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ARTICLE INFO ABSTRACT
Keywords: This study introduces a novel, eco—friendly composite, uncalcined mesoporous silica nano-
Methyl orange particles incorporated into a starch cryogel (MSNs-Cry), designed for the effective removal of

Uncalcined mesoporous silica
Starch cryogel

Composite

Monolithic adsorbent

methyl orange (MO) from water. MSNs—Cry integrates uncalcined mesoporous silica nano-
particles (MSNs) within a starch cryogel network, leveraging the high adsorption capacity of
MSNs. The composite achieved a maximum adsorption capacity of 18.98 mg g-! and demon-
strated high removal efficiencies of 99.00 % = 0.21 % in synthetic water (10 mg L~ MO) and
92.77 % + 1.76 % in real wastewater containing 0.43 mg L~! MO. The Langmuir isotherm model
provided a superior fit (R* = 0.9930) compared to the Freundlich model (R? = 0.9180), and the
adsorption kinetics followed a pseudo—second—order model (R? = 0.9917). The primary
adsorption mechanisms included electrostatic attraction, hydrophobic interactions, and hydrogen
bonding. The process was endothermic (AH® = 31.3 kJ mol'l), spontaneous, and more favorable
at higher temperatures (AG®° = —34.2 to —38.6 kJ mol ! at 298-318 K). In the presence of sodium
silicate at 13.1 times the MO concentration, removal efficiency drops by 35.77 %, and with so-
dium sulfate and urea at 100 times the MO concentration, it decreases by 8.65 %. Despite these
challenges, MSNs—Cry effectively removes MO in the presence of the anionic dye Congo Red and
metal ions, demonstrating its selective adsorption capabilities. The tablet form of MSNs—Cry
prevents the loss of uncalcined MSNs, mitigating potential environmental and operational im-
pacts. Additionally, the composite’s effectiveness at a natural pH of 6.65 eliminates the need for
pH adjustment, offering a cost—effective solution for real—world applications. This study estab-
lishes MSNs—Cry as a promising material for sustainable water purification.

1. Introduction

Methyl orange (MO) is one of the anionic dyes commonly used in the textile and paper industries and is frequently discharged into
water bodies [1-3]. Due to its complex aromatic molecular structure, this organic dye can reduce the permeability of sunlight, thereby
slowing the photosynthetic activity of aquatic plants [4,5]. This disruption in the aquatic environment leads to a decline in
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biodiversity. Additionally, MO is stable to light, heat, and oxidizing agents, leading to its low biodegradability [1,3-5]. Conventional
wastewater treatment processes, such as aeration in municipal wastewater treatment systems, often fail to effectively remove it [5-7].
Consequently, MO exacerbates environmental pollution, presenting a significant challenge to the scientific community to develop
effective removal techniques.

Numerous studies have been conducted to develop various methods for the removal of MO from solutions, including advanced
oxidation processes [8,9], electrochemical degradation [10,11], photocatalytic degradation [12-14], and chemical reduction [15].
However, these methods suffer from limited effectiveness due to the properties of MO and the drawbacks of the techniques, such as
high operational costs and the complexity of time—consuming operations [3,16]. Compared to the methods mentioned earlier,
adsorption is more favorable due to its high effectiveness, byproduct—free nature, straightforward design and operation, resistance to
toxicants, and low operational costs [3,17]. Recently, the performance of various adsorbents for MO adsorption, as reported in over
240 published works from 2016 to 2021, has been reviewed and classified into seven groups: activated carbon, biosorbents, biochar,
clays and minerals, nanoparticles, polymers and resins, and composites [3]. The authors concluded that composites were the most
frequently used (42.9 %), with nanoparticles (41.2 %) and polymers (28.2 %) being the most common compositions in the preparation
of composite adsorbents for MO [3]. This is due to the flexibility of nanoparticles, which can integrate into the matrices of other
materials due to their small size, and the ability of polymers to act as effective matrices for immobilizing other composite compositions
[3]. Among the nanoparticles reported in the literature, mesoporous silica has shown the highest maximum removal capacity (Qmax)
with high removal efficiency (%RE)—1000 mg g’1 and 92.0 % for MCM—41 [18] and 769.23 mg g’1 for MCM—48 [2]. This material
has a large surface area, uniform pore size, and is easily modifiable with low toxicity [2,19,20]. These properties have led to increased
applications in various fields, such as industrial processes, biosensing, and adsorption, including MO removal [2,20]. Mesoporous
silica can be prepared from various silica sources, including tetraethyl orthosilicate (TEOS) [2], bamboo leaf ash [20], and banana peel
ash [21]. Although Qnax Was not reported for mesoporous silica synthesized from bamboo leaf ash and banana peel ash, their MO
removal efficiencies were higher than 91.1 % [20] and 92.48 % [21], respectively. In contrast, mesoporous silica synthesized from
TEOS has a reported removal capacity of 769.23 mg g’1 [2]. These materials perform best in acidic conditions (pH 2 to 3) [2,20,21].
Mesoporous silica can be combined with other materials to impart specific characteristics. For example, it can be composited with
magnetic FeoO3 nanoparticles to allow easier separation from the liquid phase using an external magnetic field, though this can lower
the removal capacity from 1000-500 mg g~ ! [18]. Additionally, it can be modified with agents such as poly(dia-
llyldimethylammonium chloride) to increase its selectivity for MO [2]. However, all publications related to the application of mes-
oporous silica nanoparticles focus on developing adsorbents in the form of small particles, particularly nanocomposites. Although
these nanocomposite materials provide high removal efficiency due to their larger surface area and more active sites, the loss of these
particles during operation can negatively affect both the operating system and the environment [19,22,23]. To address this issue, some
nanocomposites have immobilized nanomaterials within a polymeric matrix, particularly in the form of beads. For example, chi-
tosan—Fe(OH)3 beads, where Fe(OH)s is immobilized into chitosan, can remove MO with a Qpax of 314.45 mg g’l. This method also
addresses the challenge of separating powdery Fe(OH)3 particles from the adsorption solutions [24]. However, commercial chitosan is
quite expensive, whereas starch is much cheaper and offers several advantages, including wide availability, complete compostability,
renewable nature, and nontoxicity [19,23,25,26]. The incorporation of starch with multi—walled carbon nanotubes (MWCNTs) has
been reported to increase the distribution of the composite in aqueous solutions [26]. This enhancement improves the contact surface
between the MWCNTs and MO molecules, reduces the aggregation of MWCNTs, and facilitates the diffusion of MO molecules to the
surface of the MWCNTs [26]. Thus, the incorporation of mesoporous silica nanoparticles within a starch matrix may offer an attractive
and advantageous alternative for MO removal. This approach could also contribute valuable scientific insights in the field of greener
nanocomposites.

The aim of this study was to develop a novel and environmentally friendly composite material based on mesoporous silica
nanoparticles to minimize the loss of active materials during MO removal process. Uncalcined mesoporous silica nanoparticles (un-
calcined MSNs) were incorporated into a starch cryogel matrix to form a monolithic composite rod (MSNs—Cry). This rod can be cut
into specified lengths for use in MO removal, either as a tablet or in a column. It is expected that MSNs—Cry will not only reduce the
loss and aggregation of uncalcined MSNs but also be applicable for future continuous flow systems. Uncalcined MSNs were prepared
using cetyltrimethylammonium bromide (CTAB) as a surfactant template and TEOS as the silica source. Since CTAB was not removed
by calcination during preparation, it is expected to support a positively charged surface, which would electrostatically attract anionic
MO during adsorption experiments, thus facilitating MO adsorption on the composite. Additionally, the hydroxy groups on both
uncalcined MSNs and the starch network could synergistically support the electrostatic attraction of anionic MO, as well as hydrogen
bonding. By avoiding the calcination process, the use of uncalcined MSNs not only conserves energy but also aligns with the principles
of green chemistry. The prepared MSNs—Cry was characterized, and its adsorption mechanism, isotherms, kinetics, and thermody-
namics were reported using synthetic water in a batch system. Furthermore, the removal of MO from a real wastewater sample was
tested to evaluate the potential of MSNs—Cry for applicability in water treatment processes.

2. Materials and methods

The chemicals and materials used in this work are described in Supplementary Materials S1, while the instruments for charac-
terization of the prepared materials are described in Supplementary Materials S2. All equations used in this work for both the
adsorption experiments and theoretical models are summarized in Supplementary Materials Table S1. All experiments were performed
in triplicate to ensure precision, and daily recalibration of the spectrophotometer was conducted to verify the accuracy of the
quantitative analysis of MO concentration.
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2.1. Preparation of MSNs—Cry

Uncalcined MSNs were prepared using a modified procedure from previous reports [27,28], as detailed in Supplementary Materials
S3. MSNs—Cry were prepared by adding uncalcined MSNs (0.40-4.00 g) to a starch gel precursor (80.00 g) prepared according to
procedures outlined in prior studies [19,23,25]. The mixture of starch gel and uncalcined MSNs was then filled into a 50 mL plastic
syringe, where the monolithic MSNs—Cry rod was formed using the freeze and thaw method [19,23,25], as described in Supple-
mentary Materials S3. The resulting MSNs—Cry rod was cut into shorter tablets measuring 0.25 cm in length for batch adsorption
experiments.

2.2. Batch adsorption study for MO

Batch adsorption study was performed using standard MO solution which was prepared by diluting a stock solution of 1000 mg L™}
MO to get various concentrations (1—50 mg L™!). The adsorption experiments were achieved using 300 mL standard MO solution at
the natural solution pH (without pH adjusting = pH 6.65) at room temperature (25 °C) under magnetic stirrer. All solutions were
collected at designable interval contact times, filtered through a cellulose acetate membrane (0.20 pm), and analyzed using spec-
trophotometer at Amax 465 nm [29,30]. The adsorption conditions for optimization and batch experiment were based on preliminary
studied results as followed: adsorbent doses of MSNs—Cry were optimized before using in adsorption studies by adding 0.35 g of
MSNs—Cry (0.5, 1.0, 2.5, 5.0 % w/w) into 10 mg L~! MO solution. The MO solutions were stirred at room temperature for 2 h. The
percentage removal efficiency (%RE) of MO was calculated using Equation (1). The adsorption capacity of MO (concentration of
adsorbed MO at equilibrium), Q. (mg g’l) was calculated using Equation (2).

(CO - Ce)

Removal of MO (%RE) =X 100 @
0

where Cy is the initial concentration and Ce is the equilibrium concentration of MO (mg L™1). Each study was determined for three
replicates where the average of these data was plotted or used to establish relationships.

(Co —C. )V
m

Q= @

where Q. is the adsorbed capacity per unit mass at any time (mg g~ 1), m is the dry weight of adsorbents (g) and V is the volume of the
solution (L).

Fig. 1. Scanning electron micrographs of MSNs—Cry (a, b) before and (c, d) after MO adsorption, with magnifications of (a, ¢) 200X and (b,
d) 3,500X.
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3. Results and discussion
3.1. Characterization of MSNs—Cry

A novel monolithic composite rod, MSNs—Cry, was successfully developed for MO removal. Preliminary studies indicated that
uncalcined MSNs achieved a higher MO removal efficiency (99.78 % + 0.23 %) compared to calcined MSNs (5.65 % =+ 0.23 %). This
improved performance is likely due to the CTAB present in the uncalcined MSNs, which creates a positively charged surface that
electrostatically attracts the anionic MO during adsorption, thereby enhancing MO removal. As a result, uncalcined MSNs were
incorporated into a starch cryogel to produce the MSNs—Cry rod, optimizing its efficiency for MO removal. The particle size distri-
bution of uncalcined MSNs, analyzed using a laser diffraction particle size analyzer, is shown in Supplementary Material S2, revealing
a broad size range. Uncalcined MSNs contained particles ranging from 1 to 50 pm, similar to those reported for SBA-15 and SBA-16
(2-50 pm) in the literature [31]. The median of particle distribution (ds¢) of uncalcined MSNs was 11.82 pm (Supplementary Materials
Table S2), indicating that 50 % of the particles were smaller than 11.82 um and 50 % were larger. After incorporation with starch
cryogel to form MSNs—Cry, the particle size increased, ranging from 5 to 1000 pm, with a dsg value of 392.1 pm. It is important to note
that MSNs—Cry typically exists in the form of a monolithic rod (a single rod rather than individual particles), so the reported particle
size may depend on the crushing method used during analysis.

The morphology of MSNs—Cry (Fig. 1a—b) revealed an interconnected polymer network with macropores. Within this network,
uncalcined MSNs were primarily immobilized in the walls, while some agglomerated clusters were encapsulated in the starch network.
The presence of uncalcined MSNs resulted in a rough surface on the MSNs—Cry, which facilitated the adsorption of adsorbates during
the adsorption process. After the adsorption experiment, the surface became smoother due to the coverage of MO molecules
(Fig. 1c—d) aligning with previous reports [19,32].

The FTIR spectrum of the uncalcined MSNs showed a large absorption band at 3421 cm™! (Fig. 2), assigned to the O-H stretching
from silanol (Si-OH) groups, which may interact with defect sites and/or adsorbed water molecules [2,21]. This band overlapped with
the O-H stretching from starch molecules, which interacted with Ca?* from the cross—linker [19,23,33,34], resulting in increased
intensity in MSNs—Cry. The intensity of this band decreased after MO adsorption, indicating an interaction between the MO structure
and OH groups in MSNs—Cry, which likely formed hydrogen bonds with uncalcined MSNs and starch cryogel. Two distinct peaks in
uncalcined MSNs at 2922 cm ™! and 2852 cm ™! corresponded to the C-H stretching of-CHs and-CH groups, respectively, from CTAB
molecules embedded inside the nanopores of uncalcined MSNs [2,28,35]. These peaks retained their positions with decreased intensity
in MSNs—Cry due to the lower amount of uncalcined MSNs used (2 g) in the composite compared to the starch precursor (80 g). They
also retained their positions after MO adsorption. The C-H bending of the alkyl chain in CTAB molecules [36] was also observed at
1480 cm ™!, and it retained its position in MSNs—Cry materials. The vibration of O-H bending observed in uncalcined MSNs at 1643
cm ™}, which may originate from Si-OH [37] or adsorbed water molecules [25], slightly shifted to 1645 cm ™! in MSNs—Cry and to
1648 cm ™! after MO adsorption. This confirmed the interaction between the MO structure and OH groups in MSNs—Cry. The intense
peak observed at 1063 cm ™! in uncalcined MSNs was assigned to asymmetric Si—O—Si stretching [2,21,35], and it retained its po-
sition, appearing very close to the vibration of C—O stretching in amylopectin from starch at 1079 em ™! [23,25,38] in MSNs—Cry.
Other characteristic vibrations of Si—O—Si [18,28] were also observed in uncalcined MSNs at 1222 cm ! and 793 em L. The former
seemed to overlap with the vibration from C-O-C asymmetric stretching in glycosidic linkages of starch [25,38,39] at 1156 cm ™},
which remained in position after MO adsorption. The vibration of Si—O rocking (452 em V) [40] and Si—O stretching of surface Si—OH
groups (963 cm™ 1) [37,40] observed in uncalcined MSNs decreased in intensity in MSNs—Cry, likely due to the lower amount of
uncalcined MSNs compared to starch cryogel. The intensities of these peaks were also slightly lower after MO adsorption. New peaks
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Fig. 2. FTIR spectra of uncalcined MSNs and MSNs—Cry before and after adsorption (KBr pellet sample preparation method, 4000—400 cm™).
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appearing in MSNs—Cry after MO adsorption at 1607 em ! and 1521 em ™! were corresponded to the —-N=N-— and —C=C- stretching
in aromatic rings [12,41], confirming the adsorption of MO on MSNs—Cry.

The BET analysis of uncalcined MSNs revealed an average pore size of 10.2 nm, a pore volume of 0.04 mL g}, and a specific surface
area of 14 m? g_l. The pores of these nanoparticles are larger than those reported for calcined MSNs, which have an average pore size
of 2.8 nm, a pore volume of 0.84 mL g™}, and a specific surface area of 1208 m? g~! [28]. The difference is due to the CTAB template
still embedded inside the nanopores, as confirmed by the FTIR results at 2922 cm ™! and 2852 cm™*. For MSNs—Cry, the average pore
size was slightly larger at 10.5 nm, with a lower pore volume (0.01 mL g™') and a specific surface area (3 m2 g™ 1). This is due to the
immobilization of uncalcined MSNs in the starch cryogel matrix. The pore size distribution of MSNs—Cry showed a wider range
compared to the narrower distribution in uncalcined MSNs (Fig. 3a—b). It appears that the uncalcined MSNs were embedded within
the starch network, and the starch matrix partially filled the mesopores of the uncalcined MSNs, causing a slight change in the average
pore size of MSNs—Cry compared to uncalcined MSNs. Both uncalcined MSNs and MSNs—Cry maintained a type IV adsorption
isotherm of N2 (Fig. 3c—d), indicating their mesoporous nature (micropores <2 nm; mesopores 2—50 nm; macropores >50 nm),
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Fig. 3. BET analysis results for (a, ¢) uncalcined MSNs and (b, d) MSNs—Cry: (a, b) pore size distribution and (c, d) nitrogen adsorption isotherm
(degassed at 105 °C for 30 min before analyzing the nitrogen adsorption/desorption isotherm at 77 K).
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consistent with previous reports [27,28,42]. However, the hysteresis loop of MSNs—Cry differed from that of uncalcined MSNs,
indicating changes in pore sizes and shapes due to the immobilization of uncalcined MSNs within the starch network. The H3 hysteresis
loop observed in uncalcined MSNs suggested slit—shaped pores in non—rigid aggregates of plate—like particles [28,43], while the H2
hysteresis loop observed in MSNs—Cry indicated a variety of pore types with a larger distribution of pore diameters, including
neck—like, wide, or ink bottle—shaped pores [43].

The XRD pattern of uncalcined MSNs displays a peak at 20 ~4.39° (Supplementary Materials Fig. S1), which is attributed to the
(200) plane of a less ordered hexagonal structure of silica nanoparticles [44]. This suggests that uncalcined MSNs may contain
nanoparticles with a certain degree of structural ordering, as this peak has been reported to appear when MSNs are prepared with
excess CTAB [28,45]. Additionally, a broad peak at 26 ~20.1°, corresponding to amorphous silica nanoparticles with (101) planes [12,
46,471, was also observed. These indicated that both a less ordered hexagonal structure and amorphous silica nanoparticles are present
in uncalcined MSNs. However, when uncalcined MSNs are embedded within the starch cryogel matrix, the peak at 20 ~4.39° dis-
appears, indicating a loss of nanoparticle order. The broad peak from amorphous silica nanoparticles in uncalcined MSNs may overlap
with a broad hump centered at 20 ~20°, due to the amorphous structure of starch [23,25] in MSNs—Cry. Sharp peaks at 20 ~12.9°,
14.8°,17.0°, and 19.9° indicate an A—type crystalline structure of rice starch [23,25], suggesting that some crystallinity of the starch
granule remains. This crystallinity is typically disrupted during gelatinization and cross—linking with Ca®" [23,25]. After MO
adsorption, MSNs—Cry showed the same XRD pattern, indicating the retention of their amorphous structure.

The EDX analysis of uncalcined MSNs reveals the presence of Si and O (Table 1 and Supplementary Materials Fig. S2). These el-
ements are also found in MSNs—Cry, as the uncalcined MSNs were embedded within the starch cryogel network. Ca was detected in
MSNs—Cry due to the use of limewater as the cross—linker. After MO adsorption, the presence of S confirmed the adsorption of MO on
MSNs—Cry.

The zeta potential of both uncalcined MSNs and MSNs—Cry was investigated. The results showed that the zeta potential of un-
calcined MSNs at pH 7.59 was +21.12 + 0.87 mV, in contrast to calcined MSNs reported in the literature (e.g., —29.7 mV at pH 7.4
[481, —42 mV [49]). This indicates a positively charged surface, likely due to the presence of CTAB in the material. When uncalcined
MSNs were incorporated into the starch cryogel matrix to produce MSNs—Cry, the zeta potential decreased to +4.48 + 0.32 mV but
remained positive. This confirms that MSNs—Cry retains a positively charged surface, which is expected to facilitate the adsorption of
MO through electrostatic attraction between its positive surface and the anionic dye.

The DSC thermograms of uncalcined MSNs and MSNs—Cry are reported in Supplementary Materials, Fig. S3. All materials
exhibited multiple endothermic peaks, indicating the presence of various polymorphic forms in the materials. A broad endothermic
peak was observed in all materials within the range of 50-120 °C (peak temperature = 75.17 °C for uncalcined MSNs and 77.17 °C for
MSNs—Cry), which can be attributed to moisture desorption [50,51]. In MSNs—Cry, this peak may also be related to the gelatinization
of calcium-crosslinked starch, previously reported at a peak temperature of 78 °C [52], resulting in a higher peak area compared to
uncalcined MSNs. The peak observed in the range of 160-280 °C in uncalcined MSNs (peak temperature = 226.50 °C) may be
attributed to the decomposition of CTAB, similar to previously reported findings [46], as the melting point of CTAB is 248-251 °C. The
smaller area of this peak in MSNs—Cry indicates a lower CTAB content compared to uncalcined MSNs, which is expected due to the 2.5
% w/w of uncalcined MSNs present in MSNs—Cry. Additionally, this peak disappeared in MSNs—Cry after MO adsorption, which may
suggest that CTAB strongly interacts with MO, resulting in no loss during the analysis. The multiple peaks in MSNs—Cry, within the
range of 270-341 °C, may be attributed to the elimination of hydroxyl groups and the decomposition and depolymerization of carbon
chains [53]. Additionally, it was found that the first and last peaks in this region disappeared from MSNs—Cry after MO adsorption,
suggesting that MO may strongly interact with the hydroxyl groups in the starch cryogel, resulting in a more stable form of the ma-
terial. This stability prevents the loss or decomposition and depolymerization of carbon chains during the analysis. An exothermic peak
was also observed in MSNs—Cry after MO adsorption, between 279 and 315 °C (peak temperature = 304.5 °C), corresponding to the
melting of MO crystals adsorbed on MSNs—Cry, as the melting point of MO is reported to be around 300 °C.

3.2. Methyl orange adsorption

Appropriate conditions for MO adsorption were systematically optimized by varying one parameter at a time while keeping others
constant. The initial conditions are described in Section 2.2. This approach not only provided the optimal conditions but also
demonstrated the influence of each parameter on the removal efficiency and capacity of MO using MSNs—Cry.

Table 1
Elemental analysis of uncalcined MSNs and MSNs—Cry before and after adsorption experiment analyzed by energy dispersive X—ray spectroscopy
(EDX).

Elements Uncalcined MSNs (%wt) MSNs—Cry (%wt)
Before adsorption After adsorption
C 42.4 + 0.2 49.0 + 0.2 50.5 £ 0.2
o 36.6 £ 0.2 47.8 £ 0.2 46.6 = 0.2
Si 21.0 £0.1 2.8+ 0.0 2.5+ 0.0
Ca 0.4 +0.0 0.2+ 0.0
S 0.3 £0.0
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Fig. 4. Influence of (a) the amount of uncalcined MSNs in MSNs—Cry (Adsorption conditions: 0.35 g MSNs—Cry, 10 mg L~ MO, 300 mL, pH 6.65,
25 °C; 2 h contact time), (b) the number of MSNs—Cry tablets (Adsorption conditions: 10 mg L™! MO, 300 mL, pH 6.65, 25 °C; 2 h contact time), (c)
contact time (Adsorption conditions: 0.35 g¢ MSNs—Cry, 10 mg L™ MO, 300 mL, pH 6.65, 25 °C), (d) initial MO concentration (Adsorption con-
ditions: 0.35 g MSNs—Cry, 300 mL MO, pH 6.65, 25 °C; 2 h contact time), and (e) initial solution pH on the removal efficiency and capacity of MO
by MSNs—Cry (Adsorption conditions: 0.35 g MSNs—Cry, 10 mg L™ MO, 300 mL, 25 °C; 2 h contact time). (f) Point of zero charge of MSNs—Cry
(Conditions described in Supplementary Materials S4).
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3.2.1. Influence of adsorbent dosage

The optimal amount of uncalcined MSNs in MSNs—Cry for achieving high removal efficiency of MO with reasonable adsorption
capacity was investigated by varying the dosage of uncalcined MSNs from 0 to 4 g in 80 g of a starch gel precursor (0-5 % w/w). The
results (Fig. 4a) showed that as the amount of uncalcined MSNs in MSNs—Cry increased, the removal efficiency rose from 4.72 % +
0.14 %-97.67 % =+ 0.08 %. However, the adsorption capacity decreased from 8.64 4 0.06 mg g~ ! to 4.58 4 0.03 mg g~ !. The highest
adsorption capacity, 8.71 + 0.01 mg g™}, was achieved with MSNs—Cry prepared using 2 g of uncalcined MSNs (2.5 % w/w), which
also had a high removal efficiency of 92.92 % + 0.14 %. This efficiency was only 4.56 % lower than the highest removal efficiency of
97.67 % + 0.08 %, which was achieved with 4 g of uncalcined MSNs (5 % w/w). Therefore, 2 g of uncalcined MSNs (2.5 % w/w) was
chosen for preparing MSNs—Cry. It is noteworthy that the starch cryogel without uncalcined MSNs could remove MO with a removal
efficiency of 4.72 % + 0.14 % due to the available OH groups in its structure.

The resulting MSNs—Cry monolithic rod, prepared from 2.5 % w/w of uncalcined MSNs in a starch gel precursor, was divided into 4
pieces to form MSNs—Cry tablets. The number of tablets was then varied from 1 to 4 (0.35 g each). The results (Fig. 4b) showed that as
the number of MSNs—Cry tablets increased, the removal efficiency improved from 79.16 % + 0.34 %-92.92 % =+ 0.14 %, while the
adsorption capacity decreased from 29.68 + 0.13 mg g~ to 8.71 + 0.01 mg g~ *. Therefore, one MSNs—Cry tablet was selected for
further investigation. However, for real samples with high concentrations of MO, additional tablets can be used to increase removal
efficiency.

3.2.2. Influence of contact time

The effect of contact time on the adsorption efficiency of MO on MSNs—Cry was investigated using one piece of MSNs—Cry (0.35 g).
The removal efficiency of MO increased gradually, reaching 87.75 % + 0.55 % within 120 min, then slightly increased to 99.78 % +
0.14 % at 360 min, and finally plateaued (Fig. 4c). The adsorption capacity followed a similar pattern: an initial gradual increase,
followed by a slight rise, and then a constant level. This behavior can be attributed to the availability of unoccupied surface sites, which
are more abundant at the beginning of contact, decrease in the second stage, and become fully occupied by the end of the process,
leading to constant removal efficiency and capacity [18]. The results showed that the adsorption of MO on MSNs—Cry reached
equilibrium after 6 h. This is faster than the 24 h required when using CTAB—coated porous silica nanoparticles [54], but longer than
the 20 min needed for MCM—41 to reach equilibrium [18]. Although MSNs—Cry contain macropores that help MO reach the active
sites, the cryogel matrix can slow down the penetration of MO to the MSNs compared to MCM—41 nanoparticles, resulting in a longer
equilibrium time.

3.2.3. Influence of initial concentration

The effect of initial concentration was studied from 1.0 to 50.0 mg L. The results presented that the removal efficiency of MO
(97.80 % =+ 0.00 %-98.56 % =+ 0.57 %) remained nearly constant as the initial concentration increased from 1.0 to 5.0 mg L’l, then
tended to decrease with higher concentrations (Fig. 4d). At low concentrations, the ratio of MO to available active sites on MSNs—Cry
is low, resulting in high removal efficiency. As the initial MO concentration increases, this ratio rises, leading to some MO not
occupying the limited active sites on MSNs—Cry, thereby decreasing the removal efficiency [21,55]. Conversely, the adsorption ca-
pacity rose with the initial MO concentration, reaching a maximum of 91.88 + 9.42 mg g~ ' at 50 mg L. The increase in initial MO
concentration resulted in a higher mass gradient of MO between the solution and the active sites of MSNs—Cry. This gradient creates a
driving force that enhances the transport of MO molecules from the bulk solution to the binding sites, leading to an increase in
adsorption capacity [29,56].

3.2.4. Influence of pH

The effect of initial pH on the adsorption of MO onto MSNs—Cry was investigated over a pH range of 3-12. The results, shown in
Fig. 4e, indicate higher adsorption capacity and efficiency under acidic conditions. This is likely due to the point of zero charge (pHpyc,
as detailed in Supplementary Material S4) of MSNs—Cry, found to be at pH 6.9 (Fig. 4f). Below this pH, the surface of MSNs—Cry is
positively charged, while above it, the surface is negatively charged. Therefore, greater adsorption of MO is expected in acidic con-
ditions, where electrostatic attraction occurs between the anionic MO (pK, = 3.4 [3]) and the positively charged surface of MSNs—Cry.
These findings are consistent with previous reports. For example, CTAB—modified coffee waste achieved the highest adsorption at pH
3.5 [57], and uncalcined MCM—48 showed the highest adsorption of MO at pH 3.0 [2]. The lower adsorption capacity and efficiency at
higher pH levels can be attributed to electrostatic repulsion between the negatively charged surface of MSNs—Cry and the negatively
charged MO molecules, as well as competition from OH™ ions and dye anions for adsorption sites [2,58-60]. Since a removal efficiency
0f 99.00 % + 0.21 % was achieved at pH ~6.65, which is close to the typical pH of wastewater from the batik industry (~6.91), it is not
necessary to adjust the pH of real samples, eliminating a potential cost in real—world applications.

3.3. Adsorption isotherms, kinetics, and thermodynamics

The adsorption capacity of MSNs—Cry was determined at different initial MO concentrations to understand the adsorption behavior
of MO on MSNs—Cry. Both the Langmuir and Freundlich models were used to describe the relationship between the amount of MO
adsorbed by MSNs—Cry and its equilibrium concentration in the aqueous solution. The Langmuir model provided a better fit (R =
0.9930) (Supplementary Materials Fig. S4a) than the Freundlich model (R? = 0.9180) (Supplementary Materials Fig. S4b). According
to the Langmuir model, the Qnax Was estimated to be 18.98 mg g‘l, with a constant (k) of 0.977 L rng'1 (Table 2). When considering
only the weight of MSNSs, the Qnax increased to 72.46 mg g‘l, with aky, of 0.783 L mg‘l. The dimensionless constant Ry, value decreased
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from 0.50 to 0.02 as the initial MO concentration rose from 1 to 50 mg L}, indicating more favorable adsorption at higher concen-
trations [61,62]. These results suggest that MO is likely adsorbed onto MSNs—Cry as a monolayer at specific homogeneous sites within
MSNs—Cry.

The adsorption kinetic study is crucial for understanding the adsorption mechanism and its rate. The experimental results were
fitted to both pseudo—first—order (PFO) and pseudo—second—order (PSO) kinetic models, with the calculated kinetic parameters
provided in Table 2. The PSO model yielded a better fit, with a higher R? value of 0.9917 (Supplementary Materials Fig. S4c—d).
Additionally, the estimated Q. from the PSO model (9.09 mg g-!) approached the experimental Q. (8.56 mg g). When considering
only the weight of MSNs, the estimated Q. from the PSO model was 38.46 mg g-!, which was also close to the experimental Q. (37.44
mg g1). This suggests that the PSO model more accurately describes the MO adsorption process, aligning with previous studies on
silica materials [2,18,57]. The results demonstrated that the adsorption of MO on MSNs—Cry involves multiple mechanisms, including
electrostatic attraction and other chemical interactions. The k; value of 0.002 g mg~* min~! was higher than the reported value for
MCM-48 (0.001 g mg-! min-!) [2]. However, with uncalcined MSNs entrapped within the cryogel matrix, the smooth approach of MO
to the active sites might have been disrupted [19,22]. The higher ky value could be attributed to the presence of macropores in
MSNs—Cry, which likely aided MO in reaching the active sites more easily. Nonetheless, it remained lower than that observed for
MCM-—41 particles (0.006 g mg'1 min-Y) [18].

The intra—particle diffusion model was also analyzed to describe the diffusion mechanism and determine the rate—determining
step. The plot using this model (Supplementary Materials Fig. S5) did not intersect the origin and was segmented into three sections
with different slopes, indicating three stages of MO adsorption on MSNs—Cry with varying rates. Initially, MO molecules permeated
the outer surface of MSNs—Cry through film diffusion at a faster rate. This was followed by diffusion into the internal pores of
MSNs—Cry through intraparticle diffusion at a slower but more stable pace, suggesting that this step determined the overall rate.
Finally, equilibrium was reached. These results indicate that MO is adsorbed onto both the surface and internal structure of MSNs—Cry.

The adsorption thermodynamics were also investigated to understand the nature and energetic changes involved during MO
adsorption. The changes in standard Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°) for MO adsorption on MSNs—Cry are
presented in Supplementary Materials Table S3, with the plots shown in Supplementary Materials Fig. S6. The negative AG® values at
all temperatures (AG°® = —34.2 to —38.6 kJ mol 1) indicate that the adsorption of MO on MSNs—Cry is spontaneous, with more
favorable adsorption observed at higher temperatures. It is reported that the absolute magnitude of AG® for physisorption generally
ranges from —20 to 0 kJ mol ™}, while for chemisorption it ranges from —80 to —400 kJ mol~! [63,64]. The obtained results fell
between these two ranges, indicating a form of physical adsorption that is enhanced by a chemical effect. The positive AH®° (AH® =
31.3 kJ mol ™) indicates that MO adsorption is endothermic, while the positive AS°® values (AS° = 219.7 J mol~! K1) indicate an
increase in degree of disorder at the solid-solution interface during the adsorption process.

3.4. Influence of interferences

The effect of potential interferences in batik wastewater [65,66], including sodium silicate, sodium sulfate, urea, heavy metal ions
(K*, Pb*, Cu®*, Cd*, and Zn?), and the anionic dye Congo Red (CR), was investigated. These potential interferences were mixed with
MO before the adsorption process using MSNs—Cry under optimum conditions. The results revealed that the removal efficiency of MO
remained above 92 % in the presence of metal ions (Table 3), indicating that metal ions commonly present in batik wastewater had no
effect on the removal process. In the presence of CR, the removal efficiency of MO remained consistent at 93.51 % =+ 1.31 %. Addi-
tionally, CR was efficiently removed by MSNs—Cry at a rate of 91.77 % + 0.40 % when MO was present and 92.93 % + 0.18 % when
MO was absent. This demonstrates the excellent performance of MSNs—Cry for the simultaneous removal of anionic dyes. Since CR is a
diazo dye with similar functional groups (two sulfonic and azo groups with aromatic rings) to those of MO (one sulfonic and azo group
with aromatic rings), the similar removal performance of both dyes confirms the proposed removal mechanism, which is expected to
be based on electrostatic attraction, hydrophobic interaction, and hydrogen bonding. Additionally, since CR has a larger molecular size
than MO but does not exhibit a steric hindrance effect on the adsorption efficiency of CR compared to MO, the pore filling of these dyes

Table 2
The estimated isotherm and kinetic parameters for adsorption of MO onto MSNs—Cry.
Model Parameter Value
Langmuir ky (L mg’l) 0.977
Qnax (mg g™ 18.98
R? 0.9930
Freundlich Ky (mg' " Lg™1) 6.69
1/n 0.38
R? 0.9180
Pseudo—first—order Qe, experiment (mg g’l) 8.56
k; (g mg™! min™) 0.002
Q., estimated (mg g’l) 5.80
R? 0.9685
Pseudo—second—order Qe, experiment (mg g D) 8.56
ko (g mg™! min™) 0.002
Q., estimated (mg g~1) 9.09
R? 0.9917
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onto MSNs—Cry should not occur as it does with other silica materials [47]. The simultaneous removal of MO and CR under the same
conditions highlights the potential of MSNs—Cry for real—world applications where wastewater may contain multiple dyes simulta-
neously. However, the removal efficiency decreased to 84.88 % + 1.14 % in the presence of urea and sodium sulfate, and further
decreased to 59.68 % + 3.11 % in the presence of sodium silicate. This reduced efficiency may be attributed to the interaction between
the smaller, negatively charged silicate moiety and the positively charged surface of MSNs—Cry.

3.5. Proposed mechanism

Due to the use of uncalcined MSNs in MSNs—Cry, the cationic template (CTAB) remains within its structure, along with the complex
structure of MO. Consequently, multiple interactions between anionic MO and MSNs—Cry are expected. The results from FTIR analysis
and the influence of pH suggest that the primary interaction between MO and MSNs—Cry is based on the electrostatic attraction
between the sulfonic acid groups (-SO3) in the MO structure and the positive heads of CTAB (R-N"(CH3)3) present in MSNs—Cry [2,
12,47,67]. Additionally, the peak at 226.50 °C in the DSC thermogram of MSNs—Cry, attributed to the decomposition of CTAB [46],
disappeared after MO adsorption, suggesting that CTAB strongly interacts with MO, preventing any loss during the analysis. The results
from the zeta potential analysis, showing a decrease in the positive surface charge of uncalcined MSNs from +21.12 + 0.87 mV to
+14.14 + 0.83 mV after MO adsorption, further confirm that MO interacts with the CTAB moiety, leading to the adsorption of MO on
the material. Additionally, since the adsorption occurred at pH 6.65, some of the silanol groups from uncalcined MSNs and OH groups
on the cryogel surface may become protonated to form OH3, thereby participating in this attraction [2,60]. Available OH groups in
MSNs—Cry, originating from both the silanol groups in uncalcined MSNs and the OH groups on the cryogel surface, can also form
hydrogen bonds with the sulfonyl group and azo group in MO molecules [2,47,60,68]. The DSC analysis of MSNs—Cry after MO
adsorption shows that the first and last peaks in the range of 270-341 °C, which are attributed to the elimination of hydroxyl groups
and the decomposition and depolymerization of carbon chains [53], have disappeared. This observation confirms the strong inter-
action between MO and the hydroxyl groups in MSNs—Cry, resulting in a more stable material that prevents the loss, decomposition, or
depolymerization of carbon chains during the analysis. Furthermore, the atomic cycles in the MO molecule may interact with the alkyl
part of CTAB in MSNs—Cry via hydrophobic-hydrophobic interactions [2,12,67,69]. Both electrostatic interaction and hydrogen
bonding related to the OH groups on the cryogel surface account for the 4.72 % + 0.14 % removal efficiency obtained from the
material without uncalcined MSNs. The incorporation of uncalcined MSNs into starch cryogel enhanced the removal efficiency of MO
t0 92.92 % =+ 0.14 %. This suggests that electrostatic interactions, hydrogen bonding, and hydrophobic-hydrophobic interactions from
uncalcined MSNs in MSNs—Cry account for approximately 88.2 % of the removal efficiency, compared to about 4.7 % from the starch
cryogel. This confirms that uncalcined MSNs act as the primary active material for MO removal, while the starch cryogel, serving as a
supporting material, synergistically enhances the removal efficiency by approximately 5 %. The proposed mechanism is illustrated in
Fig. 5.

Using uncalcined MSNs makes the MSNs—Cry greener than other reported MSNs materials, as it eliminates the need for calcination,
conserving energy and aligning with green chemistry principles. Additionally, using starch cryogel as a green support helps prevent the
loss and aggregation of uncalcined MSN particles, making the developed material suitable for future continuous flow systems.

3.6. Real sample application

MSNs—Cry was used to remove MO from three wastewater samples collected from a local batik industry in Phuket, Thailand
(experimental conditions are described in Supplementary Material S5). As shown in Fig. 6, the UV-visible spectrum and appearance of
the real sample changed after 2 h of adsorption using MSNs—Cry. The color of the sample changed from dark to colorless, while the
concentration of MO decreased to less than 0.48 + 0.06 mg L~ (Table 4), achieving a high removal efficiency of 86.34 % + 1.65 %-—
92.77 % + 1.76 %. After treatment, the pH of sample A slightly increased from 6.86 to 7.20. The chemical oxygen demand (COD) rose
from 9.8 to 39.1 mg L™}, while total suspended solids (TSS) decreased from 24.67 to 2.67 mg L1, These values are within the
maximum discharge guidelines for municipal wastewater treatment plants in Thailand (pH 6—9, COD <120 mg L™}, TSS <50 mg L)
[70]. All samples were spiked with 15 mg L™! of MO before applying MSNs—Cry under the same experimental conditions to assess the
effect of the sample matrix. A removal efficiency of 80.08 % + 0.47 %-85.12 % + 0.36 % was achieved, demonstrating the strong
performance of MSNs—Cry for MO removal, even in high-concentration samples. As the spiked samples contained more MO than the

Table 3

Removal efficiency and capacity of MO in the presence of various interferences using MSNs—Cry.
Interference RE (%) %Change in RE
None (MO, 10 mg L™ 1) 92.92 + 0.14 -
CR" 93.51 +£1.31 +0.63
metal ions” 92.87 + 0.23 -0.05
urea + sodium sulfate® 84.88 +1.14 —8.65
sodium silicate? 59.68 + 3.11 -35.77

2 10 mg L ™! of congo red.

> 1 mg L' of Cu?*, Pb%*, Zn?*, K*, and Cd?*.
€ 1000 mg L™! of urea and sodium sulfate; and.
4137 mg L! of sodium silicate.

10



T. Taweekarn et al.

Heliyon 10 (2024) e39711

i~~~ CTAB
Uncalcined MSNs

- Starch cryogel network
o O”@°: Methyl orange

- ydrogen bonding
Fig. 5. The proposed mechanism for adsorption of MO on MSNs—Cry.
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Fig. 6. UV-visible spectrum and appearance of the real samples and MSNs—Cry before and after adsorption.

synthetic wastewater (10 mg L™! MO), a higher dose of MSNs—Cry was required. The removal efficiency was then evaluated using

0.70 g of MSNs—Cry, compared to 0.35 g in real samples without spiked MO. The results showed excellent removal efficiency (91.56 %
+ 0.66 %-92.57 % + 0.99 %), highlighting the strong potential of MSNs—Cry for MO removal in real-world applications.
3.7. Reusability

The reusability of MSNs—Cry was evaluated using 0.1 M NaOH as the desorbing reagent [30,60]. The removal efficiency of MO
decreased by 36.25 % in the second cycle. This decrease may be attributed to the dissolution of CTAB remaining in MSNs—Cry in the
NaOH solution, resulting in less CTAB available for the next cycle. Additionally, during the second regeneration process, the tablets

were damaged into smaller fragments. This may be because starch cryogel was used as the natural support instead of other synthetic
polymers, and its swelling in the aqueous solution led to lower tolerance under continuous stirring conditions.

11
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Table 4

Application of MSNs—Cry for the removal of MO in real wastewater samples.
Sample Concentration of MO (mg L™") %RE

Before After

Sample A” 0.43 = 0.02 0.03 £ 0.01 92.77 £ 1.76
Sample B* 1.90 £+ 0.02 0.22 £ 0.03 88.24 +£1.74
Sample C* 3.54 £0.02 0.48 £+ 0.06 86.34 £ 1.65
Spiked sample A* 15.21 + 0.03 2.26 £+ 0.06 85.12 + 0.36
Spiked sample B* 16.93 + 0.10 3.29 £0.20 80.56 + 1.12
Spiked sample C* 18.81 + 0.20 3.75+0.12 80.08 + 0.47
Spiked sample A" 15.43 £ 0.01 1.15 + 0.15 92.57 + 0.99
Spiked sample B" 15.83 + 0.01 1.19 + 0.08 92.47 £+ 0.48
Spiked sample C" 18.47 +£ 0.04 1.56 + 0.12 91.56 + 0.66

# Conditions: 0.35 g of MSNs—Cry, 300 mL wastewater samples, without adjusting the pH (pH ~ 6.86), 25 °C, 2 h.
b Conditions: 0.70 g of MSNs—Cry, 300 mL wastewater samples, without adjusting the pH (pH ~ 6.86), 25 °C, 2 h.

From the results, it’s clear that MSNs—Cry could be an effective alternative adsorbent for removing MO. Table 5 compares
MSNs—Cry with various materials for MO removal, highlighting its high efficiency and capacity. Moreover, it prevents the loss of
uncalcined MSNs during adsorption, which could negatively impact both the operation system and the environment. The entrapment
of uncalcined MSNs within the starch cryogel matrix led to a milder pH condition. MSNs—Cry showed excellent removal efficiency at a
pH 6.65 without needing adjustment. This not only allows for operation under gentler conditions but also saves on the costs associated
with pH adjustment. Additionally, using uncalcined MSNs instead of modified calcined mesoporous silica materials (e.g., MCM—41,
MCM-—48) can save energy and reduce material preparation costs.

4. Conclusion

In conclusion, this study introduced a novel, eco—friendly composite, MSNs—Cry, which effectively embeds uncalcined MSNs
within a starch cryogel network for the removal of MO from water. The proposed adsorption mechanism primarily involves elec-
trostatic attraction, hydrophobic interactions, and hydrogen bonding. MO adsorption onto MSNs—Cry occurs as a monolayer at
specific homogeneous sites on both the surface and internal structure of the composite. The adsorption process is characterized as
endothermic, spontaneous, and more favorable at higher temperatures. The composite leverages the high adsorption capacity of MSNs,
achieving a maximum adsorption capacity of 18.98 mg g-! and high removal efficiency of 99.00 % =+ 0.21 % in synthetic water, as well
as 92.77 % + 1.76 % in real wastewater. Its high efficiency remained even in the presence of potential interferences in batik
wastewater, including metal ions and other anionic dyes. However, some negative effects were observed from sodium silicate, which,
due to its smaller size and negative charge, could compete with MO for adsorption. Additionally, the tablet form of MSNs—Cry prevents
the loss of uncalcined MSNs during adsorption, mitigating potential negative impacts on both the operational system and the envi-
ronment. Furthermore, its ability to operate effectively at milder pH conditions without the need for pH adjustment offers a cost-
—saving advantage for real—world applications. This study demonstrates that MSNs—Cry is a promising material for efficient and
sustainable water purification.
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Table 5

Adsorption parameters for the removal of MO using various materials.
Material Form Qumax (INg gackive material) pH Contact time (min) Reference
Populous leaves Particle 90.44 3.0 60 [59]
Co304 nanoparticle Particle 46.08 6.0 240 [71]
Cork powder Particle 16.66 2.0 240 [72]
Chitosan/diatomite composite Particle 35.12 5.0 40 [30]
Fe—-MCM—41 Particle 500 2.0 10 [18]
MCM-48 Particle 769.23 3.0 30 [2]
Fe304@SiO, Particle 182.503 2.0 30 [60]
Calcined MSNs Particle 69.40 4.0 240 [471
MSNs—Cry Tablet 72.46 6.65 120 This work

influence the work reported in this paper.
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