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Abstract

In this study, mesoporous Montmorillonite-Silica composites prepared by using different amount Alginate as sacrificial
template, for removal of Rhodamine B is investigated. By alternating Alginate amount it is aimed to switch the porosity of
adsorbents thus the adsorption capacities of adsorbents. Synthesized adsorbents had been characterized by using Scanning
Electron Microscopy, X-ray diffraction, Fourier transform infrared spectroscopy and N,-Ads/Des techniques. It is observed
that beside the decrease in the micropore volume, the total pore volume of the adsorbents increased with the increasing of
used Alginate amount. The total pore volumes of adsorbents synthesized with different Clay/Alginate ratio (10, 5, 1) were
found as 0.116, 0.172, and 0.178 cm?/g, respectively. Batch adsorption studies showed that the maximum removal efficien-
cies were obtained at acidic conditions and the adsorbents had better fit with Freundlich isotherm. Qm values obtained
from Langmuir isotherm were found as 24.47, 31.97 and 28.48 mg/g for synthesized adsorbents. Also, adsorption kinetic
studies showed that for all adsorbents, experimental data had good fit to the pseudo-second order kinetics model. The model
parameters were found as 5.9,6.3 and 6.5 (10~ g/ (mg min). Thermodynamic parameters were also investigated in the study.
Negative AG® values pointed out that the adsorption of RhB onto synthesized adsorbents was favorable process. Positive
values of AHo and AS indicated that the adsorption of RhB on adsorbents were endothermic and rising of randomness during
the adsorption of RhB on the surface of the adsorbent. Adsorbents could be recovered at least five times without significant
decrease in adsorption capacity.

Keywords Alginate - Mesoporous Adsorbents - Na-montmorillonite - Error Analysis

1 Introduction

Potable water is rare and critical sources for many countries,
because of the importance of it in agriculture and daily life.
Especially the countries in arid climate zone, have limited
potable water sources. Nearly half billion people living in 29
countries are experiencing water scarcity[1]. Water scarcity
could be defined as a situation where the available water sup-
ply is much lower than the demand for water. In addition to
these, water pollution caused by human activity and indus-
try makes this problem even more inextricable. Organic
and inorganic chemicals frequently used in industry such
as heavy metals and organic dyes are toxic and harmful to
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the environment. More seriously, the fact that these chemi-
cals are not biodegradable makes the environmental prob-
lems caused from these pollutants long-term and extensive.
Moreover, wastewater containing organic dyes produced
in huge volume from industries which needs coloring their
products, such as textile, paper, tannery, and paint causes
low light penetration and decrease in photosynthetic activ-
ity in aquatic areas[2]. Beside these, the side products could
occur during the degradation of dyes in aquatic media and
this may cause many complications, because of harmful and
toxics nature of these products[3].

Up to date, coagulation and flocculation[4, 5], reverse
osmosis[6], advanced oxidation process[7, 8], and adsorp-
tion[9] methods have been tested by using various kind of
organic dyes, pesticides and antibiotics for water treatment.
Adsorption could be the most cost effective and feasible
method among others. In contrary to some other meth-
ods, adsorption could remove both inorganic and organic
contaminant in less space and short time[10]. Adsorption
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could be briefly defined as attachment of species that is
considered as contaminants on surface of porous solid
matrices. There are many types of adsorbents reported in
the literature for the adsorption of organic molecules and
inorganic species. Both commercial activated carbon from
coal and its derivatives derived from natural sources have
been used for several decades for this purpose [11]. Espe-
cially, usage of commercial activated carbon is not prefer-
able because of its high cost and its regeneration problem.
Like activated carbon, zeolites both natural and synthetic
ones, have been used for adsorption of dyes and heavy
metals for several decades. Mesoporous zeolites such as
MCM-41, have been used as absorbent because of its high
surface area and well-defined pore structure since the first
discovery of it in 1992[12, 13]. Zeolites are good can-
didates for removal of organic pollutants from wastewa-
ter, but the use of high-cost surfactants in the production
of zeolites and the fact that most of these surfactants are
petroleum-based, are the main disadvantages of synthetic
zeolites. Beside the adsorbent mentioned above, clays
and clay-based adsorbent extensively used as adsorbent
for removal of contaminants from wastewater [14-17].
Biopolymer-based adsorbents with their suitable active
centers have attracted too much attention for wastewater
treatment, recently. For this purpose, biopolymers, such as
chitosan[18, 19], cellulose[20], dextrin[21], alginate[22]
etc. and composites of them have been used extensively
as adsorbent for decontamination of the wastewater. There
are many studies in the literature on the adsorption appli-
cations of biopolymer clay and biopolymer pillared clay
composites [23-27]. In these studies, alginate was used as
a polymer matrix for the formation of beads. In our study,
unlike previous studies, alginate was used as a sacrificial
template as a pore change dictating agent for the first time.
To our knowledge, this will be the first in the literature.
In this study, findings on the synthesis of high surface
area and mesoporous Montmorillonite-Silica composites
in which alginate, a natural polymer, used as a sacrifi-
cial template is presented. Three different concentrations
of alginate were used for differing of porosity of adsor-
bent. Resulting adsorbent were characterized by using
attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, scanning electron microscopy
(SEM), nitrogen adsorption isotherms (N,-Ads/Des) and
X-ray Diffraction (XRD). For the evaluation of interaction
between dye molecules and adsorbent, the effects of dif-
ferent adsorption parameters such as pH, contact time and
initial dye concentration, were investigated. Also, adsorp-
tion kinetic studies, error analysis, adsorption isotherms
studies and determination of different thermodynamic
parameters were performed for deep evaluation of adsor-
bent. Rhodamine B (RhB) was used as model contaminant.
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2 Experimental
2.1 Materials

Hydrophilic Montmorillonite clay (Na-MMT, Sigma-
Aldrich), Sodium alginate (Sigma-Aldrich) and Tetra-
ethyl orthosilicate (TEOS, Sigma-Aldrich) were used for
synthesis of adsorbent, and Rhodamine B (RhB, Sigma-
Aldrich) was used as model contaminant.

2.2 Synthesis of Alginate templated MMT-Si
composite adsorbent

For synthesis of adsorbents, firstly 2 g of Na-MMT was
dispersed in 100 ml of water and stirred vigorously for
24 h. At the same time, certain amounts of alginate (0.2,
0.4 and 2 g) were added in 100 ml of distillated water and
obtained mixture was stirred until a homogeneous solution
was formed. The resulting alginate solution and Na-MMT
dispersion were mixed in equal volumes. The final mixture
included clay/alginate ratio was 10, 5, and 1 respectively,
and was left at room temperature overnight with vigorous
stirring. After then, silica sol was added into each result-
ing mixture. Silica sol was prepared by sol-gel technique
as reported previously in literature[28]. For this purpose,
TEOS, 2 N HCI and absolute ethanol were mixed in the
ratio 41.6 g/10 ml/12 ml respectively and obtained sol was
stirred for 2 h. SiO,-sol added mixture was stirred vigor-
ously for 24 h. Then obtained gel like mixture was filtered
and washed with water and ethanol respectively. Obtained
wet cakes were dried overnight at 80 °C then calcinated
at 600 °C for 6 h.

2.3 Characterization

The prepared adsorbents were characterized by using
ATR-FTIR, SEM-EDX, N,-Ads/Des and XRD techniques.
ATR-FTIR spectra of the adsorbents were recorded by
using Thermo Scientific Nicolet iS20 FTIR Spectrometer
within the range of 500-4000 cm™. Surface morphology
of the adsorbents was investigated by using the Scanning
Electron Microscope (ZEISS Gemini SEM 500). Textural
properties of adsorbents such as Brunauer, Emmett and
Teller (BET) surface area, total pore volume and micropore
volume were obtained at 77 K by using Micromeritics/
TriStar II Plus. X-Ray Diffraction spectrums of adsorbents
were obtained by using X-Ray Diffractometer (Europe
600, GNR. Energy dispersive X-ray (EDX) analysis was
performed by using SEM-EDX (Hitachi — SU 1510).
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2.4 Adsorption studies

All experiments were performed in a temperature-controlled
water bath and the initial pH of the solution was adjusted
using 0.1 M NaOH or 0.1 M HCI solutions. In a typical
adsorption run, 50 mg dried adsorbent was added into 25 ml
of RhB solutions with different concentrations (5-75 ppm),
shake for 3 h to reach the equilibrium. After 3 h, adsorbent
was separated and the concentration of RhB was deter-
mined by using UV—Vis spectrophotometer at wave length
of 556 nm. In this study, parameters affecting adsorption
such as contact time, initial dye concentration, initial pH
of solution, were investigated. Adsorption capacity of the
adsorbent (Q,) and percentage of removal of RhB (%R) were
determined by using the Eqs. 1 and 2, respectively. where
Q. is the adsorption capacity of the adsorbents (mmol/g), C,
and C, are the initial and concentrations (mol/L) of the RhB
at time t, in the solution, V (mL) is the volume of solution,
and m is the amount of adsorbent used (g).
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2.5 Error analysis

The error functions are valuable tools used for estimating
model parameters and determining the convenience of the
non-linearized models with experimental results[29, 30]. In
this study, to confirm the ideal fitting of the adsorption iso-
therm and kinetic models with experimental results, the sev-
eral error functions such as, Residual Sum of Squares Error
(ERRSQ/SSE), Chi-square (x2), Coefficient of determination
(R?), Average Relative Error (ARE), Hybrid Fractional Error
Function (HYBRID), Marquardt’s Percent Standard Deviation
(MPSD) and Root Mean Square Error (RMSE) were used.
Error functions used in this study are seen in Eqs. 3-9 and in
these equations g, ., is experimentally determined adsorption
capacity of the adsorbents, g, ., is calculated value of adsorp-
tion capacity of the adsorbents from model, n is the number of
data points and p is the number of model parameters.
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3 Results and discussions
3.1 Characterizations

SEM images of prepared alginate templated MMT-Si com-
posite adsorbents is shown in Fig. 1. As seen in the figure,
the layered structure was observed in all adsorbent struc-
tures. As it was well known that montmorillonite clay con-
sists of overlapped layers which includes octahedral Al,O4
sheets sandwiched between two tetrahedral SiO, sheets.
In general, these stacked layers are aligned randomly, and
porous card-house structure is formed. But for the adsor-
bents synthesized in this study, the montmorillonite layers
were seemed to be aligned parallel to each other due to vis-
cous forces, during the dispersion of clays in alginate solu-
tions. As seen in figures, the layers parallel to each other had
twisted shape and the curvature of layers increased with the
increasing of alginate concentration. After calcination of the
adsorbent, alginate was removed from the composite, this
resulted in formation of porous structure.

Elemental compositions of Na-MMT and synthesized
Alginate templated MMT-Si composite adsorbents were
determined by using EDX analysis and the obtained results
were listed in Table 1. EDX analysis indicate that the all
the samples consisted of oxides such as SiO,, Al,O;, MgO
and FeO. As seen in Table 1, the increase in the amount of
Si in the synthesized samples compared to Na-MMT is an
important result showing that Si is integrated into the struc-
ture. A correct interpretation cannot be made with elemental
amounts, especially after the integration of SiO, into the
structure. Therefore, instead of elemental amounts, it is a
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Fig.1 SEM images of Alginate templated MMT-Si composite adsorbents (clay/alginate ratio: (a) 10, (b)5, and (¢) 1), XRD spectrums of Algi-
nate templated MMT-Si composite adsorbents (d) and FTIR spectra of Na-MMT and Alginate templated MMT-Si composite adsorbents (e)

Table 1 BET surface areas. Sample (% Weight)

Total pore volumes, Micropore

Volumes and EDX results of Elements Na-MMT Clay/alginate=10 Clay/alginate=5 Clay/alginate=1

Na-MMT and synthesized

Alginate templated MMT-Si 0] 61.61 64.98 65.69 66.22

composite adsorbents Mg 3.07 1.04 1.62 1.65
Al 8.46 3.20 4.98 5.07
Si 22.09 27.81 25.80 25.41
Ca 1.26 0.26 0.25 0.21
Fe 1.95 0.67 0.94 0.96
Si/Al 2.61 8.69 5.18 5.01
BET Surface Area (mz/g) 1.9* 205.22 236.43 228.52
Total Pore Vol. (cm3/g) 0.004* 0.116 0.172 0.178
Micropore Vol. (cm*g) - 0.062 0.052 0.047

* Obtained from the literature for Na-MMT [13]

more accurate approach to interpret it based on Si/Al ratios,  the increasing of alginate used for preparation of adsorbents.

assuming that the amount of Al in the structure remains con-  This result indicates that the sites where SiO, structures can
stant. While the Si/Al ratios found in EDX analysis of Na-  bond are occupied by alginate, and the number of occupied
MMT was found as 2.61, the same ratio obtained for Algi-  areas is directly proportional to the amount of alginate.

nate templated MMT-Si composite adsorbents synthesized Figure 1(d) shows the XRD patterns of synthesized

with different Clay/Alginate ratio (10, 5, 1) were found as  adsorbents and Na-MMT. The d,y,, value which indicate
8.69, 5.18, and 5.01, respectively. Si/Al ratios decrease with ~ the distance between two separate layers of clay minerals,
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gives valuable information about the change in basal space
of Na-MMT before and after modifications. The d,,; value
could be calculated by using Bragg Eq. (2dy,;sin ©=n A).
A sharp peak at 2-theta about 6.315°, with the basal space
of 1.41 nm was observed in the raw clay. On contrary, the
sharp peaks correspond to 001 plane did not observe for
alginate templated MMT-Si composite adsorbents. These
findings showed that the clay layers were exfoliated after
modifications. But also, after modification, there were broad
peaks like shoulders observed for all adsorbent systems at
around 20 =8.6. These showed that not all of clay segments
were exfoliated and distance between some interlayers of
clays were decrease due to removal of water during the
calcination.

FTIR spectra of the Na-MMT and the alginate templated
MMT-Si composite adsorbent is seen in Fig. 1(e) FTIR
was used for investigating the changes in chemical struc-
tures of Na-MMT before and after the modifications. As
seen in Fig. 1(e), the FTIR spectrums of the Na-MMT and
the modified samples were nearly identical except for the
intensities of some peaks. There was no additional peak
observed and it was concluded as the chemical structure of
raw clay preserved after the modifications. The broad peak
at around 3625 cm™! could be attributed to the stretching
band of —OH groups attached to the Si and Al. The peak at
around the 3410 cm™' is assigned to —OH stretching band for
physically adsorbed water on interlayer of Na-MMT. After
calcination, for all synthesized adsorbents, intensities of
these peaks were decrease sharply due to removal of physi-
cally adsorbed water and degradation of —OH groups. The
sharp peaks observed for all samples at 1030 cm™' could be
attributed to Si—O-Si stretching vibrations and the peaks at
516 cm™! were assigned to Si—O bending vibrations. The
absence of any peak that may belong to alginate in the FTIR
spectrum indicates that the alginate is completely removed
from the structure.

The textural properties of synthesized Alginate templated
MMT-Si composite adsorbents are listed in Table 1. The
BET surface areas of adsorbents synthesized with differ-
ent Clay/Alginate ratio (10, 5, 1) were found as 205.22,
236.43 and 228.52 m%/g, respectively. These values were
much higher than the that of Na-MMT (1.9 m%/g)[31]. On
the other hand, the number of active centers on the surface
and the accessibility of these centers by adsorbed materials
are other important parameters. The total pore volumes of
adsorbents synthesized with different Clay/Alginate ratio
(10, 5, 1) were found as 0.116, 0.172, and 0.178 cm3/g,
respectively Clays are multi-layered minerals found abun-
dantly in nature. Each layer of clay consists of an octahedral
Al,O; layer sandwiched between two tetrahedral SiO, layers.
There are exchangeable cations such as Na*, Ca*? and physi-
cally adsorbed water between the layers[17]. In this study,
the surface properties of clay minerals such as surface area,

micro and mesopore distribution were tried to be changed
by replacing the exchangeable cations between the layers
with SiO, particles as intercalating agents. The amount of
exchanged intercalating agents differs the size of the pores in
resulting adsorbents. It was observed that the total pore vol-
ume of synthesized adsorbents had increased with increase
in amount of the alginate used for preparation. In parallel
with our expectations, it was observed that the micropore
volumes of adsorbent decreased with the increasing of algi-
nate used. These could be concluded that when the alginate
which was used as sacrificial template was removed during
the calcination, the remaining space formed pores. Up to a
certain point, the increase in porosity help to increase the
surface area but higher concentration of alginate leads to
decrease in microporosity thus decrease in BET surface area.
This observation was parallel to the results of EDX analy-
sis of synthesized adsorbents. The ratio between the Si/Al
ratios decreased with the decrease of Clay/Alginate ratios.
This result indicates that the increase in amount of alginate
reduced the amount of intercalation of SiO,.

3.2 Adsorption studies
3.2.1 Effect of operating parameters

The effects of different adsorption parameters such as pH,
contact time, and initial dye concentration, on removal of
dye molecules were investigated in this study. The obtained
results is shown in Fig. 2.

To investigate the effect of initial pH of solution on
adsorption capacity and the percentage of removal, the solu-
tions with different pH ranged between 2—12 were prepared.
Initial pH of the solution was adjusted by using 0.1 M NaOH
and 0.1 M HCI solutions. The other parameters such as con-
tact time (120 min.), temperature (25 °C), the volume of
solution (50 ml), adsorbent dosage (0.05 g) and initial dye
(15 ppm) concentration were kept constant in all experi-
ments. Figure 2(a) illustrates the effect of initial pH of the
solutions on the removal efficiency. As seen in figure, the
removal efficiencies of all adsorbents showed nearly same
characteristics for all adsorbents in all pH values. For all
adsorbents, the removal efficiencies were remained constant
in pH range between 4-8. A decrease in removal efficiency
was observed with increase in pH between pH ranges 2—4
in acidic conditions. Parallel to this, removal efficiencies
decreased with increase in pH between pH ranges 8-12
under basic conditions. This observation showed that the
interaction between the dye molecule and the surface were
similar in each of the adsorbents. The highest removal
efficiencies were observed at pH 2 for all adsorbents. The
removal efficiencies were found as 81.05%, 95.82% and
95.41% for adsorbents synthesized with different Clay/Alg-
inate ratio (10, 5, 1), respectively. It was reported that the
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Fig.2 The effects of operating
parameters on removal efficien-

cies of Alginate templated a

MMT-Si composite adsorbents
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pKa of the RhB molecules is 3.7 [32]. At lower pH values
than 3.7, proton belonging to RhB acid sites do not ionize.
At low pH range the hydrogen bond between Si—~OH surface
and the acid groups of RhB could increase the adsorption
capacity thus it increased the removal efficiency. When pH
values of the solution are higher than the pKa of RhB (3.7),
molecule is in the zwitterionic form, and the net charge of
the molecule is neutral. The zwitterionic form of the RhB
in solution may led to dimerization and decrease in elec-
trostatic interaction between surface and dye molecule
thus decreasing removal efficiency. The lowest removal
efficiencies were obtained at pH =12 for all adsorbents.
The removal efficiencies were found as 40.14%, 42.89 and
40.32% for adsorbents synthesized with different Clay/Algi-
nate ratio (10, 5, 1), respectively. At high pH values, the
protons belong to Si—OH and RhB acid sites easily ionized
and electrostatic repulsions between the negatively charged
surface and the dye molecules could lead dramatic decrease
in adsorption capacity thus decrease in removal efficiencies
for all adsorbent systems.

The removal efficiencies of the adsorbents for differ-
ent initial dye concentrations (5-75 ppm) and for differ-
ent contact time (0—180 min) are illustrating in Fig. 2b
and Fig. 2c, respectively. For investigating effect of initial
dye concentrations on removal efficiencies, experiments
performed with different RhB concentrations in the range
between 5—75 ppm. For this purpose, the other parameters
such as contact time (120 min.), temperature (25 °C), the
volume of solution (50 ml), adsorbent dosage (0.05 g) and
pH (7) were kept constant. As seen in Fig. 2b decrease in
the removal efficiencies is observed with the increase in ini-
tial dye concentration for all adsorbents. At low initial dye
concentration, the surface coverage is low and therefore the
equilibrium between adsorbed dye molecules and dye mol-
ecules in bulk solution is established at low concentration.
For this reason, the ratio between adsorbed dye molecules
and dyes in solution form is high at low concentrations and
therefore the removal efficiency is high. The other important
point observed from experimental results was that the rate
of decrease in removal efficiency was higher for adsorbents
synthesized with Al/clay ratio =10 then other adsorbents.
In experiments which the initial concentration was 5 ppm,
the removal percentages were found to be 81.68%, 93.8%
and 79.48%, respectively, for the adsorbents synthesized
using the Clay/ Alginate ratios (10, 5, 1), whereas, in the
experiments which the initial concentration was 75 ppm, the
removal efficiencies for the adsorbents were found as 47.31,
54.34 and 58.49, respectively.

The variation of RhB removal efficiency with contact time
was investigated at an initial dye concentration of 50 ppm, a
sorbent mass of 0.05 g, a solution volume of 50 mL, a solu-
tion pH of 7, and a temperature of 25 °C. Figure 2¢ shows
the removal efficiency of RhB with respect to time. As seen

in the figure, the removal efficiencies of RhB for all adsor-
bents increased over time up to a point. It was observed that
the rate of adsorption of RhB on adsorbent was fast at the
early stages, but Removal efficiencies for all adsorbents was
found to be reach a constant value at contact times of 90 min
or little more. At this point, the amount of adsorbed and des-
orbed dye molecules from surface of the adsorbent is equal
and the system is in equilibrium state. The removal efficien-
cies at equilibrium states were found as 53.2%,71.92% and
65.98% for adsorbents synthesized using the Clay/ Alginate
ratios (10, 5, 1), respectively. At these specific conditions
mentioned above and at equilibrium, the concentrations in
bulk solution are referred as equilibrium concentrations (C,)
and the adsorbed amount of on unit mass of absorbate is
referred as equilibrium absorption capacity (Q,).

3.2.2 Adsorption isotherms

Adsorption isotherms provide important information’s on
adsorbate-adsorbent interaction, surface properties of adsor-
bent, adsorption mechanism, and have been frequently stud-
ied in the literature. In this study, equilibrium adsorption
data were analyzed using three adsorption isotherms such as
Langmuir, Freundlich and Sips. The experimental equilib-
rium adsorption data and the fitted curves obtained by using
the nonlinear form of Langmuir, Freundlich and Sips iso-
therms is seen in Fig. 3. The isotherm parameters obtained
by using nonlinear curves and the error values measured for
each fitted curve is listed in Table 2.

The shape of the isotherms gives valuable information
about the adsorption mechanism. For the obtained fitting
curve of RhB adsorption onto adsorbents, the shape of the
curves showed the Type L, which could be attributed to the
absence of competition between the RhB and the water mol-
ecules for getting hold of absorptive sites[33].

The isotherm equations used in this study are listed in
Table 2. In these equations, Q, (mg/g) and C, (mg/L) are
adsorbed amount of dye molecules on unit mass of adsor-
bent and concentration of dye molecules at equilibrium
state. For Langmuir isotherm model, it is assumed that the
adsorbed species occupied active sites on the homogene-
ous surface, there is no interaction between the adsorbed
molecules, also the coverage of the surface is in the form
of monolayer. In Langmuir isotherm equations, K; (L/mg)
is Langmuir isotherm constant and Q,, (mg/g) is maximum
adsorption capacity[34]. Freundlich isotherm is an empiri-
cal equation used for delineation of heterogeneous adsorp-
tion systems with assuming there are interactions between
adsorbed molecule and on contrary to Langmuir isotherm,
it is not restricted to the formation of the monolayer. In this
model, K. (L'" mg!~""g~1) is Freundlich Isotherm constant,
n is the value that indicate adsorption intensity The Sips
isotherm is an integrated form of Langmuir and Freundlich
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Fig.3 Nonlinear fitting curves
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ing the adsorption in heterogeneous systems to overcome
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the dilemma of the continuing rising in adsorption capacity
with increase of the adsorbate concentration associated with
the Freundlich isotherm [34, 35]. In Sips Isotherm equation,
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Table2 Isotherm equations Isotherm model Equation Parameters Clay/Alginate

and Isotherm parameters of

Langmuir, Freundlich and 10 5 1

Sips models and measured

error values for adsorption of Langmuir Qe = IQHf_';: K. 0.079 0.082 0.12

RhB onto Alginate templated L Q,, (mg/g) 24.473 31.974 28.48

MMT-Si composite adsorbents ERRSQ(SSE) 0.50 12.29 4.46
Chi-square/ x2 0.01 0.69 0.52
R2 0.99757 0.96292 0.98594
ARE -0.59 434 3.99
RMSE 0.35 1.75 1.06
HYBRID -0.88 6.50 5.98
MPSD 1.76 13.01 11.96
SNE 1.22 3.04 2.42

Freundlich 0, =K,C,7 Kg 2.95 3.713 4.54
1/n 0.52 0.548 0.48
ERRSQ(SSE) 3.21 3.19 3.20
Chi-square/ x 2 0.34 0.15 0.20
R2 0.9845 0.9904 0.9899
ARE 247 -0.87 -1.33
RMSE 0.90 0.89 0.90
HYBRID -3.71 -1.31 -1.99
MPSD 7.42 2.62 3.99
SNE 0.90 1.77 1.49
Sips Qe = QmK\(C»:‘ Q. 28.61 39.722 46.00
14K,(C,)"s

K 0.08 0.100 0.10
n, 0.87 0.751 0.68
ERRSQ(SSE) 0.32 9.25 1.36
Chi-square/ x2 0.09 1.13 0.18
R2 0.99848 0.97211 0.9957
ARE 1.19 493 2.58
RMSE 0.32 1.76 0.67
HYBRID 2.39 9.85 5.17
MPSD 4.14 17.06 8.95
SNE 2.28 2.63 222

K, (L "/mg ") is Sips isotherm constant, Q,,, (mg/g) is maxi-
mum adsorption capacity and ng is a numerical value that
represent the measure of heterogeneity of the adsorption
process and limited from O to 1[34].

The isotherm constants and calculated error values of
used isotherm models in our study were determined by a
nonlinear regression method based on minimizing ERRSQ/
SSE functions for each adsorbent. After then the value of
error functions mentioned in Sect. 2.5 were calculated by
using experimental data points and fitted isotherm models.
To evaluate the fitting of used isotherm models to experi-
mental data, it was aimed to minimize the error functions
3-9 [29]. But it was not always easy to minimize the value
of each error functions for each isotherm, thus the other indi-
cator value such as sum of normalized errors (SNE) was
determined for each adsorbent. SNE values was calculated

by using the procedure reported in literature [36]. The mini-
mum SNE value indicates the lowest value of summation of
the scaled errors thus it specifies the best fitting of isotherm
models to experimental data. As seen in Table 2 lowest SNE
values for each adsorbent was obtained for Freundlich iso-
therm model. As seen in Table 2, K; values of Freundlich
isotherm gradually increased with the increasing of Clay/
Alginate ratio used for preparing adsorbents. Also 1/n; val-
ues were determined as 0.52 0.548 and 0.48 for adsorbents
synthesized using the Clay/Alginate ratios (10, 5, 1), respec-
tively. Due to the random distribution of different functional
groups in natural materials, chemical homogeneity cannot
be expected on their surfaces [37]. Clay, a natural material,
is known to be chemically heterogeneous [38]. The surface
properties of adsorbents vary with the amount and distribu-
tion of atoms on the surface. The adsorbents obtained in this
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study generally contain -Si—O and Si—OH groups on their
surfaces. It is known that Si~OH groups increase the hydro-
philic character on the surface of the adsorbent, while Si-O
groups increase the hydrophobic feature on the surface of
the adsorbent[39]. In addition, with heat treatment, Si—-OH
groups on the surface can lose water and form Si—O-Si struc-
tures. In addition to the amount of groups with hydrophobic
and hydrophilic characters, how these groups are distributed
on the surface determines the properties of the surface. In
this context, the raw material used, and the method applied
in the development of adsorbent systems may have caused
a heterogeneous surface to be obtained. Therefore, it is not
surprising that the Freundlich isotherm, which accepts het-
erogeneous active center distribution, is the most suitable
isotherm for RhB adsorption on the developed adsorbents.
For the developed adsorbent systems, the 1/n; value is less
than 1, indicating that the surface is saturated with adsorbent
and the adsorption of RhB on synthesized adsorbent was
found as favorable.

Besides that, although the Langmuir isotherm model is
not the best-fit isotherm, it still provides important informa-
tion about the adsorbent such as Q,, which could be denoted
as maximum adsorption capacity. Qm values was found as
24.47, 31.97 and 28.48 mg/g for adsorbents synthesized
using the Clay/Alginate ratios (10, 5, 1), respectively. Q,,
values were observed to be proportional with the BET sur-
face areas of related adsorbents. Qm values could also be
calculated by using Sips isotherm. As seen in Table 2, Q,,
values were proportional to the increase in Clay/Alginate
ratio used for preparing adsorbents. Q,,, values was found
as 28.61,39.722 and 46.00 mg/g for adsorbents synthesized
using the Clay/Alginate ratios (10, 5, 1), respectively. Q,,
values computed by using Sips isotherm for all adsorbents
were higher than the Q,, values of adsorbents calculated by
using the Langmuir isotherm.

3.2.3 Adsorption kinetics

Adsorption kinetics, which provides essential information
about the efficiency of the process and the adsorption mech-
anism, has a remarkable importance in adsorption studies.
The applicability of adsorbents in industrial processes of and
the comparison of adsorbents with other adsorbents reported
in the literature require a good knowledge of the kinetic
parameters of the developed adsorbent systems. There are
several kinetic models used for investigating adsorption rate
[40, 41]. In this study kinetic models such as Pseudo First
Order Kinetic Model (PFO), Pseudo Second Order (PSO)
Kinetic Model, Intra-Particle Diffusion (IPD) Model and
Elovich model were employed for investigating adsorp-
tion kinetic of RhB onto the Alginate templated MMT-Si
composite adsorbents. Nonlinear form of the kinetic model
equations was used for examining adsorption kinetics. The
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experimental adsorption data with respect to time and the
fitted curves obtained by using the nonlinear form of kinetic
models is seen in Fig. 4 for all adsorbents. Fitting param-
eters of proposed model, error values calculated by using
error functions mentioned previous sections and investigated
model equations are listed in Table 3. For the PFO and PSO
equations presented in Table 3, q. and g, are the amount of
RhB sorbed on unit mass of synthesized adsorbents, at equi-
librium state and time t. k; (min™") and k, (g mg~! min™!)
represents the rate constants of PFO and PSO kinetic mod-
els, respectively. For the IPD model, k;4 is defined as IPD
rate constant (mg g~! min~'?) and C is a constant associated
with the measure of the influence of boundary layer. For the
Elowich kinetic model equations, « is defined as initial rate
of adsorption (mg-g~!-min~!) and p (g-mg~!) is a constant
corelated with the activation energy of the reaction took
place between adsorbate and adsorbent, and the degree of
surface coverage of dye molecules.

To validate the viability of kinetic models used in this
study in fitting to experimental data, SNE values was cal-
culated by using same methodology applied in isotherm
studies. In this manner, it was aimed to achieved lowest
error values which indicate the best fit. As seen in Table 3,
lowest SNE values were obtained for PSO kinetic model for
all adsorbents. PSO model is assuming that the rate-limiting
step comprise chemical adsorption known as strong interac-
tions between dye molecules with adsorbate [42]. As seen
in Fig. 4, for all adsorbents, instantaneous sorption of RhB
within the first 15 min of adsorption process was observed,
and this could be attributed to high affinity between RhB
molecules and the adsorbent surface. After 15 min, the rates
of adsorption decreased due to increase in surface coverage
and adsorption process reached equilibrium at just about
90 min, for all adsorbents. Experimentally observed qe
values were found to be very close to ge values obtained
from the PSO model. Experimentally observed qe values
were found to be 13.26, 17.75 and 16.11 mg/g for adsor-
bents synthesized using the Clay/Alginate ratios (10, 5, 1),
respectively. By the way, ge values obtained from the PSO
model were computed as 13.71 18.15 and 17.29 mg/g for
adsorbents with same order. Obtained results were in good
agreement with the textural properties of the adsorbents.
It was seen that the qe values were proportional with the
surface areas of the adsorbents. The PSO rate constant (k,)
were also calculated from model fit equations. k, values
were found as 0.0059, 0.0063 and 0.0065 for adsorbents
synthesized using the Clay/Alginate ratios (10, 5, 1),
respectively. The other important values that could obtained
from the PSO model is the initial adsorption rates (h, mg
g~! min™"). Initial adsorption rate is represented by Eq. 10
where k, is PSO rate constant and q, ., is calculated equi-
librium quantity from PSO model of RhB adsorbed on unit
gram of adsorbent.
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Fig.4 Nonlinear fitting curves
of Kinetic models and experi-
mental data for adsorption of
RhB onto Alginate templated
MMT-Si composite adsorbents
(initial concentrations of RhB
of 50 mg/L, adsorbent dose of
0.05 g, a solution volume of
0.05L, T=298 K, and initial
solution pH=7)
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Table 3 Kinetic model
equations. Kinetic model
parameters and measured
error values for adsorption of
RhB onto Alginate templated
MMT-Si composite adsorbents

2
e,cal

The initial adsorption rates were found as 1.11, 2.09
and 1.95 mg g~! min~! for adsorbents synthesized using
the Clay/Alginate ratios (10, 5, 1), respectively. It was
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Kinetic model Equation Parameters Clay/Alginate
10 5 1
Pseudo First Order Kinetic Model q,=q,(1—=¢""  k; (min ) 0.068  0.092 0.087
qe (mg/g) 11912 16.181  15.491
ERRSQ(SSE) 1857  21.57 6.51
Chi-square/2 1.88 1.50 0.51
R2 0.8945 0.92791 0.97653
ARE 0.90 0.48 -0.45
RMSE 2.15 2.32 1.28
HYBRID 1.35 0.72 -0.68
MPSD 3.11 1.66 1.56
SNE 1.51 1.31 1.34
Pseudo Second Order Kinetic Model = YA k, (g/(mg min)  0.0059 0.0063  0.0065
1+kyq,t
* qe (mg/g) 13.715 18.152  17.292
ERRSQ(SSE) 10.18  10.13 5.68
Chi-square/2 1.04 0.71 0.52
R2 0.9422  0.96613 0.9795
ARE -0.66  -0.13 -1.89
RMSE 1.60 1.59 1.19
HYBRID -0.99  -0.19 -2.84
MPSD 2.28 0.44 2.81
SNE 1.32 1.24 1.14
Intra-Particle Diffusion Model 4 = kidt% +C kiq 0967  1.233 1.146
C 2.674 47704 4.588
ERRSQ(SSE) 24.07 5229 64.08
Chi-square/2 1.77 2.10 3.23
R2 0.863  0.825 0.769
ARE 3.55 6.41 3.89
RMSE 2.45 3.62 4.00
HYBRID 5.33 9.62 5.83
MPSD 1230 2221 13.46
SNE 2.06 1.84 1.47
Elovich model q,= %ln(aﬂt+ 1 o 2.61 7.02 6.48
B 0.37 0.32 0.34
ERRSQ(SSE) 7.79 8.05 13.47
Chi-square/2 0.89 0.63 1.34
R2 0.9558 09731 09514
ARE -2.65  -1.35 -3.54
RMSE 1.40 1.42 1.84
HYBRID -3.98  -2.02 -5.31
MPSD 9.18 4.65 12.25
SNE 1.38 1.41 1.49

(10) observed that, the initial adsorption rates of adsorbents
were proportional with the surface area of the adsorbents.

The obtained results indicates that the main driving force
of RhB adsorption on synthesized adsorbents was surface
area of the adsorbents.
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3.2.4 Effect of temperature and adsorption
thermodynamics

The other important parameter which had great impact on
adsorption process is temperature. To investigate the effect
of temperature on the removal efficiency, experiments at
3 different temperatures (298 K, 308 K and 318 K) were
carried out while keeping other parameters such as initial
concentration of solution (75 ppm), initial solution pH (7),
solution volume (50 ml) and adsorbent amount (0.05 g) con-
stant. The removal efficiencies of adsorbents with respect to
temperature is seen in Table 4. As seen in table removal effi-
ciencies for all adsorbents increase with increasing of tem-
perature. This may be mainly due to the increase in mobility
of the dye molecules, the decrease in the solution viscosity,
and therefore the decrease in the diffusion restrictions at
boundary layer and in the pores of adsorbent.

Gibbs free energy (AG®), standart enthalpy (AH®) and
standard entropy (AS°) of adsorption of RhB on adsorbents
were listed in Table 4. Thermodynamic parameters were
computed by using equations given below:

q
Keq = MW(T)EZ (11)
AG’ = —RTIn(K,,) (12)
—AH’ AS°
In(K, ) = ——
n(Ky) = 7+ % (13)

where K, is the distribution coefficient, g, is adsorbed
amount of RhB on unit mass of the adsorbent (mg/g), C,
is the equilibrium concentration of RhB in solution(mg/L),
My, (1) is the mass of water per liter at temperature T, R is
universal gas constant (8.31441 J/mol-K). AH® and AS° of
adsorption of RhB were calculated by van't Hoff plot (In K,
vs 1/T). The intercept and the slope of the plot indicates the
AS°/R and AH®/R, respectively. AG® values were calculated

by using Eq. 12. The Keq value must be dimensionless, so
when calculating the Keq value, it was assumed that RhB is
dissolved in 1000 g of water and the density of the water
did not change within the specified temperature range [43].
For all adsorbents, it was observed that the AG® had nega-
tive sign which could be attributed to spontaneous nature of
RhB adsorption on synthesized adsorbents. Also, negative
AG?® values pointed out that the adsorption of RhB onto
synthesized adsorbents was favorable process in investigated
temperature range. Besides that, AH® and AS® of adsorption
of RhB on each adsorbents had positive sign. Positive AH®
results indicated that the adsorption of RhB on adsorbents
were endothermic and positive values of AS® in investigated
temperature range, was connected to the rising of random-
ness during the adsorption of RhB on the surface of the
adsorbent.

There are many studies on RhB adsorption on several
adsorbents systems in literture Table 5 shows the Q,, values
corresponds to RhB adsorption on several adsorbents sys-
tems. Q,, values were obtained by using Langmuir isotherm
model. It was seen that, in the studies that used the Algi-
nate beads alone, low adsorption capacities were observed
for RhB removal [44-46] Although, there were the studies
that used unmodified clays with high adsorption capaci-
ties as adsorbent for removal of RhB [49, 50], the swelling
properties of clays could cause separation problem that
made the usage of unmodified clays problematic. Also,
there are several studies that used Clay-Alginate com-
posite beads as adsorbent in literature. Montmorillonite-
Alginate beads were investigated as adsorbent for removal
of paraquat herbicides [51]. In this study, M. Etcheverry
and coworkers concluded that the Q,, values obtained for
adsorption of paraquat herbicides onto Montmorillon-
ite—Alginate beads were inversely proportional with the
increasing of Alginate amount. There are only a few stud-
ies focused on alginate templated porous inorganic mate-
rials, in literature. R. Sabarish, and G. Unnikrishnan used
alginate as sacrificial template for synthesis of hierarchical

Table 4 Thermodynamic Adsorbent T (K) Removal effi-  AG® AH° AS° R’
parameters of adsorption (Clay/algi- ciency (%) (kj/mol) (kj/mol) (j / molK)
of RhB onto sypthemzed nate)
adsorbents at different
temperatures 10 298 473 -15.13 3.43 61.50 0.9266
308 49.0 -15.81
318 495 -16.38
5 298 5431 -15.83 32.87 163.2 0.9914
308 63.12 -17.29
318 73.28 -19.10
1 298 58.50 -16.25 10.41 89.21 0.8925
308 59.89 -16.94
318 64.77 -18.04
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Table 5 Cqmparison Q,, of Adsorbent Q," (mg/g) Ref

the synthesized Adsorbents

with other adsorbents used for Alginate Beads 0.6 [44]

adsorption of RhB Alginate-graphene beads 15.0 [44]
Crosslinked Alginate Beads 0.08 [45]
Alginate/Reduced Graphene Oxide Composite Hydrogels 18.4 [46]
Ordered mesoporous carbon (MOMC-x) monoliths 56.4 [47]
Commercial activated carbon 58 [48]
Sodium montmorillonite 38.27 [49]
Brazilian natural bentonite 77.3 [50]
Alginate Templated Montmorillonite-Silica Composite 31.9 This work

*Q,, values were obtained by using Langmuir Isotherm Model

silicalites [52]. In conclusions, the results obtained in this
study, in which alginate was used as a sacrificial template,
were found as comparable to the results obtained for other
adsorbents developed for the removal of RhB in the litera-
ture. Although the adsorption capacity of the developed
adsorbents is not as high as activated carbon and its deriva-
tives, it could be preferred considering the thermal stability
and reusability of the adsorbents. Moreover, the developed
adsorbent systems have superior properties such as easy
separation from solution and high surface area compared
to raw clay and alginate.

Clay / Alginate =10

20 A .
® Experimental
5 ---1st order
—2nd order

Qt(mg/g)

0 50 100 150 200

Time (min)

Clay / Alginate =1

B Experimental
--- st order
—2nd order
--SRT

Qt(mg/g)

0 50 100 150 200

Time(min)

3.2.5 Regeneration and reusability of the adsorbents

Other important parameters showing the effectiveness of
adsorbent systems are reusability and regeneration. For
both economic and environmental concerns, adsorbents are
required to be long-lasting and reusable. For this purpose,
dye desorption and reusability tests were carried out for the
developed adsorbent systems. In desorption experiments,
firstly, dye adsorption was carried out with the developed
adsorbents at an initial concentration of 50 ppm at 25 °C
and an initial pH of 7 for 3 h. Then, the adsorbents were

Clay / Alginate =5

m Experimental
---1st order
—2nd order
--SRT

0 50 100 150 200
Time (min)

% Removal

1 2 3 4 5
Cycle

m Clay/Alginate =10 = Clay/Alginatc =5 m Clay/Alginatc =1

Fig. 5 Nonlinear fitting curves of Desorption Kinetic models and experimental data for desorption of RhB. Reusability chart of adsorbents
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separated from the solution with the help of a centrifuge,
and pure water is placed on the adsorbents and the desorp-
tion of the dye is monitored with a UV—vis spectrometer
at certain time intervals. Obtained results and nom linear
fitting curves are seen in Fig. 5. Desorption kinetic mod-
els such as Pseudo First Order desorption Kinetic Model
(PFOD), Pseudo Second Order (PSOD) Desorption Kinetic
Model [53] and Statistical Rate Theory [54], were used for
investigating desorption kinetics of RhB onto the Alginate
templated MMT-Si composite adsorbents. As in the adsorp-
tion kinetic studies, error analysis was performed for the des-
orption kinetic analysis of adsorbents. Error analysis results
and used desorption model equations are listed in Table 6.
For the PFOD and PSOD equations presented in Table 6,
qep (mg g7 1) is the amount of desorbed RhB at desorption
equilibrium and g, are the amount of RhB remained on unit
mass of adsorbents. k, (min~') and k,,, (g mg~! min~?)

represents the rate constants of PFOD and PSOD kinetic
models, respectively. Beside the classical Lagergren kinetic
models Statistical Rate Theory was employed for investigat-
ing desorption kinetics. In this equation K' is a constant. For
all desorption models, q, represents the initially adsorbed
RhB, on unit mass of adsorbent systems. As seen in Table 6,
lowest SNE values and highest R? values were obtained for
PSOD kinetic model for all adsorbents. Additionally, Fig. 5
shows that the experimental results and the fitted PSOD
curves are compatible. Also, it was observed that the des-
orption rate is initially rapid and the most of the RhB was
desorbed in 10 min. The desorption process reached nearly
the equilibrium state in 50 min. From fitted PSOD curve, k,p,
values were found as 0.0087, 0.0136 and 0.0172 g/(mg min)
for adsorbents synthesized using the Clay/Alginate ratios
(10, 5, 1), respectively. By using Eq. 10, the initial desorp-
tion rates were found as 1.063, 1.95 and 2,18 mg g'1 min~!

Table 6 Desorption Kinetic

. . Kinetic model Equation Parameters Clay/Alginate
model equations, Desorption
Kinetic model parameters 10 5 1
and measured error values for
desorption of RhB Pseudo First Order ¢, = ¢, — q,p(1 — ekt kip (min’l) 0.067 0.101 0.115
Desorption Qep, (mg/g) 9.90 11.06 10.49
Kinetic Model ERRSQ(SSE) 6.12 5.51 4.86
Chi-square/2 1.15 0.95 0.62
R2 0.9361 0.95219 0.95283
ARE -3.87 -2.82 -1.40
RMSE 1.24 1.17 1.10
HYBRID -5.80 -4.22 -2.10
MPSD 12.41 16.13 12.67
SNE 0.91 1.35 1.27
Pseudo Second . 4 =q,- kit k,p g/(mg min) 0.0087 0.0136 0.0172
Order Desorption 1+kopg,pt
Kinetic Model Qep (mg/g) 11.02 11.95 11.26
ERRSQ(SSE) 1.91 1.48 1.39
Chi-square/2 0.37 0.25 0.17
R2 0.9801 0.98713 0.98652
ARE -1.63 -0.97 -0.46
RMSE 0.69 0.61 0.59
HYBRID -2.44 -1.46 -0.69
MPSD 6.12 6.40 5.24
SNE 0.82 0.99 1.19
STR Model 4 =4, —q, X K1t qm 20.497 21.930 18.177
K 0.049 0.053 0.061
ERRSQ(SSE) 35.76 52.29 70.93
Chi-square/2 5.94 2.10 8.61
R2 0.627 0.825 0.311
ARE -7.04 6.41 -13.99
RMSE 2.99 3.62 4.21
HYBRID -10.56 9.62 -20.99
MPSD 74.37 35.82 86.20
SNE 1.36 3.07 1.57
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for adsorbents synthesized using the Clay/Alginate ratios
(10, 5, 1), respectively. At the end of 180 min, some of the
RhB is still attached on the adsorbent surface. After des-
orption, 23.97%, 26.72% and 36.57% of the initial RhB
remained on the surface, for adsorbents synthesized using
the Clay/Alginate ratios (10, 5, 1), respectively.

There are basically two main methods recommended in
the literature for the regeneration of adsorbents. The first
method for regeneration is the recovery of adsorbed dye or
heavy metal in a suitable solvent. The main concern in this
method is the emergence of secondary pollutants or the high
amount of solvent to be used to recover the adsorbent [55].
Another method, especially for dye adsorption, is to recover
the adsorbent by applying heat treatment. In this study, heat
treatment was preferred for the recovery of adsorbents.
After the adsorption process, the adsorbents were separated
from the solution by centrifugation, dried and heat treated
at 400 oC for 3 h. The adsorption process was repeated for
the recovered adsorbents, keeping the ratio between the
adsorbent and the used solution volume constant. When the
system reached equilibrium after 3 h, the amount of RhB
was measured with a UV—Vis spectrometer and percentage
removal values were determined. The results obtained are
seen in Fig. 5. According to the results obtained, no signifi-
cant decrease was observed in the removal percentages of
the adsorbent samples after 5 successful recovery periods.

4 Conclusions

In this study, the effect of using different amounts of algi-
nate as sacrificial template on the synthesis and porosity of
mesoporous inorganic Montmorillonite-Silica composites
was investigated. For this purpose, three different adsorbents
were synthesized with different clay/alginate ratios (10, 5,
and 1). Obtained mesoporous composites were used as
adsorbent for removal RhB. N,-Ads/Des results showed that
the total pore volume of resulting adsorbents increased with
the increasing of used Alginate amount. It was observed
that the adsorption of RhB on all synthesized adsorbents
were favorable at acidic conditions. Additionally, the batch
adsorption and adsorption kinetic studies indicated that the
adsorption of RhB on synthesized adsorbents had good fit to
Freundlich isotherm and pseudo second order kinetic mod-
els. The non-linear form of adsorption and kinetic models
had been employed to investigate the adsorption of RhB on
synthesized adsorbents and six different error functions had
been computed to testify the validity of the models. By using
these error functions SNE values were calculated and used
for describing non-linear curve fitting of proposed models.
Batch adsorption studies showed that the Qm values were
proportional with BET surface area of synthesized adsor-
bents. Qm values was found as 24.47, 31.97 and 28.48 mg/g
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for adsorbents synthesized using the Clay/Alginate ratios
(10, 5, 1), respectively. Thermodynamic investigations indi-
cated that the adsorption of RhB on all synthesized adsor-
bents were spontaneous, endothermic and the randomness
were increase. Regeneration studies showed that adsorbents
had significant adsorption capacity after 5 successful recov-
ery periods It could be concluded that the using natural poly-
mers as sacrificial template could be the good alternative for
synthesizing mesoporous inorganic materials.
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