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e Carbonized rice husk (CRH) was used
for adsorption-based removal of dye
molecules.

e The adsorption kinetics was governed
by the pseudo-second-order model.
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Handling Editor: CHANG MIN PARK Environmental remedies, including adsorption-based water purification, are now being asked to meet the

requirement for a low-carbon circular economy requiring low energy and low material consumption. In this

Keywords: regard, we tested the possibility of regenerating adsorbents via cold plasma (CP) treatment for less use of ad-
Biochar sorbents and no washing solution. In the adsorption of methylene blue (MB) using carbonized rice husk (CRH)
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and five successive regeneration cycles by CP treatment, the removal efficiencies were maintained at a moderate
level (~70% of the initial performance), unlike five consecutive adsorption without CP treatment (~9-13% of
the initial performance). The regeneration of CRH by CP treatment was also double-checked by the FESEM, EDS,
BET, FTIR, XPS, and surface zeta potential measurements. The successfully recovered adsorption capability is
related to the remediation of adsorption sites. It is also worth noting that the required power consumption for
recycling by CP treatment was about 6.4 times lower than carbonizing new rice husks. This work provides in-
sights into recovering adsorbents using CP without rigorous, costly, and energy-intensive processes.

* Corresponding author. Department of Bionanotechnology and Bioconvergence Engineering, Jeonbuk National University, 567 Baekje-daero, Deokjin-gu, Jeonju,
54896, Republic of Korea.
E-mail address: jaewoolee@jbnu.ac.kr (J. Lee).

https://doi.org/10.1016/j.chemosphere.2022.136638

Received 18 July 2022; Received in revised form 19 September 2022; Accepted 25 September 2022
Available online 29 September 2022

0045-6535/© 2022 Elsevier Ltd. All rights reserved.


mailto:jaewoolee@jbnu.ac.kr
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.136638
https://doi.org/10.1016/j.chemosphere.2022.136638
https://doi.org/10.1016/j.chemosphere.2022.136638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.136638&domain=pdf

D.R. Kandel et al.
1. Introduction

Synthetic dyes are widely used in a variety of industries such as
cosmetic, paper, paint, leather, fur, and textile manufacturing industries
(Kim et al., 2022; Radoor et al., 2022). Out of many dyes, methylene
blue (MB) is one of the most commonly used cationic dyes in chemical
industries for analytical purposes and in the textile industry to dye
wools, silk, and cotton (Kim et al., 2014; Toriello et al., 2020; Radoor
et al., 2021Db). In spite of its great versatility in various applications,
long-term exposure to MB causes skin irritation, breathing difficulty,
mental confusion, nausea, vomiting, and diarrhea (Santoso et al., 2020).
Therefore, the removal of MB from water sources is necessary to guar-
antee our health and safety while preserving an aqueous environment.
Among various water and wastewater treatment processes to handle dye
pollutants (Nie et al., 2020; Toriello et al., 2020; Ibrahim et al., 2021; Li
et al., 2022; Mahmoudi et al., 2022), adsorption is one of the most
promising and effective methods to remove MB from contaminated
water because of its beneficial features such as easy operation, low cost,
higher efficiency, and recyclability (Jun et al., 2020a; Jun et al., 2020b;
Radoor et al., 2021a; Nandi et al., 2022).

For MB removal, carbon materials and transition metal compounds
(e.g., TiOg, MnOy, MnTiO3, WO3, Fe304, Lag02,CO3, and ZnFe,0y4, etc.)
have generally been applied for adsorption and adsorption/degradation
of MB molecules, respectively (Xing et al., 2011; Li et al., 2016;
Sethunga et al., 2019b; Alkaykh et al., 2020; Poudel et al., 2020).
Although transition metal compounds are benchmark catalysts for MB
removal, these materials are difficult to regenerate and remain sec-
ondary pollutants in the water treatment system (Naushad et al., 2019).
On the other hand, carbon-based adsorbents are free from the regener-
ation issue in that they are inert to regenerating agents, making them
more readily available for dye removal. Among several carbon-based
adsorbents, people have started paying attention to biochar adsorbents
obtainable from agro-wastes due to the high specific surface area, low
cost, abundant availability, and eco-friendly nature (Ahmad et al.,
2020). This fact indicates that agro-waste based adsorbents meet the
requirements (e.g., high adsorption capacity and recyclability (Babu
Poudel et al., 2022)) for excellent adsorbents. As a result, numerous
carbon sources such as rice husks and straw, barley husk, sugarcane
bagasse, orange peel, coconut bagasse, papaya peels, bamboo dust,
furniture waste char, groundnut shell, walnut shell, almond shell,
apricot stone, etc. have been frequently used as biochar adsorbents for
the removal of MB in the last decade (Godlewska et al., 2017; Santoso
et al., 2020; Lim et al., 2021).

More importantly, we can facilitate the transition to a low-carbon
circular economy by utilizing agro-waste based adsorbents as waste-
to-resource strategies, which is consistent with the recent movement
toward carbon neutrality. To attain carbon neutrality, we have to reduce
the amount of carbon used for energy production in all areas (Lee and
Lim, 2021), which can be promoted by cutting down on using or pro-
ducing new products by recycling agro-waste based adsorbents. With
this in mind, recycling adsorbents can be pursued via various methods
such as chemical, steam, thermal, and biological regeneration (Ferro--
Garcia et al., 1996; Kiintzel et al., 1999; Ng et al., 2009; Guo et al.,
2020). Among the several recycling methods, chemical regeneration
using HNOs, H2SO4, HCI, NaOH, and ethanol (Lu et al., 2011; Naushad
etal., 2019; Kim et al., 2022) has been preferred and widely used since it
is faster than biological approach while causing lower mass loss than
thermal regeneration. For example, chemical agents such as NaOH, HCl,
and Hy0, have been implemented alone or in combined forms
depending on their efficiency in recovering the used adsorbents
(Rethinasabapathy et al., 2022). When it comes to other examples using
the mixture of chemical agents, Ghaedi et al. used the mixture of ethanol
and NaCl to recycle the modified mine silicate waste (Ghaedi et al.,
2022).

However, the aforementioned practical applications of chemical
regeneration methods are limited because of the high cost (Kurbus et al.,
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2002) and complex operation process (Zhang et al., 2022). Even worse,
chemical regeneration using acid/base, electrolytes, or organ-
ic/inorganic solvents inevitably leaves more hard-to-manage waste-
water behind because organic foulants persistently exist in the
regenerating chemicals after being detached from adsorbents during
chemical regeneration (Kim et al., 2022). Another problem is that
chemical regeneration is typically accompanied by the separation of
regenerated adsorbents from the regenerating chemicals, increasing the
load of the process. In contrast, an advanced oxidation process (AOP)
can be considered an alternative in that it is free from the problems
imposed by high cost, high energy consumption, and complex operation
of chemical regeneration while it is effective in removing adsorbed
organic foulants onto adsorbents and thereby regenerating used adsor-
bents without persistent residual foulants behind the removal process.
Indeed, AOPs using UV-light, H,O,, and Fenton reactions were reported
to be effective in mediating the regeneration of saturated carbon (San-
toso et al., 2020).

Among various AOPs, cold plasma (CP) treatment can be considered
one of the more suitable alternatives to the adsorbent’s regeneration due
to its several strengths such as lower energy consumption along with
faster and more efficient oxidation at room temperature and atmo-
spheric pressure independently of pH, turbidity, and the content of
organic foulants, unlike other AOPs (Kim et al., 2020, 2021, 2022; Lv
et al., 2020). Since MB is converted into NO3, SOZ~ or SO?~, and H»0
after the degradation by CP treatment, it is possible to remove the
adsorbed organic foulants onto adsorbents with lower energy con-
sumption without persistent residual foulants behind the adsorbent’s
regeneration process. Furthermore, CP treatment could be more
appropriate for the adsorbent’s regeneration than for directly oxidizing
organic foulants in water on a large scale. To be specific, if organic
foulants are widely dispersed or dissolved in a bulk solution at a large
scale, it should require a long time for direct oxidation by CP treatment
to treat the foulants. Considering that the primary oxidants such as
hydroxyl (OH-), hydroperoxyl (HO>-), oxygen (O-), nitric oxide (NO-),
and nitrogen dioxide (NOy-) radicals along with ozone (O3) and
hydrogen peroxide (H203) generated by CP processes (Jia et al., 2018;
Lee et al., 2021) are known to have a short life span (Brisset and Pawtat,
2015; Kazemi and Taghvaei, 2021), direct oxidation could be inappro-
priate at a large scale. On the other hand, the oxidation of the adsorbed
foulants onto adsorbents can drastically improve the usability of the
radical species supplied by CP treatment in that adsorption could
confine organic foulants to a small and limited space (i.e., adsorbents),
thereby remarkably reducing a working volume and facilitating radical
species to actual oxidation of foulants. Nevertheless, no work has
focused on regenerating used adsorbents using CP treatment.

With this in mind, we propose a novel approach to regenerate
carbonized rice husks (CRHs) simultaneously using a CP treatment
method. First, adsorption experiments were carried out to test the
feasibility of CP treatment for biochar regeneration. Then, their
adsorption kinetics and isotherms were studied in detail before and after
the adsorbent’s regeneration. Also, FTIR, FESEM-EDS, and XPS char-
acterizations were conducted to dig deeper into the MB adsorption by
CRH and the regeneration of the used CRH by CP treatment. Finally, the
percentage removal of the regenerated CRH was calculated during
consecutive adsorption tests after every regeneration. It was found that
CRH maintained the adsorption capacity at a comparable level to the
first adsorption even after successive regeneration processes. We hope
this work provides a new perspective for the efficient regeneration of
adsorbents by CP treatment while avoiding the formation of secondary
pollutants in the effluents.
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Fig. 1. Schematic representation for the MB adsorption and regeneration of CRH by CP treatment.

2. Materials and methods
2.1. Preparation of CRH

Rice husk was obtained from a farm in Iksan, Korea. Rice husk was
washed with deionized (DI) water several times and dried in a vacuum
oven (DF-3.5, Daeheung Science, Incheon, Korea) with a maximum
output power of 3.6 kW at 70 °C for 3 days. During the drying process,
the mass of rice husk was decreased by 17% while losing moisture.
Subsequently, 20 g of dried CRH was carbonized at 650 °C for 3 h at the
ramping rate of 10 °C min~! under N, atmosphere. The obtained per-
centage yield after the carbonization was about 36%. The as-prepared
CRH was identified to possess favorable structural characteristics (e.g.,
amorphous structure) and composition (e.g, silica and mineral ash) for
adsorption (Fig. S1, See more details in Supplementary Information).

2.2. Characterization of CRH samples

The initial, used, and regenerated CRHs were characterized to
determine the changes in the physicochemical properties of CRH after
adsorption and regeneration. The specific surface area and pore textural
properties were examined by Ny adsorption-desorption using Brunauer-
Emmett-Teller (BET; Micromeritics, ASAP 2020, USA) at 77K. The
functional groups and peak intensities of the initial, used, and regener-
ated CRHs were analyzed by Fourier transform infrared (FTIR) spec-
trometer (Frontier, PerkinElmer, USA). The presence of MB on three
types of CRHs was analyzed by X-ray photoelectron spectroscopy (XPS;
Nexsa XPS system, Thermo Fisher Scientific, UK) using monochromatic
Al-Ka (1486.6 eV). The surface images and elemental analyses of CRH
before and after adsorption were observed by a field emission scanning
electron microscopy (FESEM, Carl Zeiss, SUPRA40VP, Oberkochen,
Germany) and energy dispersive X-ray diffraction spectroscopy (EDS)
placed at the Center for University-Wide Research Facilities (CURF)
after sputter-coated with platinum for 90 s. The crystallinity of the
prepared CRH was identified by X-ray diffraction (XRD) (D8 Advance,

Bruker, Germany). The surface zeta potential of biochars was deter-
mined by the Zetasizer (ZEN3600, Zetasizer Nano ZS, UK).

2.3. Adsorption experiment

Prior to adsorption experiments, the removal efficiencies of the
initial CRH were compared at different concentrations of MB, and 10
ppm was chosen as an optimized concentration to evaluate the adsorp-
tion performance of CRH (Fig. S2). Accordingly, the rest of the adsorp-
tion experiments were performed at 10 ppm and 20 ppm. To assess the
adsorption capacity and initial removal efficiency of CRH, the adsorp-
tion experiments were carried out using 100 mL of a 10 ppm aqueous MB
(Sigma Aldrich, USA) solution along with 100 mg of CRH for 6 h. The
solution’s pH was adjusted using 0.1 M HCl and 0.1 M NaOH. A
UV-visible spectrophotometer (SP-UV1100, DLAB, China) was used in
order to determine the MB concentration after adsorption. The adsorp-
tion capacities (Q, mg g~ ) and percentage removal (%R) were deter-
mined by the following equations:

=X
m

Q A% @

G -G

% R =

x 100 (2)

where C; (mg LY and C; (mg L~1) are the initial and final concentra-
tions of MB, V (L) is the volume of an MB solution, and m (mg) is the
mass of CRH. Meanwhile, the pseudo-second-order kinetics was
employed to study the adsorption kinetics based on the following
relationship.

t 1 t

— _ 3
2 KQ Q. ®

where t is the adsorption time in minutes, K5 is the rate constant for the
second-order reaction, and Q. (mg g’l) and Q; (mg g’l) are the
adsorption capacity at equilibrium and a certain time ‘t’, respectively.
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Fig. 2. UV absorbance spectra of the (a) initial, (b) used, and (c) regenerated CRH obtained during dye removal at different times. (d) Fitting for the kinetic plot of t
versus t/Q.. Error bars mean the standard deviation obtained from three different adsorption tests.

Table 1
Parameters for the pseudo-second-order model for CRH.
Sample Parameters
Q. (mgg™) K, (g mg ™" min ") R?
Initial CRH 5.23 5.21 x 1072 0.99982
Used CRH 1.81 8.60 x 1072 0.9993
Regenerated CRH 4.03 9.62 x 1072 0.9996

2.4. Regeneration

After the adsorption, the CRH residue was thoroughly rinsed with DI
water and left to dry at room temperature overnight. After complete
drying, the used CRH was added to 100 mL of DI water and subsequently
exposed to the air containing radical species (e.g., HO2:, OH:, Oy, or
their recombination (Zeghioud et al., 2020; Sivakumar and Lee, 2022))
generated by CP at 10 mA and 2.2 W for 1 h to remove the adsorbed dye
molecules (Fig. S3, See more details on the possible pathways of MB
degradation in Supplementary Information). The radical species were
created by a lab-scale CP system (Groon Co., Ltd., Jeonju, Korea) and
supplied to the CRH mixture at 5 L min~! from an air pump (Shinh-
wahightech, ZP-25, Chungju, Korea) at 19 W. The regeneration condi-
tion was taken from the literature addressing the optimization for the
generation of plasma species (Lee et al., 2018). Fig. 1 demonstrates the
schematic representations for the adsorption and regeneration processes
of the CRH by CP treatment. The regeneration efficiency of CP treatment

O Initial CRH
O Used CRH
A Reg. CRH =
— Langmuir fitting o
- - - Freundlich fittingp

80 120
Amount of adsorbent (mg)

160

Fig. 3. Isotherm study for MB adsorption by the initial, used, and regener-
ated CRHs.
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Table 2
Parameters of the isotherm models for MB adsorption by the initial, used, and
regenerated CRHs.

Isotherm Parameters Adsorbents
del
modets Initial Used Regenerated
CRH CRH CRH

Langmuir qm (mg g™") 10.8 3.89 7.49
Ky (L mg™Y) 0.0077 0.0059 0.0086
R2 0.918 0.911 0.908

Freundlich Kr ((mg g~ ")(mg 0.27 0.05 0.19
L—l))l/n
n 0.61 0.70 0.62
R? 0.884 0.871 0.851

was calculated by the following equation (Narbaitz and Cen, 1997;
Narbaitz and Karimi-Jashni, 2009; Salvador et al., 2015).

Regeneration efficiency (%) :% x 100 “4)

i

where q; and q,are the CRH’s adsorption capacities at equilibrium before
(i.e., initial CRH) and after the regeneration of CRH (i.e., regenerated
CRH). For the consecutive removal efficiency and regeneration test, we
used 250 mg of CRH along with 250 mL of 10 and 20 ppm MB solutions
and monitored the removal efficiencies for 8 h, followed by the regen-
eratioln by CP for 1 h supplying the air including radical species at 5 L
min~ .

3. Results and discussion
3.1. Kinetics of MB adsorption by the initial, used, and regenerated CRHs

The adsorption kinetics (60-360 min) were studied for the initial,
used, and regenerated CRHs samples in order to determine their
adsorption performance and regeneration efficiency of CP treatment. As
shown in Fig. 2(a), the initial CRH demonstrated a desirable adsorption
capacity of 5.23 mg g~ ! for the MB, which is similar to the performance
reported in the previous literature (Han et al., 2007; Chowdhury et al.,
2009; Yan et al., 2016; Hummadi et al., 2022). After once-used CRH was
rinsed only with DI water, the used CRH’s adsorption capacity was
significantly reduced to 1.81 mg g’1 (Fig. 2(b)). This result infers that
rinsing with DI water was not enough to fully regenerate the used CRH’s
adsorption capacity. In contrast, the regenerated CRH by CP treatment
exhibited that its adsorption capacity of 4.03 mg g~ ' was maintained at
a comparable level (Fig. 2(c)).

To gain a deeper insight into the adsorption kinetics, the pseudo-
second-order model was employed for quantitative comparison. From
the calculations, the experimental data were best fitted with the line-
arized pseudo-second-order model (Fig. 2(d)). The rate constant (K3),
regression coefficient (Rz), and adsorption capacity (Qe) for the initial,
used, and regenerated CRHs were calculated and presented in Table 1.
The values of R? were close to 1 for all the cases, implying that the
adsorption kinetics is governed by the pseudo-second-order model.
Generally, if adsorption kinetic data were well fitted with the pseudo-
second-order model, the adsorption is known to be controlled by
chemisorption due to the adsorbent-adsorbate interaction as a rate-
determining step rather than mass transfer (Albadarin et al., 2017;
Panao et al., 2019; Fang et al., 2021). As conventional wisdom suggests,
chemisorption could occur in the MB adsorption using CRHs, consid-
ering that the prepared CRH contained adsorption sites consisting of
silica or oxygen-functional groups capable of bringing about electro-
static attractions of cationic MB molecules. Note that chemisorption
typically involves both covalent bond sharing electrons and ionic bond
exchanging electrons (e.g, electrostatic attraction) between adsorbent
and adsorbate (Wu et al., 2022).

More importantly, the higher Q. value of the regenerated CRH than
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the used CRH signifies that many sites available for adsorption on the
CRH were successfully regenerated by CP treatment. On the contrary, a
significant area of the adsorption sites on the used CRH was estimated to
be occupied by the previously adsorbed dyes, ending up aggravating the
adsorption capacity of the used CRH. From the above analysis, we could
draw a conclusion that CP treatment effectively regenerated the used
CRH by removing the pre-adsorbed dyes and rehabilitating the
adsorption sites while rinsing with DI water just partially detached the
adsorbed dyes and thus was not enough to fully regenerate the used
CRH.

3.2. Isotherm study for MB adsorption by the initial, used, and
regenerated CRHs

Apart from the pseudo-second-order model, the isotherm study for
MB adsorption by the initial, used, and regenerated CRHs was performed
by varying the amount of the adsorbents (20-160 mg) to further verify
whether the regenerated CRH possesses a comparable adsorption ca-
pacity to the initial CRH, unlike the used CRH. Two adsorption isotherm
models, namely Langmuir and Freundlich, were used to investigate the
adsorption processes based on equations (5) and (6), respectively
(Poudel et al., 2021).

_ q,KLCe
Q.= 1+K.C. ®)
Q. =KsC.'" 6)

where Q, (mg g~ 1) is the adsorption capacity at equilibrium, q,, (mg g 1)
is the maximum adsorption capacity, C. (mg L’l) is the adsorbate
concentration at equilibrium, K; (L mg™') is the Langmuir constant
related to the adsorption energy, and Kg ((mg gfl)(mg L))" and nare
Freundlich constants related to the adsorption capacity and adsorption
intensity, respectively. The nonlinear fitting for the MB adsorption by
the initial, used, and regenerated CRHs was provided in Fig. 3 along with
the detailed nonlinear regression parameters (Table 2). The adsorption
capacities for all the adsorbents elevated sharply with an increase in the
amount of adsorbent and progressively achieved equilibrium. However,
the adsorbent particles appeared to agglomerate as the adsorbent dose
went beyond 100 mg, decreasing the adsorption sites and adsorption
capacity, as described in the previous literature (Brice et al., 2021). This
phenomenon can also be explained in terms of overlapping or aggre-
gation of adsorption sites and the resulting reduction in the available
specific surface area at a higher amount of adsorbent (Srivastava et al.,
2008). The nonlinear fitting occurring due to the agglomeration at a
higher concentration of CRH demonstrated that the correlation coeffi-
cient (R?) for the Langmuir model was best fitted for all types of the
CRHs (Table 2), suggesting monolayer adsorption of MB (Mpatani et al.,
2020).

More importantly, according to Table 2, the used CRH’s maximum
adsorption capacity was around one-third of the initial CRH’s one or
smaller than that, whereas the regenerated CRH’s adsorption capacity
was recovered at about 70% of the initial one. This significant difference
between the adsorption capacities of the used and regenerated CRHs is
estimated to result from the adsorption sites properly regenerated by CP
treatment, as discussed in Section 3.1. To confirm whether the compa-
rable adsorption capacity of the regenerated CRH stemmed from the
rehabilitated adsorption sites by CP treatment, the BET characterization
(Fig. 4) was carried out in order to determine the changes in the
adsorption sites by the MB adsorption and CP treatment. As shown in
Table 3, the used CRH exhibited a much smaller specific surface area and
pore volume than the initial CRH, which is attributed to the surfaces and
pores occupied by MB molecules. In stark contrast, the regenerated
CRH’s specific surface area and pore volume were kept at around 75% of
the initial CRH, obviously supporting our previous hypothesis that CP
treatment effectively removed the adsorbed MB molecules and
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Fig. 4. N, adsorption-desorption isotherms and BJH plots for (a, b) initial, (c, d) used, and (e, f) regenerated CRH.

Samples BET surface area (m? g~')  Average pore volume (cm® g~1)
Initial CRH 161 0.104
Used CRH 4.37 0.017
Regenerated CRH 124 0.077

successfully regenerated the used CRH.

3.3. Further investigations to dig deeper into the changes occurring during
MB adsorption and CRH regeneration

The FTIR spectra of the initial, used, and regenerated CRHs were
obtained in order to determine the change in the surface functional
properties of CRH before and after regeneration (Fig. 5). First, the most
eye-catching peaks in the initial CRH were the multiple peaks at
400-1100 cm ™! (Fig. 5(a)) assigned to the Si-related functional groups
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Fig. 5. FTIR spectra of the initial, used, and regenerated CRHs.

Sample Frequency Assignment Ref.
(em™)
Initial CRH 429 Stretching of vibration Nemaleu et al. (2021)
mode of Si-O
788 Si-O-C stretching Bakdash et al. (2020)
vibration
1047 Asymmetric stretching You et al. (2021)
vibration of Si-O-Si
1567 C=C vibration in Patawat et al. (2020)
aromatic rings
Used CRH 462 Si-0-Si bending Adam et al. (2013)
vibration
794 CH3 rocking in Si—-CHj3 Sethunga et al.
(2019a)
Deformation and Adam et al. (2013)
bending modes of
Si-O-Si
1074 Si-O-Si stretching (Adam et al., 2013;
Sethunga et al.,
2019a; Bakdash
et al., 2020)
2919 C-H stretching Phan et al. (2017)

Regenerated 464
CRH
798

1095

3333

vibration of the methyl
group of MB

Si-0O-Si bending
vibration

CHS3 rocking in Si—-CHj3

Si-O bending
Deformation of Si-O-Si
Asymmetric stretching
vibration of Si-O-Si
C-O stretching in
alcohols, esters,
phenols, and carboxyl
acids

Aromatic C-H in-plane
deformation

-OH group

Adam et al. (2013)
Sethunga et al.
(2019a)

Bakdash et al. (2020)
Adam et al. (2013)
You et al. (2021)

Patawat et al. (2020)

Patawat et al. (2020)

Hu et al. (2008)

(Bakdash et al., 2020; Nemaleu et al., 2021; You et al., 2021) listed in
Table 4. It is evident from these FTIR peaks that the initial CRH con-
tained silica capable of adsorption. Next, the used CRH’s FTIR peak
assigned at 2919 em™! (Fig. 5(b)), which represents the C-H stretching
vibration of the methyl group of MB (Phan et al., 2017), also supports
that the initial CRH containing silica successfully adsorbed MB dye
molecules. Note that the peak at 2919 cm ™! appeared in the used CRH’s
FTIR spectrum, whereas it was not observed in the initial CRH’s one.

Meanwhile, the peaks assigned to the Si-related functional groups
(Adam et al., 2013; Sethunga et al., 2019a; Bakdash et al., 2020; You
etal., 2021) were also observed in the used and regenerated CRHs (Fig. 5
(a)), demonstrating that silica persistently existed even though it went
through adsorption and CP treatment. This fact signifies that we could
keep utilizing silica in the prepared CRH for adsorption if we regenerate
the used CRH by removing the adsorbed dye molecules via CP treatment.
More intriguingly, the intensity of the peak assigned at 1095 cm™!
became more prominent in the regenerated CRH than in the initial CRH.
The increase in the regenerated CRH’s peak intensity at 1095 cm™! is
thought to stem from the additional contribution by the oxidation of the
used CRH by CP treatment, given that the peak at 1095 cm™! is also
assigned to the aromatic C-H in-plane deformation and C-O stretching
(Patawat et al., 2020). In other words, the increased peak intensity at
1095 ecm ™! could be evidence demonstrating that the used CRH was
adequately oxidized by CP treatment. Another evidence of the used
CRH’s oxidation is the -OH group at 3333 em™! (Huet al., 2008), which
appeared after CP treatment (Fig. 5(b)). The OH peak also strongly
suggests that the used CRH was oxidized by CP treatment generating
hydroxy radicals. However, it does not necessarily mean that the
changes in the FTIR peaks assigned at 1095 and 3333 cm ™! also prove
the removal of MB molecules adsorbed onto the used CRH by CP
treatment (i.e., regeneration of the used CRH) because the peak assigned
to the methyl group of MB (2919 cm™!) overlaps the broad OH peak
(Fig. 5(b)), blurring the distinction between the persistent presence and
removal of MB.

For that reason, the XPS spectra of the initial, used, and regenerated
CRHs have been additionally investigated to further verify the removal
of the adsorbed MB molecules onto the used CRH and the resulting
regeneration of the used CRH. As shown in Fig. 6(a), the peak intensity
of the N 1s spectrum for the used CRH was relatively very high, which is
due to the MB adsorbed on the used CRH. On the other hand, the peak
intensity was significantly reduced for the regenerated CRH, signifying
that the adsorbed MB molecules were removed after CP treatment.
Similar trends can be observed in the S 2p HRXPS spectra (Fig. 6 (b)) and
the surface zeta potential measurements (Fig. S4, See more details in the
Supplementary Information). Furthermore, FESEM analysis and EDS
mapping were performed to examine the elemental distribution of C, O,
Si, N, and S of the used and regenerated CRHs to double-check the MB
removal by CP treatment. FESEM images (Fig. 7(a)-7(c)) revealed that
all types of CRH were porous in macroscopic morphologies. Also, the
porous structure was maintained while the prepared CRH experienced
adsorption and CP treatment, implying that the CRH’s adsorption ca-
pacity is less likely to change significantly due to structural variation.
Meanwhile, the EDS mapping and corresponding EDS spectra analysis
revealed the presence of N and S after MB adsorption (Fig. 7(d)), which
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Fig. 6. HRXPS spectra for (a) N 1s and (b) S 2p for the initial, used, and regenerated CRHs.
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Fig. 7. FESEM images of the (a) initial, (b) used, and (c) regenerated CRH. (d) Element mappings of the used CRH. EDS elemental profiles of the (e) used and (f)
regenerated CRH. (g) Element mappings of the regenerated CRH.
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Table 5

List of types of regenerating agents for different adsorbents (for MB adsorption)
and their regeneration efficiency (% RE) (taken only for first cycle of
regeneration).

Adsorbents Regenerating

agents or methods

Regeneration Ref.
efficiency (%)

Cellulose nanofibrils HCI (0.1 M) ~80.0 Chan et al.
(2015)
Iron oxide/SiOy Thermal annealing ~89.0 Hong et al.
(450 °C/air) (2019)
Iron — activated carbon H,S04 (0.1 M), 90 +5 Shah et al.
NaNO3 (0.01 M) (2015)
and NaOH (0.1 M)
Silica nanofiber/Fe304/ H20, (30%)/HNO3 96.0 Li et al.
porous silica composite (0.01 M) (2018)
Michelia figo Thermal treatment ~62.0 Guo et al.
(160 °C/limited (2020)
air)
Bentonite clay Thermo-chemical 70.0 (Momina
(160 °C/HCI) et al.,
2019)
Sugarcane bagasse- Ethanol (75%) and 86.0 Mpatani
p-cyclodextrin HCI (0.1 M) et al.
(2020)
Mny 6Zno.4Fe204@SiO2 H20, (3 wt%) 94.44 Yu et al.
(2021)
NiO/Sepiolite Thermal treatment 74.0 Gao et al.
(400 °C) with gas (2022)
(0,) flow (6L
min~1)
CRH CP ~77% This work

is consistent with the previous literature (Ahmad et al., 2020) as well as
the trend observed in the XPS spectra. Given that MB contains N and S
whereas CRH does not, the measured N (0.81 wt%) and S (0.15 wt%)
signals in Fig. 7(e) are highly likely to arise from the adsorbed MB
molecules. On the other hand, decreased N (0.1 wt%) and insignificant S
(0.03 wt%) signals were identified after an hour of CP treatment for
regeneration of CRH (Fig. 7(f)). This result strongly supports that the
adsorbed MB molecules would be removed during CP treatment, and
thus the used CRH was successfully regenerated by the oxidation. Also,
the reactive oxygen species released during CP treatment brought about
a noticeable increase from 15.85 wt% to 19.27 wt% in the O content
(Fig. 7(e) and (f)). This information also further supports that the used
CRH was oxidized during CP treatment.

3.4. Comparison of the regeneration efficiencies of CP treatment with
other regeneration technologies

To weigh up the regeneration capability of CP treatment, we tried to
compare the recovered adsorption capacity by CP treatment with the
regeneration efficiencies of other approaches such as thermal and
chemical regeneration methods. Table 5 shows various kinds of used
adsorbents, the regeneration conditions of the used adsorbents, and
their regeneration efficiencies at the first cycle. As shown in Table 5, CP
treatment was found to be at a moderate level (~77%) as compared to
the regeneration efficiencies (62.0%-96.0%) of other regeneration
technologies. Such a comparable regeneration efficiency of CP treatment
is expected to make CP treatment more readily available for adsorbent
regeneration upon consideration that it does not require high energy
consumption like thermal regeneration but lessens environmental and
operational burdens imposed by the separation and post-treatment of
persistently remaining pollutants in cleaning agents used for chemical
regeneration. To directly evaluate the actual regeneration effectiveness
of CP treatment, we also measured the removal efficiency of the CRH
treated by various kinds of regeneration methods in person. According
to the result (Fig. 8), the regenerated CRH by CP treatment showed a
comparable removal efficiency to that by HCl treatment, while CP
treatment was superior to thermal and NaOH treatments. Overall, we
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believe it is not too much to say that CP treatment is one of the enticing
options to recover varieties of adsorbents after MB adsorption.

3.5. Repetitive regeneration of the used CRH by CP treatment

As evidenced by the kinetic study, CP treatment was effective in
regenerating used adsorbents. To further verify the regeneration capa-
bility of CP treatment during repetitive uses, five adsorption and
regeneration cycles were additionally carried out with 0.25 g of CRH
and two different concentrations (10 and 20 ppm) of MB solutions. Five
consecutive adsorption tests using CRH were also performed without CP
treatment to confirm whether the adsorption capability of the used CRH
varies depending on CP treatment. As shown in Fig. 9(e), the CRH’s
removal efficiency of 10 ppm MB dropped from 54.2% to 14.2% at the
first reuse without CP treatment and was reduced to 6.8% after five
times reuse without CP treatment. It was the case for the removal effi-
ciency of 20 ppm MB, which is evidenced by the fact that the removal
efficiency dropped from 50.8% to 9.1% at the first reuse and decreased
by 4.4% after five times reuse without CP treatment (Fig. 9(f)). By turns
adsorption and CP treatment, however, the regenerated CRH showed a
comparable removal efficiency (50.2% and 49.0% for 10 and 20 ppm
MB) at the first reuse with CP treatment (Fig. 9(e) and (f)). Also, the
removal efficiency was maintained at a moderate level (38.0% and
34.7% for 10 and 20 ppm MB) during five consecutive adsorption tests.

The stark contrast in the adsorption capacity stems from whether the
previously adsorbed dye molecules were adequately removed before
reuse and thereby adsorption sites were rehabilitated for next use. Ac-
cording to Kim et al. (2022), an adsorption capacity could decrease if the
reused adsorbent’s adsorption sites were still occupied by previously
adsorbed pollutants. Likewise, the used CRH kept losing its adsorption
capacity as more adsorption sites were progressively occupied by dye
molecules during recurring adsorption without CP treatment. On the
other hand, when CP treatment was conducted between the consecutive
adsorption tests, the previously adsorbed dye molecules were removed
before the next use. As a result, the regenerated CRH revealed a rela-
tively slight decrease in the removal efficiency. The slight reduction in
the removal efficiency was estimated to arise from irreversible adsorp-
tion. Note that structural deformation is less likely to cause irreversible
adsorption in that there were no noticeable damages in the morphol-
ogies after five cycles of adsorption and regeneration (Fig. S5). Never-
theless, CP treatment is better than reusing adsorbents without
regeneration, considering that CP treatment could further lessen the
environmental burden imposed by released pollutants by providing a
sustainable way to recycle adsorbents.

Lastly, CP treatment made the adsorption-based water treatment
using biochars more energy- and resource-efficient by recycling used
CRH. Specifically, the required power consumption to regenerate used
CRH by CP treatment was 85 Wh per g CRH. This power consumption is
almost negligible upon consideration of the power consumption
required to carbonize rice husk to produce CRH (540 Wh g~ 1), which is
necessary when used CRH cannot be reused while having to produce
new CRH. Even considering the required energy and resources during
harvesting fresh rice husk, their transportation, pre-treatment, etc., the
feasibility of CP treatment-based recycling is assumed to be much more
highly valued than the simple comparison between the power con-
sumption. In this regard, we could conclude that recycling used biochars
by CP treatment is environmentally friendly and practical in that it can
enable us to rehabilitate the water environment while recycling re-
sources at low energy and resource consumption. Furthermore, it is
worth exploring the regeneration efficiency and economic feasibility of
CP treatment at a large scale for future work.

4. Conclusion

In summary, we proposed a novel strategy for the regeneration of
carbonized rice husks (CRHs) after the adsorption of MB. Cold plasma
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Fig. 8. UV absorbance spectra of adsorption tests using (a) 10 ppm and (b) 20 ppm MB along with the CRH treated by various kinds of regeneration methods.
Removal efficiencies of (¢) 10 and (d) 20 ppm MB obtained with the CRH treated by various kinds of regeneration methods. For chemical regeneration, 0.1 M HCl and
NaOH were used, while thermal regeneration was performed at 100 °C. All the regeneration methods including CP treatment were conducted for 1 h for

the comparison.

(CP) treatment showed favorable performance in the regeneration of
CRH by generating active radical species capable of removing MB. The
calculated Q. values for initial (5.23 mg g’l), used (1.81 mg g’l), and
regenerated (4.03 mg g~1) CRHs suggest the successful recovery of CRH.
FTIR, BET, XPS, and EDS analyses demonstrated the regeneration of
CRH by CP treatment by revealing that functional groups and elements
related to MB disappeared from the used CRH after CP treatment.
Thanks to the regeneration by CP treatment, CRH could maintain its
removal efficiency at a moderate level (~70% of the initial perfor-
mance) till the fifth recycle, unlike five consecutive adsorption without
CP treatment (~9-13% of the initial performance). The great potential
for the adsorbent regeneration was achieved by effectively removing
pre-adsorbed MB by CP treatment and rehabilitating adsorption sites. It
is also worth noting that the power consumption required to recycle
used CRHs by CP treatment was about 6.4 times lower than carbonizing
new CRHs, demonstrating the feasibility of recycling biochars by CP
treatment. We hope this work could provide insights into an eco-friendly
method to regenerate and reuse a variety of adsorbents.
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