Mesoporous silica synthesized from natural local kaolinas an effective
adsorbent for removing of Acid Red 337 and its
application in the treatment of real industrial textile effluent
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Abstract

This paper presents a synthesis of mesoporous silica (MS) from natural clay as a silica source using Pluronic L35
(EO11PO16E0O11) as a structure-directing agent. The prepared material was characterized by XRD, X-ray fluorescence, ther-
mogravimetric analysis, SEM, TEM, and N2 adsorption-desorption analyses. Then, mesoporous material was used for the
removal of Acid Red 337 (AR337) from aqueous solution, and the treatment of real textile effluent. The effect of pH, contact
time, weight of adsorbent, and initial concentration was studied in batch adsorption. The synthesized mesoporous material
showed good discoloration efficiency with a 62% percentage. Experiment with real textile wastewater showed that 39%, 40%,
and 31.5% of the color, TOC, and chemical oxygen demand respectively were eliminated by using 1 g of MS per liter of
wastewater.
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Introduction

Inrecent years, research on ordered mesoporous silica—based
materials has become a major area of interest (Li et al. 2016;

Shengetal. 2017; Zhaoetal. 2016), due totheir high specific
surface area, and uniform pore size distribution and the
impor- tant potential applications of mesoporous materials
in cataly- sis (Baskaran et al. 2014), adsorption (Chaudhuri
et al. 2016; Sheng et al. 2017; Tsai et al. 2015), and
wastewater treatment (Chaudhuri et al. 2015).

Typically, the mesoporous silica is prepared with
tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate
(TEQS) as silica sources (Bhuiyan et al. 2013; Tsai et al.
2015) using a cooperative surfactant templating. Many min-
eralsrichin SiO; or Al,O3 have been used as an alternative to
silica source. Several studies refer to the use of raw silica
sources in ordered mesoporous materials synthesis (Zhou
et al. 2013), such as SBA-15 from natural clay (Zhang etal.
2015), MCM-41 from kaolin (Du and Yang 2012; Li et al.
2010), mesoporous silica materials from natural sands
(Sheng et al. 2017), natural halloysite (Zhou et al. 2013),
and kaolin (Qoniah et al. 2015).

For several years, great effort has been made to study tex-
tile effluent treatment and dye removal, inparticular. Textile
dyeing industry is one of the most chemically intensive
indus- tries in the world and known to be one of the main
sources of environmental pollution. It uses a variety of
chemicals: dyes,




surfactants, solvents, oxidizing agents, reducing agents, syn-
theticresins,and manyother chemical auxiliaries. In addition,
a large quantity of water is consumed during the production
process. Approximately 200 L of water isrequired to produce
1 kg of textile (Ghaly et al. 2014). Subsequently, large quan-
tities of effluents are generated, which arerich in color, COD
(chemical oxygen demand) complex chemicals, inorganic
salts, total dissolved solids (TDS), pH, temperature, turbidity,
and salinity (Vermaet al. 2012).

Directdischarge oftextile wastewater into freshwater gives
an undesirable color that reduces sunlight penetration and re-
sists photochemical and biological attacks to aquatic life.
Traditional textile wastewater treatment technologies include
various combinations of biological, physical, and chemical
methods (Ghaly etal. 2014). However, the adsorption method
is a very promising technique because of its simplicity and
economy and the availability of a wide range of adsorbents
(Aguayo-Villarreal et al. 2014; Khan et al. 2015; Khattri and
Singh 2009).

Over the past few years, several experiments have been
carried out using low-cost natural materials as a silica source
such as sawdust (Khattri and Singh 2009), active carbon
(Ahmed 2016; Ahmad and Hameed 2009; Bui et al. 2019;
Yang et al. 2008), and clay soil (Santos et al. 2015; Yan et
al. 2015); they were successfully used to remove toxic dyes
from aqueous solutions. A large compilation of potentially
effective adsorbents in dye removal can be found in a review
of (Yagubetal. 2014). Nevertheless, studies on the adsorption
ofreal textile wastewater remainrelativelyscarce (Gueshetal.
2016).

Thisstudy aimsto presentanovel synthesized mesoporous
silica material using clay from northeastern Algeria and to
investigate the ability of this material to remove Acid Red
337 and treat real textile wastewaters by adsorption.

Materials and methods
Materials

Natural kaolin clay (DD3) was used as a silica source for the
synthesis of mesoporous silica material.

It was extracted from the Djbal Dbagh mountains, locat-
ed in Guelma province, Algeria, and is composed of
halloysite and kaolinite (halloysite to kaolinite weight ratio
of 1.23) (Fardjaoui et al. 2017; Mellouk et al. 2009). Acid
Red 337 was purchased from Alfa Kimya (textile chemical
company in Istanbul, Turkey) with the commercial name
Telon Red FRL (Table 1). Pluronic L35 (EO11-POO08-
EO11, MW = 1900) and sodium hydroxide (NaOH 97%)
were purchased from Sigma-Aldrich, and hydrochloric ac-
id (HCI 37%) was obtained from Riedel-de Haén. The real
textile wastewaters were supplied by COTITEX (a factory
specialized in the manufacture of military fabrics in
Algeria). During the manufacturing and dyeing processes,
two types of dyes (vat and disperse) and different types of
chemical substances were used, such as peroxide, caustic
soda, and auxiliary products.

Table 1 Main properties of Acid

Red 337 dye Generic name

Chemical name (IUPAC)

Molecular formula
Molar mass

)\max

CAS number

Molecular structure in 3D
presentation

Acid Red 337
Sodium 6-amino-4-hydroxy-5-[[2(trifluoromethyl)phenyl]azo]

Naphthalene-2-sulfonate

C17H11F3N3NaOsS
433.337 g/mol
500 nm
12270-02-9

L1




Table2 Chemical composition of natural kaolin DD3 and synthesized mesoporous silica (wt. %)

Samples SiO2 MgO Al203 P20s SOs3 K20 CaO TiO2 LOI
DD3 41.74 0.017 31.21 0.03 0.313 0.085 0.420 0.017 25.04
MS 89.3 0.015 0.51 0.003 0.045 0.017 0.01 0.006 8.28

LOI (loss on ignition) at 1000 C
Synthesis

Raw natural kaolin (DD3) was calcined at 500 °C for 4 h at a
rate of 2 °C/min. Then, 10 g of calcined clay was mixed with
200 mL of 6-M HCI and stirred for 4 h at 80 °C after the
solution was filtered, washed with deionized water, and dried
atambienttemperature. Mesoporousmaterial wassynthesized
according to the literature procedure (Zhao et al. 2016), using
Pluronic L35 and natural kaolin (DD3) as a silica source, 4 ¢
of Pluronic L35 dissolved in 6.67 g of deionized water and
0.24 g HCI, while stirring at 40 °C. Then, 8.54 g of treated
kaolin (DD3) was added to the stirring solution.

These mixtures were stirred continuously for 24 h. The white
gel was observed and was transferred to a Teflon-coated auto-
clave and heated to 100 °C for 48 h. The solid product was
separated by filtration and washed several times with deionized
water, then dried at room temperature and calcined for 4 h at
500 °C at a rate of 2 °C/min to remove the template L35 and
obtain the synthetic mesoporous silica (MS).

Material characterization

The chemical composition of materials was determined by
Bruker AXS: SRS 3400 and S8 TIGER X-ray fluorescence
(FRX) spectrometer. MS was structurally characterized by the
X-ray powder diffraction (XRD) method using Bruker D8
Advance diffractometer under copper Ka radiation (A =
1.5406 A) at 40 kV/30 mA, with a scanning rate of 0.08°
min~! over 26-range between 1° and 10°.
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Fig. 1 SXRD pattern of as-synthesized mesoporous silica

Morphological and microstructure analyses were carried
out using a Quanta 650 scanning electron microscope
(SEM) and JEOL 2100F transmission electron microscopy
(TEM) operating at 200 kV and equipped with a probe aber-
ration corrector, an EELS (Gatan Tridiem) spectrometer and
an EDXSDD detector.

Nitrogen adsorption-desorption experiments were measured
at — 196 °C on a Micromeritics Quantachrome NOVA 1000.
The sample was outgassed for 1 h at 100 °C. The surface area
was measured according to the Brunauer-Emmett-Teller (BET)
method. The average pore size was determined from the N;
adsorption branch of nitrogen isotherms using the Barrett-
Joyner-Halenda (BJH) method. The accuracy of the device given
on each surface parameter is as follows: specific surface area
(SBET), £0.01 m¥g; pore size, +0.35 nm; pore volume, +
0.001 cm¥/g.

TG analysis of the sample was performed on a DTG-60
instrument in an alumina pan ata 10 °C/min heating rate from
20 to 1000 °C under N flow.

Analytical analysis

Effluent conductivity and pH were determined by the Thermo
Scientific Orion Star A215 pH/conductivity benchtop meter.
pH measurement is in accordance with 1SO 10523 2008.
Chemical oxygen demand (COD, mg O/L) was carried out
as per standard procedures (APHA 1998).

Total organic carbon (TOC) was measured bya Lotix TOC
Combustion analyzer (NCASI Method 71.011999).

Dye adsorption experiments

Firstly, the Acid Red 337 stock dye solution at 200 mg/L was
prepared. Then, the pH effect on the ability of mesoporous
silica (MS) to adsorb Acid Red (AR 337) dye was examined
intherange of 2—10 (Thue et al. 2018). pH was adjusted to the
desired value with 1-M NaOH or HCI before adding the quan-
tity of adsorbent.

Batch adsorption was performed with 200 mL of dye solu-
tion ata concentration of Co = 100 mg/L and a weighed quan-
tity of m = 0.4 g of MS. The mixture was stirred at room
temperature at a speed of r =300 rpm for 24 h until it reached
equilibrium. The solution was then separated from the adsor-
bent by centrifugation for 15 min at 5000 rpm.



Fig. 2 SEM microphotographs of
DD3 kaolin (a) and as-
synthesized mesoporous silica
MS (b)
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Non-adsorbed dye in the final liquid phase was determined
by a UV-Vis spectrophotometer at a maximum absorbance
wavelength of 500 nm. The quantity (mg) of dye adsorbed
per gram of adsorbent was assessed (Q:), and the highest equi-
librium values were used to define the maximum adsorption
capacity (Qmax) and at equilibrium (Q¢). Q: and Q. (mg/g)
were calculated using Egs. (1) and (2):
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where Cpand Ce (mg/L) are the liquid-phase concentrations of
the adsorbate at the initial time and at equilibrium, respective-
ly, V (L) is the solution volume, and m (g) is the adsorbent
mass. Tocalculatethedecolorizationefficiency (percentage of
removal %R), Eg. (3) was used:
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Results and discussion
Chemical analysis

The chemical composition of natural kaolin (DD3) and syn-
thesized mesoporous silica (MS) obtained by XRF are shown

in Table 2. Results showed that after the treatment of DD3 and
synthesis of mesoporous silica, the content of all elements

decreased except for SiO.. This increased from 41.74 to
89.3%.

XRD analysis

The mesoporous silica structure was characterized by small-
angle X-ray diffraction (SXRD), as shown in Fig. 1. The pat-
tern shows a small single diffraction peak at 26 = 2° with
smaller intensity, and the absence of the long-range second
and third peaks indicates a formation of disordered mesopo-
rous structure (Pan etal. 2013; Zhang etal. 2012, 2014) which
is similar to that of mesoporous silica synthesized by sodium
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Fig. 3 TEM image of as-synthesized mesoporous silica
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Fig. 4 N2 adsorption-desorption isotherms of DD3 kaolin and as-
synthesized mesoporous silica (MS)
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Table 3 Surface properties of
DD3 kaolin and as-synthesized
mesoporous silica (MS)

Sample

BET surface area (m?/g)

Average pore diameter (nm) Total pore volume (cm®/g)

DD3 kaolin 49
MS 161

2.25 0.20
3.06 0.25

silicate as a precursor (Pang and Tang 2005) and the inferior
structural order in the SBA-15 sample prepared using bottom
ash (Chenetal. 2010). Tanevand Pinnavaia (1996) found that
Cn+ surfactant chain with n < 14 afforded X-ray amorphous
or very poorly ordered products.

SEM and TEM analysis

SEM microphotographs of as-synthesized mesoporous mate-
rial showed a platy particle shape (Fig. 2b). Similar morphol-
ogy was found by Li et al. (2015) and Madhusoodana et al.
(2006). DD3 kaolin agglomerated structures with small parti-
cle size were seen in the corresponding microphotography
(Fig. 2a). However, the particle size range for MS is about
25 pm and 8 um for DD3 kaolin.

TEM analysis results showed no obvious order in pore
arrangement, and morphological form is less uniform overall
which confirmed the disordered structure of mesoporous ma-
terial as shown in Fig. 3.

Porosity measurement

Figure 4 illustrates the N, adsorption/desorption isotherm of
DD3 kaolin and as-synthesized MS. The isotherm shapes of
the two samples are different. Based on IUPAC classification
(Singetal. 1985), MSisotherm exhibits atypical type IV class
with an H3-type hysteresis loop due to capillary condensation
processeswhichisacharacteristicof mesoporous materialand
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indicative of narrow slit-shaped pores similar results have
been founded by Auta and Hameed (2012) and Li et al.
(2015).

Figure 4 shows for MS, at low relative pressures, a slow
increase of nitrogen corresponding to monolayer-multilayer
adsorption on the pore walls. At intermediate relative pres-
sures, a sharp step indicative of capillary condensation within
mesopores. In the last stage, at high relative pressures, a final
plate with a slight inclination associated with multilayer ad-
sorption on the external surface of the particles with pro-
nounced capillary condensation due to framework-confined
mesoporous structure (Chen et al. 2010).

The original kaolin had a mixture of types Il and IV sorp-
tionanda hysteresis loop of H1, which istypical of large-pore
microporous solids. Therefore, the size distribution and pore
shape of the as-synthesized MS areirregular. The BET specif-
ic surface area, pore width, and total pore volume of as-
synthesized MS and natural kaolin DD3 are presented in
Table 3. The table shows that the mesopores have a diameter
of 3.06 nm with a pore volume of 0.250 cm®/g and a specific
surface area of 161 m?/g. The large increase of prepared silica
mesoporous compared with the DD3 kaolin is due to the for-
mation of template mesopores by the added L35 which was
assembled with the dissolved silica species of natural kaolin
DD3.

Aposition shift of the capillary condensation toward higher
relative pressures indicates the increase of the mesopore size
(Kim et al. 2005).
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Fig. 5 TGA and DTA curves of a natural kaolin (DD3) and b as-synthesized mesoporous silica
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Fig. 6 EffectofpH on Acid Red 337 a adsorption capacity (Qt) and b %R over synthesized mesoporous silica (Co=100 mg/L, V=200 mL, T=20 °C,

r=300rpm, m=0.4g)
Thermal analysis

The evaluation of the product thermal stability by thermogra-
vimetricanalysis (TGA) weight curve and differential thermal
analysis (DTA) of natural kaolin (DD3) and synthesized MS,
is presented in Fig. 5a and b.

It can be noted that natural kaolin DD3 has a mass loss of
8.1% at a temperature of 56.2 °C (Fig. 5a), which implies a
loss of moisture. DTA result also shows an endothermic peak
atapproximately 479 °C corresponding to the second weight
loss (13.7%) and is attributed to the external halloysite hy-
droxylation (Frost and Vassallo 1996).

For synthesized MS (Fig. 5b), it can be observed thata very
small weight loss (3.19%) at less than 80 °C accompanied by
an endothermic DTA peak corresponds to the loss of free

water and a second weight loss of 1.4% between 600 and
1000 °C s attributed to a loss of water due to silanol conden-
sation (Mureseanu et al. 2011). It can therefore be deduced
that the synthesized MS has good thermal stability.

Adsorption experiments
Effect of initial solution pH

The solution pH is an important parameter that dominates the
adsorption of dyes on adsorbents (Eftekhari et al. 2010). pH
can affect the surface charge of the adsorbent and the ioniza-
tion degree of adsorbate functional groups (EImoubarki et al.
2015; Thue et al. 2018). Figure 6 shows the equilibrium

Fig.7 Adsorption mechanism for H—O  OH
Acid Red 337 dye using "’Si/
synthesized mesoporous silica Heo O~ s g
v/ \ _oH
H—O0, o_—Si e
b H—o E N0 s _OWhs\,  OH
== si NG \ /
H H 2 /o e O i ) \\:S\ OH
(0] O\ ) 0___'Si G i\;:/ N O\;," ?\\ aps 0\
Z \ M (e | e ;
O\Si/ \‘SI/ O\.m‘)o\‘ 0 —aben O 7 . LO' \.';”S‘I\O /OH
B ST N, N2 ax
f O\"" o T o) abs L ¥ I\0 W \ .-\Si
0 '}/Si\ e e os O O\sl?s ow -as\o
\abs \\\O Y avs o > Y X i 'si H
Si" 78 O abs _OW Y RN
N g isi™ N O\“"/O\ O abs abs /
/ W W i NS 1
o’ O\.b, ‘\\\O\\\ \O ar o \O \\“..SI\ Si Si—0
Si h bs OV o e
\ vl =) i e 9 OH
0 abs OW WL Si
H 0\ Seie W A7 w0 Ny
/N w2 Si O
H o O-\;? WO %0 o % i
1 "
\ o~ \ . O—~p
" \ 0 o et
g
H—O ©



Fig. 8 Effect of contact time (t)
on the Acid Red 337 adsorption
capacity (Qt) and %R over the
synthesized mesoporous silica
(Co=100 mg/L, V=200 mL, T =
25°C, r=300 rpm,pH=2, m=
0.49)

Qt(mg AR337/g MS)

capacities of Acid Red 337 over MS with different pH values,
ranging from 2 to 10, for Co = 100 mg/L and an adsorbent
dose = 2.0 g/L. pH 2 was the ideal condition for Acid Red 337
adsorption on MS, which was used for all further adsorption
studies; asimilar trend was found by Atrous et al. (2019) in the
adsorption of Acid Red 1 and Acid Green 25 on grafted clay
and Georgin etal. (2019) for the adsorption of Acid Red 97 on
Beauveria bassiana spore waste.

In addition, it has been found that by increasing the initial
pH in the range of 2—10, the %R decreases from 62.61 to 0%
(Fig. 6b), because the charge of the MS becomes larger at
lower pH values and smaller at higher pH. The expansion of
the adsorption limit at pH 2 can also be attributed to the iso-
electric point (pl) of mesoporous silica adsorbents that is
around 2.5-3 (Gomez et al. 2014). It can be seen that the
adsorption capacity increases at lower pH, which indicated
that the electrostatic interaction is not the dominant factor
adsorption. However, the value kept almost constant between
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pH 5 and pH 8. The PKa value of Acid Red is between 4 and
5, and then it exists as a cationic form in pH < PKa. At pH
acid, the cationic form of the AR 337 isin favor of adsorption.
Thus, the mechanism of AR 337 adsorption onto MS should
be an electrostatic process. On the other hand, the AR 337 dye
changes to an ionic form with increasing pH value and the
interaction between the dye and the surface of MS could be
explained by H bonding between nitrogen, fluorine, oxygen,
and sulfur atoms. In this context, a reaction mechanism is
proposed in Fig. 7.

Effect of contact time (t)

Figure 8 illustrates the impact of contact time on AR 337
adsorption over synthesized MS.

Figure 8 also shows that dye adsorption is quick; it reached
%R = 56 after 20 min and increased with additional contact
time. Equilibrium was achieved at t = 60 min and Q. =
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Fig. 9 Effectofinitial dye concentration (Co) on aadsorption capacity (Qt) and b %R over the as-synthesized mesoporoussilica(m=0.4 g, V=200 mL,

T=20°C, r=300rpm, pH=2)
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T=20°C, r=2300rpm, pH =2)

31.3 mg/g since no change in adsorption capacity was ob-
served (the study was extended to 1440 min). The optimal
contact time was 60 min.

Dye concentration effect

To examine the impact of anionic dye fixation on the limit of
adsorption onto MS, several tests were performed by modify-
ing the initial concentration of the dye between 10 and 200
mg/L (Fig. 9).

Figure 9 shows that the increase in the initial Acid Red
concentration leads to an increase in adsorption capacities
(Qmax =62 mg/g). Furthermore, the rate of adsorption is fast
andtheequilibriumisreached in 10 min for all concentrations
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Fig. 11 Effect of treatment time on the reduction of TOC of the real

textile effluent by adsorption on as-synthesized mesoporous silica (T=
30 °C, pH=8.15, m=1 g, V=100 mL effluent, r =300 rpm)

and 30 min for Co =200 mg/L. Thus, itindicates the availabil-
ity for AR337 of accessible active sites on synthesized meso-
porous silica (Acisli et al. 2016). The continuous curves
showed the monolayer coverage on the adsorbent surface
(Khattri and Singh 2009).

Adsorbent concentration effect

To optimize the amount of the adsorbent, experiments were
performed using different quantities of synthesized mesopo-
roussilica(0.2,0.4,and 1 g/200mL). Figure 10 illustrates that
an increase in the amount of MS from 0.2 to 1 g leads to a
decrease in Qmax Values from 36 to 16.34 mg/g. This can be
related to particle interactions, such as aggregation which
would result in a decrease in the total surface area of the
adsorbent (Acisli et al. 2016). Particle interactions may also
cause desorption of a portion of the sorbate that is loosely and
reversibly bound to the surface (Shukla et al. 2002). As a
result, 0.2 g/200 mL of MS is the optimal amount of mesopo-
rous silica necessary to remove dye at a 100-mg/L
concentration.

Use of synthesized mesoporous silica
inthetreatmentofrealindustrial textile
effluent

The potential use of synthesized MS in the treatment ofreal
textile effluent and its ability to reduce color, COD, and TOC
were tested. Initial color, COD, and TOC of the sample were
67 Pt-Co, 330 mg/L, and 96.6 mg/L respectively and its pH
was 8.15.
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For this experiment, the textile wastewater was first
filtered, and then the batch experiment was conducted in  a
250-mL flask containing 100 mL of textile effluent and
0.1 g of adsorbent at room temperature at an aver- age
shaker’s speed of 300 rpm without changing the pH of the
effluent. The mixture was then stirred overnight  to reach
equilibrium.

Effect of contact time

Figure 11 shows the effect of contact time on the reduction of
TOC concentration of the wastewater effluent.

It can be observed that during the first 60 min, there isa fast
decrease in TOC concentration. The equilibrium is reached
after 1 h of contact time. At first, the solute molecules were
adsorbed by the external surface of adsorbent particles, so the
adsorption rate was fast. When the adsorption of the external
surface reached saturation, the molecules needed to diffuse
through the pores of the adsorbent into the internal surface
of the particle. This phenomenon may have taken a relatively
long contact time (Ahmad and Hameed 2009). A 60-min time
period was then used as contact time for color and COD
treatment.

TOC, COD, and color removal

Figure 12providestheconcentrationreductionandtheremov-
al percentage of TOC, COD, and color of wastewater by ad-
sorption on MS.

After adsorption, it can be seen that the concentration of
TOC, COD, and color decrease by 40% (from 96.6 to 56 mg/
L), 31% (from 330 to 226.25 mg/L), and 39% (from 67 to 41
Pt-Co) respectively. These average values can be explained by
the complexity of real effluent chemical composition.

Table 4 lists the comparison of the maximum percentage of
COD removed by various adsorbents. The MS synthesized in
this work showed a relatively good percentage of COD re-
moval, despite asmall specific surface ascompared with some
previous works reported in the literature.

Theoretical approach of the mechanism
of the Acid Red 337 dye adsorption
onto mesoporous silica

In order to identify the mechanism of adsorption of the Acid
Red 337 dye ontomesoporoussilica (MS), atthe first step, the

Table4 Comparison of the maximum percentage of COD removal by various adsorbents

Adsorbent types Sger  Dose pH Contact time COD References
(m?lg) (g/L) (min) removal
This work 161 1 8 60 31.5% /
Activated carbon fiber 1842 0.70 8 50 45.83% Aber and Sheydaei (2012)
Composite material zeolite/N-doped porous activated car- 1240 0.5 /[ 3h 68% Xin et al. (2019)
bon
Bamboo-based activated carbon (BAC) 988.23 3 3 10h 75% Ahmad and Hameed

(2009)




Fig. 13 Schematic representation. a Top view and b front view of the optimized system of the possible interactions between Acid Red 337 and the
mesoporous silica, calculated by using DFT//B97D3/6-31G(d) level of theory

initial geometries of the dye and the MS were constructed
using the graphical interface ChemOffice 3D ultra (Evans
and Rubenstein2012). Theisolated moleculesare subsequent-
ly subjected to energy minimization separately in the gas
phase with tight convergence criteria without imposing any
geometrical or symmetrical restrictions, using the density
functional theory (DFT) (Hohenberg and Kohn 1964) by ap-
plying the exchange-correlation functional B97D3 combined
with 6-31 g (Binkley et al. 1980) basis sets implemented in
G09 (Glendening et al. 2009). The B97D3 functional uses the
latest D3 version (Antony and Grimme 2006; Grimme etal.
2010, 2011) developed by Grimme that included the disper-
sion correction term, which provided a reasonably accurate
description of the no covalent interactions, specifically the
weak interactions as the hydrogen bonding and the Van Der
Waals interactions. To evaluate the optimized structures of
stationary points, corresponding totrue minima, the harmonic
frequency calculations have been performed at the same level
of the theory (are a very important feature indicating that all
frequencies are real).

In the second step of this work, the obtained results from
the optimized structures are used as input in the optimized
system, and the calculation of the binding energies or so-
called the complexation energies AE which carried out to
explain the interaction exists be- tween adsorbate and
adsorbent. These energies were evaluated in the
framework of the supermolecular (SM) approach
proposed by Boys and Bernardi (1970) and Simon et al.
(1996), which is known as a counter- poise correction (CP);
it is calculated according to the following equation:

AEY:ESystem—8ERED—ApPESIPpBSSE a4b

where AE in Eq. (4) represents the binding energies of the
complex, corresponding to the difference between the
total energies of complex and the two isolated
monomers of the free Acid Red 337 and MS,

respectively, with the consideration of the effects on the
basis set superposition error (BSSE) (Jansen and Ros
1969; Liu and McLean 1973) to correct the bond- ing
energy.

Theoretical results are presented in Fig. 13, which
allows the identification of reactive sites explaining the
formation of the H bonds in the complex. The chemical
bond is formed between the hydrogen atoms of the Acid
Red 337 dye molecule and the surface hydroxyl groups of
MS. However, the calculated bonding energy  is negative
suggesting a strong interaction between ad- sorbate and
adsorbent molecules. The results reveal that the energy of
this interaction using the counterpoise theory is — 81.65
kcal/mol.

Conclusions

This study determined that mesoporous silica was successful-
ly synthesized from local raw clay (DD3) of Guelma province
in Algeria as a source of silica. Before its use, the clay
underwenttwo treatments: thermal and chemical. In addition,
the Pluronic L35 has been used as a structuring agent.

Several characterization analyses were used to evaluate the
textural and structural properties as well as the composition of
the synthesized material. Mesoporous silica gives a surface
area of 161 m?/gwhich shows promisingresults of adsorption
to Acid Red 337 dyes in aqueous solutions.

In addition, it was noted that pH is the most important
factor to affect the dye removal and it was found that the
interaction between the dye and the surface of MS could be
explained by H bonding.
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