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ABSTRACT: In this work, a green, novel, fast, and facile approach for
synthesizing a SiO,/C nanocomposite series from rice husk (RH)
through quenching and grinding techniques has been reported along
with its application for the adsorptive removal of Reactive Red 120
(RR120) dye from an aqueous solution. The effect of carbonization
temperature on the textural and interfacial features of RH was
confirmed by scanning electron microscopy (SEM), while the structure
and elemental composition of the as-synthesized RH were investigated
via XRD, Brunauer—Emmett—Teller (BET), FT-IR, Raman, and X-ray
photoelectron spectroscopy (XPS). The RH had a high surface area
(521.35 m* g'), large micropores, mesopores, and total pore volumes . )
of 0.5059, 3.9931, and 5.2196 cm® g~', while SiO, and C were the two T reactive red 120"
major components. In the batch adsorption test, the effects of pH,

contact time, adsorbent mass, temperature, and initial RR120 concentration were investigated. The maximum adsorption capacity
was fitted by Langmuir, Freundlich, Temkin, Dubinin—Radushkevich (D—R), Hasley, Harkins—Jura, and BET isotherm models, and
Langmuir was the best-fitted model. In addition, the pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich
chemisorption models were used to explain the adsorption kinetics. Additionally, the values of Gibbs free energy, enthalpy, and
entropy thermodynamics suggested that the RR120 adsorption phenomenon by RHS8-3 was endothermic and spontaneous. The
adsorption process was controlled by a physical mechanism, and the maximum adsorption capacity was found to be 151.52 mg g™ at
pH 2, with a contact time of 90 min, adsorbent amount of 0.03 g, and temperature of 313 K. The adopted technique may open up a
new alternative route for the mass utilization of RH for the removal of dyes in water and wastewater and also for various practical
applications.
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1. INTRODUCTION Rice husk is considered to be the main waste produced in a

Reactive Red 120 (RR120), a type of azo dye (approximately 9.9 large amount (e.g., approximately 9 million tons in Vietnam)
million tons used per year)' with a complicated organic from the rice industry.”® Burning is the first choice for the

structure, has been extensively used in the textile industry” treatment of this waste because of its simplicity and the ability to
because the chemical, biological, and photocatalytic stability is produce energy. However, it not only emits polluted gas but also
very high. Due to these stable and durable properties, the creates extremely fine silica ash, a toxic and hazardous
degradation of RR120 by exposure to sunlight, detergents, constituent for health due to its long-time suspension in the
water, and microorganisms is very difficult. The presence of air.” In addition, even a careful incineration process cannot

RR120 in water is a cause for serious environmental pollution®
because it can break down to form toxic amines and benzene,
which can easily penetrate the water and cause anoxic conditions
for plants and aquatic species. In addition, RR120 is also
carcinogenic, mutagenic, and allergenic to exposed organisms.
From the aspect of environmental safety, removing dyestuffs
such as RR120 from wastewater is extremely necessary.
Although a variety of methods have been applied for the dye
removal, the adsorption technique is preferable due to its
simplicity, simple unit assembly, high efficiency, and low cost.”

completely convert rice husk to airborne silica. Thus, burning
with releasing polluted smoke and fine ash has proven to be an
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Figure 1. Process for the production of SiO,/C nanoplates from rice husk (RHs) and their adsorption of RR120.

inappropriate solution. Fortunately, rice husk contains both
essential C and Si; thus, it is beneficial for the fabrication of
nanocomposites containing SiO, and C, which can be employed
as a great anode material for lithium-ion batteries® or an effective
adsorbent for the removal of pollutants in aqueous solu-
tions.”** Consequently, intensive efforts have been made in
exploiting rice husk as a low-cost source for synthesizing SiO,/C
composites or carbon/Si-based materials. The methods include
a sol—gel techmque combined with mechanical milling,”' steam
actlvatlon, hydrothermal coupling with a NaOH etching
route,” calc1nat1on cooperating with a magnesiothermic
reduction react1on, calcination of the pyrolyzed rice husk in a
NaOH solution,””** and post-heat treatment processes before
hydrolysis of tetraethyl orthosilicate to form SiO, shells on
organic sphere templates followed by calcination in the air.”*
Actually, these as-mentioned methods have been successfully
employed for synthesizing SiO,/C nanocomposites” or
carbon/Si-based materials. However, they require complicated
equipment, high-cost and toxic precursors, template precursors,
and multistep synthetic processes, which are not appropriate
pathways for large-scale production. Therefore, it is desirable to
find out a facile, cost-effective, and environmentally benign
strategy to produce SiO,/C nanocomposites.

Quenching is a process of heating followed by instant cooling
to obtain the desired material properties.* It is most commonly
used to harden steel by inducing a martensite transformation,
where the steel must be rapidly cooled through its eutectoid
point.”’” In addition, it is also used for reducing the crystal grain
size of both metallic and plastic materials including increasing
their hardness.”® Although quenching is extensively applied to
strengthen and harden steel and cast iron alloys in metallurgy
and materials science,” there is still limited scientific literature
on these aspects, especially for synthesizing SiO,/C materials
from waste rice husk.

In this work, we report a novel and facile approach for mass-
producing SiO,/C hybrids via the combustion-like rapid
annealing and quenching of rice husk in water. The as-prepared
SiO,/C hybrid is composed of tiny SiO, particles implanted in
porous carbon nanoplates or SiO, nanoparticles embedded in
porous carbon nanoplates, which could be used for various
applications. The advantages of this method are simple and fast
synthesis, low cost, uncomplicated equipment, unreplenished
chemicals, no toxic and dangerous wastes, and available mass
production to obtain hybrid materials with the main
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components of SiO, and carbon. In addition, it could provide
high surface area, large pore volume, and small average pore size,
which are beneficial for the removal of organic compounds in
aqueous matrices, especially organic dyes as well as applications

for the energy field.

2. MATERIALS AND METHODS

2.1. Materials. The rice husk was collected at a rice milling
factory located in Thai Nguyen Province (Vietnam) and washed
with double-distilled water several times to eliminate dust and
further dried in the air.

2.2. Experimental Process. The preparation of RH is
illustrated in Figure 1. First, 10 g of rice husk was added to a
graphite crucible with S mm thickness and then placed in a self-
made vertical oven. The oven was programmed to reach 800 °C
(RHS series) or 900 °C (RH9) within different burning times as
shown in Table 1. The black powder in the graphite crucible was

Table 1. Conditions for the Production of the RH Series

no. sample name burning time burning temperature (°C)
1 RHS-1 2h 800
2 RHS-2 8h 800
3 RHS-3 S min 800
4 RH9-1 S min 900

quickly thrown into the water for rapid quenching and then
collected by filtration. This material was then milled in a mixture
of 200 mL of ethanol and double-distilled water solution with a
ratio of 3:1 v/v using a Panasonic MX-900MW multitasking
blender. After milling, the as-produced material was collected by
filtration and dried at 80 °C for 24 h in a vacuum oven. After the
pulverization process, the final product (denoted as RHg) was
sieved with a size of 0.1 mm and stored in a desiccator for
characterization.

2.3. Adsorption Experiments. The studies of Reactive Red
120 (RR120) adsorption were conducted in a batch method
(Figure 1). The (-potential was recorded by following
experiments from somewhere else.”” In adsorption, the RR120
solutions at various concentrations (40—200 mg L) were
prepared and their initial pH solutions (1.0—10.0) were adjusted
by adding 0.1 M HCI or NaOH solution. Typically, a certain
amount of RH was transferred into 250 mL Erlenmeyer flasks
containing 50 mL of aqueous solution. The mixture was then

https://doi.org/10.1021/acsomega.2c07034
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Figure 2. SEM images of RH8-1, RH8-2, RH8-3, and RH9-1.
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shaken at 200 rpm for a certain time at a certain temperature.
After reaching the equilibrium time, the mixture was centrifuged
at 5000 rpm for 5 min to remove the solids. The supernatant
liquid was collected for determining the absorbance using an
ultraviolet—visible (UV—Vis) spectrophotometer (Hitachi
UHS300) at a wavelength of 510 nm. The removal effectiveness
(E%) and adsorbed amount of RR120 (g, mg L™") under
equilibrium conditions were calculated by the following
equation

E = X 100%
G, (1)
_ C,-C %V
==, @)

where C, and C, (mg L") are the initial and equilibrium RR120
concentrations, respectively, m (g) is the mass of the adsorbent,
and V (L) is the volume of the RR120 solution.

The extent of adsorption of RR120 from the aqueous solution
relies on the initial RR120 concentration. The adsorption
isotherms were studied with different RR120 concentrations
(from 50 to 200 mg L") at pH 2 using 0.03 g of the RHS-3
adsorbent, at 30 °C, for 3 h, at 200 rpm, and mixed with a 50 mL
RR120 solution. The data were fitted and calculated in terms of
the following isotherm models:

The Langmuir (eq 3), Freundlich (eq 4), Temkin (eq 5), D—
R (eq 6), Halsey (eq 7), Harkins—Jura (eq 8), and Brunauer—
Emmett—Teller (BET) (eq 9) models were applied to describe
the adsorptive behavior of RR120 on the RH material.

(©)
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1
Ing, =InKp + —C,
n

4)
q, = (E]In ar + (E]In C.
by by (5)
In q, = Ke* + In 9p_g (6)
Ing = llnk— llnln L
¢ n n C. )
IR B
9. A A (8)
C _
SR B c
qe(l - Ce) qmaxk qmaxk (9)

where g, is the adsorption capacity of RR120 (mg '), quax is
the maximum adsorption capacity, C. is the equilibrium
concentration, n, k, K, a, b, A, and B are constant parameters
for the isotherm equations, gp_p is the D—R maximum
adsorption capacity of the RR120 (mg g'), and ¢ is the Polanyi
potential given by the equation below

€ =RT In(1+ 1/C) (10)

where R is the gas constant (R = 8.314 J K™' mol™") and T'is the
temperature (K).

In addition, the adsorption kinetics of RR120 on RH was
studied to explain the mechanism that participated in the
adsorption of RR120 ions from the solution in various
adsorption times. To do this, four kinetic models are used,
including pseudo-first-order, pseudo-second-order, intraparticle

https://doi.org/10.1021/acsomega.2c07034
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Element

Weight%

Element Weight%

CK 85.78
OK 11.78
NaK 1.03
SiK 1.41

Totals 100.00

Atomic%

Atomic%
89.57
9.24
0.56
0.63

Element Weight, %  Atomic, %

CK
OK
AlK
SiK
PK
SK
clK
KK
CakK
FeK

62.20 71.37
28.35 24.42
0.18 0.09
5.80 2.84
0.20 0.09
0.61 0.26
0.28 0.11
181 0.64
0.33 0.11
0.25 0.06

Totals 100.00

Figure 3. Energy dispersive X-ray spectroscopy (EDX) results of RH8-1, RH8-2, RH8-3, and RH9-1.

Element  Weight% Atomic%

CK 41.92 52.99
OK 38.30 36.35
SiK 19.56 10.57
KK 0.22 0.09

Totals 10
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Figure 4. (a) XRD pattern, (b) N, adsorption—desorption isotherm, (c) pore size distribution curve, and (d) FT-IR spectra of RH8-1, RH8-2, RHS-3,

and RHO9-1.

diffusion, and Elovich models and their linear forms. The data

are calculated from the following equations given below

log(q, — ¢,) =logq, —
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— &
2.303 (11)

https://doi.org/10.1021/acsomega.2c07034
ACS Omega 2023, 8, 9904—9918


https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07034?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

where k; (min™!) is the pseudo-first-order rate constant and ¢
(min) is the contact period.

The pseudo-second-order model is obtained from the
equation

(12)

where k, (g mg™' min™") is the pseudo-second-order rate
constant.
The Weber—Morris intraparticle diffusion model is given by

(13)

where k; (mg g™ min~"/?) is the intraparticle diffusion rate
constant and C' is the intercept.
The Elovich model is given by

q, = k3t1/2 + C

1 1
q, = E In(ap) + Z Int ()

where a (mg g~' min™") is the initial rate of adsorption and /3 is
the adsorption constant.

Moreover, thermodynamic parameters, including AH®(en-
thalpy), AG® (Gibb free energy), and AS° (entropy), are mainly
used to determine the spontaneity, feasibility, and nature of
interactions between RR120 and the surface of RHs. The
mathematical relations are given below

AG® = —RT In K (15)

where R is the gas constant (R = 8.314 J K™' mol™") and T is
Kelvin temperature (K).

Kd = qe/ce

AG®° = AH® — TAS® (16)

2.4. Sample Characterization. The surface morphology of
RH materials was characterized by scanning electron micros-
copy (SEM-Hitachi SU8000). The RH materials were also
characterized by X-ray diffraction (D2 Phaser Bruker) and
Raman spectra (HORIBA, RAM Lab HR 800). The specific
surface area and pore size distribution were recorded using N,
adsorption—desorption isotherms at 77 K (TriStar-300). The
chemical composition of the RH was determined by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific,
ESCALAB Xi+).

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Figure 2 displays the
morphology of RH at various times and temperatures. It could
be seen that the burning time affected considerably the
morphology of the obtained materials. With a very fast burning
of S min, RH8-3 exhibited a porous structure with a pore

Table 2. BET Surface Area and Total Pore Volume of RHS-1,
RHS-2, RHS-1, and RH9-1

BET

surface total pore volume total pore volume  total pore
sample area of micropores of mesopores volume
name (m*g™) (em®g™) (cm® g™) (cm® g™)
RHS8-1 123.38 0.2814 0.9320 1.9984
RHS-2 39.98 0.0908 0.4658 1.9840
RHS-3 521.35 0.5059 3.9931 5.2196
RH9-1 303.37 0.3992 0.6791 1.2252
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diameter of several micrometers on the surface. However, when
the burning time was increased to 2 h for RH8-1 and 8 h for
RHS-2, although the temperature was kept constantly at 800 °C,
the SiO, particles were implanted in carbon nanoplates and no
pores were observed. In addition, the burning temperature also
had a significant influence on the morphology of RH. It was clear
that at the same burning time (RH8-3 and RH9-1), no porous
structure could be observed in RH9-1, and the ratio of SiO,
increased significantly when the temperature increased from 800
to 900 °C (Figure 3). This could be explained to be due to the
complete carbon burning of RH at high temperatures to form
CO,.

The impact of both factors on EDX spectra and the elemental
composition of the four samples are shown in Figure 3.
Obviously, C, O, and Si were the major components of all
samples. The carbon content of RH8-3 was the highest at
85.78%, which decreased slightly to 81.37% for RH8-1 when the
burning time increased from 5 min to 2 h. On the contrary, the Si
content of RH8-1 (1.85%) was higher than that of RHS8-3
(1.41%). The carbon content declined dramatically to 62.2%
(RH8-2) and 41.92% (RH9-1) when the burning time or
temperature greatly increased. However, the Si contents of these
two samples increased considerably to 5.8 and 19.56%,
respectively. These results demonstrated that the contents of
C and Si could be tailored by controlling the burning time and
temperature during rice husk burning.

XRD patterns of the materials are illustrated in Figure 4a.
XRD spectra of RH8-2 and RH9-1 had a broad peak at a 20 of
21.7 and 21.26°, respectively, corresponding to the overlapping
peak of amorphous carbon and amorphous SiO,,>" which was
not found in other samples. In addition, a peak at 43.6° with
different intensity heights could be observed for all four samples,
attributed to the crystalline carbon.”” Here, the peak intensity of
RHS8-3 was the highest, demonstrating the high content of
carbon, which agreed with EDX data. The peak at 63.92°
considering crystalline SiO, could be found in RH8-1, RH8-2,
and RH8-3.>* However, it was not available in the XRD pattern
of RHY-1, possibly due to its existence in an amorphous state’*
or disappearance at high temperature.

Figure 4b presents the N, adsorption—desorption isotherms
of the four obtained materials. It indicated that all isotherms
belong to type II, which is indicative of macroporous and
microporous materials.”> According to the IUPAC classification,
the prepared RH could be considered mesoporous materials
because the pore sizes were focused mainly in the range of 2—50
nm as observed in Figure 4c.*® Also, the open hysteresis loop
from the curves of the N, isotherm at low P/P° < 0.2 confirmed
the existence of the mesopores again. In conclusion, the RH
series in this report illustrated a good two-dimensional
nanoporous structure containing mesopores and micropores.
The specific surface area of RH8-3 calculated by the Brunauer—
Emmett—Teller (BET) model was 521.35 m* g~" with a pore
volume of 5.2196 cm® ¢! and a total pore volume of mesopores
(pore sizes range from 1.7 to 23 nm according to the Barrett—
Joyner—Halenda (BJH) method)’” of 3.9931 cm® g™, which
were much higher than those of RH8-1, RH8-1, and RH9-1
(Table 2). In the previous work, it was concluded that a large
volume of micropores and mesopores should increase pollutant
diffusion through internal pores.”® Thus, it was very beneficial
for the electrode materials of supercapacitors/LIBs>® or
effective adsorbents for the removal of pollutants in aqueous
solutions.

https://doi.org/10.1021/acsomega.2c07034
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Figure 6. Effect of adsorbent types on removal efficiency (a) and adsorbed capacity (b) (C=55.00 g L™", V=50 mL, T = 298 K, stirring speed = 200

rpm, RH8-3 = 0.03 g, pH = 2.03).

The presence of functional groups was also affirmed by FT-IR
spectra as illustrated in Figure 4d. The peaks at around 3456
cm™! (—OH stretch), 2992—2901 cm™! (=CH stretch), and
1674—1640 cm ™' (C=C asymmetric stretch) correspond to the
typical groups of cellulose, hemicellulose, and lignin of rice husk.
In addition, it also could be observed that the peaks at 1109—
1055 cm ™! are attributed to the Si—O—Si group, while a signal of
Si—H is exhibited at 800—790 cm ™" and the Si—C stretch group
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appears at 471—457 cm™".*”~*! These data demonstrated that
the obtained materials were SiO,@C composites. Additionally,
the peak intensities of Si—O—S8i, Si—C, and Si—H of RH8-2 and
RH9-1 were relatively higher than the others, which agrees with
the EDX data.

The above-mentioned results proved that RH8-3 would be a
dominant material with a porous structure, high BET surface
area, high total pore volume, and mesoporous solid and contain
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Table 3. Thermodynamic Parameters for the Adsorption of
RR120 on RHS8-3

temperature (K) AG°® (IJ mol™) AH°® (K mol™) AS° (J mol™ K™!)

293 —4351.3266 25915 103.3
303 —5382.2075
313 —6417.2519

SiO, particles implanted in the C substrate, suggesting the
potential of the material as an adsorbent for the removal of dye
pollutants. To further evaluate, Raman spectra, XPS, and the
fabrication mechanism of RHS8-3 characteristics were performed

(Figure 5).
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The Raman spectrum (Figure Sa) indicates the characteristic
peaks at around 1353 cm™' (D-band) considering amorphous
carbon structures and 1589 cm™" (G-band), indicating graphite
carbon structures with an I/I; ratio of 0.81.**7*° However, the
intensity of the G-band is higher than that of the D-band,
indicating a relatively higher graphitized content in the sample.
Notably, the appearance of small peaks at around 441 and 577
cm ™! was attributed to the bending vibration of Si—O—Si bonds.
The peak at 786 cm™" was considered the symmetric stretching
vibration of Si—O—Si, and the band with a peak at 945 cm™" was
ascribed to the transverse optical asymmetric stretching
vibration of the Si—O-Si bond or/and Si—O—C units, all
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Table 4. Kinetic Parameter Calculated for RR120 Adsorption
onto RHS8-3

model parameters unit values
pseudo-first order (PFO) k, min~! 0.0320
qe mgg™ 29.0215
R? 0.9305
pseudo-second order (PSO) k, mg g~ min~! 0.0016
qe mg g™ 136.6120
R 0.9982
intraparticle diffusion ks mg g~' min~"/? 4.2269
(o4 mg g™’ 92.3353
R 0.9628
Elovich a mg g~ min™' 4814.496
p mgg™ 0.0800
R 0.9734

related to amorphous SiO,.***® This result was consistent with
the XRD and FTIR results. From the above-mentioned
characterizations, it could be suggested that the combination
of fast annealing and quenching successfully produced the SiO,/
C material with a highly porous structure. We suspect that the
formation of SiO, confined in the hard carbon frame is due to
the incomplete burning of rice husk during the fast fabrication of
the material. While conventional porous SiO,/C nanostructure
production usually requires complicated equipment, high-cost
and toxic precursors, template precursors, and a multistep
synthetic process, this technique is simpler and more efficient for
large-scale production.

The elemental composition of RH8-3 was confirmed by the
XPS survey results, as exhibited in Figure 5b, showing the main
components of C, O, and Si. For Si 2p (Figure Sc), peaks at
100.4 and 103.54 eV could be ascribed to Si—C and SiO, bonds,
respectively,49 whereas the peaks at 280.1, 284.09, 286.2, and
288.67 €V are attributed to C—Si, C—C, C—0, and C=0
bonds, respectively (Figure 5d).°>*" Finally, peaks at 531.87,
532.10, 533.3, and 537.1 eV are assigned to the bonds of C=0,
Si0,, C—0, and satellite, respectively (Figure Se). However, the
data for Si 2p were too noisy to determine the existence of
oxidized Si of RHS8-3, which might be explained due to the low
elemental percentage of Si within RH8-3 as exhibited in EDX
data. These results are likely that the rapid pyrolysis and
quenching of rice husk are an effective method for the formation
of RH8-3 containing Si, C, and O as main elements.

Figure Sf illustrates the proposed mechanism of RHS8-3
production with four main steps, pointing out a better
understanding of the flash pyrolysis mechanism. First, the initial
rice husk is annealed up to 800 °C in a short time. The sudden
change in temperature inside the reactor causes a thermal shock
phenomenon, which results in the swelling of the rice husk
structure because of the evaporation of water and volatile
organic compounds. The residence time reaction is within §
min, which can avoid secondary or unwanted reactions. Due to
the heating, the carbon generated immediately does not have
enough time to grow further and is trapped when cooled rapidly,
leading to the formation of carbon nanoplates surrounded by the
SiO, nanoparticles. In the next step of immediate quenching, the
cracks and voids might be filled and intercalated by water.
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Int

Elovich models of RR120 adsorption.
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Figure 10. (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Dubinin—Radushkevich, (e) Halsey, (f) Harkins—Jura, and (g) BET models.

Finally, the porous structure is formed through the steaming of

water and ethanol during drying.

3.2.RR120 Adsorption by RH8-3. The effect of adsorbents

on the removal and adsorbed capacity was investigated (Figure

6). It was clear that after 180 min of treatment, the adsorption
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Table S. Parameters of Isotherm Models

isotherms equation parameters values
Langmuir y = 0.0064x + 0.0406 max 156.25
K, 0.1576
R, 0.032
R? 0.9972
Freundlich y =0.1925x + 4.1368 Kk 62.6022
n 5.1948
R? 0.8977
Temkin y = 22.0055x + 47.9096 by 114.4778
ar 8.8216
R? 0.9463
D-R y = 4.9057x — (3.7069 X 107°) dp-r 0.9909
K 4.9057
R? 0.8534
E (kJ mol™) —0.3193
Halsey y=4.1368 — 0.1925x n
k
R? 0.8977
Harkins—Jura y = (1.8385 x 107*) — (7.3572 X 107°)x A 20.1735
B 0.6793
R? 0.7508
BET y = (57833 X 10~%)x — 0.0119 Gonas 36.9443
k —2.2746
R? 0.4711
Table 6. Comparison of q,,,, Values Achieved from RH8-3 and Other Adsorbents
materials pH contact time (min) Gmax (Mg g™") refs
RHS-3 2 60 151.52 this work
activated carbon 2 60 267.2 63
nano-alumina 3 150 65.23 64
Chara contraria 1 30 92.35 65
chitosan/modified montmorillonite beads S 180 5.6 66
cetylpyridinium-bentonite 3 75 79.36 67

efficiency and capacity decreased dramatically, from 97.59% and
52.11 mg g~" for RH8-3 to 55.53% and 29.82 mg g~' for RHS-1
and 15.23% and 7.94 mg g~* for RH8-2 when the burning time
increased, respectively. Similarly, a declining trend was also seen
(from 97.59% and 52.11 mg g~* for RHS-3 to 26.14% and 14.19
mg g~ for RH9-1) when the temperature increased from 800 to
900 °C. Moreover, since both adsorption efficiency and capacity
of RH8-3 did not significantly change between 90 to 180 min of
adsorption, the contact time of 90 min was properly the time of
equilibrium and was chosen for the following experiments.”*~>*
Based on the results, it can be concluded that RH8-3 was a better
adsorbent for RR120 in comparison with other samples.
Therefore, RH8-3 was used to examine the impact of pH,
contact time, adsorbent dosage, concentration, and temperature
on RR120 adsorption.

Solution pH value is one of the most important factors
governing the adsorption process due to the change in the {-
potential values of RHS8-3 in water with different pH values
(Figure 7a). The surface of RH8-3 was negatively charged in the
pH values from 3.0 to 10.0 due to its point of zero charge
(pHpzc) of 2.16 < 3. Interestingly, the potential value changed
greatly from —62.14 to 8.56 mV with a decrease in pH from 4.0
to 2.0.

The adsorption efficiency and capacity of RR120 by RH8-3
are illustrated in Figure 7b. It was obvious that both the
efficiency and capacity of RR120 adsorption by RH8-3 were
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maximum at pH < 2.16. It can be explained that the sulfonate
group from RR120 is dissociated and converted to anionic dye
ions in an aqueous solution as expressed in the equation

RR120 — SO;Na < RR120 — SO,” + Na™

Thus, RR120 was negatively charged, while RH8-3 was
positively charged at pH < 2.16, as illustrated in Figure 7a.
Therefore, the adsorption process between the dye molecules
and adsorbent occurs by electrostatic forces as well as
intraparticle and surface diffusion. However, when the pH
values increased, the adsorption efficiency and capacity declined
dramatically due to the repulsion between anionic ions and the
adsorbent surface.”>°

The time dependence of RR120 adsorption is presented in
Figure 8a. As can be seen, the adsorption efficiency and capacity
of RH8-3 depend on the contact time. Obviously, the adsorption
of RR120 on RH8-3 occurred quickly with more than 50% of
RR120 in the aqueous solution adsorbed within 30 min of
contact. In general, the adsorption capacity of RR120 increased
consecutively during the initial 45 min of contact and
subsequently reached the highest efficiency at 90 min.

Figure 8b exhibits the influence of the adsorbent dosage on
the adsorption capacity. It was found that by increasing the
RHS8-3 dosage up to 0.03 g, the adsorption efficiency and
capacity increased quickly, which were then not affected
significantly by the further addition of the RH8-3. The increase
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Figure 11. SEM images and FT-IR spectra of RH8-3 before and after adsorption.

in the RR120 adsorption with the RH8-3 dosage was attributed
to the large adsorbent surface area as well as the increase in the
number of adsorption centers. However, no significant changes
in RR120 adsorption were seen beyond 0.03 g of RH8-3 dosage
due to the reaching of adsorption equilibrium with a fixed
amount of RR120. Therefore, 0.03 g of RH8-3 was chosen for
the next experiments.

Figure 8c illustrates the effect of the RR120 initial
concentration on the adsorption efficiency and capacity. It is
clear that the adsorption capacity of RH8-3 increased with the
increase of the initial concentration of RR120. The highest
adsorption capacity of RR120 was obtained with 191.62 ppm
RR120 initial concentration. Higher uptake at higher initial
concentrations may occur because of the higher driving force
formation by the mass gradient between solutions and the
adsorbent surface, which leads to higher quantities of RR120
molecules being transferred to the RHS8-3 surface. However, the
reserve trend was observed with the RR120 adsorption
efficiency, which happened due to the filling up of the adsorption
centers of RH8-3 with too high initial concentrations of RR120.

The influence of temperature on the adsorption efficiency and
capacity is indicated in Figure 8d. It is obvious that the RR120
adsorption increased with increasing temperature. This can be
explained that when the adsorption temperature increased, the
mobility of RR120 molecules also increased, so the adsorption
also increased. Thus, it can be concluded that the adsorption of
RR120 on the RHS8-3 material is an endothermic process. This is
also confirmed by adsorption thermodynamic parameters as
shown in Table 3. According to Table 3, the negative value of
Gibbs free energy (AG < 0) indicates that the adsorption RR120
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on RHS8-3 was a spontaneous physical state, while a positive
value of enthalpy (AH > 0) exhibited the heat required for the
adsorption system. These denote that the adsorption phenom-
enon was endothermic, and the positive value of entropy (AS >
0) demonstrates an increase of the disorder at the solution/
adss70rbent interface during the adsorption of RR120 on RHS-
3.

In addition, the adsorption reaction was correlated by four
kinetic models, including pseudo-first-order (PFO), pseudo-
second-order (PSO), intraparticle, and Elovich kinetic models,
with the parameters displayed in Table 4 and Figure 9. It can be
noted that the PSO model gave the highest value of the
coefficient of determination (R*) in comparison to that of the
PFO, the intraparticle diffusion, and the Elovich models.
Therefore, the PSO kinetic model fitted better the experimental
result of adsorption. It means that RHS8-3 possessed a strong
affinity to RR120 in aqueous media, and the adsorption kinetics
was favorable with adsorption onto active sites.>® Additionally,
the rate of the adsorption equilibrium of RR120 onto RHS8-3
(k,) was 0.0016 mg g~ min~". This shows a tendency toward
physisorption, implying that the interaction between the
electrostatic forces of RR120-SO;™ ions and the surface of the
adsorbent was similar to the mechanism reported by refs 59 and
60. Based on the PSO equation, the equilibrium adsorption
capacity was 136.612 mg g~ ', which was much bigger than those
for other models.

Additionally, to describe the adsorption onto active sites,
Langmuir, Freundlich, Temkin, Dubinin—Radushkevich, Hal-
sey, Harkins—Jura, and BET models were used.®""®> The results
are illustrated in Figure 10, while the calculated parameters are
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mechanism of RR120 adsorption on RHS8-3.

shown in Table 5.

The R? parameter (indicated in parentheses)

for each model was in the order Langmuir isotherm (0.9972) >
Temkin isotherm (0.9463) > Freundlich isotherm (0.8977) and
Hasley isotherm (0.8977) > Dubinin—Radushkevich isotherm
(0.8534) > Harkins—Jura isotherm (0.7508) > BET isotherm
(0.4711). This suggests that the Langmuir isotherm is the best
for fitting the experimental data, indicating the adsorption of

RR120 as a mono

layer on the homogeneous surface of RHS-3

and each active site of RH8-3 providing the same affinity for the

adsorbate molecul

es. From Table S, the R; value was calculated

by replacing the K| value in the equation R, = 1/(1 + K X C,),

where C, is the highest initial solute concentration. The value of
0 < R; =0.02 < 1 illustrates that the physical adsorption process
was favorable. Several RR120 molecules are adsorbed on the
active sites via electrostatic attractions and hydrogen bonding or
intraparticle diffusion and surface diffusion. Thus, it can be
concluded that on the surface of RH8-3, there was monolayer
adsorption on various active sites by physisorption. In addition,
the maximum adsorption capacity (gm.) of RR120 on RH8-3
was calculated from the Langmuir equation. The result of g,
was 156.25 mg g_l, which is higher than those obtained from
other models as shown in Table 5. For comparison, the g,
values of the RR120 dye on the RHS8-3 and some other
adsorbents in the previous literature are summarized in Table 6.

As

expected, RHS8-3 exhibited a reasonably higher g, value

than that of most other adsorbents in the literature. Therefore, it
was foreseen that the porous carbon derived from rice husk can
serve as a promising adsorbent for the treatment of water
containing colored substances.

3.3. Stability of the Prepared Adsorbent. The influence

of pH, reusability, and coexisting organic and inorganic materials

on

the adsorption of RR120 by RH8-3 was then considered.

Figure 11 shows the effect of pH on the stability of the
adsorbent. Before adsorption, RH8-3 had a porous structure
with a diameter of several micrometers, which was kept stable
after the adsorption of RR120. As can be seen in FT-IR analysis,
the peak at 3456 cm™" (presence of the OH stretch group) was
shifted slightly to 3335.33 cm™" after binding RR120. The peaks

at

around 2992.30 and 2853.33 cm™! showed the existence of

the CH stretch in both RH8-3 and RH8-3-RR120. Similarly, the
peak at 1636.05 cm™' for the C=C asymmetric stretch
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decreased softly to 1566.94 cm™ when RR120 was absorbed on
the RHS8-3 surface. However, there were new peaks at 1384.62
cm™, corresponding to the SO stretch groups,ég’69 which were
absent in the spectra of the native RHS8-3. Moreover, the peaks
observed at 1080 and 1083 cm™" attributed to the Si—O—Si
stretch and 658.91 and 663.68 cm™ attributed to Si—H can be
seen in both RHS8-3 and RHS8-3 after RR120 adsorption.
Therefore, the SEM images and FT-IR spectra proved that the
structure and functional groups of RH8-3 were kept stable after
the adsorption process at intensive pH.

Additionally, the effect of the coexisting organic and inorganic
materials and the number of recycles for the adsorption of
RR120 by RHS8-3 were also characterized. As can be seen in
Figure 12, the adsorption declined slightly from 97.59% and
53.04 mg g~' for RR120 to 96.41% and $1.78 mg g~' for RR120
with other components with the presence of Na*, Ca**, and citric
acid. In addition, the effectiveness decreased slowly from 97.59
to 90.81, 83.14, 73.02, and 51.80% after using the material five
times. Similarly, the adsorption capacity also reduced from 53.04
to 48.49, 44.40, 38.99, and 27.66 mg g_l. These results proved
that the stability of RH8-3 was high, although the adsorbent was
used at a very intensive pH and the appearance of other
components had little impact on adsorption.

3.4. Adsorption Mechanisms. According to the analytical
results from the {-potential, isotherm, and kinetic models, the
adsorption mechanism of RR120 on RHS8-3 is proposed in
Figure 13. As discussed in the {-potential section, RR120 was
dissociated into RR120-SO;~ and Na* in an aqueous solution.
At the same time, the surface of RH8-3 was charged positively at
pH 2. Thus, the adsorption process occurred by the electrostatic
attraction between Si°* on the surface of RH8-3 and SO;~ of
RR120.”° However, a significant amount of RR120 being
adsorbed still occurred at higher pH values (pH > 2), although
the highly negative surface of RH8-3 was not beneficial for the
adsorption due to electrostatic repulsion. Thus, other
adsorption mechanisms rather than electrostatic interaction
are responsible for the RR120 adsorption by RH8-3.”" In this
case, RR120 adsorption onto RH8-3 could be partly attributed
to hydrogen bonds among —NH groups of RR120 and O of SiO,
on the surface of the adsorbent, which was illustrated by the shift
of the —OH peak from 3456 to 3335.33 cm™" and the intensity
increase in the —NH peak at 2361.75 cm™ (Figure 11). In
addition, the results from the Langmuir isotherm and pseudo-
second-order model also demonstrated that the adsorption of
RR120 on the RH8-3 surface takes place as a monolayer by
diffusion of dye molecules onto active sites on the surface of the
mesopores.””

4. CONCLUSIONS

The biomass rice husk-derived porous SiO,/C nanocomposites
were successfully prepared via rapid annealing, quenching, and
grinding techniques with a high surface area of 521.35 m* g™!
and a large pore volume of 52196 cm® g~'. The results
confirmed that at pH 2, a contact time of 90 min, an adsorbent
dosage 0f 0.03 g, an RR120 initial concentration of approx. 93.78
mg L™, and a temperature of 40 °C, around 93% of RR120 was
adsorbed. The Langmuir isotherm was the best-fitted model for
the adsorption of RR120 onto RH8-3 with a maximum
adsorption capacity of 152.51 mg g~', whereas the pseudo-
second-order one was the most suitable model to describe the
equilibrium of the adsorption process. The presence of other
compounds also did not affect much the removal and adsorbed
amount of RR120 on RHS8-3. After recycling five times, the
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performance still remained at about 51.8% and 27.66 mg g™
The FT-IR and SEM results also proved that the adsorbent was
still stable, although it was applied at a very intensive pH value.
Therefore, this novel, simple, and effective technology could
provide a clean and sustainable way to utilize rice husk for mass
production of SiO,/C nanocomposites in practical applications.
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