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Abstract

SBA-15 was functionalized with amine (-NH,) and 3-methoxy salicylaldehyde (3-MS) to form a
mesoporous silica with Schiff base modified surface (3-MS—-SBA-15). The materials were characterized
and analyzed by Fourier transform infrared (FT-IR), scanning electron microscopy (SEM), Nitrogen
adsorption-desorption (BET), and X-ray diffraction (XRD) spectroscopy. The removal of Cu(ll) and Cr(VI)
metal ions onto 3-MS-SBA-15 was then studied from their aqueous solutions in order to investigate and
optimize the effect of contact time, solution pH, adsorbent dose and temperature in batch system. The
equilibrium data were analyzed using the Tempkin, Dubinin- Radashkovich, Langmuir and Freundlich
isotherms. Freundlich and Langmuir isotherms were well fitted for Cu(ll) and Cr(VI) adsorption process,
respectively. The kinetics analyses showed that the total adsorption process was completely fitted with the
pseudo-second-order kinetics model. The adsorption depended strongly on temperature, as the adsorption
capacity decreased for Cu(ll) while increased for Cr(VI) by increasing the temperature of the system,
indicating the exothermic and spontaneous nature for Cu(ll) and the endothermic and spontaneous nature
for Cr(VI).

Keywords: adsorption, removal, Cu(ll), Cr(VI), kinetics, thermodynamics

1. Introduction

Water is one the most important resources for living.
Water purification and water treatment can help return
waste water into water cycle. Heavy metal ions such
as Cr(VI), Cu(ll), Pb(1l), Co(Il) and etc are among the
most important pollutants of water resources which
endanger human life. Therefore, various methods
have been developed for removing heavy metal ions
from  wastewater  including  flotation  and
electrochemical processes, chemical precipitation,

ion-exchange, adsorption, membrane filtration [1, 2].

Adsorption is a reliable, fast and promising technique
to remove aqueous pollutions. Adsorption of heavy
metal ions by functionalized mesoporous materials has
been extensively studied in the past decade. SBA-15 is
one the best known silica mesophases. It has been
studied in various fields such as catalysis and water
treatment due to its narrow pore size distribution, large
surface area (600-1000 m? g*) and large and tunable
pore diameter (5-30 nm). In addition, a large number
of functionalities have been anchored to SBA-15 to
modify and improve its efficiency and selectivity and

to develop novel materials for a variety of applications.

* Corresponding author email: mbehzad@semnan.ac.ir, mahdibehzad@gmail.com. Tel: +98-231-3366195

101


mailto:mbehzad@semnan.ac.ir
mailto:mahdibehzad@gmail.com
http://www.sid.ir

Journal of Applied Chemistry

Boorboor Ajdari et al.

Vol. 10, No. 37, 2016

Examples include —NH,-SBA-15 [3], -SH -SBA-15
[4], —-COOH-SBA-15 [5], SA-SBA-15[6]
pyridine-SBA-15 [7]. In the field of water purification,

and

several surface modified SBA-15 have been studied.
Many factors which can affect adsorption process such
as pH, temperature, adsorbent dosage and contacting
time have also been studied [8-10]. In this study, 2-
Hydroxy-3-methoxybenzaldehyde was added to NH,-
SBA-15 in order to synthesize 3-methoxybenziliden-
SBA-15 (3-MS-SBA-15) (figure 1) to remove Cr(VI)
and Cu(ll) from aqueous solutions. 2-Hydroxy-3-
methoxybenzaldehyde was deliberately chosen since it
could provide more coordination spheres and hence
could provide better adsorption and removal of the
ions. Different parameters like temperature, adsorbent
dosage and contacting time were optimized.

2. Experimental
2.1. Chemicals and reagents

Pluronic P123 non-ionic surfactant was purchased by
Sigma Aldrich. Tetra ethyl ortho silicate (TEOS 98%),
3-aminopropyltrimethoxysilane  (APTES  99%),
hydrochloric acid (HCI, 37%), ethanol, toluene, Cu
(NO3); and KyCr,O; were obtained from Merck
chemicals company. All the studies were performed in
aerobic conditions unless otherwise noted. The
solvents were of analytical grade and were used

without further purifications.

2.2. Characterization of adsorbents

Powder X-ray diffraction (XRD) patterns of materials
recorded from 10.0 to 90.0° by XRD
diffractometer (D8 Advance, Bruker) using Cu Ka

were

radiation. The morphology of the materials was
obtained by electron scanning microscopy (SEM)
(AIS2100, Seron Technology). Nitrogen adsorption—
desorption isotherms were obtained at 77.3 K using a
volumetric adsorption analyzer in order to determine
the textural properties. Approximately 0.37 g of all
samples was degassed at 100 °C for 30 min under

argon gas flow before analysis. The specific surface
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area was measured using the Brunauer—-Emmett—
Teller (BET) method, and the pore size distribution
was calculated by applying the Barrett—Joyner—
Halenda (BJH) method. Pore volume of materials was
also measured. Fourier transform infrared spectra (FT-
FT-IR 8400S
spectrometer, Japan) in the range of 400-4000 cm™ in
The

concentration of the metal ions in the solutions was

IR) were recorded (Shimadzu

order to characterize functional groups.
measured using atomic absorption spectrophotometer

(Shimadzu AA680, Japan).

2.3. Synthesis of mesoporous silica materials

2.3.1. Synthesis of SBA-15 mesoporous silica

Mesoporous silica SBA-15 was synthesized by the
hydrothermal method using TEOS as silica source,
Pluronic P123 as template, and HCI to make the media
acidic. Briefly, 4 g P123 block copolymer was
dissolved in 90 mL 2M HCI and 2I mL distilled water.
This solution was stirred for 5 h at room temperature.
Then, 6.4 g TEOS was slowly added to that solution
and stirred for 24 h at 80 °C. After that the mixture was
aged at 100 °C for 24 h in vacuum oven. The mixture
was then allowed to cool down to room temperature.
The white solid product was filtered, washed with
same volume of distilled water and ethanol in order to
remove partial surfactant and dried. The solid was
calcined at 600 °C for 6 h in furnace to completely
remove the surfactant template and finally the white
powder of SBA-15 was obtained [13-14].

2.3.2. Synthesis of NH2-SBA-15 mesoporous silica

The amine functionalized SBA-15 was prepared
according to the method described in the literature
[12]. Briefly, 5 g of calcined SBA-15 was dried in a
vacuum oven for 12 h at 100 °C to be activated and
then suspended in 250 mL dried toluene. Then 7 mL
APTES was added to the mixture and refluxed for 24
h (Figure 1). Finally, NH,~SBA-15 was filtered and

washed with dried toluene and collected [12].
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2.3.3. Synthesis of 3-MS-SBA-15 mesoporous silica

At first 2 g of NH,-SBA-15 was dried in vacuum oven
at 100 °C for 2 h to be activated, then dissolved in 150
mL dried toluene. 2 g of 3-methoxy salicyl aldehyde
was then added to that solution and refluxed at 150 °C
for 24 h. At the end, yellow solid was collected by
filtration and washed with dried Toluene (Figure 1).
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Figure 1. Schematic representation of the synthesis of NH,-
SBA-15 and 3-MS-SBA-15

2.4. Batch adsorption experiments

Batch adsorption experiments were performed in 50
mL bakers containing 10 mL Cu (NOs), and K,Cr,0;
(50 mg.L}) solutions being stirred at 150 rpm at room
temperature. The solutions of Cu (Il) and Cr (V1) ions
were prepared by dissolving an exact amount of Cu
(NOs3); and K;Cr;0O7 in de-ionized water to prepare

standard and sample solutions.

2.5. Removal efficiency

3MS-SBA-15
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The removal efficiency of the metal ions was
calculated by the following equation (1):

R = ((Co— Cy)/ Co) x 100 eqn. (1)

Where R is the removal efficiency of the metal ions,
Co(mg.L™) the initial concentration and C;(mg.L™) the
concentration of the metal ions at time t.

2.6. Adsorption capacity

Adsorption capacity of the adsorbent was calculated
by equation (2):

0e = ((Co— Co)V)/ W eqgn. (2)

where ge (mg.g?l) is the equilibrium adsorption
capacity of the adsorbent, Co (mg.L?) is the initial
concentration and C. (mg.L?) is the concentration at
equilibrium of metal ions, V(L) is the volume of metal
ions solution and W(g) is the weight of the adsorbent.
2.7. Effect of the solution pH

The effect of the different solution pH values on the
adsorption process was studied by mixing 0.02 g of 3-
MS-SBA-15 in 10 mL of a solution containing 50 mg
Lof Cu (Il) and Cr (VI) metal ions. The pH range
from 2 to 6 was set using 1M HCI and 0.1M NaOH
solution. The baker content was agitated at 150 rpm
(D110, Alpha, China)

equilibrium. The concentration of the remaining metal

using stirrer to reach
ions in aqueous phase was measured. The pH =5 was
chosen as the optimized value to remove both Cu (1)
and Cr (VI) metal ions.

2.8. Effect of the adsorbent dose

The effect of the dose of 3-MS-SBA-15 on the
adsorption of 50 mg.L* solution of Cu(ll) and Cr(VI)
metal ions were investigated using 0.005 0.01, 0.02,
0.03, 0.04, 0.05 g adsorbents. By adding a fresh
dilution of 0.1M NaOH, the pH of the solution was
adjusted to 5. Finally the best dose for removing of
metal ions was obtained at 0.05 and 0.04 for Cu (lI)
and Cr(VI) metal ions, respectively.
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2.9. Effect of the contact time

In order to investigate the effect of mixing time
optimized amount of the adsorbent was added to Cu
(1) and Cr (V1) solutions. The mixture was stirred in
the range of 5 to 120 min at room temperature. The
mixture was then filtered, and the concentration of the
remaining metal ions was measured. 120 min and 60
min were obtained as the optimized time for the
of Cu (II) and Cr (VI) metal
respectively.

removal ions,

2.10. Effect of temperature

The effect of temperature was investigated at different
temperatures ranging from 273 to 308 K for both metal
ion solutions. Adsorption was conducted under

optimized conditions obtained in previous sections.

2.10. Adsorption isotherms

The adsorption isotherms were considered at

equilibrium conditions in order to study the
relationship between the amount of adsorbed metal
ions and the concentration of remaining metal ions in
the aqueous phase. These adsorption data were fitted
to different models including Langmuir, Freundlich.
The Langmuir isotherm describes the monolayer
sorption onto the surface of the sorbent.

Langmuir isotherm is represented by equation 3 [15]:
e = (GmbCe)/ (1 + bCe) eqn. (3)

Where g. (mg.gl) is the equilibrium adsorption
capacity of the sorbent and C. (mg.g?l) is the
concentration of metal ions at equilibrium. The
gm(mg.g?) is the maximum capacity of the metal ion
which could be adsorbed, and b (L.mg?) is the
constant of the adsorption bonding energy. The
Freundlich isotherm model describes multilayer
sorption and sorption on heterogeneous surfaces. The
Freundlich isotherm is represented by the following
equation (eqn. (4)) [16]:

e = Kt Ce /(1/n) eqn. (4)

Where g. (mg.g') is the equilibrium adsorption
the Ce (mg.LY) the

capacity of adsorbent,
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concentration of metal ions at equilibrium, KF is
empirical constant adsorption value of Freundlich
isotherm, and n is the empirical constant which
depends on the heterogeneity of the adsorbent that

indicates the intensity of adsorption.

2.11. Adsorption kinetics

The adsorption Kkinetics studies were investigated
using 0.05 and 0.04 g of 3-MS-SBA-15 in 10 mL of
50 mg.L! solutions of Cu(ll) and Cr(VI) metal ions
under previously obtained optimized conditions. The
pseudo-first-order and the pseudo-second-order
models were investigated using equations 5 and 6,
respectively.

Log (e _ 0r) = Log ge — (k2/2.303)t  eqn. (5)
(t/q)=1/(Kqe?) + t/ qe eqn. (6)

Where ge(mg g?) is the adsorbed metal on the
adsorbent at equilibrium and g:(mg g%) is the adsorbed
metal on the adsorbent at time t, k; is the rate constant
of first-order adsorption in min~* and k; is the rate
constant of second-order adsorption in g mg™* min™.
In this study pseudo-second-order model was well

fitted for both Cu (11) and Cr (V1) metal ions.

2.12. Adsorption thermodynamics

The adsorption studies were carried out at different
temperatures including 273, 278, 283, 288, 293, 298
and 308 K to investigate thermodynamic criteria.
Using the initial and the equilibrium concentrations
(Co and C¢) of the metal ions the distribution
coefficient (kq) was evaluated by following equation 6:
ka = ((Co — Ce)/ Ce) x (VIW) eqgn. (6)

Where V (mL) is the working volume and W (g) is the
adsorbent mass.

And then the enthalpies (AH? and entropies (AS®) were
calculated from equation 7.

Ln kg = ASY R - AHRT eqn. (7)

By drawing In kg versus 1/T plots the AH® (J mol™)
and AS° (J mol™* K1) were obtained from the slope and
intercept of patterns, respectively. T (K) is the

temperature and R is the universal gas constant (8.314
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J mol* K™%). The Gibbs free energy (J mol™),
expressed by AG®, was calculated according to the
equation 8:

AGY = AH — T ASP eqn. (8)
3. Results and discussions

3.1. Characterization of the adsorbent

The XRD spectra for SBA-15, 3-MS-SBA-15, and
after adsorption Cu-3-MS-SBA-15 and Cr-3-MS —
SBA-15 are shown in figure 2a, 2b, 2c and 2d,
respectively. All materials exhibited a single strong
peak in their XRD pattern. Consequently, the
anchoring of 3-methoxy salicylaldehyde inside the
mesoporous channels of SBA-15 did not seriously
perturb the overall ordered structure of the
mesoporous silica [16]. The intensities of the XRD
peaks for 3-MS-SBA-15, Cu-3-MS-SBA-15 and Cr-
3-MS -SBA-15 are approximately the same while
according to Debye-Scherrer equation size of 3-MS—
SBA-15, Cu-3-MS-SBA-15 and Cr-3-MS —-SBA-15
was calculated 18.43, 16.17 and 18.42 nm that shows
a substantial decrease in size of Cu-3-MS-SBA-15
and also based on Bragg's law the space of plates
obtained 0.1548 , 0.1523, 0.1543 A respectively, that
3-MS-SBA-15  has

constriction after Cu(ll) and Cr(VI) metal ions

indicates experienced a
trapping as this constriction for Cr(VI) is more than
Cu(ll) metal ion. The morphology of the 3-MS-SBA-
15 was analyzed by a scanning electron microscope. A
typical image is represented in figure 3, which shows
many rope-like domains with relatively uniform size.
The results for N, adsorption—desorption containing
the pore diameters (DBJH), the BET surface area
(SBET) and the total pore volumes (Vi) Of the
calcined 3-MS-SBA-15 and SBA-15 samples are
summarized in Table 1. In comparison with SBA-15,
average particle size has increased by 28.6 nm while
Surface Area and pore volumes have decreased by
209.738 m? g* and 0.391 nm, respectively. FT-IR
identified the incorporation of amine groups and 3-

methoxy salicylidene functional groups into the SBA-

15 pores. The typical Si-O-Si bands at 432, 810 cm™
are present in all samples and are attributed to the
condensed silica network [17]. SBA-15 was reported
to exhibit a strong absorption band at about 3448 cm™
(SBA-15 spectrum), attributed to the —OH stretching
vibrations of Silanol groups [18]. The band at about
3448 cm™ that is overlapped by the band of NH;
functions, decreased the intensity of peak for the NH,—
SBA-15 sample (NH-SBA-15 spectrum), indicating
the presence of primary amine [17]. The new bands at
1662 cm™ (3-MS-SBA-15 spectrum) are indicative of
—C=N band in the 3-MS-SBA-15 sample and confirm
that the 3-methoxy salicyl aldehyde-based adsorbent is
formed [19, 20]. These results confirm the successful
functionalization of SBA-15 with amino propyl and 3-
methoxy salicyl aldehyde groups.

*‘WMWWM

T
R ) D

a-SBA-15 b-3-MS-SBA-15

c- Cu-3-MS-5BA-15

o 2 ® ® & 8 8 a

d- Cr-3-MS-SBA-15

Figure 2. XRD pattern for a-SBA-15, b-3-MS-SBA-15, c-Cu-3-
MS-SBA-15, d- Cr-3-MS —-SBA-15

Tablel. BET properties of SBA-15 and 3-MS-SBA-15

Compoun Averag BET averag Pore

d e Surfac e pore volum
Particle e Area  width e cm?
Size m? g (hm) gy
(nm) )

SBA-15 8.77nm 689.03 7.3 12

3-MS- 28.6 209.74 74 0.391

SBA-15

Figure 3. SEM micrographs of 3-MS-SBA-15
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3.2. Adsorption of Cu (I1) and Cr (IV) metal ions in
batch system

3.2.1. Effect of pH

The ionic forms of the functional groups on the surface
of SBA-15, metal speciation in solution and the
competition between proton ions and metal ions are
some factors to investigate the effects of the solution
pH [21, 22]. Therefore, the pH was optimized in this
study while temperature, dose of 3-MS-SBA-15
(adsorbent), and concentration of metal ions were kept
constant. The Cu (I1) metal ion uptake increased while
increasing the pH from 2 to its maximum at pH = 5,
and decreased at the pH values higher than 5 because
of precipitation. For Cr (V1) metal ions removal, on the
other hand, removal decreased by increasing pH
values thus pH = 2 was introduced as the maximum
removal efficiency point for this ion. The removal
efficiency was 52.7 % and 87.9 % for Cu (II) and Cr
(VI), respectively, at max pH value. To analyze this
results, at low pH values there is an excessive
protonation of the adsorbent active sites, resulting in a
decrease in the sorption of Cu (lI) metal ions whereas
Cr (V1) ions changed to Cr,07* and an electrostatic
force between oxyanions and cations increased the
removal efficiency [21,22]. At high pH values, the
solubility of metal ions was also reduced because of

precipitation of solid metal hydroxides.

3.2.2. Effect of adsorbent dose

The experiments were performed to find appropriate
adsorbent dose for Cu (1) and Cr (VI) metal ions
removal. 3-MS-SBA-15 shows much large heavy
metal ions removal efficiency, which might be due to
the grafted 3-methoxy salicyl aldehyde groups on the
surface of silica and its more active adsorption sites
and annular shapes. Physico-chemical properties of
metal ions such as electro-negativity and ionic radius
may be responsible for the selectivity of Cr (V1) > Cu
(1. The higher removal efficiency of 3-MS-SBA-15
indicates a higher loading capacity of metal ions and

also revealed that the metal removal percentage
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depends strongly on the optimal increase of the
adsorbent dose, due to a consequential increase in
interference between binding sites at the higher dose.
The maximum metal ions removal was obtained 5 and
4 g L 3-MS-SBA-15 for Cu (1) and Cr (V1) and was

almost the same even at higher doses.

3.2.3. Adsorption isotherms

In order to study the adsorption capacities for metal
ions, the surface properties and affinity of the
adsorbent, constant values of adsorption isotherms are
studied. The b, gm, n, K¢ values and the nonlinear
regression correlation coefficients (R?) for Langmuir
and Freundlich isotherms are collected in Table 2.
Both isotherms showed a sharp initial slope indicating
that the adsorbent operates at high efficiency at a low
metal ion concentration and gets saturated with an
The
coefficients indicate that adsorption was fitted better
by the Langmuir R? = 0.97, 0.99 and the Freundlich
model R? = 0.98, 0.97 for Cu (1) and Cr (VI) ions,

respectively. Therefore, the adsorption process can be

increased ions concentration. correlation

described by the formation of monolayer coverage of
the adsorbate on the adsorbent surface. Ky the
Freundlich constant representing the adsorption
capacity of the adsorbent, was determined as 0.07 and
13.87 for Cu (Il) and Cr (VI), respectively. These
values showed a trend similar to that of the Langmuir
constant, qm. The value of n represents the measure of
both the relative magnitude and diversity of energies
associated with Cu (I1) and Cr (V1) adsorption onto 3-
MS-SBA-15 and the numerical values of 1/n for all
metal ions that lie at < unity, indicating that the
marginal adsorption energy decreases with increasing
surface concentration and that the Cu (II) and Cr (V1)
ions are favorably adsorbed by 3MS-SBA-15 [23].
According to calculations found that Freundlich and

Langmuir are fitted to Cu (I1) and Cr (V1) respectively.
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Table 2. Langmuir and Freundlich isotherms data for a) Cu (I1)

Table 3. Kinetics data for a) Cu (Il) and b) Cr (VI) in pseudo-

and b) Cr (VI), first-order and pseudo-second-order models.
a) Isotherm data for Cu( I1) a) kinetic data for Cu(ll)
Langmuir Om K. R? pseudo-first- Q KL R?
0.2734 0.1785 0.9725 order
Freundlich Ke n R? 13.38 212820 0.7308
0.07326 2/91 0.9893 pseudo-second- Q; Ks R?
order
14.28 0.009 0.9994
b) Isotherm data for Cr (V1)
Langmuir . K Rz b) kinetic data for Cr(VI)
0.046 0.17651 0.9982 pseudo-first- Q Ki R
Freundlich Ke n R? order
0.1387 2/25 0.9737 22.53 0.0305 09537
pseudo-second- Q: Kz R?
order
22.57 4.140 1

3.2.4. Adsorption Kinetics

The rate of metal ions adsorption was studied by fitting
the experimental data to pseudo-first order and
pseudo-second-order kinetics models that defines the
efficiency of sorption for both Cu (I1) and Cr (VI). As
shown in table 3, parameters of the kinetic models and
the regression correlation coefficients (R?) were
calculated which indicate the validity of the pseudo-
first-order and pseudo second- order kinetics. In this
study, the removal efficiency increased sharply during
115 min and 60 min for Cu (II) and Cr (VI),
respectively. The matrix of the adsorbent and the metal
ionic radius are two important factors related to
adsorption rate [24]. Based on Table 3, Cu (ll) ions
with a smaller ionic radius showed the higher
adsorption rate that can be related to this fact that the
Cr (VI) ions can wins in the ions competition for
occupying the active sites. By calculating R? it was
found that the pseudo-second order Kinetics model
better fitted the kinetics data of the adsorbent 3-MS—
SBA-15. As shown in Table 3, the pseudo-second
order constants increased from 9.05 to 13.37 min™* for
Cu (1) and from 0.22 to 2.66 min for Cr (VI).
According to table 3 it was found that higher
adsorption depends on large pore diameter and volume
and higher

adsorption rate depends on pore

connectivity.
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3.2.5. Adsorption thermodynamics

The linear plot of In kq versus 1/T was drawn in order
to study the effect of temperature on the adsorption of
Cu (11) and Cr (V1) metal ions onto 3-MS-SBA-15 and
also correlation coefficients and other parameters were
calculated and listed in Table 4. The negative value of
AH? for Cu (I) and positive value of AH® for Cr (V1)
metal ions indicate that this process is exothermic for
Cu(ll) and endothermic for Cr (V1) metal ions onto the
3-MS-SBA-15. Existence of a high number of
adsorption sites on the surface of SBA-15 is the reason
of nature of adsorption as those improve metal ions
adsorption [23]. In addition, the Gibbs free energy and
Entropy were calculated for both Cu (II) and Cr (VI)
metal ions and are reported in table 4. By increasing
temperature, AG° for Cu (1) decreased from 6.404 to -
0.409 kJ mol! and also AS° increased from - 0.11 to -
0.084 kJ mol* K%, AG® and AS® were also calculated
for Cr (VI) metal ion. By increasing temperature AG®
decreased from — 5.38 to — 11.29 kJ mol? and AS°
decreased from 0.1504 to 0.1386 kJ mol?! K7,
indicating that this sorption has a spontaneous nature.
Table 5 indicates a camparision between 3-MS-SBA-

15 and other adsorbents
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24,377 kImolt-  AH%%,= AH%%,= 31.480 kJ mol!
Table 4. Thermodynamic data for a) Cu (1) and b) Cr (V1)

Table 5. optimum parameters for SBA/EnSA, NZVIs/SBA-
15, TS-SBA-15 and 3-MS-SBA-15 for Cr removal

was found as an efficient adsorbent for heavy metal

ions in aqueous solutions for both Cu (I1) and Cr (VI)

Thermodynamic data for Cu(ll)

Parameters pH Adsorbrnt Contact Ref.
Adsorbent dose (g/L) time
(min)
SBA/EnSA 4 20 15 [27]
NZVIs/SBA- 55 20 10 [28]
15
TS-SBA-15 6.5 0.5 360 [29]
3-MS-SBA- 5 4 60
15
4. Conclusion

This investigation claims that the 3-methoxy
salicylaldehyde grafted to SBA-15 mesoporous silica
(3-MS-SBA-15) was prepared and used as adsorbent
for the removal of Cu (1) and Cr (VI) ions from
aqueous solution in batch system and showed high
efficiency. The optimum pH value for removal was 5
and 2 for Cu () and Cr (VI), respectively. The
Langmuir isotherm fitted the equilibrium data for Cr
(V1) and the Freundlich isotherm fitted for Cu(ll), with
a higher correlation coefficient. The kinetic adsorption
onto 3-MS-SBA-15 revealed both ions were adsorbed
satisfactorily according to the pseudo-second-order
equation. The thermodynamic parameters such as
changes in Gibbs free energy (AG°), entropy (AS®) and
enthalpy (AH°) were calculated at different
temperatures. The value of the Gibbs free energy of
adsorption decreased for both heavy metal ions that
showed the process was spontaneous, and entropy
increased for Cu (lI) and reduced for Cr (VI). In
addition enthalpy obtained in negative value for Cu
(1) and positive value for Cr (VI) which showed the
adsorption was exothermic for Cu (lI) and
endothermic for Cr (VI). To sum up 3-MS-SBA-15

Temp.(K 278 283 288 293 298

)

AG® 6404 403 232 101

(kj/mol) 4 1 6 0.40
9

AS® - - - -

(kifmolk 0110 010 092 008 008

) 2 03 7 66 04

Thermodynamic data for Cr(VI)

Temp.(K 273 288 298 308

)

AG® - - - -

(kj/mol) 5.381 11.8 114 112
63 89 09

AS° 0.135 0.15 0.14 1386

(kj/molK 04 41

)

in batch system.
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