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The effect of gelatin as pore 
expander in green synthesis 
mesoporous silica for methylene 
blue adsorption
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Novia Amalia Sholeha5

Mesoporous silica NSG had been synthesized while employing gelatin as a natural template to 
successfully increase the particle size and expand the pore diameter of NSG. All silica samples 
exhibited a similar XRD pattern with a broad peak centred at 2θ = 22.9°, as the characteristic of 
amorphous silica. FTIR results showed that the reduction of Si–O–Si symmetric stretching vibrations 
at 1075 cm−1 was due to the use of a high percentage of gelatin. Moreover, TEM analysis displayed 
the mesoporous channels in the form of a honeycomb structure with a diameter of ± 6 nm. Gelatin 
enhanced the surface area of silica from 467 to 510 m2/g, the pore volume from 0.64 to 0.72 cc/g and 
expanded the pore diameter from 3.5 nm to 6.0 nm. The expansion of the ordered mesopores with the 
increase of P123: gelatin ratios was elucidated by the pore size distribution. The adsorption capacity 
of methylene blue (MB) was improved on mesoporous silica with an expanded pore dimension to give 
168 mg/g adsorption capacity within 70 min.

Mesoporous silica is widely applied as adsorbents for waste removal1, carrier in drug delivery system2, as catalyst 
supports3 and material for energy storage4. Synthesis of silica with high surface area and ordered pore structure 
is beneficial for a variety of applications as it improves diffusion of molecule reactant. The main concern circum-
venting the safety of the synthesis procedures is to reduce the use of harmful reagents. Green synthesis aims to 
minimize the use of synthetic chemicals that are toxic and harmful to the environment5,6. Utilization of biomass 
waste as silica sources such as rice husk ash and palm residue reduced the reliance on synthetic chemicals7,8. 
Direct oxidation of silicon-rich biomass waste often produced silica with a low surface area and a non-uniform 
structure7,9 restricting the performance as adsorbent of large molecules such as ibuprofen, dibenzothiophene 
and methylene blue10–12. The properties of silica obtained from pyrolysis of biomass were improved when the 
process was combined with acid and alkaline extraction of silica from biomass prior to pyrolysis13–16. However, 
extraction of silica from fly ash biomass using NaOH only yielded on average of 0.001% of silica from the amount 
of biomass used1.

Synthesis of porous material using an environmentally friendly organic–inorganic pore directing agent is 
also seen as a pathway to suppress the instability of natural material while simultaneously reduce the use of 
synthetic inorganic materials9,11,17. Tailored synthesis of silica via sol–gel, precipitation, chemical vapour depo-
sition or microemulsion methods produced silica with uniform structures and morphologies8,15,18. The sol–gel 
method is generally involved the utilization of surfactants or pore-directing molecules in the form of synthetic 
block copolymers to mould the shape, size and porosity1,15. However, the application of synthetic surfactant is 
hampered by its expensive price, non-biodegradable properties, and non-sustainable in particular for large-scale 
production15,19,20. Natural pore-directing molecules from gelatin, gum Arabic and starch have been reported in 
the synthesis of porous silica21–23. Gelatin is obtained from hydrolysis of animal skin and bone waste which has 
high sustainability due to the abundant sources and the feasibility of production. The stability of gelatin and 
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the interaction between the functional group of gelatin and various metal precursor allowed the formation of 
well-defined crystal structures even after calcination at high temperatures24. Previous research on a hybrid sys-
tem consisting of synthetic and natural pore-directing molecules was able to produce high surface area carbon 
microspheres as a result of the combination of gelatin with Pluronic F1276. In addition to Pluronic F127, several 
synthetic templates such as Pluronic P123, CTAB, and CTAOH can control porosity based on their molecular 
weight, chain length and functional groups19,25,26. These synthetic pore templates have succeeded in producing 
porous materials such as MCM-41, MCM-48, SBA-15 and KIT2,27–29.

Amine functional groups in gelatin produced electrostatic interaction with silicate ions, capable of directing 
molecular arrangement for the production of materials with enhanced physicochemical properties11,30,31. In 
this study, silica nanoparticles with well-defined mesopores were synthesized using gelatin and Pluronic P123 
templates. Gelatin is proposed to act as a natural pore directing agent and strengthen the stability of P123 to hold 
the structure following calcination at high temperatures. This study will observe the effect of gelatin in expand-
ing the pore structure of mesoporous silica. The structural properties of mesoporous silica will be characterized 
by XRD, FTIR, nitrogen adsorption–desorption and SEM EDX, TEM and its performance will be applied as an 
adsorbent for methylene blue.

Experimental procedures
Synthesis of mesoporous silica‑gelatin (NSG).  Surfactant P123 and gelatin were dissolved in con-
centrated hydrochloric acid (37% v/v) and distilled water then stirred at 500 rpm for 3 h with a temperature of 
40 °C. TEOS as a silica source was added and stirred until homogeneous. The molar ratios of the chemicals used 
in this study were 1 TEOS: 0.017 P123: 5.68 HCl: 197 H2O. The mixture was continuously stirred at the same 
temperature for another 24 h. The procedure was repeated with a different ratio of P123: gelatin and labelled as 
NSG-x%, where x referred to the gelatin concentration given in Table 1.

The mixture was poured into a Teflon line autoclave and heated in an oven for 24 h at 100 °C. The white pre-
cipitate obtained was filtered using a Buchner funnel and washed with 200 mL of distilled water. The resulting 
solid is dried for 24 h at 100 °C and grounded to produce a fine powder. To remove the templates, the solid is 
calcined at 550 °C for 5 h and placed in a vial at room temperature.

Methylene blue (MB) adsorption.  Methylene blue (MB) solution at 50 mg/L was prepared by dissolving 
methylene blue in deionised water. Then 50 mg of adsorbent was mixed with 200 mL of MB solution and stirred 
at 200 rpm for 20 min at room temperature. The concentration of MB solution was determined at different con-
tact times by extracting 3 ml of the solution for every 5 min intervals. The effect of adsorbent weight and initial 
concentration of MB solution were observed using different adsorbent weights (5,10,25, 50, 70 mg) while the 
initial MB concentration was varied at 10, 20, 50, 100, mg/L. The concentration of MB was determined using UV 
spectrophotometer (Shimadzu-230PI). The maximum absorption wavelength of methylene blue was recorded at 
664 nm. The adsorption capacity of methylene blue on silica sample is calculated using the following equation:

where Co is the initial concentration and Ce is the equilibrium concentration (mg/L) of MB in the bulk phase. 
The symbol w represents the amount of liquid phase (L) while m is the weight of the adsorbent (g). The adsorp-
tion kinetics model was calculated using the Pseudo First Order32 and the Pseudo Second Order as given in 
Eqs. (2) and (3)33, respectively.

The Pseudo First Order

The Pseudo Second Order

where qe is adsorption capacity at equilibrium (mg/g), qt is adsorption capacity at time t (mg/g), k1 and k2 as rate 
constant price/slope (per minute) and t as contact time (minutes).

Characterization of the catalyst.  Nitrogen adsorption–desorption analysis was performed on a Quan-
tachrome Autosorb Automated Gas Sorption System, with an outgas temperature of 300 °C and a bath tem-
perature of 77 K. Analysis of the N2 adsorption data was performed using Autosorb for windows 1.2 provided 
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Table 1.   The sample was labelled according to the ratio of P123 and gelatin.

Notation of sample P123: gelatin (w/w)

NS 1:0.00

NSG-1% 1:0.01

NSG-2% 1:0.02

NSG-4% 1:0.04
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by Quantachrome Co. The surface area was calculated through a multipoint BET model using the P/Po ranging 
from 0.05 to 0.2. The Pore size distribution was calculated using a BJH model; and the total pore size was cal-
culated in terms of the maximum P/P0 point. The crystalline phase was investigated using Philips X’pert XRD 
instrument with Cu Ka radiation with a step size of 0.04° and counting time of 10 s. The data were recorded in the 
2-theta range in small angle 0.1–5.0° and wide angle of 5–80°. The morphology and element of sample was moni-
tored by the micrograph of Scanning Electron Microscopy (SEM- EDX ZEIS EVO MA 10) and coated by Pd/Au 
and Transmission Electron Microscopy (TEM HT7700, 120 kV). The analysis of functional group conducted at 
range 400–4000 cm−1 by Fourier transform infrared spectroscopy (FTIR Shimadzu Spectrometer 2800).

Results and discussion
Mesoporous silica synthesized in the presence of gelatin showed the enlargement of mesopore diameter and 
particle size originated from the formation of stable micellar network between gelatin and P123 block copoly-
mer (Fig. 1). Tetraethyl orthosilicate as silica source is spontaneously hydrolysed when added in water to form 
SiO2. However, the presence of P123 surfactant, displaced C2H5O− on SiO4

− with the triblock PEO copolymer 
preventing the hydrolysis to SiO2. The presence of gelatin further stabilised the PEO structure via interaction 
between the –COO− fragments in gelatin with –OH in PEO to form ester linkage. The –NH2 tail on the gelatin 
was protonated in acidic solution during the synthesis, consequently transformed the hybrid gelatin-P123 to 
anionic surfactant with positive charges on the gelatin backbone. The positive charged of gelatin was suggested 
to promote the elongation of the micellar structures11,30,31,34 Apart from that, the swelling effect of gelatin in water 
which enhanced at a higher gelatin concentration35 expanding the spacing between SiO4

- containing micelles, 
consequently increased the size of silica. Decomposition of gelatin and P123 molecules at high calcination tem-
perature, produced a well-defined mesopores. The strong interaction between silicate-gelatin-P123 networks 
produced a stable composite, therefore calcination at high temperatures maintained the parallel pore network 
resulting in the pore expansion on silica30,36.

SEM analysis.  Figure 2 showed the SEM analysis of silica obtained using P123 (NS) and double template of 
P123-gelatin (NSG) at different weight ratios. In general, all silica samples showed the formation of elongated 
cube-like structure with the size increased at higher gelatin weight. Silica synthesized using P123 as template 
showed the formation of relatively small structure with the average particle size was estimated within 4–5 µm. 
Following the addition of 1% of gelatin during the synthesis, there is a no significant differences on the morphol-
ogy, but the particle sizes were slightly increased. When the silica was synthesized using a higher concentra-
tion of gelatin at 2% and 4%, a larger elongated cube-like particles were produced with the average sizes were 
determined at 6–9 µm. The morphology analysis using SEM revealed that the addition of gelatin in the synthesis 
mixture managed to maintain the regularity of the three dimensional morphologies of the silica. However, the 
increase of gelatin concentration shifted the particles size distribution from 4 to 9 µm. The histogram of particle 
size distribution, determine based on the length of the elongated cube revealed the enlargement of particles size 
with increasing the amount of gelatin in the reaction mixtures.

TEM analysis.  TEM analysis of mesoporous silica produced using P123 and mesoporous silica from the 
mixture of P123 and 1% gelatin were carried out to provide high resolution morphology analysis. Figure 3a–c 
showed the TEM analysis of mesoporous silica produced using P123 without the presence of gelatin at dif-
ferent magnification. Although SEM analysis indicated the size of mesoporous silica was determined at ~ 4–5 

Figure 1.   The micellar aggregation from P123-gelatin with Si precursor for NSG formation.
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um, the TEM analysis also revealed the formation of silica nanoparticles at ~ 100 nm size with a well-defined 
morphology (Fig. 3a). At much higher resolution, the presence of mesoporous channels was observed mainly 
on a larger silica particle (Fig. 3b). TEM analysis also revealed the average diameter of mesopores at ~ 4.3 nm 
(Fig. 3c). Mesoporous silica obtained using 1% gelatin and P123 mixture showed the formation of a well-defined 
mesoporous channel on each particle. The presence of gelatin produced mesoporous silica with larger particles 
size. The mesoporous channels were parallel and closely packed together forming a honeycomb structure with 
estimated diameter of 6.0 nm (Fig. 3d–f).

N2 adsorption–desorption analysis.  The N2 adsorption–desorption isotherm and the pore size distri-
bution of mesoporous silica was depicted in Fig. 4a,b. The isotherm plot (Fig. 4a) revealed the type IV features 
which ascribed to the formation of mesoporous material. The presence of hysteresis loop at P/Po 0.4–0.8 indi-
cating a low level of regularity in the structure29,37. The surface area of mesoporous silica produced using P123 

Figure 2.   SEM analysis and the particle size distribution histogram of samples.

Figure 3.   TEM analysis of NS (a–c) and NSG-1% (d–f).
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was determined at 484.05 m2/g. The presence of gelatin significantly enhanced the surface area of mesoporous 
silica to 528.82 m2/g at 1% gelatin concentration. The pore volume was also improved to 0.646 cc/g compared 
to only 0.537 cc/g for P123 silica (Table 2). Further increased of gelatin loading to 2% and 4% slightly reduced 
the surface area and the pore volume, however the values were still higher than silica without gelatin. The pore 
size distribution of mesoporous silica obtained using P123 showed a wide pore size distribution within 2–20 nm 
of diameter (Fig. 4b). There is an apparent enlargement of pore diameter from 2–10 nm on to 2–14 nm with 
introduction of gelatin in the synthesis mixtures. Figure 4b also showed a nearly identical wide bimodal pore 
size distribution with two clearly peaks for all the samples. For each radius size, the increased of nitrogen uptake 
was observed as the concentration of gelatin increased. The observation implied the role of gelatin to increase 
the pore size and pore volume of mesoporous silica. It is estimated that with only 1% addition of gelatin in the 
synthesis mixture, contributed to the expansion of pore diameter by ~ 1–2 nm. The same phenomenon was also 
reported by previous researchers while using trimethylbenzene as pore expander in the synthesis of mesoporous 
silica nanoparticles36.

FTIR analysis.  The functional group of mesoporous silica was determined using FTIR analysis shown in 
Fig. 5. All samples showed absorption bands at 1075 cm−1, 981 cm−1

, 802 cm−1 and 484 cm−1 which corresponded 
to Si–O–Si symmetric stretching vibration, stretching Si–OH, network SiO2 and Si–O–Si bending, respectively. 
Si–O–Si symmetric stretching vibrations at 1075 cm−1 showed the reduction of intensity following the use of 
high percentage of gelatin. The reduction of peak intensity indicated the decrease of regularity in silica crystal-
line framework18,34,38. This observation is accompanied with the reduction of network SiO2 band at 802 cm−1. 
Meanwhile, the Si–OH peak at 981 cm−1 showed the increased of intensity in silica synthesized using 1% and 2% 
of gelatin concentration. The emergence of Si–OH suggested the strong interaction of gelatin with Si precursors 
in water, creating the swelling effect which is responsible for the expansion of mesopore. TEOS is spontaneously 
precipitated when dispersed in water to form silica particles. The presence of gelatin allowed the formation of 
Si–O–Si sol stabilized by P123-gelatin hybrid. The gel is predominantly contained the Si–O–Si network30,31,39. 
Calcination at 500 °C removed the P123-gelatin templates, thus leaving the Si–O dangling bond to be compen-
sated with trapped water from the gel swelling, generated terminal Si–OH bond. The results observed from FTIR 
analysis is crucial to provide information on the role of gelatin as spacer in reducing the growth of Si–O–Si bond 
network.

XRD analysis.  Figure 6a showed X-ray diffractogram of silica obtained from P123 and a mixture of P123 
and gelatin. All the silica samples showed similar diffractogram pattern with a broad peak centred at 2θ = 22.9° 

Figure 4.   N2 adsorption–desorption isotherm (a) and Pore size distribution (b) of samples.

Table 2.   Textural properties of samples. a SBET (surface area) by BET method, measured at P/P0 < 0.3 b Smicro and 
Vmicro by t-plot method. c Smeso and Dmeso by DFT method.

Sample SBET (m2/g)a Smicro
b (m2/g) Vtotal (cc/g) Vmicro (cc/g)b Vmeso (cc/g)c D (nm)c

NS 484.05 75.08 0.599 0.062 0.537 6.66

NSG-1% 528.82 50.23 0.685 0.034 0.646 7.14

NSG-2% 512.21 52.38 0.676 0.038 0.638 7.14

NSG-4% 479.10 31.04 0.626 0.033 0.593 6.55
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which is a typical characteristic of amorphous silica1,37. The intensity and the broadening of the peaks were 
slightly varied suggested the changes of structural properties and the crystallinity of the silica. Mesoporous silica 
with a lower concentration of gelatin showed a lower peak intensity as the result of smaller particle sizes. The 
crystalline structure of silica from P123 and a mixture of P123 and 1% gelatin were further analysed using a small 
angle XRD analysis in the 2-theta range of 0.5°–6° (Fig. 6b). Both silica samples showed the peak at 2.02° indexed 
as (200) plane, which is the characteristic of the two-dimensional hexagonal space group p6mm. However, the 
intensity of (200) plane of mesoporous silica from P123 and gelatin mixture was significantly higher than P123-
derived silica. The results further confirmed the role of gelatin to increase the formation of mesopores in silica.

Adsorption of methylene blue.  Figure 7a showed the performance of silica as adsorbent for methylene 
blue removal. The adsorption results were displayed as the effect of contact time on the adsorption capacity and 
the removal efficiency. The adsorption capacity of the silica samples when obtained at various gelatin concen-
tration were ranged from 130 to 170 mg/g. The adsorption plot versus contact times showed the sharp increase 
of MB absorption in the first 50  min before reaching equilibrium. Silica produced in the absence of gelatin 
only showed 78 mg/g of MB adsorption capacity, meanwhile the addition of gelatin significantly enhanced the 
adsorption capacity to 170 mg/g. Figure 7b showed the percentage of removal increased from 67 to 84% on 
the silica with increasing the gelatin concentration. The increase in the amount of methylene blue adsorption 
on silica produced with increasing gelatin concentration indicated that the enlargement of pore diameter is 
beneficial to increase MB diffusion and adsorption. Physical adsorption of MB on silica is enhanced by the 
high external surface area and the large mesopore diameter. Apart from that, the presence of functional group 

Figure 5.   FTIR analysis of samples.

Figure 6.   XRD analysis of mesoporous silica in wide (a) and low diffraction (b) angles.
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increased the adsorption of MB via chemical interaction. Silanol functional group (Si–OH) interacted with MB 
via the lone pair of electrons in the nitrogen atom. The interaction between methylene blue and silica NSG is 
described in Fig. 8. It is suggested that there are two possible interactions that occur during the adsorption of 
methylene blue on silica. The first possibility is the electrostatic interaction between NH2

+ on methylene blue 
as a cationic adsorbate molecule with O2− on SiO2 adsorbent. The second interaction occurs through hydrogen 
bonding between the amine groups on methylene blue with Si–OH on the silica surface. Similar mechanism on 
the interaction of silica and methylene blue have been proposed in several studies10,12,40.

Based on Fig. 9a,b and Table 3, the pseudo-first-order linear plot shows a higher linearity with R2 values of 
0.93 compared to the pseudo-second order plot. The adsorption kinetic of methylene blue on silica is in accord-
ance with the pseudo-first-order kinetics model. The first-order pseudo adsorption kinetics means that the 
adsorption capacity at equilibrium is directly be the main parameter for irreversible adsorption32. The concen-
tration of adsorbate is considered to have no effect on the rate of adsorption and desorption so that when the 
active site of the adsorbent is covered by adsorbate, the adsorption rate only depends on the difference between 
the adsorption capacity at equilibrium with the adsorption capacity or formulated by qe − qt.

The effect of initial methylene blue concentration on the adsorption onto 50 mg NSG is shown in Fig. 10a. 
The equilibrium adsorption of methylene blue (Fig. 10b) increased from 35.29 to 177.06 mg/g with the increase 
of MB concentrations. A high concentration of MB enhanced the diffusion and the mass transfer due to the 
concentration gradient that was developed between the bulk solution and the surface of adsorbent41. The rela-
tively large surface area from its tubular and bimodal pore structures, as well as the presence of microporous 
pore walls were responsible to provide adsorption sites for a highly concentrated methylene blue solution42. 
The presence of gelatin is responsible to determine the pore characteristic and specific surface area of NSG, 
which in turn promotes the adsorption capacity for organic waste removal6,43. The equilibrium experimental 
adsorption data were fitted by the Langmuir and the Freundlich adsorption isotherms models to describe the 
mechanism of methylene blue adsorption onto mesoporous silica (Table 4). The Langmuir plot ( Ce

qe
 versus Ce ) 

for the adsorption data of methylene blue onto mesoporous silica fitted by a linear regression analysis (Fig. 10c). 
The Langmuir isotherm shows a good fit to the adsorption data with the regression coefficients (R2) of 0.990. 
The data also fitted to the Freundlich plot, with the regression coefficients (R2) was determined at 0.819. The 

Figure 7.   Adsorption capacity (a) and removal efficiency (b) of MB at initial concentration of 50 mg/L while 
using 50 mg of samples.

Figure 8.   Scheme of interaction between MB and samples during adsorption.
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values of qmax and k were obtained from the slope and the intercept of the linear plots. The maximum adsorption 
capacity (qmax) for NSG mesoporous silica was found determined at to be 200 mg/g which may be related to the 
presence of more mesopores in the structure of NSG. It is known that in mesopores the dispersive forces govern 
the amount adsorbed due to the increased adsorption potential due to the large pore size which accessible of 
methylene blue molecule12. The results suggest that in the case of NSG mesoporous silica with its mesoporous 
pore wall structure40 the amount adsorbed is governed, at least to some extent, by the mesopores, where disper-
sive interactions are predominant. The Freundlich isotherm (Fig. 10d) is represented by an empirical model that 
describes heterogeneous adsorption and assumes that the adsorption energy decreases exponentially with surface 
coverage. This Freundlich afforded a lower regression coefficient than Langmuir isotherm for mesoporous silica 
which indicates that the Langmuir isotherm model provides the most satisfactory fit to the experimental data.

Figure 11 shows that when the amount of adsorbent was increased from 5 to 70 mg, the percentage of removal 
was significantly enhanced to reach 94% removal. However, Table 5 indicates that the adsorption capacity is actu-
ally reduced from 330 mg/g to only 135 mg/g when using a high amount of adsorbent. The variation of adsorption 
capacity at different MB concentration and adsorbent amount was associated with the efficiency of mesoporous 
silica in absorbing methylene blue molecules. The low initial concentration allows MB molecules to enter the 
pores through electrostatic and chemical interactions. The reduction of removal efficiency with increasing the 
initial concentration was due to the saturation of MB molecules on the pore opening that were bonded to the 
available hydroxyl groups. This results in the formation of multi-layer MB or pore blockage during the adsorption 
process10,40. At the beginning of adsorption until the equilibrium is reached, methylene blue will enter the pores 
and interact with the functional groups on the surface of silica. However, it is difficult to maintain the stability 
when the adsorbent amount is increased because the surface area and the pore volume were generally enhanced. 
Some of the pores will be occupied with MB at equilibrium, but the remaining empty sites will allow the MB 
molecules to desorb and diffused into the empty pores, regardless of the interaction with functional groups. This 
reversible adsorption process can be overcome by using the optimised adsorbent weight during adsorption. This 
result is in line with the previous studies which revealed that the increased weight of the adsorbent reduced the 
adsorption capacity, but enhanced percentage of removal especially in the high adsorbent dosage (> 20 mg)44,45. 
Although the increasing weight of adsorbent reduced the adsorption capacity, in general the efficiency reached 
up to 94% removal when using a high amount of silica adsorbent. The results indicate the methylene blue is 
efficiently removed from water in the presence of more available adsorption sites.

Figure 9.   Pseudo-first (a) and pseudo-second-order (b) linear plots for the removal of MB by samples.

Table 3.   Kinetic analysis of MB adsorption using samples.

Sampel

Pseudo first order Pseudo second order

R2 k1 (min−1) qcal (mg/g) R2 k2 (min−1) qcal (mg/g) qe (mg/g)

NS 0.927 0.034 94.9 0.819 0.5023 1.99 78.36

NSG-1% 0.813 0.021 188.65 0.322 0.356 2.81 168.1

NSG-2% 0.916 0.021 159.6 0.003 0.564 1.77 144.0

NSG-4% 0.872 0.016 146.3 0.208 0.678 1.47 134.0
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Conclusion
Mesoporous silica synthesized in the presence of P123 and gelatin as green template showed the enlargement 
of mesopore diameter and particle size. Gelatin interacted with P123 to form extended amphoteric tail which 
facilitated the rearrangement of SiO4

- during crystallisation process. As the results of increased surface area and 
pore diameter/volume, the silica showed a higher adsorption capacity to reach 168 mg/g at the equilibrium. There 
is also a possibility that a higher concentration of silanol group on silica obtained using gelatin-P123 hybrid 
template enhanced the adsorption of methylene blue with silica via chemical interaction.

Figure 10.   Initial concentration (Co) effect (a), %Removal (b), Adsorption capacity at equilibrium (qe) of MB 
fitted to isotherm of Langmuir (c) and Freundlich (d) Model.

Table 4.   Summary of experimental adsorption data fitted to the Langmuir and the Freundlich isotherm 
models.

Model Formula K Note R2

Langmuir qe = qmax
CeKl

1+CeKl
or Ce

qe
=

1

qeKl
+

Ce
qmax

0.2174 g/mg qmax = 200 mg/g 0.999

Freundlich lnqe = LnKf + 1

n LnCe 1.312 mg/g) (g/mg )1/n n = 10.4 0.819
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Data availability
The datasets used and analysed during the current study are available from the corresponding author on reason-
able request.
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