South African Journal of Chemical Engineering 43 (2023) 312-326

Contents lists available at ScienceDirect

South African Journal of Chemical Engineering

ELSEVIER

journal homepage: www.elsevier.com/locate/sajce

Check for

Dual template using P123-gelatin for synthesized large mesoporous silica

for enhanced adsorption of dyes

Widiya Nur Safitria, Habiddin Habiddina, Maria Ulfab, Wega Trisunaryantic, Hasliza Bahrujid,
Holilah Holilahaef, Alya Awinatul Rohmaha Novia Amalia Sholehag, Aishah Abdul Jalilh,

Eko Santoso a Didik Prasetyoko a

aDepartment of Chemistry, Faculty of Science and Data Analytics, Institut Teknologi Sepuluh Nopember, Keputih, Sukolilo, Surabaya 60111, EastJava, Indonesia
b Chemistry Education Study Program, Faculty of Teacher Training and Education, Universitas Sebelas Maret, JI Ir. Sutami 36A, Surakarta 57126, Central Java

Indonesia

cDepartment of Chemistry, Faculty of Science, Universitas Gadjah Mada, Sekip Utara Sleman, Indonesia

dCentrefor Advanced Material and Energy Sciences, Universiti Brunei Darussalam, Bandar Seri Begawan BE 1410, Brunei Darussalam

eResearch Centerfor Biomass and Bioproducts, National Research and Innovation Agency of Indonesia (BRIN), Cibinong 16911, Indonesia

f Department of Food Science and Technology, Faculty of Agriculture, Halu Oleo University, Indonesia

g College of Vocational Studies, Bogor Agricultural University (IPB University), Jalan Kumbang No. 14, Bogor 16151, Indonesia

h Department of Chemical Engineering, Faculty of Chemical and Energy Engineering, Universiti Teknologi Malaysia, 81310 UTM, Skudai, Johor Bahru, Johor, Malaysia

ARTICLE INFO ABSTRACT
Keywords:
Mesoporous silica
Gelatin

Dual template
Pluronic P123
Dye

Mesoporous Silicawith a large mesopore channel was synthesized using the sol-gel method for dye adsorption. A
dual template consisting of P123 and gelatin at different ratios was employed in the sol-gel synthesis to enhance
surface area and mesopore diameter. Gelatin is a green pore directing agent that strengthens P123 thermal
stability during the calcination of silicate gel. Optimization of P123:gelatin ratio to 1:0.02 increased the surface
area of mesoporous silicato 561.9 m /g and expanded the pore diameter to 10 nm. The large pore diameter and

surface area enhanced methylene blue adsorption capacity to 363.63 mg/g. The adsorption of methylene blue on
mesoporous silica follows the pseudo second-order kinetic and the Langmuir model. Regeneration studies using
thermal and chemical treatments exhibited the potential of mesoporous silica as an adsorbent for multiple

adsorption-desorption of dyes.

1. Introduction

W ater pollution from untreated dyes has become a severe global
issue thatrequires immediate attention (Karthik etal., 2015). Methylene
blue (MB) is an azo heterocyclic dye used in the textile industry with
carcinogenic, mutagenic, and toxic properties (Xue et al., 2022).
Methylene blue removal in wastewater has been widely investigated via
bioremediation (Upendar et al., 2017), ozonation and chlorination,
coagulation, and adsorption (Etchepare et al.,, 2015). Methylene blue
removal via adsorption is a low-cost, practical, straightforward process
(Karthik et al.,, 2015; Rafatullah et al., 2010). Activated carbon and
zeolite are two materials commonly utilized for dye adsorption, with the
modification of pore size and structure being actively investigated to
enhance the adsorption capacity (Li and Wu, 2009). Mesoporous silica
exhibited a high adsorption capacity due to its large pore structure
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(4.6-30 nm) to allow diffusion of large structure dye, thick pore walls
that are stable during regeneration of adsorbent, and uniform size with
high surface area for large adsorption capacity (Albayati et al., 2019;
Chen et al., 2017; Sari Yilmaz, 2022). Mesoporous silica as methylene
blue adsorbent provides monolayer adsorption with 192 mg/g adsorp-
tion capacity (Han et al., 2021).

Sol-gel is a standard method for synthesizing mesoporous silica
(Zhang et al.,, 2009; Rehman et al.,, 2014). Surfactant is used in sol-gel
synthesis to improve uniformity, increase the surface area, and pro-
duce homogeneous pores through the formation of micelles (Wustneck
and Kragel, 1998) (Karakilig et al., 2019) (Xie et al.,, 2016). Synthetic
surfactants is seen as non-environmental friendly because of the diffi-
culty of degrading by nature. As a template, it has a low affinity due to
the lack of attracting groups (Rajendhiran et al.,, 2021), and low me-
chanical stability, particularly at high temperatures (He and
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Fig. 1. Schematic diagram to illustrate the synthesis of mesoporous silica and the adsorption studies.

Alexandridis, 2018). Gelatin, gum Arabic, and starch are three naturally
occurring pore-directing templates utilized for synthesizing mesoporous
materials (Ulfa et al.,, 2020; Tako et al., 2014). A low concentration of
gelatin is required to form a high surface area and porous hexagonal
flake-like hematite (a-Fe203) and carbon microsphere (MCMs) (Ulfa
etal, 2020; Ulfa et al.,, 2021). Gelatin also acts as a structure-directing
agentto develop various morphological structures such as microspheres,
wormhole-like, and sponge-shaped carbon (Ulfa et al., 2020; Ulfa et al.,
2018).

Despite its potential prospect as a green template, gelatin is unstable
for high temperature synthesis and often produces materials with low
porosity (Veisi et al.,, 2020). This problem can be solved using a hybrid
template combining gelatin with synthetic surfactant. The hybrid tem-
plate minimizes synthetic surfactant usage and improves template sta-
bility during high temperature synthesis. Our previous studies showed
that hybrid gelatin with F127 produced a high surface area ofsilica and
formed uniform carbon microspheres with high thermal stability (Ulfa
et al.,, 2018). This study will employ a soft template of triblock copol-
ymer P123 with gelatin to synthesize large mesoporous silica. P123 is
widely used to form SBA-15 with regular hexagonal pores of 104-320 A
with wide spacing distances and high surface area 0f 69-104 m2 (Post-
nova etal., 2017). The composition of P123 directly affects the resulting
morphology, in which a low P123 concentration forms a cubic structure,
while the excess P123 concentration produces a mesoporous lamellar
structure (Kumar et al.,, 2017). Based on a high electrostatic interaction
between gelatin and silica through N—H functional group and silanol
groups (Si-OH), the combination with P123 further enhanced the effi-
ciency of producing materials with enhanced physicochemical proper-
ties (Coradin et al., 2004; Sachithanadam and Joshi, 2014). This study
will determine the effect of a high concentration of gelatin as a
co-template for P123, on expanding the mesopore size and surface area
of silica. The surface area and porosity effect will be evaluated as an
adsorbent for methylene blue removal.

2. Experimental
2.1. Materials

Gelatin (C102H 151N 3103g, > 99%, Sigma Aldrich, Europe), Triblock
Copolymer (P123) (HO(CH2CH20)20(CH2CH(CH3)0)70(CH2CH20)20H,

Sigma-Aldrich, Pte. Ltd), Tetraethyl orthosilicate (Si(OC2H5)4, 98%,
Sigma-Aldrich, Pte. Ltd), Hydrochloride (HCI, 37%, Merck, US-Canada),

Methanol (CH3OH, > 99.9%, Merck, Amerika), Acetone (CsHeO, >
99.5%, Merck, Amerika), Aquades (H20, 99%, Nirwana, Surabaya),
Methylene Blue (Ci16H1sCM3S x H20, Merck, ACS, Reag. pH Eur, Amer-
ika), Methyl Orange (C14H14N3NaO3S, Reag. pH Eur, Merck, Amerika),
Malachite Green (CssHsoN4.2 C2HO4.C2H204, Reag. pH Eur, Merck,
Amerika), and Congo Red (C32H22N6Na206S2, Reag. pH Eur, Merck,
Amerika).

2.2. Synthesis mesoporous silica

Mesoporous silica was synthesized using the sol-gel method by dis-
solving P123 into 150 mL of HCI 2 M. Gelatin was added at different
concentrations of 0.2, 0.5, and 1 wt% and stirred for 1 hour. After 1
hour, 11 mL TEOS was added, and the mixture was stirred for 12 h. The
mixture was placed in a polypropylene bottle and heated at 100 °C for
24 h. The solid was filtered using distilled water until the pH of the
supernatant was neutral to remove the impurities. The solid was dried
and calcined at 550 °C for 6 h in a furnace at 2 C/min ramp rate. The
schematic diagram for all the processes is shown in Fig. 1. The resulting
silica were labelled based on the ratio between P123:gelatin (MS = 1:0;
MS-0.2 = 1:0.2, MS-0.5 = 1:0.5; and MS-1 = 1:1).

2.3. Characterization of the material

Mesoporous silica samples were characterized by X-ray diffraction
(XRD, PANalytical X’pert Pro, US) with Cu Karadiation over 20 ranging
from 0° to 60° and 1.54056. The porosity and surface area were
analyzed using N2physisorption at 77 K (Nova 1200 Quantachrome, Bel
Inc., Japan). The sample (0.05 g) was degassed at 300) C for 3 h prior to
N2 analysis. The surface area was calculated using Brunauer-Emmett-
Teller (BET) method, and the pore size distribution was determined
using the non-local density function theoretical method (NLDFT).
Fourier Transform Infrared Spectroscopy (FTIR, SHIMADZU 96,500,
Japan) spectra were recorded in the 4000400 cm~1wavenumber. The
morphology was determined using Scanning Electron Microscopy (SEM-
EDX, JEOL 6360 LA, Japan) and Transmission Electron Microscopy
(TEM, Hitachi HT7700, Japan). The particle size distribution was
measured using image-J software based on the average of 30 measure-
ments from the SEM images. Thermogravimetric analysis (TG) and
Difference Thermo Gravimetric (DTG) were performed using Ther-
moanalyzer Setaram model LABSYStm, Swedia from 25 to 600 °C at 10
°C min~lramp rate. Zeta potential was measured by Zetasizer NanoZs,
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Malvern, US, with a concentration of 0.01 g/ml. The concentration of
the dyes during the adsorption study was analyzed using a SHIMADZU
UV-26,001, Japan, spectrophotometer.

2.4. Adsorption of methylene blue

Methylene blue stock solution (200 ppm) was prepared by dissolving
0.5 g of methylene blue powder in 250 mL of distilled water. The stock
solution was diluted for the preparation of calibration solutions. The
maximum wavelength of methylene blue was determined using a 10
ppm solution in a cuvette at a wavelength range of 400-800 nm. The
calibration plotofmethylene blue solution was determined using 1, 2, 3,
4,5 and 6 ppm concentrations. Batch adsorption of methylene blue was
carried out using 0.005 g of as-obtained porous material MS; MS-0.2;
MS-0,5; and MS-1 with 15 mL of MB aqueous solutions in 50 mL glass
flasks. The mixture was stirred at 200 rpm for 60 min at room temper-
ature. The effect of the contact time on methylene blue removal was
conducted at 2.5, 5, 10, 20, 30, and 60 min. The effect of adsorbent
dosage was observed using 2.5, 5, 7.5, and 10 mg of mesoporous silica
with the initial MB concentration of 30 mg/L. The effect of MB solution
concentration was determined using 10, 30, 50, 70, 90, 110, 130, and
150 ppm. After the mixture was centrifuged for 5 min, the supernatant
was separated from the adsorbent by centrifugation at 2000 rpm for 5
min. The concentration of MB supernatant was measured by UV-vis
spectrophotometer at the 664 nm wavelength. The adsorption capacity
(ge, mg/g “ 1) and removal efficiency (%) of MB onto the porous ma-
terials were calculated by the following Eqgs. (1)-(3):

_ (Co- Ce)V
qe = w (1)
_ (Co- CHV
qt = w (2)
Removal (%) = (Co - Ce) x 100 (3)
Co

W here Co is the initial concentration of MB in the solution; Ctand Ce
represent the final dye concentrations (mg/L) at a given contact time (t)
and equilibrium, respectively; V is the volume of MB solution; W is the
weight of the mesoporous silica; and ge and qt are the adsorption ca-
pacities per unit mass of mesoporous silica at equilibrium and at a given
time (t), respectively.

2.5. Desorption study
2.5.1. Using thermal and chemical regeneration method

Regeneration of MB from the adsorbentwas performed using thermal
and chemical regeneration methods. Thermal regeneration was carried
out four times using MS-0.2. The silica that has been adsorbed with
methylene blue iscalcined at 550 C for 3 h. After the calcination, the MS-
0.2 material was reused for the adsorption process. In chemical regen-
eration of mesoporous silica, HCI, methanol, water, and acetone were
used respectively as a solvent to remove adsorbed MB on MS-0.2. The
silicawas dispersed into solvents for 30 min, filtered and dried at 120 °C.
The selection of solvents was based on the desorption efficiency of MB
measured using a UV-vis spectrophotometer. The adsorption-desorption
was repeated to determine the reusability of mesoporous silica. The
desorption efficiency was calculated using Eq. (4) (Tehubijuluw et al.,
2022)

Amount of dye desorbed from the adsorbent

% Desorption Efficiency =
P y Amount of the adsorbed by the adsorbent

x 100
(4)

The possibility of regeneration and reusability was also investigated
by carrying out the adsorption-desorption process for four cycles using
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Fig. 2. XRD pattern of the sample mesoporous silica a. MS; b. MS-0.2; c. MS-
0.5, d. MS-1.

acetone.

3. Results and discussion

3.1. Catalystpreparation and characterization of mesoporous silica

Mesoporous silica was analyzed using XRD between 20 = 5 - 60° as
shown in Fig. 2. The XRD showed a broad peak at 20 = 21-25°, which is
a typical diffraction pattern of amorphous silica, according to JCPDS
XRD standard No. 29-0085 (Dubey et al., 2015). Mesoporous silica
produced using higher gelatin ratios showed a more intense peak but
maintained a similar broad diffraction pattern. No other peaks were
observed, indicating no impurities that may be resulted from the re-
sidual carbon. Gelatin increased the regularity of the amorphous struc-
ture due to its strong affinity when interacting with silica to directitinto
a more regular amorphous structure (Mahony et al., 2014).

The textural properties of mesoporous silica were determined using
N2adsorption-desorption analysis at 77 K. The N2adsorption-desorption
isotherm in Fig. 3(a) showed the type IV adsorption isotherm for all
samples with an H1 hysteresis loop according to the IUPAC classification
(Rayati et al., 2018). The type IV isotherm is a characteristic of meso-
porous material with a hexagonal pore arrangement. The mesoporous
silica produced from a dual template shows a similar isotherm with loop
hysteresis at a relatively high-pressure range (0.4 < P/P0 < 0.8). The
hysteresis loop represents a spontaneous filling of mesopores due to
capillary condensation (Barranco-Garaa etal., 2018; Yuan etal., 2018).
The calculated data based on the N2 adsorption-desorption isotherm is
shown in Table 1. MS with the highest surface area was obtained using
0.2% gelatin, which was 561.9 m2/g. The surface area was significantly
increased compared to MS obtained from P123 only at 482 m2g.
However, when the ratio was further increased to 0.5 and 1.0, the sur-
face area was reduced to 361.7 m2/g and 276.3 m2/g, respectively. The
dual template P123 and gelatin combination leads to a larger meso-
porous structure by expanding the pore diameter. However, a high
concentration of gelatin reduced the surface area of silica, presumably
due to the saturation of the silica surface with the amine groups,
reducing the optimum pore direction. Fig 3(b) showed narrow pore size
distribution with a 5-10 nm diameter range for all the mesoporous sil-
ica. Increasing the ratio of P123: Gelatin from 1:0 to 1:1 enlarged the
pore diameter and formed several pore sizes. The high density of N—H
amine group with silanol interactions resulting in different pore shapes
(Coradin et al., 2004).

FTIR analysis was carried out on the resulting powder before calci-
nation (Fig 4a) and after calcination at 550 °C (Fig 4b). The uncalcined
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Fig. 3. N2 adsorption-desorption analysis of the sample mesoporous silica.

Table 1

Textural properties of mesoporous silica.
Samples S-BET (m2g“1) S-Meso (m2g 1) Vp (cm3g-1) Dp (nm)
MS 482.3 441.1 0.59 7.03
MS-0.2 561.9 485.9 0.72 10.04
MS-0.5 361.7 307.9 0.57 6.8
MS-1 276.3 239.4 0.36 6.5

S-BET, BET-specific surface area; Vp, specific pore volume; Dp, pore diameter,
obtained from DFT model.

material showed absorption peaks at 3466 cm~1 ascribed to the N—H
bond from gelatin and the O—H bond from P123. The absorption bands
at 962, 1082, 798, and 434 cm~1are assigned to Si-OH stretching, non-
symmetric and symmetric stretching vibrations of Si-O-Si, and O-Si-O
bond, respectively. The specific absorptions demonstrated the presence
ofblock copolymer and gelatin molecules at 2391, 2870, 1674 and 1543
cm~1for CH2-symmetric and asymmetric absorption, C = O, and N—H
bending (Shawky et al., 2016; Han et al.,, 2018; Trisunaryanti et al.,
2016). FTIR spectra of the mesoporous silica after calcination showed
the broad absorption band at 3438 cm~1 corresponded to the phys-
isorbed water and the hydroxyl groups, which were accompanied by the
OH bending mode at 1633 cm~1. The bands at 1103 cm~1, 962 cm~1,
and 458 cm~1are assigned to the asymmetric, symmetric stretching, and
bending vibrations of Si—©—Si, respectively. All the peaks originating
from P123 and gelatin disappeared after calcination, while the Si-O-Si
and Si-OH vibration bands gained intensity (Han et al.,, 2018). The
summary of FTIR absorption bands was tabulated in Table 2.

SEM analysis was carried out to analyze the morphology of meso-
porous silica after calcination (Fig. 5). Mesoporous silica synthesized
from P123 (MS) showed uniform worm-like crystal structures, with the
size of MS particles analyzed at ~10 “m. Introducing the gelatin at 0.2%
concentration produced a mixture of cubic and worm-like crystallites. At
0.5%
uniform cubic-like morphologies. At 1.0% gelatin, the cube-like struc-

gelatin, the worm-like structures disappeared, producing non-
tures were more apparent, suggesting the effect of gelatin concentration
to transform the morphology of mesoporous silica. A large amount of
gelatin increased the size of micelles during the sol-gel synthesis (Kumar
et al., 2017; Postnova et al.,, 2017). Gelatin bound to P123 copolymer
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micelles results in a larger silicate ring deposited on the outer surface of
micelles, consequently increasing the particle size and transforming the
morphology. The histogram of crystallite size distribution showed that
the sizes of mesoporous silica were enhanced when using a higher
gelatin concentration.

EDX measurement quantitatively analyzed oxygen, silicon, and car-
bon in mesoporous silica before calcination. Elemental analysis in Fig. 6
indicates the presence of Si at 36.25%, O at 50.26%, and C at 13.49%.
The high concentration ofcarbon on the sample was originated from the
carbon in the template.

TEM analysis of mesoporous silica in Fig. 7 showed the formation of
hexagonal porosity, which is the characteristic of parallel mesoporous
pémm space group. The hexagonal structures consisted of long cylin-
drical pores aligned in the same direction (Wu et al.,, 2015; Liu and
Wang, 2015). The hexagonal pore structure was readily formed in the
MS synthesized using P123. The presence of gelatin preserved the hex-
agonal structure, but the pore diameter appeared larger than the MS
without gelatin. The distance between the two adjacent centers of the
hexagonal pores was estimated at 5.22 nm for MS synthesized using
P123 only (Fig 7a). In the presence ofgelatin at 0.2% concentration, the
distance between the pores was determined at 7.65 nm (Fig 7b). Further
increasing the gelatin concentration to 0.5% and 1% slightly reduced the
hexagonal pores to 6.94 nm and 6.62 nm, respectively (Fig 4c, 4d).
Nevertheless, the pore sizes of MS from P123: gelatin mixtures were
significantly larger than the MS from P123 only.

Thermogravimetric analysis determines the decomposition of P123
and gelatin templates during calcination. The TGA profile of the meso-
porous silica material in Fig. 8 showed a two-stage decomposition for
sample. °C,
approximately 3.44% weightloss from water desorption (Kiwilsza et al.,
2013). The second decomposition occurred at 250600 °Cw ith different
weight loss percentages. MS reduced 27.79% of its total weight, while
MS synthesized using gelatin exhibited 33.28 —36.7% weight losses. The
mass decrease corresponds to the template decomposition in the meso-
porous silica matrix (Mohan et al., 2020; Jin et al., 2014). The DTG
results in Fig. 9 indicated a single peak at 199 -220 °C for all mesoporous
silica samples but at different intensities and temperatures, reflecting
the decomposition of template P123 and gelatin (Stawicka et al., 2020).
The DTG of the MS-1 sample occurred at a relatively high temperature

each The first decomposition occurred at 50-200 at
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Wavenumber (crrvl)

Fig. 4. FTIR spectra of the sample mesoporous silica left before calcination a.
b. MS-0.2; c. MS-0.5, d. MS-1.

Table 2

The characteristic peaks of FTIR of mesoporous silica.
Wavenumber (cm 1) Functional Group (Shawky et al., 2016; Han et al., 2018);

Before calcination

3466 Hydrogen bonding of NH gelatin and OH from P123

2931 C-H stretching vibration of alkyl chain (P123)
2870

1674 Vibration Stretching C= O

1523 Vibration N—H

1374 Symmetric Stretching Vibration C—H

1082 Asymmetric Vibration of Si-O-Si

945 Stretching Vibration Si-OH

798 Symmetric Vibration Si-O-Si

434 Bending Vibration Si-O-Si

After Calcination

3438 Stretching Vibration 0—H

1650 Bending Vibration H—O_H

1103 Asymmetric Vibration Si-O-Si

783 Symmetric Vibration S-O-Si

961 Stretching Vibration Si-OH

458 Bending Vibration Si-O-Si

and peak intensity, which may be due to the large particle size that
affected the release of energy during the decomposition process.

3.2. The interaction of dual template P123 and gelatin for the formation
of mesoporous silica

Fig. 10 illustrates the formation of mesoporous silica using P123 and
gelatin templates. P123 dissolution in an acidic solution produced a self-

South African Journal of Chemical Engineering 43 (2023) 312-326

Wavenumber (cm')

I, b. Gelatin, c. MS; d. MS-0.2; e. MS-0.5; e. MS-1 and right after calcination a. MS;

assembly the formation of
hydrogen bonds between the hydroxyl group in P123 and the amine
group in gelatin (Ulfa et al., 2020). The hydrogen bonds between P123
and gelatin enlarged the size of micelles compared to the P123 template.
The size of gelatin and P123 micelles were responsible for directing

silica crystal structure due to the interaction between gelatin and the

spherical micelle with gelatin due to

silica speciation. At low gelatin concentrations, the small size silica
particles were formed because of the limited number ofavailable amine
groups to interact with silicate. When the amountofgelatin isincreased,
the availability of the amine group is large enough to interact with SiO4,
thus forming larger silica-gelatin composites (Coradin et al.,, 2004; Bele
et al.,, 2002). Gelatin has a natural ability to swell in water, thus
prompting further enlargement of micelles. W ater adsorption within the
micelles enhanced the number of silica bound to the amine group in
gelatin. The silicate-gelatin interaction between the nitrogen atoms in
the amine group of gelatin and the silicate ions under acidic conditions
induces gel network formation for the growth ofsilica particles (Coradin
et al.,, 2004; Sachithanadam and Joshi, 2014; Bele et al., 2002). This
results in the condensation ofsilicate species which causes the growth of
silica particles in the outer micelles. After the calcination, the template
the N2
adsorption-desorption analysis. Gelatin also enhanced the mesoporous

decomposition formed mesopores, as evidenced by

silica particle sizes from 0.23 *m in MS, to 0.87 “m in MS-1.

3.3. Adsorption of methylene blue

3.3.1. Effect of variation dye
The adsorption capacity of mesoporous silica was investigated on
different dyes (Fig. 11). The dyes were chosen based on their physical

316
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Fig. 5. SEM of mesoporous silica a. MS; b. MS-0.2; ¢c. MS-0.5, d. MS-1.

properties and large molecular structure that requires adsorbent with
large pores. Methyl orange (MO) and Congo red (CR) are anionic dyes
with molecular weights of 327 g/mol and 696 g/mol, respectively.
Meanwhile, methylene blue (MB) and malachite green (MG) are cationic
dyes with molecular weights of 319.85 g/mol and 364.911 g/mol,
respectively. After 60 min ofadsorption, 69 mg/g ofmethylene blue was
adsorbed on mesoporous silica. The value is higher than malachite green
at39.7 mg/g, methyl orange at 4.6 mg/g, and Congored at21.46 mg/g.
Despite the variation of adsorption capacity when using different types
of dyes, the results exhibited the potential of mesoporous silica for

317

removing organic dyes from aqueous solutions due to its large specific
surface area and hierarchical pore structure (Zhou et al., 2015). The
methylene blue represented the highest adsorption capacity, indicating
mesoporous silica affinity to cationic dyes. The differences may be due
to the electrostatic attraction between dye and mesoporous silica and
the steric structure of the dyes, which are generally the two key factors
affecting the adsorbent efficiency (Iftekhar etal., 2018). MB and MG are
cationic dyes, resulting in more possibilities of being adsorbed on the
in-
12

surface of negatively charged adsorbents through electrostatic
teractions. The result of the zeta potential measurement in Fig.
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Fig. 6. EDX analysis of the sample MS.

Fig. 7. TEM analysis of the sample mesoporous silica a.MS; b.MS-0.2; c. MS-0.5; and d. MS-1.

indicates that MS has a surface potential of —19.6 mV, as previouslylarger than the silica adsorbent reported by Sulistiyo et al. (2017) at 23
reported in silica (Huang et al., 2021). The equilibrium amount of mag/g.
adsorbed methylene blue at 1 hour on mesoporous silica was much

318
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Fig. 8. TGA analysis of the sample mesoporous silica.

Temperature °C

Fig. 9. DTG analysis of the sample mesoporous silica.

3.3.2.

Adsorbent dosage is one of the main factors affecting the adsorption
efficiency. A high amount of adsorbent increases the available surface
area for adsorption. However, it can also be a hindrance due to the
adsorption-desorption equilibrium. In this study, the adsorbent dosages
were varied at 2.5 mg, 5 mg, 7.5 mg, and 10 mg to determine the op-
timum amount of adsorbent for methylene blue adsorption in 60 min.

Effect of adsorbent dosage

The percentage of removal for mesoporous silica obtained at different
P123:gelatin ratios and various adsorbent amounts were presented in

Fig. 13. The methylene blue removal reached maximum adsorption
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when 5 mg and 7.5 mg of adsorbents were used for all the silica. The
maximum removal was obtained when using MS-0.2 at 91% with 82.74
mg adsorption capacity, followed by the MS sample at 81.86%, MS-0.5
at 77.71%, and MS-1 at 66.36% The efficiency
depended on the surface area and porosity of silica. However, a small

removal. removal
dose of adsorbent is not sufficient to obtain the optimum removal of
methylene blue (Usgodaarachchi et al., 2021)

3.3.3. Effectofcontacttime

Variations of contact time at 2.5, 5, 10, 20, 30, 40, 50 and 60 min
were carried out to determine the optimum time for adsorption. The
initial concentration of MB solution was 30 mg/L, while using 5 mg
adsorbent in 15 mL of solution. Fig. 14 shows the plot between time
(minutes) and adsorption capacity (mg/g) for mesoporous silica pro-
duced at different P123 to gelatin ratios. The adsorption was rapidly
increased from 5to 30 min before reaching equilibrium at30 min to give
69 mg/g on MS-0.2 samples. Unoccupied active sites for methylene blue
adsorption accelerated the adsorption within the first 30 min. The
adsorption slowly decreased up to 60 min. Ifthe adsorbent has reached a
state of equilibrium at the optimum contact time, then the prolonged
contact time does not contribute to the absorption of dyes (Bernard
et al.,, 2013). However, this can result in more dyes being exchanged
after reaching equilibrium, reducing adsorption.

3.3.4. Effect of concentration

The concentration of MB solution was varied to obtain the efficiency
of mesoporous silica as an adsorbent for the removal of MB in different
levels of MB concentrations. MB solution at 10, 30, 50,70, 90, 120 and
150 mg/L were used, while using 5 mg of MS; MS-0.2; MS-0.5; and MS-1
in 15 mL solution. The optimum contact time for the adsorption was 30
min. Fig. 15 showed that the adsorption capacity of mesoporous silica
reached a steady state at a concentration of more than 150 ppm. No
adsorption process can occur at high concentrations, where the adsor-
bate occupies almost all the adsorption sites. Previous research showed
that the adsorption capacity of methylene blue using mesoporous silica
increased at 25-200 ppm (Zhou et al.,, 2015). The highest adsorption
capacity was shown in the MS-0.2 sample at 150 ppm concentration
with a value of 238 mg/g Table 3.
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Fig. 10. Formation scheme of mesoporous silica using dual template.

Fig. 11. Adsorption capacity of various dye on MS.

3.3.5. Adsorption kinetics

The study of adsorption kinetics is essential to understand the
mechanism of adsorption and the rate determining steps such as diffu-
sion control and chemical reaction. The adsorption ofdye molecules is a
reversible process involving equilibrium between liquid and solid pha-
ses. The pseudo first-order and the pseudo second-order kinetic models
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Fig. 12. Zeta Potential Distribution on MS.

Zhai and Li, (2019) are used to simulate the adsorption kinetic behavior
of MB on mesoporous silica. The nonlinear pseudo-first-order kinetic
and pseudo-second-order kinetic models are expressed as the following
Eqgs. (5)-(8):

qt = qe(1—e Mt (5)
ge'2k2t
qt = (6)
(1 + qek21)
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Dosage Variation (mg)

Fig. 13. Adsorption capacity of the sample MS, MS-0.2, MS-0.5, and MS-1 with
various dosage.

Fig. 14. Adsorption capacity of the sample mesoporous silica variation con-
tact time.

In(ge —qt) = Inge —k\t (7)
1 1 1

+ (8)
qt  ka2qe2 qge

where ge and qt are the amount of methylene blue adsorbed at the
equilibrium (mg/g) and at the given adsorption time t(min), respec-
tively. k1 defines as the rate constant of pseudo first- order model (1/
min) and k2 is the rate constantofthe pseudo second-order model (g/mg
min). The nonlinear fitted curves of the two models were shown in
Fig. 16, and the values of parameters obtained from the nonlinear curve-
listed in Table 4. The results exhibited that the
adsorption kinetics of all mesoporous silica represented by the pseudo-

fitting results are

second-order model, which is based on the correlation coefficients

(R2) of the pseudo-second-order model is closer to one than the pseudo-
first order model. The pseudo-second-order model showed that the
calculated theoretical values of ge were 58.75 mg/g for MS sample, and
58.75 mg/g for MS-0.2. The calculated equilibrium adsorption capacity
ge from the pseudo-second-order model accurate and

was more
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C.. (ppm)

Fig. 15. Adsorption capacity of the sample mesoporous silica variation
concentration.

Table 3
The peak temperature and weight ofresidue of mesoporous silica decomposition
at 600 °C.

Sample  Tpeak ( Wlossl. (water) Wicss2 (fix cabon) ~ Wresicue (ash content) 600
°C) (%) (%) oc (%)

MS 217.17 3.44 27.79 68.77

MS-02  196.98 2.85 33.28 63.87

MS-0.5  199.46 1.14 33.83 65.03

MS-1 220.37 2.74 36.7 60.56

consistent with the final experimental qtvalue, which further confirmed
the validity ofthis model. The mesoporous silica produced using gelatin
has a higher adsorption capacity than the mesoporous silica without
gelatin, implying the role of large pore diameter and high surface area in
increasing the adsorption capacity Table 5.

3.3.6. Isotherm study

The equilibrium adsorption of methylene blue on the mesoporous
silica was investigated using the Langmuir and the Freundlich isotherm
models, showed in Fig. 17. The Langmuir model assumes monolayer
adsorption on the homogeneous surface where the binding sites have
equal affinity and energy, and there is no interaction between the
adsorbed species Zhai and Li, (2019). The non-linear form of the Lang-
muir adsorption isotherm model is given as follows Egs. (9)-(10):

e = 9
qH 1+ KLCe ®)

ge = KpC* (10)

Where ge and Qm represent the equilibrium and the theoretical
maximum adsorption capacity (mg/g) of adsorbents, respectively. Ce is
the concentration of ions in solution at equilibrium (mg/L), KL defines
the Langmuir isotherm constant (L/mg) related to adsorption energy,
the Freundlich parameter and heterogeneity factors,
respectively. Langmuir applied the
adsorption with homogeneous and finite modes on the absorbent, while

and Kf are

model is often to monolayer

the Freundlich model is often applied for nonideal sorption on hetero-
geneous surfaces. It can be observed that the Langmuir model was more
suitable for the experimental data since the correlation coefficients of
the Langmuir model were closer to 1. However, the Freundlich model
has much lower correlation coefficient values. The Langmuir isotherm
fitting that the active chelating sites were and

suggested equal
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Fig. 16. The adsorption rates of Methylene blue and the corresponding linear-nonlinear form of the pseudo-first-order and pseudo second-order kinetic curves.

Table 4
Kinetic Equation Constant non-linear adsorption on mesoporous silica.

Adsorbents Pseudo First Order Pseudo Second Order
ki ge (mg/ R2 ke (g/ ge (mg/ R2
(min~1) g) mg.min)  g)
MS 0.0784 55.0351 0.97415 0.0093 58.7543 0.9965
MS-0.2 0.0598 60.7521 0.92176 0.0098 64.4583 0.9969
MS-0.5 0.0762 51.266 0.95826 0.0087 55.064 0.9949
MS-1 0.9811 46.626 0.95507 0.0089 50.205 0.9951
Table 5
Non-Linear isotherm parameters of Langmuir and Freundlich.
Adsorbents  Langmuir Model Freundlich model
Kl (L/ om(mg/ R2 1/n Kfmg/ ~ R2
mg) 9) 9
MS 0.015 251.93 0.9807 0.5213 13.363 0.9304
MS-0.2 0.012 363.63 0.9812 0.5683 14.131 0.9397
MS-0.5 0.012 246.73 0.9746 0.5681 9.5753 0.9314
MS-1 0.0119 212.71 0.9689  0.566 8.2862 0.9268

homogeneously distributed on the surface of the mesoporous channels,
and the adsorption occurred via a monolayer formation on the surface.
The maximum adsorption uptake of MS-0.2, Qm was determined at
392.58 mg/g. The Qm of mesoporous silica obtained in this study is
much higher than the previously reported adsorption capacity on mes-
oporous silica materials and other adsorbents, as summarized in Table 6.
The high adsorption capacity isdue to the formation ofa large mesopore
diameter for efficient diffusion and a large surface area to provide
adsorption sites for MB.

3.3.7.
The regeneration potential and the reusability of mesoporous silica

Reusability using thermal and chemical regeneration method
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CO(ppm)

Fig. 17. The adsorption rates of Methylene blue onto mesoporous silica and the
corresponding non-linear form of Langmuir and Freundlich
for adsorption.

curves

were determined using the thermal treatment and chemical desorption
with solvent. The MS-0.2 with adsorbed methylene blue was separated
from the solution by filtration, dried at 60 °C and calcined at 550 °C for 3
h. Recycling using thermal treatment showed the percentage of MB
removal decreases with each reaction cycle (Fig. 18). However, the first
and second cycles showed ~90% removal, which indicates the stability
of adsorption sites in the mesoporous silica. The desorption of MB from
mesoporous silicavia the chemical regeneration method was carried out
using methanol, HCI, water, and acetone as desorbing agents. The result
shows that 74.2% of regeneration efficiency (RE) occurs when using
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Table 6
Comparison of adsorption capacity of different adsorbents for adsorption
methylene blue.

Adsorbent Adsorption Capacity Reference
(mg/g)
CFA Silica mesopore 323.62 (Q. Yuan et al., 2019)
Nanoparticle
Raw KT38 kaolin 52.76 (Mouni et al., 2018)
MGC-4 65.8 (Wang et al., 2014)
Active Carbon 15.59 (Sharma et al., 2009)
Al-SBA15 219.82 (Wu et al., 2015)
Al-MCM-41 271.78 (Zhou et al., 2015)
Graphene oxide-activated 147 (Abd-Elhamid et al.,
carbon 2019)
Magnetic biochar composite 24.85 (Siddiqui, 2018)
Zeolite-rGO 52.8 (Zhu et al., 2014)
ZFAIHZ 45.09 (Lin et al., 2016)
CaHAp-Alg 77.3 (Guesmi et al., 2018)
Mesoporous silica 1:0 251.93 This research
Mesoporous silica 1:0.2 363.63 This research

100-
80-
OS 60-
J
40-
20-
Cycle
Fig. 18. Reusability study of sample MS-0.2 using a thermal regenera-

tion process.

acetone and 61.4% when using HCI. The amphipathic nature ofacetone,
which contains hydrophilic (C = O) and hydrophobic groups (-CH3),
accounts for its good desorbing agent (Xing et al.,, 2017). Meanwhile,
under the acidic condition (HCI), a higher concentration of H30+ in-
creases positive charges on the surface ofthe adsorbent. The cationic dye
molecules are drawn to negatively charged adsorbent surface particles,
and the desorption happens as a

result of electrostatic repulsion.

HCl Aquades

Desorbing agent

South African Journal of Chemical Engineering 43 (2023) 312-326

(Momina and Suzylawati, 2020). The adsorption-desorption cycles were
repeated four times using acetone to verify the reusability of the mes-
oporous silica. Fig. 19 shows the adsorption capacities of mesoporous
silica for methylene blue over four successive adsorption-desorption
cycles. The results indicated that the adsorption capacity of meso-
porous silica decreased with prolonged cycles to give 45.1% removal
after four cycles. Although the efficiency was reduced, mesoporous silica
still showed good potential reusable adsorbent for removing
methylene blue from wastewater.

as a

3.3.8. Adsorption mechanism

FTIR analysis was carried out to investigate the interaction between
methylene blue and mesoporous silica shown in Fig. 20. Methylene blue
contained O—H, C= C,C= N, C= S, C-S, and C-H functionalities that

°%

4m

-— -—

111 e 11 lae v
2000 1500 1000 500

t— -

i
4000 3500 3000 2500

= - om

wavenumber (cm'l)

Fig. 20. FTIR Spectra of a. MS-0.2; b. MB; and ¢. MB-MS-0.2.

Cycle

Fig. 19. Desorption study of sample MS-0.2 using variation desorbing agent.
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Table 7

Functional Group Spectra of MS, MB, and MB-MS-0.2.

Wavenumber (cm 1)

Assignments MS- MB MB-MS-
0.2 0.2
Overlapping stretching vibration of -NH/ 3460 3443 3459
OH
Stretching vibration of C = C side ring — 1594 1597
Stretching vibration of -CH2 or CHs — 14941500 1502
Stretching vibration of -CN — 1252 1247
Stretching vibration of -N-N — 1244 1215
Stretching vibration of -CH — 1176 —
Stretching vibration of -C-S-C — 1064 —
Bending vibration of C—H out of plane — 881 and 824 —
Bending Vibration H—O-H 1608 — —
Asymmetric Vibration Si-O-Si 1088 — 1087
Symmetric Vibration Si-O-Si 806 — 803
Bending Vibration Si-O-Si 464 — 464

Fig. 21. SEM-EDX before and after adsorption: MS-0.2 (a,c) and MB-MS-0.2
(b,d).

Table 8
Elemental analysis before and after adsorption.

Element Weight (%)
MS-0.2 MB-MS-0.2
Si 40.89 3241
o] 59.11 52.84
C — 8.63
N — 3.9
S _ 2.22

were able to interact with mesoporous silica surfaces during adsorption
(Pradhan et al., 2017). FTIR analysis of MB showed the strong adsorp-
tion bands at 1594 cm~1and 1252 cm~1 ascribed to the stretching vi-
bration of C= C,and C—N bonds in the heterocyclic of MB, respectively.
The functional group of mesoporous silica, MB, and MB adsorbed MS-0.2
were summarized in Table 7. Analysis of mesoporous silica obtained at
1:0.2 ratio after MB adsorption showed the FTIR bands of mesoporous
silica appeared at similar wavenumber. The FTIR also showed the
appearance of 1543 cm~1 and 1378 cm~1 bands ascribed to the
stretching vibration of C = N and CH2 of MB adsorbed on the silica. Two
suggested proposed the
adsorbent-adsorbate interaction based on the FTIR analysis from the

mechanisms were to describe
adsorbed methylene blue on mesoporous silica. The adsorption of
methylene blue on mesoporous silica occurs via the formation of a
hydrogen bridge between the lone pair electrons of nitrogen atoms in

methylene blue with the Si—-OH in mesoporous silica. In addition,
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methylene blue is also adsorbed through the electrostatic attraction
between the negative charge 0~ (SiO2structure) and the positive charge
of N+ (methylene blue structure) (Lyu etal., 2020; N. Yuan etal., 2019).
Due to the absence of S- O bonds from FTIR analysis, there is no
donor-acceptor evidence of
sulfur atoms in MB with SiO2.

Fig. 21 and Table 8 show the SEM-EDX analysis 0f MS-0.2 before and
after adsorption and the elemental composition. As previously discussed
in the SEM characterization section, the mesoporous silica has a worm -

interactions between electron-deficient

like morphology with uniform microcrystallites. Following the adsorp-
tion with MB molecules, the mesoporous silica appeared as non-uniform
aggregates. EDS analysis indicated the variation in the elemental
composition of MS and MS-0.2. MS has 36.25% Si and 50.26% O, while
MS-0.2 has 40.89% Siand 59.11% O. A high concentration of oxygen in
MS-0.2 provides more possibility of the interaction between oxygen
atoms in silica with the hydrogen atoms in MB, to increase the adsorp-
tion capacity. High composition of N and S atoms at 3.9% and 2.22%
were observed on MS-0.2, indicating the presence of methylene blue on
the silica.

4. Conclusion

The synthesis of mesoporous silica using dual template P123:gelatin
has been successfully carried out, indicating the ability of gelatin to form
large mesopores in silica for efficient dye removal. The optimum ratio
between P123 and gelatin is varied to determine the best combination
for enlarging the mesopore size while maintaining a high surface area.
Amine functional groups in gelatin produced electrostatic interaction
with the silicate ions precursor for constructing mesoporosity. The
morphology of mesoporous silica changes from worm-like to cubic-like
increasing gelatin The particle
enlarged from 0.23 nm to 0.87 |jm, while the surface area improved from

structure with concentration. size
200 to 560 m2/g surface area with optimization of P123:gelatin ratios.
Gelatin enlarged the diameter of the mesopore channel to reach ~10
nm, improving the diffusion of MB molecules. The largest adsorption
capacity was obtained on mesoporous silica synthesized ata 1:0.2 ratio
with the Qm value 0f363.63 mg/g. The adsorption kinetics followed the
pseudo second order with the Langmuir model. The use of gelatin as a
green template improved the physicochemical properties of mesoporous
silica, opening up new opportunities for naturally occurring surfactants
in material synthesis.
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