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ABSTRACT: Sugarcane bagasse fly ash is industrial waste produced by
incinerating biomass to generate power and steam. The fly ash contains
SiO2 and Al2O3, which can be used to prepare aluminosilicate. This latter
material exhibits high potential as an adsorbent in various applications,
including the livestock industry where issues related to contamination of
aflatoxins in animal feeds need to be addressed; addition of adsorbents
can help decrease the concentration of aflatoxins during feed digestion. In
this study, the effect of the structure of silica prepared from sugarcane
bagasse fly ash on physicochemical properties and aflatoxin B1 (AFB1)
adsorption capability compared with that of bentonite was investigated.
BPS-5, Xerogel-5, MCM-41, and SBA-15 mesoporous silica supports were
synthesized using sodium silicate hydrate (Na2SiO3) from sugarcane
bagasse fly ash as a silica source. BPS-5, Xerogel-5, MCM-41, and SBA-15
exhibited amorphous structures, while sodium silicate possessed a crystalline structure. BPS-5 possessed larger pore size, pore
volume, and pore size distribution with a bimodal mesoporous structure, while Xerogel-5 exhibited lower pore size and pore size
distribution with a unimodal mesoporous structure. BPS-5 with a negatively charged surface exhibited the highest AFB1 adsorption
capability compared with other porous silica. However, the AFB1 adsorption capability of bentonite was superior to those of all
porous silica. Sufficient pore diameter with high total pore volume as well as high intensity of acid sites and negative charge on the
surface of the adsorbent is required to increase AFB1 adsorption in the in vitro gastrointestinal tract of animals.

1. INTRODUCTION
Sugarcane bagasse fly ash is produced in large tonnage in sugar
and ethanol plants where the bagasse is incinerated to generate
power and steam; the fly ash is indeed produced due to the
incomplete incineration of the bagasse.1 Such fly ash has been
reported to cause serious environmental problems, leading to
much concern and banning against its direct utilization.2,3

Finding a means to turn this industrial waste into a valuable
product is therefore of much interest. Since bagasse fly ash is
composed of unburned carbon, SiO2, and Al2O3, using
environmentally accepted methods to convert the fly ash into
useful mesoporous silica templates is highly plausible.1,3

Several researchers have indeed proposed the synthesis of
mesoporous silica materials such as MCM-41 and SBA-15
from fly ash via a basic medium.1,3 Mesoporous silica can then
be used in such industrial applications as catalysts, catalyst
support materials, additives in cement and concrete, and
adsorbents.4,5 Of particular interest is the use of mesoporous
silica as an adsorbent in the removal of mycotoxins from
human foods and animal feeds.

Mycotoxins are toxic metabolic compounds produced by
some molds. The most common mycotoxin of concern to

humans and livestock is aflatoxin.6 The toxin is indeed one of
the most dangerous contaminants that can be present in
human foods and animal feeds.7 Among the many aflatoxins
that can be found, aflatoxin B1 (AFB1) is well known for its
toxicity and occurrence in animal feeds.8 Activated carbon,
hydrated sodium calcium aluminosilicate, dietary clay, zeolites,
and bentonite7,9 as well as silica are most commonly used as
commercial adsorbents to remove AFB1 from human foods
and animal feeds, as these materials possess large pore volumes
and high surface areas. The use of zeolites and hydrated
sodium calcium aluminosilicate may, however, result in the
release of toxic components, including heavy metals or
dioxins.10 On the other hand, activated carbon, which is one
of the most popular adsorbents due to its low cost, possesses
excessively fine pore characteristics that may limit the transport
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of the larger molecules of AFB1 into the pores.11 Selection of a
suitable adsorbent material remains a challenge for AFB1.

Mesoporous silica has attracted considerable attention due
to its higher surface area, ordered porosity, narrow pore size
distribution, high thermal stability, and ease of synthesis from
various agricultural wastes. In particular, there is no evidence of
its toxicity after oral intake.12,13 Several studies have reported
that silica and silica-based adsorbents exhibit high effectiveness
in adsorbing mycotoxin.14−17 Li et al.13 studied the synthesis of
mesoporous silica (MCM-41) from rice husk and used it to
adsorb AFB1 from peanut oil. Such MCM-41 exhibited high
specific surface area, pore volume, and narrow pore size
distribution. Its AFB1 adsorption capability was comparable to
that of commercial natural montmorillonite and activated
carbon. Pellicer-Castell et al.18 studied the use of mesoporous
silica (UVM-7) as an SPE sorbent for the extraction of

aflatoxin M1 (AFM1) from milk and yogurt. The high AFM1
adsorption ability of UVM-7 was noted in both cases of milk
and yogurt. The repeatability of the sorbent was also proved.
AFM1 removal capabilities of the UVM-7 sorbent were
comparable to that obtained using a reference protocol for
milk and yogurt clean-up. While previous studies have shown
that mesoporous silica is highly efficient for AFB1
absorption,13 there is so far no study that investigates the
use of different mesoporous silica such as BPS-5, Xerogel-5,
MCM-41, and SBA-15 and the effects of their surface
characteristics, porosity, and size distributions on mycotoxin,
especially, AFB1 adsorption capability. This missing informa-
tion is of much importance, as it can be used as a guideline to
develop a silica-based adsorbent, especially the one from such
agricultural wastes as sugarcane bagasse fly ash, in the future.

Figure 1. Nitrogen sorption isotherms of (a) sodium silicate, (b) BPS-5, (c) Xerogel-5, (d) MCM-41, (e) SBA-15, and (f) bentonite. Legends: −
adsorption; − − − desorption.
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Based on the aforementioned arguments, the objective of the
present study was to investigate the use of sugarcane bagasse
fly ash as a source of silica to produce highly porous silica in
various forms. The study also investigated selected key
physicochemical properties of the silica adsorbents and
examined their effectiveness in AFB1 adsorption.

2. RESULTS AND DISCUSSION
2.1. Specific Surface Area and Pore Size Distribution.

The adsorption−desorption isotherms of sodium silicate,
highly porous silica, and bentonite are shown in Figure 1.
Since capillary condensation occurs in mesopores, the
desorption path would expectedly be different from the
adsorption path, resulting in the formation of a hysteresis
loop.19 BPS-5 (Figure 1b) exhibited a composite isotherm
between type IV and type II, which implies the existence of
mesopore and macropore structures.20 A type between type IV
and type II isotherms with a hysteresis loop was observed in
the case of sodium silicate (Figure 1a). Xerogel-5, MCM-41,
and SBA-15 (Figure 1c−e) as well as bentonite (Figure 1f)
exhibited type IV isotherms with a hysteresis loop, indicating
the existence of a mesopore structure.20,21

The type of hysteresis loop is mostly associated with the
pore shape. In the present study, straight-pore and sinusoidal-
pore structures with monomodal and bimodal pore sizes were
classified as highly porous silica. BPS-5 and Xerogel-5 had
sinusoidal-pore silica with monomodal and bimodal pore sizes,
respectively. This is because the pore structures of BPS-5 and
Xerogel-5 were formed by the aggregation of silica nano-
particles, resulting in an interconnected wormhole structure.20

MCM-41 and SBA-15 exhibited straight-pore silica, as CTAC
and Pluronic P123 are, respectively, used as the templates.
However, the straight pores of MCM-41 and SBA-15 are
obtained as a result of template removal after calcination.20

Figure 2 shows the pore size distribution of sodium silicate,
highly porous silica, and bentonite. Sodium silicate exhibited

broad monomodal pore sizes of 57.23 nm, while bentonite
possessed narrow monomodal pore sizes of 9.17 nm. These
results correspond to the average pore diameters of sodium
silicate and bentonite, as shown in Table 1. BPS-5 exhibited a
broad pore distribution, with bimodal mesoporous sizes of

11.43 and 22.70 nm; the results are ascribed to the nature of
the chitosan template at a relatively high pH value.22 However,
Xerogel-5 and SBA-15 presented narrow monomodal pore
sizes of 7.25 and 7.47 nm, respectively; the results also
correspond to the average pore diameters shown in Table 1.
The sharp and narrow pore size distributions of Xerogel-5,
MCM-41, SBA-15, and bentonite indicate uniform pore sizes
and structures.20 However, MCM-41 exhibited bimodal pores,
with smaller and larger pore sizes of 3.00−3.91 and 44.04 nm,
respectively.

The physical properties of sodium silicate and highly porous
silica are given in Table 1. Sodium silicate exhibited the lowest
surface area (0.95 m2/g) and pore volume (0.014 cm3/g). This
is due to the fact that sodium silicate displayed a monomodal
pore size, with the largest pore diameter of 57.23 nm, which
corresponds to a macropore structure (pore diameter >50
nm).23

The surface area and pore volume of all of the highly porous
silica significantly increased, while the average pore diameter
significantly decreased after being synthesized from sodium
silicate. Additionally, all of the highly porous silica exhibited
higher surface areas compared with bentonite. This indicates
that sodium silicate prepared from bagasse fly ash can produce
highly porous silica. MCM-41, in particular, exhibited the
highest surface area and had 1.93, 2.08, 1.03, and 16.27 times
larger surface area than BPS-5, Xerogel-5, SBA-15, and
bentonite, respectively. This is ascribed to the fact that
MCM-41 possessed bimodal pore sizes, with smaller and larger
pore diameters of 3.00−3.91 and 44.04 nm, respectively; its
average pore diameter was 6.43 nm.

2.2. Crystalline Structure. The crystalline structures of
sodium silicate and highly porous silica are shown in Figure 3.
The small-angle X-ray scattering (SAXS) pattern of sodium
silicate (Figure 3A(a)) shows a similar diffraction peak with
that of SiO2,

24 indicating that bagasse fly ash can produce
sodium silicate. BPS-5, Xerogel-5, MCM-41, and SBA-15, as
shown in Figure 3A(b−e), possessed similar peak character-
istics; the results agree with those of Tanggarnjanavalukul et
al.20 In the case of BPS-5 and Xerogel-5, the smaller peaks
disappeared, while the major peaks shifted to smaller 2θ, and
the peak intensity significantly reduced, indicating a disordered
hexagonal structure with larger pore sizes.20 These correspond
to the results shown in Figure 2 and Table 1. In the case of
MCM-41 (Figure 3A(d)), peak intensity was observed at a 2θ
of 2.4°, corresponding to the reflection plane (100), while
smaller peaks at 2θ of 3.8 and 4.5° corresponded to the two

Figure 2. Pore size distribution of sodium silicate, BPS-5, Xerogel-5,
MCM-41, SBA-15, and bentonite.

Table 1. Physical Properties of Highly Porous Silica and
Bentonite

pore volume
(cm3/g)

sample
BET surface
area (m2/g)

pore
diameter

(nm)

average pore
diameter

(nm)
small
pore

large
pore

sodium
silicate

0.95 57.23 57.23 0.014

Highly Porous Silica
BPS-5 439.35 11.43, 22.70 13.05 1.00 1.56
Xerogel-5 408.95 7.25 7.25 0.74
MCM-41 848.76 3.00−3.91,

44.04
6.43 1.01 0.29

SBA-15 825.36 7.47 7.47 1.54
bentonite 52.18 9.17 9.17 0.12
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reflections planes (110) and (200), respectively. This clearly
indicates a long-range, ordered, hexagonal, mesoporous
structure, similar to the MCM-41 structure reported by
Kiatphuengporn et al.25 SBA-15 exhibited a well-ordered 2D
hexagonal mesoporous structure (Figure 3A(e)), as confirmed
by the diffraction peaks at 2θ of 0.8, 1.6, and 1.8°, which
corresponded to the reflection planes (100), (110), and (200),
respectively.20

Figure 3B(a) shows the crystalline structure of sodium
silicate derived from bagasse fly ash after calcination. The
crystalline peaks were in the 2θ range of 16.84−65.73°, with
the highest intensity peak at 29.38°; the results are similar to
those reported by Siregar et al.5 On the other hand, BPS-5,
Xerogel-5, MCM-41, and SBA-15 (Figure 3B) exhibited strong
broad peaks at 2θ of around 15−25°, indicating that they are
amorphous silica.26 The d-spacing, or atomic resolution, is the
distance between adjacent lattice plans. The d-spacing values
were 4.27, 4.18, 4.10, and 4.12 Å for BPS-5, Xerogel-5, MCM-
41, and SBA-15, respectively.

2.3. Morphology. Morphologies of sodium silicate, highly
porous silica, and bentonite are shown in Figure 4.
Agglomeration and partially fused particles can be seen in
the microstructure of sodium silicate (Figure 4a). This is due
to the lower specific surface area, pore size, and pore volume of
sodium silicate compared with other highly porous silica and
bentonite as mentioned earlier. Porous characteristics were
observed in all highly porous silica. BPS-5 (Figure 4b) showed
a non-uniformly distributed structure, which was different from
the structural uniformity of Xerogel-5 (Figure 4c), although
their specific surface areas were very similar. These results
correspond to the bimodal mesoporous structure of BPS-5
mentioned earlier. MCM-41 (Figure 4d) also possessed
agglomerated particle characteristics, which correspond to
the bimodal mesoporous structures with smaller and larger
pores, as shown in Figure 2 and Table 1. SBA-15 (Figure 4e),
on the other hand, revealed a uniform structure with smaller
particle sizes compared with other samples; this was confirmed
by the narrow monomodal pore size distribution (Figure 2)
and high specific surface area (Table 1). Bentonite (Figure 4f)

Figure 3. (A) Small-angle X-ray scattering and (B) XRD patterns of (a) sodium silicate and highly porous silica, (b) BPS-5, (c) Xerogel-5, (d)
MCM-41, and (e) SBA-15.

Figure 4. FESEM images of (a) sodium silicate, (b) BPS-5, (c) Xerogel-5, (d) MCM-41, (e) SBA-15, and (f) bentonite.
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was composed of individual varying-size platelets, which
conglomerated into large-size particles.27 Such characteristics
correspond to the lowest specific surface area compared with
those of other samples, as shown in Table 1.

2.4. FTIR Spectra. Functional groups of sodium silicate,
highly porous silica, and bentonite are shown in Figure 5. The

characteristic bands of sodium silicate (Figure 5a) for the
silanol OH group and adsorbed water are at 3249−3369 cm−1,
while the broad bands at 951−1441 and 500−866 cm−1

correspond to the Si−O−Si and Al−O−Si bond groups,
respectively.2 BPS-5, Xerogel-5, MCM-41, and SBA-15
exhibited spectra in the range of 600−1400 cm−1 (Figure
5b−e), which are mostly the framework vibration character-
istics of the tetrahedron of silica with oxygen.28−30 Addition-
ally, peak intensities at 820 and 1090 cm−1 were clearly
observed in all of the highly porous silica. This is due to the
symmetric and asymmetric stretch vibrations of Si−O−Si
bonds (siloxane group), implying that these material structures
can be ascribed to the composite Si−O stretching in silica.30

Furthermore, the peaks of BPS-5, Xerogel-5, and MCM-41 at
3000−3700 cm−1 (hydroxyl stretching) and 1640 cm−1

(bending vibration of the free hydroxyl group) disappeared
compared with the spectrum of sodium silicate. This is due to
the stretching mode of broken Si−O bridges, which
corresponds to the formation mode of Si−O−Si in bimodal
mesoporous silica.30 These results indicate that BPS-5,
Xerogel-5, MCM-41, and SBA-15 had been prepared from
sodium silicate to form a bimodal mesoporous material; the
results are in agreement with those provided by the XRD
patterns.30 In the case of bentonite, the peaks at 3627 and
3448 cm−1 correspond to the interlayer and intralayer H-
bonded O−H stretching, respectively.31 A peak at 1642 cm−1

indicates the bending vibration of water (H−O−H).32 The
peak at 940 cm−1 corresponds to the bending vibration of Al−
Al−OH, while the peak at 630 cm−1 is identified as belonging
to the vibration of Al−OH.31,32 The bands at 528 and 470
cm−1 are due to the bending vibrations of Al−O−Si and Si−
O−Si, respectively.32

Figure 6 shows the NH3-TPD profiles of the synthesized
silica and bentonite. The NH3 desorption peaks were
distributed in the ranges of 100−200 °C (weak acid sites)

and 400−800 °C (strong acid sites).33 All of the synthesized
porous silica only showed the intensities of the weak acid sites.
SBA-15 demonstrated the highest intensity of the weak acid
sites. Bentonite presented the intensity of only the strong acid
sites and clearly had the highest intensity of acid sites
compared with all of the synthesized silica.

Table 2 lists the ζ potentials of silica and bentonite. ζ
Potential is the electrokinetic potential in a colloidal system

and can be used to characterize surface charged particles. It
was noted here that the pH of a medium altered the ζ potential
and that all of the samples exhibited negatively charged
surfaces. ζ Potentials of all of the highly porous silica were
similar at pH 2.5 and 6.5. Bentonite exhibited the highest
negatively charged surface at both pH 2.5 and 6.5.

2.5. In Vitro AFB1 Adsorption Capability. In vitro AFB1
adsorption capacities of the highly porous silica and bentonite
are shown in Table 3. AFB1 adsorption increased with an
increase in the in vitro digestion time. BPS-5 exhibited the
highest AFB1 adsorption at 5 h (after gastric phase) and 7 h
(after intestinal phase) of the in vitro digestion compared with
the other silica. These results correspond to the larger pore
sizes and pore volume of BPS-5, although it possessed a
smaller surface area than MCM-41 and SBA-15. Xerogel-5
exhibited the lowest AFB1 adsorption. This is because of the
smaller pore sizes and pore volume of Xerogel-5, although it
exhibited a comparable surface area to BPS-5. These results
indicate that adequately large pore sizes are necessary for AFB1
adsorption, although the molecular size of AFB1 is only around
1 nm.7

Bentonite showed higher AFB1 adsorption capability than
the synthesized silica, although the former had a smaller
surface area. This is because of the high intensity of the surface
acid sites33 and the highly negatively charged surface of
bentonite.34

2.6. AFB1 Adsorption Kinetics. Figure 7 shows the
changes in AFB1 concentration during in vitro digestion. It is

Figure 5. FTIR spectra of (a) sodium silicate, (b) BPS-5, (c) Xerogel-
5, (d) MCM-41, (e) SBA-15, and (f) bentonite.

Figure 6. NH3-TPD profiles of highly porous silica and bentonite.

Table 2. ζ Potentials of Highly Porous Silica and Bentonite

ζ Potential (mV)

pH BPS-5 Xerogel-5 MCM-41 SBA-15 Bentonite

2.5 −15.52 −18.72 −15.89 −12.90 −31.50
6.5 −32.74 −31.49 −31.94 −31.85 −41.82
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seen that the reduction in AFB1 during the gastric phase was in
all cases limited. Higher adsorption rates can be seen during
the intestinal phase.35 This corresponds to the fact that the
negatively charged surfaces of silica and bentonite at pH 6.5
were significantly higher than those at pH 2.5.34

AFB1 adsorption kinetics of the highly porous silica during
the intestinal phase are shown in Figure 8. The pseudo-first-
order kinetic model was noted to best represent the
experimental data. Similar observations were noted in the
other studies on mycotoxin adsorption kinetics.13,36,37

The values of the correlation coefficient (R2), first-order rate
constant (ka), and concentration of AFB1 adsorbed at

equilibrium (qe) are given in Table 4. The R2, ka, and qe
values were in the ranges of 0.9610−0.9863, 0.95−1.74 (h−1),

and 1.75−3.03 (mg/g), respectively. The results indicated that
BPS-5 provided the highest ka (1.70 h−1) and qe (2.17 mg/g)
compared with the values belonging to the other highly porous
silica. This is due to the largest pore diameters with higher
surface area and acid sites on the surface of BPS-5. Such
characteristics in turn resulted in the highest adsorption
capability of AFB1 during in vitro intestinal digestion (pH
6.5). Additionally, the observed adsorption behavior of BPS-5
could be ascribed to the characteristic bimodal mesoporous
sizes and volumes (Table 1), which helped enhance the
diffusion of the AFB1 molecules from the surface into the
pores (pore diffusion).37 Compared with the previously
reported results, the ability of our highly porous silica,
especially BPS-5 (0.607 mg/g), in adsorbing AFB1 was higher
than those of magnetic mesoporous silica (0.165 mg/g),38

magnetic graphene oxide (2.36 × 10−6 mg/g),36 natural
montmorillonite (0.166 mg/g),13 rice husk-based mesoporous
silica (0.189 mg/g),13 and commercial activated carbon (0.200
mg/g).13

The adsorption rates of all of the highly porous silica during
in vitro intestinal digestion were nevertheless lower than that
of bentonite. This is due to the fact that the hydroxyl group of
bentonite (see Figure 5) played an important role in the
bonding of AFB1 through H-bonding during in vitro
digestion.36 In the cases of the highly porous silica, the lower
negative charges, as shown in Table 2, resulted in the lower
attractive forces between the silica surfaces and AFB1
molecules. This in turn resulted in the observed lower
adsorption rates.14

3. CONCLUSIONS
Sodium silicate derived from sugarcane bagasse fly ash has
proved to have high potential for the synthesis of highly porous
silica with monomodal and bimodal porous structures; these
results were confirmed by both the XRD patterns and FTIR
spectra. Specific surface areas, pore sizes, and pore volumes of
the synthesized highly porous silica were larger, while the
portions of the crystalline structure were smaller than those of
bagasse fly ash-derived sodium silicate and other porous silica;

Table 3. In Vitro AFB1 Adsorption Capacities of Highly Porous Silica and Bentonitea

adsorption (%)

digestion phase BPS-5 Xerogel-5 MCM-41 SBA-15 bentonite

after gastric phase 9.32 ± 0.65c 3.71 ± 0.12a 6.07 ± 0.41b 6.25 ± 0.39b 17.08 ± 0.98d

after intestinal phase 60.68 ± 3.11c 42.97 ± 2.24a 50.38 ± 3.03b 54.77 ± 2.27bc 84.98 ± 3.60d

aValues in the same row with different superscript letters are significantly different (p < 0.05).

Figure 7. Concentrations of AFB1 during in vitro digestion: gastric
phase (0−5 h) and intestinal phase (5−7 h).

Figure 8. Pseudo-first-order kinetic plots for adsorption of AFB1
during in vitro intestinal digestion.

Table 4. Pseudo-First-Order Adsorption Parameters (R2, ka,
and qe) for Adsorption of AFB1 into Highly Porous Silica
and Bentonite during In Vitro Intestinal Digestion

pseudo-first-order kinetic model

sample R2 ka (h−1) qe (mg/g)

BPS-5 0.9815 1.70 2.17
Xerogel-5 0.9610 0.95 1.75
MCM-41 0.9707 1.07 1.97
SBA-15 0.9698 1.28 2.00
bentonite 0.9863 1.74 3.03
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the results are in good agreement with the results on AFB1
adsorption. BPS-5 showed the highest AFB1 adsorption
capability compared with other porous silica. Bentonite
nevertheless exhibited significantly higher AFB1 adsorption
capability than all of the synthesized porous silica. Extensive
hydrogen bonding, suitable pore size diameter, and surface
area as well as high-intensity acid sites and negatively charged
surface of the adsorbent resulted in the higher capability of
AFB1 adsorption. To improve the efficiency of the highly
porous silica, further studies are necessary to evaluate the
ability of various hybrid composite silica-based adsorbents on
AFB1 adsorption in animal feed using both in vitro and in vivo
digestion tests.

4. EXPERIMENTAL SECTION
4.1. Preparation of Sodium Silicate from Bagasse Fly

Ash. Preparation of sodium silicate from bagasse fly ash was
performed as per the modified methods of Ruengrung et al.11

18.648 g of bagasse fly ash (74.23% SiO2) was mixed with
22.601 g of sodium carbonate (Na2CO3, Kemaus, NSW,
Australia) for 30 min. After calcining at 850 °C for 1 h, using a
heating rate of 10 °C/min, a blue solid product was obtained.
120 mL of deionized (DI) water was added to the product; the
mixture was centrifuged at 8900 rpm for 10 min. The
supernatant (green solution) was dried at 150 °C for 24 h and
calcined at 850 °C for 1 h until sodium silicate was obtained.

4.2. Preparation of Highly Porous Silica. Highly porous
silica, including BPS-5, Xerogel-5, MCM-41, and SBA-15, were
synthesized by the methods outlined in the following
subsections.
4.2.1. BPS-5 (Bimodal Porous Silica-5) Synthesis.20 0.4 g of

chitosan was dissolved in 100 mL of acetic acid solution (1%
v/v) at 40 °C for 30 min. Sodium silicate solution (Na2SiO3:
4.55 wt % SiO2) was prepared from 3.52 g of sodium silicate
powder dissolved in 3.74 g of DI water. Then, 10 mL of DI
water was added. This sodium silicate solution was then
instilled into the chitosan solution under continuous stirring at
40 °C. The pH value of the mixture was adjusted to 5 using 2
M HCl and 2 M NaOH solutions; stirring continued for 3 h at
40 °C. The obtained gel was transferred to a Teflon-lined
autoclave and aged at 100 °C for 24 h, filtered, washed with DI
water, and dried at 100 °C for 24 h. The final solid product was
calcined at 600 °C for 4 h; the heating rate was 2 °C/min. The
product was mashed to a size range of 53−106 μm and kept at
room temperature until further analysis.
4.2.2. Xerogel-5 (Monomodal Porous Silica) Synthesis.20

Sodium silicate solution was first prepared from 2.37 g of
sodium silicate powder and 2.52 g of DI water. Then, 10 mL of
DI water was added to the mixture. Subsequently, this sodium
silicate solution was dropped into 100 mL of acetic acid in DI
water (1% v/v) under stirring. 1 M HCl and 1 M NaOH
solutions were added to the mixture under continuous stirring
at 40 °C to adjust the pH to 5. After 3 h, the obtained gel was
transferred to a Teflon-lined autoclave and then aged, washed,
dried, and calcined in a similar way to that performed to
prepare BPS-5. The final solid product was again mashed to a
size range of 53−106 μm.
4.2.3. MCM-41 (Mesoporous Silica) Synthesis.25 25.287 g

of cetyltrimethylammonium chloride (CTAC) was dissolved in
40 mL of DI water. 9.39 g of sodium silicate powder was
dissolved in 9.97 g of DI water; 40 mL of DI water was then
added. This sodium silicate solution was dropped into the
CTAC solution under stirring. The pH was adjusted to 6.5

using 1 M sulfuric acid solution; the mixture was continuously
stirred for 5 h. The pH was then adjusted to 11.25 using 1 M
NaOH solution; stirring continued for 1 h. The obtained gel
was transferred to a Teflon-lined autoclave, aged at 100 °C for
24 h, then filtered, and washed with DI water. The sample was
dried at 100 °C for 24 h and then calcined at 550 °C for 4 h; a
heating rate of 5 °C/min was used. The final solid product was
again mashed to a size range of 53−106 μm.
4.2.4. SBA-15 (Mesoporous Silica) Synthesis.20 0.845 g of

Pluronic P123 was dissolved in 60 mL of DI water overnight.
2.00 g of sodium silicate powder was dissolved in 2.12 g of DI
water and then dropped into the Pluronic P123 solution. 5.4
mL of HCl (37 wt %) was added to the mixture; the content
was stirred at 40 °C for 24 h. The obtained gel was transferred
to a Teflon-lined autoclave, aged at 100 °C for 24 h, then
filtered, and washed with DI water. Subsequently, the sample
was dried at 100 °C for 24 h and calcined at 550 °C for 6 h; a
heating rate of 2 °C/min was used. The final solid product was
mashed to a size range of 53−106 μm.

4.3. Specific Surface Area and Pore Size Distribution
Determination. The specific surface area and pore size
distribution of highly porous silica were characterized by N2
physisorption using an Autosorb-1-C (Quantachrome Instru-
ments, Boynton Beach, FL) employing BET and BJH methods
at −196 °C. The sample was degassed at 200 °C.26

4.4. X-ray Diffraction Analysis. The crystalline structure
of a sample was characterized by an X-ray diffractometer
(Bruker AXS GmbH, D8 advance, Karlsruhe, Germany). Each
XRD pattern was determined using Cu Kα radiation (λ =
1.5406 Å) at 40 kV and 40 mA at a scan rate of 0.02°/0.5 s, a
spatial resolution of 75 μm, a slit width of 1 mm, a small angle
in the 2θ range of 0−10°, and a wide range of 5−80°.20 The d-
spacing (d) was calculated using Braggs’s equation

d
n

2sin
=

(1)

where λ is the X-ray wavelength, θ is the angle of diffraction
(rad), and n is the order of the peak plane, which is equal to
unity (first-order diffraction).

4.5. Morphological Analysis. The morphology of a
sample was analyzed using a field emission scanning electron
microscope (JEOL, JSM-7610F, Tokyo, Japan). The sample
was coated with platinum (Pt) at 1.00 kV and magnified at
15,000×.11

4.6. Fourier Transform Infrared Spectroscopy. Func-
tional groups of a sample were identified via the use of an
FTIR spectrometer (Perkin Elmer, Spectrum One, Shelton,
CT) within an infrared range of 4000−400 cm−1.11

4.7. Temperature-Programmed Desorption Using
Ammonia as a Probe Molecule (NH3-TPD).33 Experiments
were conducted using a TPDRO apparatus (Thermo Scientific,
TPDRO 1100, Waltham, MA) to investigate the acidic
property of porous silica. 0.2 g of a sample was pretreated by
passing He (30 mL/min) at a heating rate of 10 °C/min until
400 °C was reached; such a temperature was maintained for 60
min. The sample was then cooled to 100 °C. Subsequently,
10% v/v NH3 (using He as a balance gas) was introduced to
the sample for 1 h at a flow rate of 30 mL/min. The flow of
NH3 was then disconnected and the sample was flushed with
He at a flow rate of 30 mL/min for 1 h to remove the
physisorbed NH3. NH3 desorption analysis was carried out by
flowing He (30 mL/min) and heating the sample at a rate of
10 °C/min from 100 to 600 °C. The intensity of the acid sites
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was determined by measuring the weight loss resulting from
the desorption of NH3.

4.8. ζ Potential Determination.39 ζ Potential determi-
nation was conducted using a Zetasizer Nano ZSP (Malvern
Instruments, Worcestershire, U.K.). ζ Potential was deter-
mined at pH 2.5 and 6.5, which corresponded to the
conditions in the gastric and intestinal phases of in vitro
digestion, respectively.

4.9. Aflatoxin B1 (AFB1) Adsorption. 4.9.1. Preparation
of Standards. AFB1 standards were prepared as described by
Sungsinchai et al.40 at concentrations of 0, 0.875, 1.75, and 3.5
μg/mL.
4.9.2. Preparation of Artificial Gastric and Intestinal

Juices. Artificial gastric juice (AGJ) and artificial intestinal
juice (AIJ) were prepared as described by Tso et al.35 with
some modifications. 1 g of NaCl and 1.6 g of pepsin were
initially dissolved in sufficient DI water. After that, 36.5% HCl
(2.5 mL) was added; the mixture was diluted to 500 mL using
DI water to obtain AGJ. The pH of AGJ was adjusted to 2.5
using 0.1 M NaOH. 3.4 g of KH2PO4 was dissolved in 250 mL
of DI water and the pH of the resulting solution was adjusted
to 6.8 using 0.1 M NaOH. Then, 5 g of trypsin was dissolved in
DI water and mixed with the KH2PO4 solution. 1.5 g of
porcine bile salt was added to the solution and diluted to 500
mL using DI water to obtain AIJ. The pH of AIJ was adjusted
to 6.5 using 0.1 M NaOH and 36.5% HCl. Both AGJ and AIJ
were kept at 4 °C for further use.
4.9.3. In Vitro Digestion and Chromatographic Con-

ditions of AFB1. In vitro digestion was conducted as suggested
by Tso et al.35 with some modifications. 1 mL of AFB1
solution (3.5 μg/mL) was added to 21 mL of AGJ; 3.5 mg of
each porous silica was then added. The mixture was incubated
in a shaking water bath at 40 °C at 150 rpm for 0, 1, 3, and 5 h.
After 5 h, 20 mL of AIJ was added to the mixture; incubation
continued in the same shaking water bath at 40 °C at 150 rpm
for 0.5, 1, 1.5, and 2 h. After incubation, the mixture was
collected and filtered using Whatman paper No. 3. The clean-
up and HPLC of the extract were carried out according to the
methods of Sungsinchai et al.40

Adsorption kinetic equations were used to analyze the
adsorption kinetic data.41 The adsorption capability is given by
eq 2.

C C
C

adsorption (%)
( )

100t0

0
= ×

(2)

where Co is the initial concentration of AFB1 (μg/mL) and Ct
is the concentration of AFB1 at the final stage of in vitro
digestion (μg/mL).

The pseudo-first-order equation is given in eq 3.

q q q k tln ( ) lnte e a= (3)

where qe is the concentration of AFB1 adsorbed at equilibrium
(mg/g), qt is the concentration adsorbed at time t (mg/g), and
ka is the first-order rate constant (h−1). The values of R2, ka,
and qe were calculated using a plot of ln (qe − qt) versus time.
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