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The carcinogenicity and high toxicity of chromium (V1) show that the removal of this
pollutant in industry, water resources, and the environment is necessary. Nanoporous
materials have a high ability to remove pollutants. The aim of this study was to synthesize
SBA-16 nanostructure using P123 and F127 surfactants and TEOS precursor and grafting
its surface in two steps with -NH2 (NH,-SBA-16) and then with copper (Cu-NH,-SBA -
16). Cu-NH2-SBA-16 was identified as a new adsorbent by XRD, SEM, EDX, and FT-IR
analysis. The synthesis of nanoporous functionalized with amino group -NH. was done by
reflux and then grafting of prepared nanoporous with copper (I1) solution was performed.
The maximum adsorption capacity of NH,-SBA-16 and Cu-NH2-SBA-16 was 6.66 and
34.48 mg/g, respectively. In addition, the kinetics of chromium adsorption followed the
pseudo-second-order kinetic model. The maximum efficiency of chromium removal by
Cu-NH,-SBA-16 for contact time, initial concentration, amount of adsorbent, pH and
temperature were 15 min, 10 mg/l, 1 g/l, 2, and 25 °C, respectively; adsorption capacity of
Cu-NH2-SBA-16 increased after the modification process. The synthesized nanoadsorbent
with an efficiency of 90% had a spontaneous and endothermic adsorption process, and its
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adsorption capacity did not decrease significantly after 3 regenerations.
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1. Introduction

With industrial development, environmental pollution is on the
rise, putting human health and the health of living organisms
at risk (Esmaili Sari et al., 2007). Human activities on the path
of development have had positive effects on human life, but on
the other hand, they have also led to environmental pollution
(Atabati et al., 2022). Potentially toxic elements are a
significant group of pollutants that pose a serious threat to both
the environment and human health (Zolfaghari et al., 2016;
Zolfaghari et al., 2018). The ions of these potentially toxic
elements have lethal and deadly effects on all forms of life and
enter the food chain through waste disposal into waterways.
Due to their non-biodegradability, they accumulate and their
levels increase along the food chain (Zolfaghari et al., 2006).
One of the most important potentially toxic elements is
chromium (Cr). Its key compounds include Cr(l1l) chloride

(CrCl3), chromium nitrate, Cr(NOs)s, chromium (I11) sulfate,
(Cr3S0a)s, potassium dichromate, K;Cr,07, and chromium
(1) oxide, Cr,0s. These compounds are produced from
various processes such as lithography, tanning, electronics,
metal plating, medical devices, and the manufacture of various
paints and pigments. There are reasons indicating that
chromates are carcinogenic, which is why the permissible limit
in drinking water is set at 0.1 mg/l (EPA, 2009). Some methods
that have been used so far to remove these compounds from
water sources include adsorption (Zolfaghari et al., 2011),
photodegradation (Gao and Meng, 2021), sedimentation,
filtration, reverse osmosis (Zolfaghari and Kargar, 2019), and
ion exchange. The advantages of reverse osmosis include the
removal of many water pollutants and improvement of taste
and quality, while its drawbacks include high energy
consumption and the need for frequent filter replacements. lon
exchange resins are widely used in separation, purification,
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and disinfection processes. Their most common applications
are demineralization and water treatment, but high or low
temperatures can permanently risk the effectiveness of ion
exchange resins. Although photodegradation is a cost-
effective method, it requires the simultaneous use of catalysts
to enhance efficiency.

Among the mentioned methods, adsorption technology has
gained more development and application. A wide variety of
adsorbents have also been used to remove these compounds.
Among these adsorbents, zeolite (Kuleyin et al., 2007),
activated carbon (Khaled et al., 2009), ion-exchange resins,
polymeric adsorbents (Rahmanzadeh et al., 2016), carbon
nanotubes, and biosorbents (Zamani et al., 2013) can be
pointed out. Initially, activated carbon and zeolite were of
interest due to their high adsorption capacity and availability,
but the drawbacks of these adsorbents have led to a focus on a
different family of adsorbents. Mesoporous materials, as a
subset of nanomaterials with nano-sized pores and a very high
internal surface area, have a high capability for adsorption and
interaction with atoms, molecules, and ions. Mesoporous
materials are generally divided into two categories based on
the type of material forming the pore walls: silicate and non-
silicate mesoporous materials. Among silicate mesoporous
materials with structured order and narrow pore distribution,
categories like M41S, SBA-n, FSM-n, and MSU-n can be
mentioned. Since the 1990s, scientists have simultaneously
reported silicate meso-structured materials (Kresge et al.,
1992). SBA-16 has a cubic structure resembling spherical
cages with Im3m symmetry, where each cage is connected to
8 neighboring cages through open pores. This cubic structure
can sometimes also be rhombohedral or polyhedral. Modifying
the surface of these mesoporous materials with organic or
inorganic functional groups results in new physical and
chemical properties (Zolfaghari et al., 2011). The effective
removal of heavy metals from aqueous solutions has been
achieved using silicate mesoporous materials functionalized
with sulfonic acid, reported as a suitable and effective
adsorbent for removing heavy metal ions (Qu et al. 2010). In
another study, the adsorption of Pb(Il), Hg(ll), Cr(VI), and
As(V) ions using amine-functionalized MCM-41 was
investigated (Showkat et al., 2007).

So far, the modification of silica nanomaterials other than the
SBA-16 version has been done using copper, but there has not
been any research on the bonding of this metal agent to SBA-
16. The aim of the present study was to examine the efficiency
of bonded silica nanomaterials for removing chromium from
water under various conditions, including contact time, initial
concentration, amount of adsorbent, pH, and temperature, as
well as to explore the adsorption capacity, type of adsorption,
and regeneration of the adsorbent.

2. Materials and Methods
2.1 Chemicals used

The reagents utilized include tetraethyl orthosilicate (TEOS)
as a silicate precursor, surfactant, hydrochloric acid (HCI),
toluene, and deionized distilled water for the synthesis of
mesoporous silica (SBA-16). An amine ligand was also
employed to introduce amine functional groups within the
structure of the mesoporous silica adsorbent. Copper was used

as a metal agent for functionalizing the amine-functionalized
mesoporous silica.

2.2 Synthesis of nanomaterials
2.2.1 Synthesis of silica nanoparticles

The preparation of SBA-16 silica nanoparticles involves
concentrating a silica source in the presence of a template
during the reaction, and eventually removing the template
while linking functional groups to the silica surface.
Functionalization with functional groups can be achieved in
various ways as follows: i. using a modified silane, ii.
simultaneous condensation of a specific silane with a silica
source, and iii. grafting functional groups onto the silica. The
approach of interest in the current research for synthesizing
SBA-16 silica nanoparticles is the third method (Zhao et al.,
1998).

2.2.2 Amine grafting to silica nanopores

The synthesis of the amine-functionalized silica nanopore
adsorbent with the -NH. group was carried out using reflux.
First, the amine ligand was added to the reflux container. Then
the silica nanopore SBA-16 was added to the solution, and the
resulting mixture was heated to 110 °C. After the reflux was
complete, the mixture was filtered using Whatman 41 filter
paper, and the obtained residue was washed with toluene,
finally leaving it to dry for 6 hours in an oven at 85 °C. The
synthesized material was named NH»-SBA-16 (Ho et al.,
2003).

2.2.3 Copper grafting to modified silica nanopores

In this step, the amine-functionalized silica nanopore with the -NH:
group was functionalized with copper metal. To do this, the amine-
functionalized silica nanopore was immersed in 100 ml of a solution
containing copper (1) at room temperature. Then the modified
nanopore was filtered and washed several times with distilled water.
The synthesized material was named Cu-NH2-SBA-16 (Fryxell et al.,
1999).

2.3 Characteristics of the synthesized adsorbents

To identify the structure of the nanopores, X-ray diffraction
(XRD) patterns of the synthesized compounds were obtained
using a Philips X’Perrt MPD device within the 2theta range.
To determine the shape of the prepared nanopores, a EM3200
scanning electron microscope (SEM) was used. Additionally,
to specify the elemental composition of the samples, energy-
dispersive X-ray spectroscopy (EDX) analysis was performed.
Furthermore, the surface chemistry of the modified pores was
analyzed to confirm the bonding with functional groups using
Fourier-transform infrared (FT-1R-8400S) spectroscopy.

2.4 Adsorption experiments

The study of Cr(VI) adsorption from aqueous solutions was
conducted in a batch system using 250 ml Erlenmeyer flasks
with a solution volume of 100 ml. Initially, the main solution
of chromium metal was prepared with its salt at a
concentration of 500 mg/l. To investigate the factors affecting
the chromium adsorption process, 0.1 g of the synthesized
adsorbent (Cu-NH,-SBA-16) was mixed with 100 ml of
potassium dichromate solution using a mechanical stirrer at a
speed of 150 rpm. Concentrations of 10, 17.5, 25, 32.5, and 40
mg/l were used. After that, the adsorbent was separated from
the solution with the help of a vacuum pump and Whatman

Environ. Water Eng.

2025, 11(1)

Page 2



Zolfaghari and Zanganeh Asadabadi (2025): Synthesis of silicate nanoporous and its grafting ...

filter paper, and the remaining chromium in the solution was
measured using a spectrophotometer (UV-Vis Array Photonix
Ar 2015) manufactured by Teifsanje Pishro Pajohesh in Iran at
a maximum wavelength of 357 nm. In each experiment, the
efficiency of the adsorbent was measured in two ways: the
equilibrium adsorption capacity (ge) in mg/g and the
percentage of adsorption (R%). These two parameters were
calculated using Equations (1) and (2):

e = (Ci_'cé)gi (1)

R = %% x 100 )
where, Co and C. are the initial and final concentrations of the
compound in mg/l, V is the volume of the solution in I, and m
is the mass of the adsorbent in g.

2.5 Chromium adsorption

In this study, the response surface methodology (RSM) was
used to determine the testing conditions. Based on laboratory
experiences, the range of experimental conditions was set for
contact time between 15 to 35 minutes, initial concentration
from 10 to 40 mg/l, adsorbent amount from 0.2 to 1 g/I, testing
temperature from 20 to 35°C, and pH between 2 to 8. These
specified ranges were input into Minitab software.
Accordingly, following the central composite design of the
RSM, 32 experiments were conducted in the lab under the
above conditions. To find the optimal concentration of this
variable, adsorption was examined at concentrations of 10,
17.5, 25, 32.5, and 40 mg/l. In these processes, the pH of the
solution for chromium was considered to be 6, and the amount
of adsorbent used in these experiments was set at 1 g/l. To
evaluate the effect of adsorbent quantity on adsorption
capacity, different amounts of the Cu-NH>-SBA-16 adsorbent
(0.2,0.4,0.6, 0.8, and 1 g/l) were added to 100 ml of 10 ppm
chromium solutions. Each of these solutions was stirred for 15
minutes with a mechanical stirrer. The solutions were then
filtered, and the chromium concentration in the filtrate was
measured using a UV-Vis spectrophotometer. Changing the
pH is one of the important parameters in optimizing the
adsorption process. To investigate the effect of pH on the
adsorption process, the pH of the metal solution was adjusted
to values of 2, 3.5, 5, 6.5, and 8 (considering the KSP
(solubility product constant) related to each metal at the
desired concentration) using 1N hydrochloric acid and sodium
hydroxide (pH meter: Eutech300, Singapore). These tests were
carried out with an adsorbent dose of 0.1 g/l and a metal
concentration of 100 mg/l. In this study, to assess the effect of
temperature on the adsorption rate, temperatures of 20, 23.75,
27.5, 31, and 35°C were investigated. Contact times of 15, 20,
25, 30, and 35 minutes were examined to analyze the effect of
contact time of the adsorbent with the pollutant solution (the
investigation of contact time at the mentioned times was after
it was identified in previous experiments that lower times than
one hour had greater adsorption efficiency).

2.6 Kinetics, regeneration, and thermodynamic

Among the most commonly used kinetic models are the
pseudo-first-order kinetic model and the pseudo-second-order
kinetic model. To calculate the adsorption capacity gt in terms
of (mg/g), Eq. (3) was used:

q: = (Co — Ct)% (3)

where, g is the adsorption capacity at time t in (mg/g), and C;
is the concentration of the pollutant compound in the solution
at time t in (mg/1). W is the mass of the adsorbent in g.

In this study, the regeneration of the synthesized
nanoadsorbent was carried out using 0.1 molar nitric acid. The
nanoadsorbent was stirred with nitric acid for 2 hours at room
temperature. Then, the mixture of adsorbent and acid was
filtered using filter paper, washed with water, and dried in an
oven. With the amount of chromium released in the aqueous
solution (Cges) and the amount of chromium adsorbed on the
nanoadsorbent (Caqs), the chromium recovery efficiency can be
calculated as Eq. (4):

R(%) = £4es % 100 @)
Cads

The regenerated nanoadsorbent was again used to remove
chromium at a temperature of 20 °C, with a pH of 6, an
adsorbent amount of 0.8 g/l, and a time of 35 minutes. This
experiment was repeated three times. The results showed that
there was no significant decrease in the adsorption capacity of
the nanoparticles.

The thermodynamic variables of adsorption at a concentration
of 20 mg/l, pH=6, adsorbent amount of 0.8 g, and for 35
minutes at temperatures of 293, 303, and 313 Kelvin were
calculated. Thermodynamic variables such as Gibbs free
energy, changes in enthalpy (AH), and changes in entropy can
be investigated and calculated using the changes in
equilibrium constants with temperature in equilibrium
conditions. The change in Gibbs free energy for the adsorption
reaction was calculated using Eq. (5):

AG°= -RTLNKy )

where, 4G° is the standard free energy change in joules, R is
the universal gas constant with a value of 8.314 J/K.mol, and
T is the absolute temperature in Kelvin. The equilibrium
constant was calculated using Eq. (6) (Manirethan et al.,
2018):

_AV

K =22
“sm

(6)
where, A is the amount of heavy metal adsorbed by the
adsorbent, V is the volume of the solution in ml, S is the
amount of heavy metal remaining in the solution, and M is the
mass of the adsorbent in grams. On the other hand, by plotting
a linear graph of the standard free energy change with
temperature using Eq. (7), we can calculate the standard
entropy change of adsorption (45°) and the standard enthalpy
change of adsorption (Manirethan et al., 2018):

AG°=AH® - TAS® (7

3. Results and Discussion
3.1 Identification and specification of the adsorbents
3.1.1 Examination of X-ray diffraction spectra

Fig. 1 displays the XRD spectra of the functionalized and non-
functionalized silica nanomaterials. The X-ray diffraction
pattern of these nanomaterials can reveal insights into their
pore structures. The XRD spectrum for the silica nanomaterial
shows a prominent peak corresponding to the crystalline plane
(110) at an angle of 20, indicating a regular structure for the
silica nanomaterial. Additionally, another peak corresponding
to the crystalline plane (200) is observed at an angle of 26,
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which is characteristic of SBA-16. By functionalizing the
surface of the silica nanomaterial, the regular pore structure is
maintained, and only a decrease in the peak intensity for the
functionalized silica nanomaterial is noted, proving that the
structure of the silica nanomaterial remains intact after
functionalization. In other words, the intensity of the peaks
related to NH2-SBA-16 is nearly equal to the intensity of the
peaks of SBA-16, and these peaks have remained well defined,
indicating that the NH»-SBA-16 synthesized through the
grafting method retains a highly ordered hexagonal structure
similar to that of SBA-16. The XRD diffraction pattern aligns
with that from previous studies (Zhao et al., 1998).

3.1.2 Scanning electron microscope image

Scanning electron microscope (SEM) images of the silicate
nanopore composition are shown in Fig. 2(a). As can be seen,
the morphology of the particles shown is mostly spherical,
which is consistent with the Im3m crystal model. The granular
structure of the sample is preserved. It is observed that the
spherical morphology and structure of SBA-16 is preserved
after functionalization with the amino -NH; group, and the
functional groups located on the surface of SBA-16 are clearly
visible (Fig. 2b). The spherical and multifaceted structure of
the silicate nanopore is also visible (Fig. 2c). Moreover, the
preservation of the initial morphology after functionalization
with the metal ligand is evidence of the correctness of the
process.

26KV 500KX 10um

KYKY-EM3200 SN:0694

26 KV 500 KX 10um

KYKY-EM3200  SN:0694

1000000 ——SBA-16
—— NH2-SBA-16
100000 Cu-NH2-SBA-16
B
<10000
=2
£ 1000
£
100
10
0 2 4 6 8 10 12 14
26 (deg)
Fig. 1 XRD pattern of SBA-16, NH,-SBA-16, and Cu-NH,-
SBA-16

3.1.3 EDX analysis

Energy dispersive X-ray spectroscopy (EDS or EDX) is an
analytical method used to analyze the structure, or chemical
properties, of a sample (Najafian et al. 2015). The EDX
spectrum is a graph drawn based on the X-ray energy received
from each energy level. Each peak shown in this graph is
specific to an atom and therefore represents an element.

26KV S500KX 10um KYKY-EM3200 SN:0694

Fig. 2 SEM images of synthesized samples. a) SBA-16, b) SBA-16, NH»-SBA-16, and ¢) SEM image of Cu-NH,-SBA-16

Peaks with higher heights in the spectrum mean a higher
concentration of the element in question in the sample. The
results of the EDX spectrum analysis of the SBA-16, NH,-
SBA-16, and Cu- NH- SBA-16 samples are shown in Table
1. As the aforementioned table shows, the presence of nitrogen
and carbon elements in the NH»- SBA-16 sample indicates the
occurrence of the correct bonding process of the amino group
NH,. Similarly, Table 1 shows that the element copper in the
sample Cu-NH»-SBA-16 has been added to the analysis
composition, indicating the correct bonding of the copper
metal agent.

3.1.4 FT-IR Spectroscopy

This method was used with the aim of qualitatively identifying
the silicate adsorbent SBA-16 and the amine group NH.. For
this purpose, the FTIR spectrum was performed in the
wavenumber range of 400-4000 cm. In the spectrum related
to SBA-16, a broad peak is seen in the range of 811-1068 cm -
L, which is characteristic of Si-O-Si. The peak found in the

Table 1 Elemental analysis of SBA-16, NH2-SBA-16, and Cu-NH>-

SBA-16
Adsorbents Elements Atomic Normal
percentage percentage

SBA-16 Oxygen 64.30 50.65
Silica 35.70 49.35
NH2-SBA-16 Oxygen 53.81 45.69
Nitrogen 8.52 6.33
Silica 28.10 41.89
Carbon 9.57 6.10

Cu- NH2- Oxygen 59.32 49
SBA-16 Nitrogen 8.21 5.94
Silica 25.55 37.04
Copper 141 4.61
Carbon 5.51 3.42
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range of 811-1068 cm* also indicates the presence of the -OH
group in the adsorbent. It’s worth noting that the surfactant
creates a peak in the range of 2300-2400 cm?, and the absence
of this peak indicates that the surfactant removal process has
been carried out effectively. In the spectrum related to the
amine-functionalized adsorbent with -NH, the peak present in
the range of 1570 cm™ indicates the presence of the -NH;
amine group on the silicate adsorbent. Another peak is
observed in the wavelength range of 2854-2958, which
corresponds to the propylamine (C-H) group (Anbia and
Lashgari, 2009). These results indicate that the
functionalization process was successful and confirm the
presence of the mentioned functional groups on the surface of
the nanocavity. The analysis of the data obtained from the
spectroscopy related to SBA-16 and NH,- SBA-16 adsorbents
is presented in Fig. 3.

3.2 Study of the adsorption process
3.2.1 Impact of initial chromium concentration

The effect of the initial concentration of the solution on the
amount of Cr adsorption at different concentrations of 10,
17.5, 25, 32.5, and 40 mg/l was studied, and the results of these
studies are shown in Fig. 4. As seen in Fig. 4(a), with the
increase of the initial concentration of the solution from 10
mg/I to 40 mg/l, the amount of adsorption decreases from 92%

100 —|

(b)

Removal (%)
Removal (%)

Adsorbent dose (g)

to 45%, indicating that at higher concentrations, the rate of
increase in adsorption due to the rise in initial concentration is
less. These observations can be explained by the fact that at
initial concentrations, species have better access to the active
sites of the adsorbent, and the active sites available for further
adsorption will not have an increasing trend (Wan Ngah and
Hanafiah, 2008).

—SBA-16
——NH2-SBA-16

300 800 1300 1800 2300 2800 3300 3800

Wavenumber (cm-1)

Fig. 3 FT-IR spectra of synthesized samples (SBA-16, and
NH>-SBA-16)

100 —

(@)

T T T T T
10 175 25 325 40

Concentration

Fig. 4 Effect of different conditions on chromium removal rate onto Cu-NH,-SBA-16: a) The effect of concentration (time: 15
min, dose: 0.8 g, pH: 6, and temperature: 25 C°) and b) Dose (time: 15 min, concentration: 20 mg/l, pH: 6, and temperature: 25
OC)

3.2.2 Effect of adsorbent amount

Fig. 4(b) shows that the adsorption percentage increases
significantly with increasing adsorbent amount. By increasing
the adsorbent amount from 0.2 to 1 g/l, the adsorption
percentage increases rapidly to 76%. This is due to the increase
in the active sites of the adsorbent. The results obtained in
various studies show that with increasing the adsorbent
amount, the adsorption percentage increases linearly, but the
efficiency of the adsorbent, which is usually calculated with
the parameter (qe), does not change linearly, but rather reaches
its optimum value at a certain adsorbent amount, which must
be calculated for each adsorbent. In one study, aminopropyl-
functionalized MCM-41 was used to remove potentially toxic
elements (Benhamou et al., 2009).

3.2.3 Effect of pH

The pH of the solution can affect the adsorbent surface by
protonating the functional groups. If the potentially toxic

element of interest is a metal cation, it has usually been shown
that it shows better adsorption at intermediate or high pH,
because at low pH the H* ions in the solution increase and
compete with the metal cations. While the opposite is true for
elements that are in the form of anions, such as Cr(VI) and
As(V) (Showkat et al., 2007). At high pH, the divalent ions
CrO,%/Cr,07% increase. Basically, hexavalent chromium
exists in the form of chromic acid at very acidic pHs and is
immediately converted to acidic hydrogen chromate HCrO* at
different concentrations and up to a pH of 6.5. Since chromium
divalent ions have a negative charge, there is competition
between these ions and OH" ions at high pH, so the adsorption
rate is higher in acidic environments. In another study, the
adsorption of Remazol on HMS nanopores was investigated
(Asouhidou et al., 2009). The results of this study indicate that
the adsorption rate increases significantly with decreasing pH.
The effect of pH on the adsorption rate is shown in Fig. 5(a).
In this study, the point zero pH (pHzc) was determined to be
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4.9. The surface of the silicate nanoparticle is negative at pH
levels above pHyc, creating an electrostatic repulsion between
the negatively charged silicate nanoparticle and the negatively
charged bivalent chromium ions. Additionally, at pH levels
lower than 9.4, the surface of the silicate nanoparticle is
positive, resulting in a strong electrostatic attraction between
the surface groups and the negatively charged bivalent
chromium ions.

3.2.4 Effect of temperature

Another influential factor in the Cr adsorption process is
temperature. The results of this project indicated that the
adsorption rate was higher at mid-range temperatures
compared to minimal and maximal states. The effect of
temperature on the adsorption rate is illustrated in Fig. 5(b).
The penetration of Cr into the Cu-NH>-SBA-16 nanoadsorbent
increased somewhat with rising temperatures. This suggests
that a greater chemical interaction occurs between the
adsorbate and the surface functional groups of Cu-NH,-SBA-
16. As previously reported, the efficiency of adsorption tends

to increase somewhat with higher temperatures. Some studies
indicate that raising the temperature results in a higher removal
efficiency of metals on activated carbon (Seco et al., 1997).

3.2.5 Effect of contact time

As seen in Fig. 5(c), the contact time within the specified range
has a lesser effect on the Cr adsorption level compared to other
evaluated factors. Nevertheless, the adsorption rate begins to
decline slightly after reaching equilibrium (15 min); in other
words, as the contact time exceeds the equilibrium period, the
adsorption rate not only fails to increase but starts to decrease.
Time is a determining factor in the adsorption process, and it
appears that as the contact time of the adsorbent with the
adsorbed ions increases, the amount of adsorption increases.
Most studies have shown that the highest adsorption usually
occurs within the first few minutes. This may relate to the fact
that initially, there are many vacant sites available for ion
adsorption, and the concentration gradient of ions to the
adsorbent is very high (Guerra, 2010).

Removal
f

|
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e

Pamnual

.

\

|

|

|

() ” ©

Removal (%)

1

pH

Temperature (C)°

T
E ] 1

Agitation time (min)

3128

Fig. 5 Effect of different conditions on chromium removal rate onto Cu-NH;-SBA-16: a) pH (time: 15 min, concentration: 20
mg/l, dose: 0.8 g, and temperature: 25 C°), b) temperature (time: 15 min, concentration: 20 mg/l, dose: 0.8 g/, and pH: 6) and
¢) time (concentration: 20 mg/l, dose: 0.8 g, temperature: 25 C°, and pH: 6).

3.3 Adsorption isotherms

There are various isotherms to study and design adsorption
systems, such as the Langmuir, Freundlich, Bohart-Adams,
Brunauer-Emmett-Teller, Dubinin-Radushkevich, Florry-
Huggins, Frenkel-Halsey-Hill, Redlich-Peterson, Temkin,
Elovich, and Langmuir isotherms, among others (Benjelloun
et al. 2021). The Langmuir equation, which determines the
amount of material adsorbed and its concentration in the
solution, is expressed as Eq. (8) (Benhamou et al., 2009):

Ce/qe = 1/qmb + (1/Qm) Ce (8)

Where, ge (mg/g) is the amount adsorbed at equilibrium
concentration Ce (mg/l), gm (Mg/g) is the Langmuir constant
representing the maximum monolayer capacity, and b is the
Langmuir constant associated with the energy of adsorption.
The Freundlich isotherm also provides an empirical method
that describes a scenario where the species is adsorbed in a
heterogeneous manner on the surface. The Freundlich relation
explains heterogeneous adsorption and is expressed as Eq. (9)
(Benhamou et al., 2009):

Inge =InKs+ (1/n) In Ce 9)

Where, C. (mg/l) is the equilibrium concentration of the metal
ion, ge (Mg/g) is the amount adsorbed, Ky is a constant related
to adsorption capacity, and n is an empirical constant related

to the intensity of adsorption. Various studies have utilized
both linear and nonlinear models of adsorption isotherms. In
this study, the linear models of the Langmuir and Freundlich
isotherms have been used. According to the Rz value, which
indicates the linearity and correlation of the curve obtained
from drawing the adsorption isotherm diagrams, the
adsorption mechanism of chromium on the adsorbent Cu-NH,-
SBA-16 aligns more with the Freundlich isotherm, while on
the adsorbent NH»-SBA-16, it aligns with the Langmuir
isotherm (Table 2). The Rz value closer to one indicates higher
conformity with that isotherm; thus, it can be said that
chromium is adsorbed in a heterogeneous manner on the
adsorbent Cu-NH»-SBA-16 and in a homogeneous manner on
the adsorbent NH2-SBA-16.

As shown in Table 2, the isotherm constants of Langmuir and
Freundlich (gm and Ky) for the metal-functionalized adsorbent
indicate a higher number. In other words, the maximum
adsorption in the Cu-NH»-SBA-16 adsorbent is significantly
greater than that in the NH,-SBA-16 adsorbent. Therefore,
other adsorption studies will be conducted using the Cu-NH.-
SBA-16 adsorbent. The Freundlich constant, K; which
indicates the adsorption capacity of the adsorbent, was
determined to be 1.34 and mg/g 8.014 for NH,-SBA-16 and
Cu-NH2-SBA-16, respectively. These values show a similar
trend to the Langmuir constant, gm. The constant n represents
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the relative magnitude and diversity of the energies associated
with the adsorption of lead onto the adsorbents. The values of

in are greater than one (1.9 and 3.1), indicating a high intensity
of adsorption (Benhamou et al., 2009).

Table 2 Freundlich and Langmuir parameters for adsorption of Cr(VI) onto Cu-NH,-SBA-16.

Adsorbent Freundlich Langmuir

R? n (I/mg) Ks(mg/qg) R? b (I/mg) gm (Mg/g)
Cu-NH»-SBA-16 0.997 3.1 8.014 0.988 1.07 34.48
NH,-SBA-16 0.936 1.9 1.34 0.953 0.237 6.66

In other words, the tendency and intensity of adsorption
increase in the order of NH»-SBA-16 < Cu-NH;-SBA-16.
Copper (Il) ions are attached to ethylene diamine (EDA)
ligands to form octahedral complexes on the surface of
mesoporous silica. This creates hosts with positive charges
exhibiting multiple symmetries that correspond to the
geometry of tetrahedral anions. The attachment of pollutant
anions occurs through an electrostatic coordination force with
the Cu (Il) center. In a study, a biosorbent (the bark of the
Platanus orientalis tree) was investigated for the removal of
nickel and chromium (V1) from electroplating wastewater as a
real sample (Akar et al., 2019). According to the mentioned
study, P. orientalis can be a cost-effective and efficient
biosorbent for the adsorption and removal of chromium (V1)
and nickel from electroplating wastewater. However, it
appears that this adsorbent is more effective for chromium (V1)
with a moderate removal efficiency of 90.15% compared to
nickel, with an average removal efficiency of 65.75%.

3.4 Reaction Kinetics
3.4.1 Pseudo-first-order model

Various studies have utilized linear and nonlinear kinetic
adsorption models. In this research, a linear Kinetic reaction
model has been employed (Ho et al., 2003). The simplest
kinetic model is the pseudo-first-order model. This model was
proposed by Lagergren and is expressed in the form of Eq. (10)
(Hamadi et al., 2002):

In (ge — o) = Inge — Kat

Fig. 6 Linearization of Cr
adsorption Kinetic onto
Cu-NH-SBA-16: a)
Pseudo-first order rate
and b) Pseudo-second N

order rate 2571

(10)

151 (@)

10 ppm

30 ppm

g: and ge represent the equilibrium adsorption capacity of the
species of interest at time t and at equilibrium, measured in
mg/g. ky is the rate constant of the pseudo-first-order Equation.
The curve of In (qe - qr) versus t for chromium is shown in Fig.
6. The results obtained from these graphs are also mentioned
in Table 3. As the table shows, the obtained adsorption
capacity values are quite different from what the model
predicts. The correction coefficients are also small. Therefore,
the adsorption process on the adsorbent does not follow a
pseudo-first-order kinetic model.

3.4.2 Pseudo-second-order kinetic model

If the adsorption rate has a second-order mechanism, the
second-order Kinetic rate Equation is expressed by McKay as
Equation (11) (Hamadi et al., 2002):

t/ge = 1/ Koge? + (1/ge) t (11)

In the above Equation, K; is the equilibrium rate constant
(g/mg min). If the Kinetic model of the adsorption process
follows the pseudo-second-order model, the curve of t/q
versus t will be a straight line from which the rate constants
can be derived. These curves for chromium are shown in Fig.
6, and the rate constants as well as the correction factors are
presented in Table 3 respectively. It is observed that the
obtained values align with the observed values, and it is
anticipated that the adsorption Kinetic pattern for the adsorbent
follows the pseudo-second-order Kinetic model.

20 ppm 2+ (D)

40 ppm

16 T 10 ppm 20 ppm

12 1 30 ppm 40 ppm

0 5 10

Time (min)

Based on the values of the correction factors, the best kinetic
model that describes this type of adsorption is the pseudo-
second-order model. The calculated adsorption capacity
values derived from this model are also closer to the
experimental values. Furthermore, as the initial concentration
of the solution increases, the linearity of the resulting curve
becomes more apparent. When the initial concentration of

o e
IS
t t
o+
g B
o
=1

15
5

Time (min)

chromium increases from 10 to 40 mg/l, the value of K
decreases from 1.67 to 0.50 g/mg.min for Cu-NH,-SBA-16.
This means that K is dependent on Co. The rate of adsorption
decreases with increasing initial concentration. The results in
Table 3 confirm this claim. Similar results have also been
obtained in other studies (Hamadi et al., 2002). The results of
the linear kinetic models indicate that the linear curves have a
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high capability in predicting the adsorption kinetic pattern
since it is observed that the values obtained from the model are
consistent with the observed experimental values.

Table 3 Kinetic adsorption parameters obtained using pseudo-first-order and pseudo-second-order models for the removal of
Cr by Cu-NH>-SBA-16

Concentration Pseudo-first-order Pseud d-ord Exprimental
seudo-second-order qe (Mg/g)
Computational Ky R? Computational K,
i 2
Ge (Mg/g)  (I/min) % (MY/Y)  (g/mg.min) R
10 2.508 0.011 0.999 9.98 1.67 0.999 9.9
20 3.292 0.009 0.969 20.4 1.60 0.999 19.94
30 1914 0.007 0.955 31.25 0.60 0.999 28.60
40 2.135 0.006 0.915 34.48 0.50 0.999 34.60

3.5 Thermodynamic variables and
nanoadsorbents

regeneration of

The value of equilibrium constant, Kq for chromium adsorption
on the Cu-NH,-SBA-16 adsorbent was calculated to be 1500,
1250, and 1022 as the temperature increased. Similarly, the
value of AG° for the aforementioned data was obtained as -
17870, -18019, and -18088 J/mol. According to Equation (7),
by plotting a linear graph of the Gibbs free energy change of
the adsorption process with temperature, the entropy change
(10.9 J/K-mol) was calculated from the slope of the line, and
the enthalpy change (14690 J/mol) was derived from the y-
intercept. It can be observed that as temperature increases, the
standard Gibbs free energy decreases. On the other hand,
changes in the standard Gibbs free energy at different
temperatures indicate a linear behavior with a good correlation
coefficient between these two factors (R?=0.95). The results
showed that the standard enthalpy change is -14690 J/mol and
the standard entropy change is 9.10 J/K-mol. The negative
value of the standard Gibbs free energy for the system
indicates that the adsorption process occurs spontaneously.
Additionally, the positive value of the standard enthalpy
change for the adsorption reaction suggests that the process is
endothermic. The positive value of the standard entropy
change for the system also indicates an increase in disorder at
the interface of the solid/solution adsorption process. The
results of the regeneration of the nanoadsorbent showed that
there was no significant decrease in the capacity to absorb
nanoparticles.

4. Conclusion

According to the results of this study, the following can be
concluded:

1. In this research, the effective and fast removal of chromium
was done by copper(ll) functionalized silicate nanoporous
(Cu-NH,-SBA-16). Experiments show that in a short time of
15 minutes, the adsorption capacity reaches its maximum
value, which indicates the high speed of adsorption on the
adsorbent.

2. Increasing the amount of absorbent increases the surface
area of the adsorbent, which leads to an increase in the contact

surface of the adsorbent with the adsorbed species, and the
percentage of adsorption increases.

3. From all the studies, it can be concluded that the power of
the adsorbent functionalized with copper(Il) ions has increased
significantly in removing chromium.

4. The chemical structure of the adsorbent consists of silicate
sources and ammonium and copper ligands, all of which are
compatible with the environment. The removal efficiency of
90% of the synthesized adsorbent shows that this adsorbent is
an effective material for chromium removal.

The need for multiple equipment to identify nanoadsorbents
and their unavailability is one of the limitations of such
research. In the end, it is suggested to use the modified
nanopore in this study to check the efficiency of removing
other toxic elements such as cadmium, lead, arsenic, and
mercury. Also, the use of other optimization methods such as
Taguchi using the mentioned nanoadsorbent will be very
attractive. It is necessary to investigate the economic aspects
of using the adsorbent in future studies.
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