHAP adsorbent obtained aer the
immobilization of AHAP on the active silica gel surface is shown
in Fig. 3(c). It shows an irregular morphology covered by
impurities, i.e. AHAP and CPTS. The presence of attached
particles of AHAP and CPTS onto the surface of the activated
silica gel veried the immobilization.
Fig. 3 SEM images of the (a) activated silica gel (Si), (b) Si-CPTS
adsorbent and (c) Si-CPTS-AHAP adsorbent.

37408 | RSC Adv., 2019, 9, 37403–37414
3.2. Adsorption studies

3.2.1. Effect of pH on adsorption. It is well-known that pH
is one of the most signicant factors that effects the adsorption
process.59 The effects of pH on the adsorption of chromium
ions in aqueous solution and wastewater were investigated
between pH 2.0 and 7.0 using Si-CPTS-AHAP as the adsorbent.
Experiments were not carried out under extreme alkaline
conditions, as at higher pH values precipitation of chromium
hydroxide occurs. Potassium dichromate (K2Cr2O7) was used to
prepare a standard solution of Cr(VI). In acid solutions, Cr(VI)
becomes negatively charged (HCrO4

� and Cr2O7
2�). A graphical

representation of the effect of pH is shown in Fig. 4(a). As seen
in Fig. 4(a), the adsorption capability of the Si-CPTS-AHAP
adsorbent decreases with increasing pH. Experimental results
show that the adsorption of Cr(VI) ions in aqueous solution and
wastewater is reduced at high pH.60 The adsorption of Cr(VI)
ions in aqueous solution and wastewater reached a maximum
in pH 2.61

It can be seen that the adsorption mechanism of Cr(VI) ions
on the adsorbent (Si-CPTS-AHAP) is based on chelation and the
donor nitrogens and OH groups are coordinated to the chem-
isorbed heavy metal ions on the surface. It is possible to say that
HCr2O7

� and Cr2O7
2� anions are electrostatically attracted by

the acetophenone (positive charge effect) groups on the Si-
Fig. 4 (a) The effect of pH on the sorption of Cr(VI) in aqueous solution
and wastewater. (b) Si-CPTS-AHAP Cr(VI) metal ion combination and
a schematic of the electrostatic attraction of acetophenone to
HCl2O7

� and Cr2O7
2� anions.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The effect of temperature on the adsorption of Cr(VI) from
aqueous solution and wastewater.

Fig. 7 The effect of the contact time on the adsorption of Cr(VI) from
aqueous solution and wastewater.
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CPTS-AHAP adsorbent. A schematic diagram of the Si-CPTS-
AHAP Cr(VI) metal ion complex is shown in Fig. 4(b). The data
obtained were consistent with the literature.48,59,60

3.2.2. Effect of concentration on the adsorption. Adsorp-
tion takes place on a surface. Therefore, the size of the surface
area and the concentration of the substance to be attached to
the surface are important. As the surface area of the obtained
adsorbent is large, the adsorption percentage increases with the
increasing Cr(VI) ion concentration that is to be adsorbed, as
shown in Fig. 5. As can be seen from the graph,62 the adsorption
increases with an increase in the concentration of the metal
ions. Aer a while, the adsorption reached steady state values.
The data obtained were consistent with the literature.48,61,63

3.2.3. Effects of temperature on the adsorption. Tempera-
ture is a parameter that affects adsorption. If adsorption occurs
endothermically, the temperature increases the amount of
adsorption. The situation is reversed for exothermic reactions.

In the experimental study, a batch adsorption method was
used to see the inuence of varying the temperature (20–50 �
0.001 �C) on the adsorption of Cr(VI) ions onto60 Si-CPTS-AHAP.
The obtained results can be seen in Fig. 6. These results
demonstrate that adsorption takes place via an endothermic
reaction and increases with temperature. The data obtained
were consistent with the literature.48,59–61

3.2.4. Effects of contact time on the adsorption. An
adsorbent that has hydrophilic groups is dened as the most
effective adsorbent. In our study, the reason for the rapid
adsorption kinetics may be related to the hydroxy groups in the
silica gel and nitrogen of the imine bonds64 in the adsorbent
(C]N). The experimental data are shown in Fig. 7. As can be
seen from Fig. 7, the Cr(VI) adsorption of the Si-CPTS-AHAP
adsorbent shows a very rapid increase with the adsorption
time at rst62 and aer a certain contact time, steady state was
reached. The data obtained are consistent with the
literature.48,59–62

3.2.5. Effect of the adsorbent quantity on the adsorption.
Several steps were observed (Fig. 8) from the results of experi-
ments on varying the Si-CPTS-AHAP adsorbent quantities (0.01,
0.015, 0.025, 0.05 and 0.075 g). The study was carried out
Fig. 5 The adsorption effect depends on the concentrations of Cr(VI)
in aqueous solution and wastewater.

This journal is © The Royal Society of Chemistry 2019
separately for Cr(VI) ions in aqueous solution and industrial
wastewater. As can be seen from Fig. 8, the change in the
amount of adsorption depends on the increase in the amount of
the Si-CPTS-AHAP adsorbent. As shown in Fig. 8, when the
amount of Si-CPTS-AHAP adsorbent used was increased, the
amount of Cr(VI) ions adsorbed increased.

As a result, the maximum quantity of the Si-CPTS-AHAP
adsorbent needed for adsorbing Cr(VI) ions from aqueous
Fig. 8 The effect of the amount of sorbent on the sorption of Cr(VI)
from aqueous solution and wastewater.

RSC Adv., 2019, 9, 37403–37414 | 37409
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Table 3 Parameters of the Langmuir isotherms for Cr(VI) adsorption
onto the Si-CPTS-AHAP adsorbent

Parameters of the Langmuir isotherms

Metal pH T (K) qo (L mol�1) KL (mol2 (kJ2)�1) R2

Cr(VI) 2 323.15 0.174 92.800 0.922
Cr (wastewater) 2 323.15 0.060 144.940 0.945
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solution and industrial wastewater was found to be 0.05 g.
Using 0.05 g of adsorbent, all active areas on the face of the
material were occupied and an increase in the amount of
adsorbent did not result in a higher percentage of sorption. The
sorption capacity of Si-CPTS-AHAP was found to be Cr(VI): 0.32
and 3.22 for aqueous solution (K2Cr2O7) and industrial waste-
water, respectively (eqn (1)).65 The data obtained were consistent
with the literature.48,59–63
3.3. Isotherm studies

Adsorption isotherms reect the specic relationship between
the adsorbate concentration and degree of deposition on the
adsorbent surface at constant temperature.66,67 Equilibrium
studies can be carried out to determine the capacity of a adsor-
bent and dene the adsorption isotherm with constants that
expressing the values, surface properties and affinity of the
adsorbents.68 In addition, the adsorption isotherm data was
determined using the three most widely used models: the
Dubinin–Radushkevich (D–R), Langmuir, and Freundlich
models. The parameters obtained from these three models
provide important information about the adsorption mecha-
nism and surface properties, the adsorption free energy and the
affinity of the adsorbent.

3.3.1. Langmuir adsorption isotherm. Langmuir adsorp-
tion isotherms have been successfully applied to many real
adsorption processes69 and the Langmuir (1918) theory relies on
the following assumptions:70

- The adsorbate forms a monolayer on the adsorbent surface.
- The active sites are the same.
- The presence of interactions between themolecules that are

being absorbed.
- The adsorbent has a limited adsorption capacity (qmax).
Briey, the Langmuir adsorption isotherm shows the equi-

librium distribution of the metal ions between the solid and
liquid phases.65 The Langmuir isotherm equation is shown in
Table 1. Fig. 9 presents the linear plots of the Langmuir
isotherm equation. The values of the parameters in the Lang-
muir adsorption isotherm equation are summarized in Table 3,
as analyzed from the areas shown in Fig. 9.
Fig. 9 Langmuir isotherms of the removal of Cr(VI) from aqueous
solution and wastewater by Si-CPTS-AHAP.

37410 | RSC Adv., 2019, 9, 37403–37414
3.3.2. Freundlich adsorption isotherm. The Freundlich
adsorption isotherm model is an empirical formula71 and is
usually applied to multi-layer adsorption systems. The
Freundlich adsorption isotherm equation is explained in Table
1. The Freundlich adsorption isotherm equation in Table 1
provides a ln qe � ln Ce graph, a straight line (Fig. 10), and the
KF and n values can be calculated from the intercept and slope
of this straight line.72 The values of the parameters in the
Freundlich adsorption isotherm equation are summarized in
Table 4, as analyzed from the areas shown in Fig. 10.

The 1/n values of the Si-CPTS-AHAP adsorbent are shown in
Table 3, where a value of <1 is an indication of high adsorption
density.73 The KF values as shown in Table 3 show that the newly
synthesized Si-CPTS-AHAP adsorbent shows high adsorption of
Cr(VI) metal ions from aqueous solution and industrial waste-
water (0.50 and 0.10 mol L�1).74 Values of n > 1 are indicative of
suitable adsorption conditions.75

3.3.3. Dubinin–Radushkevish (D–R) adsorption isotherm.
The Dubinin–Radushkevish (D–R) isotherm is useful for
Fig. 10 Freundlich isotherms for the adsorption of Cr(VI) from aqueous
solution and wastewater by the Si-CPTS-AHAP adsorbent.

Table 4 Parameters of the Freundlich isotherms for Cr(VI) adsorption
onto the Si-CPTS-AHAP adsorbent

Parameters of the Freundlich isotherms

Metal pH T (K) 1/n KF R2

Cr(VI) 2 323.15 0.0369 0.50 0.004
Cr (wastewater) 2 323.15 0.1804 0.10 0.110

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Plots of log KD versus 1/T for the removal of Cr(VI) from
aqueous solution and wastewater by the Si-CPTS-AHAP adsorbent.
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estimating the characteristic porosity of the adsorbent and
deducing the apparent energy of adsorption.76 The data was
tted to the D–R isotherm model (calculated using the
formulae mentioned in Table 1). From the data obtained using
the D–R adsorption isotherm equation in Table 1, a graph of 32

� ln qe was plotted (Fig. 11). The qm value was obtained from
the intercept of the graph and the k value was obtained from
the slope.77

The mean free energy (E) values were calculated using the
free energy (E) equation in Table 1, while the mean free energy
(E), calculated using the D–R adsorption isotherm, is reported
in Table 5.

The E values were found to be 50.00 and 20.41 kJ mol�1 for
Cr(VI) metal adsorption from aqueous solution and waste-
water, respectively, as shown in Table 5. The adsorption of
Cr(VI) from aqueous solution and industrial wastewater took
place via chemisorption, where an energy of between 8 and
16 kJ mol�1 is sufficient for carrying out the chemical
adsorption.78 The values of n were n > 1 at all temperatures,
indicated the high affinity of Cr(VI) ions for the Si-CPTS-AHAP
adsorbent.
3.4. Thermodynamic studies

The values of the thermodynamic parameters, including the
Gibbs free energy (DG), enthalpy (DH) and entropy (DS), were
calculated using eqn (6)–(8) and the value of the logarithmic
plot of the distribution coefficient KD against 1/T is shown in
Fig. 12. The DG, DH and DS values are presented in Table 6.
Fig. 11 The D–R isotherms for the adsorption of Cr(VI) from aqueous
solution and wastewater by the Si-CPTS-AHAP adsorbent.

Table 5 Parameters of the D–R isotherms for Cr(VI) adsorption onto the

Parameters of the Dubinin–Radushkevish (D–R) isotherms

Metal pH T (K) k

Cr(VI) 2 323.15 0
Cr (wastewater) 2 323.15 0

This journal is © The Royal Society of Chemistry 2019
As shown in Table 6, the positive presence of the entropy (DS)
values indicates that the adsorption reaction is endothermic
and the negative values of the Gibbs free energy (DG) indicate
that adsorption onto the adsorbent is possible and is a sponta-
neous process.28 The Si-CPTS-AHAP adsorbent has complex
forming ability and therefore complex formation must be the
predominant mechanism. The positive enthalpy (DH) values
also support this notion.

In addition, positive DS values indicate the increased
randomness at the solid/liquid interface during the sorption of
Cr(VI) on the selected Si-CPTS-AHAP adsorbent,79 which also
indicates that ion exchange reactions occur. Metal ions coor-
dinate with the water molecules in solution via covalent bonds
and bind to the adsorbent. Due to the release of water mole-
cules, the degree of release increases the magnitude of DH
depending on the adsorption energy, indicating the type of
bindingmechanism, i.e. physical or chemical adsorption.65 This
process is very rapid and usually reversible due to the small
amount of energy required in the physical adsorption. The DH
values for Cr(VI) adsorbed from aqueous solution and waste-
water were calculated as 28.75 and 25.59 kJ mol�1 in the
temperature range of between 20 and 50 �C, respectively. These
values are lower than 40 k J mol�1, indicating the weak inter-
actions of the Cr(VI) metal ions with the Si-CPTS-AHAP adsor-
bent surface in the specied temperature range.28,77
3.5. Mechanism

This adsorption mechanism can be explained by an ion
exchange process. However, it is thought that the AHAP func-
tional group undergo a chelating effect with the Si-CPTS-AHAP
adsorbent during the adsorption process. It is possible to
Si-CPTS-AHAP adsorbent

(mol2 K�1 J�1) qm (mol g�1) E (kJ mol�1)

.0002 0.133 50.00

.0012 0.061 20.41

RSC Adv., 2019, 9, 37403–37414 | 37411
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Table 6 Thermodynamic parameters for the sorption of Cr(VI) from aqueous solution and wastewater by Si-CPTS-AHAP

Thermodynamic parameters

Metal DH (kJ mol�1) DS (J K�1 mol�1)

�DG (kJ mol�1)

298 K 303 K 313 K 323 K

Cr(VI) 28.75 142.19 12.93 13.19 12.87 13.03
Cr (wastewater) 25.59 124.15 10.81 11.99 12.65 13.07

Table 7 Maximum sorption capacity of different silica-based materials used in the removal of Cr(VI) ions

Adsorbent pH Sorption capacity (mg g�1) Reference

PANI/SiO2composite 4.2 63.41 81
Cyphos [A336] [C272 functionalized silica (SG-5)] 0–2 15.29 82
Cyphos IL 104 functionalized silica (SG-2) 0–2 19.31 82
Silica 4 1.08 83
Silica gel chitosan composite 4 3.5 83
La(III) encapsulated silica gel chitosan composite 4 240.0 83
DMAEMA-g-silica 2.5–5 68.0 84
DMAEMA-g-silica 1.5–5.4 51.9 85
Aniline formaldehyde condensate coated on silica gel 3 17.0 86
PEI-silica nanoparticles 4 183.7 87
Zeolite NaX 4 6.414 88
Si-CPTS-AHAP 2 65.0 Present study
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interpret that the hydroxyl groups in the Si-CPTS-AHAP adsor-
bent and the surface coordination of the donor nitrogens are
responsible for the chemisorption of Cr(VI) ions.

The sorption mechanism of Cr(VI) on Si-CPTS-AHAP can be
explained via the binding of oxygens linked to benzene groups.
Because Cr(VI) is a strong hard acid it can easily coordinate with
hard bases such as oxygen. Both the carbonyl and oxygen on the
benzene groups on Si-CPTS-AHAP, and oxygens which did not
react with CPTS on the activated silica gel can be used in the
coordination.
4. Conclusions

The Si-CPTS-AHAP adsorbent was successfully synthesized and
the FT-IR and SEM results conrmed the synthesis of Si-CPTS-
AHAP adsorbent. Five different parameters were used and
based on these results, the best chromium removal was carried
out at pH ¼ 2.0, with 0.05 g of adsorbent, at a temperature of
323.15 �C, at a concentration of 20 mg L�1 for a contact time of
180 min.80 The Langmuir, Freundlich and D–R adsorption
isotherm models were calculated and the adsorption was found
to t to the Langmuir adsorption isotherm model. The mean
adsorption energies for immobilized silica gel (Si-CPTS-AHAP)
were found to be 50.00 and 20.41 kJ mol�1 for Cr(VI) metal ions
from aqueous solution and industrial wastewater, respectively.

Thermodynamic parameters calculated for the adsorption of
Cr(VI) metal ions to the Si-CPTS-AHAP adsorbent surface are
endothermic and spontaneous. The values of the free energy
change (DG) are negative in the range of 20–50 �C for spontaneous
37412 | RSC Adv., 2019, 9, 37403–37414
processes. Free energy change (DG) values decrease as the
temperature increases since the adsorption reaction is endo-
thermic. The adsorption of heavymetal ions on the Si-CPTS-AHAP
adsorbent is higher at higher temperatures, meaning that it has
a high adsorption capacity to remove Cr(VI) ions from wastewater.

The novelty of this study is the synthesis of the Si-CPTS in
our laboratory and the xing of organic AHAP to the Si-CPTS
surface. Since the new material obtained is not soluble in
water, this aids in the separation and purication methods and
will be helpful for use in other studies.

This work is important in ensuring the effective use of Si-
CPTS-AHAP in the removal of Cr(VI) ions in effluent, as well as
providing the precise characterization of the synthesized
compound. If organizations with heavy metal waste used Si-
CPTS-AHAP in their waste water treatment systems, they
would experience both low-cost and high-efficiency heavy metal
removal. Thus, this study contributes to the world economy,
water and environmental cleanliness.

The Si-CPTS-AHAP adsorbent was compared with the silica-
based adsorbents reported in the literature. Table 7 shows the
maximum adsorption capacity and pH values for the removal of
Cr(VI) ions by Si-CPTS-AHAP compared with various silica-based
adsorbents.81 It can be seen from the table that the adsorption
capacity of Si-CPTS-AHAP in the present study is comparable to
the capacity of other adsorbents.81
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66 C. S. T. Araújo, I. L. S. Almeida, H. C. Rezende,
S. M. L. O. Marcionilio, J. J. L. Léon and T. N. de Matos,
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