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Abstract This study presents a method that will allow for the sustainable utilization of rice husk

ash-SiO2 (RHAS), an agricultural-waste–derived material, as a bulky solid SiO2 source in the zeolite

beta (BEA)/Fe3O4 composite (magnetic RHAS-BEA) synthesis via a dry-gel conversion method for

the removal of paraquat, a typical herbicide, from aqueous solutions. Ultrasonic waves were used to

facilitate the formation of uniform Fe3O4-contained dry precursor gel before converting to the mag-

netic BEA zeolite composite for the first time. Magnetic RHAS-BEA was then characterized and
ro-cho,
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compared with a non-magnetic sample (RHAS-BEA) using X-ray diffraction and field-emission

scanning electron microscopy. In terms of adsorption, we found that paraquat had a high adsorp-

tion rate on the samples and conformed to a pseudo-second-order kinetic model. The adsorption

behavior of paraquat on the synthesized RHAS-BEA and magnetic RHAS-BEA obeyed the Lang-

muir adsorption isotherm model. The synthesized adsorbents were reusable for at least four cycles,

via thermal regeneration at 450 �C. The inclusion of Fe3O4 particles in magnetic RHAS-BEA dis-

rupted neither the crystallization of the BEA zeolite nor the adsorption of paraquat and enabled

easy collection via an external magnet.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Paraquat, one of the many commercial names of 1,10-dimethyl-4,40-b
ipyridinium dichloride, is a widely used bipyridyl herbicide because

of its non-selectivity and cost-effectiveness. However, paraquat has

been banned in several countries due to its deleterious effects on the

health of a variety of organisms (including humans). Specifically,

chronic exposure to this chemical can damage various organ systems,

tissues, and cells (including kidney, liver, and neurons), culminating in

a wide-range of cancers (such as skin, brain, and breast); in severe

cases, it can eventually result in death (Huang et al., 2019b;

Kouchakinejad et al., 2022). Agricultural areas in which paraquat is

used excessively are characterized by an accumulation of paraquat resi-

dues in the soil. Owing to their high solubility, these residues migrate

to groundwater and surface water, damaging the ecological integrity

of various habitats and negatively impacting human and animal health

(Fernandes et al., 2017). In previous studies, paraquat contamination

in soil was found in the range of 0.1525–14.4366 mg/kg in Indonesia

(Ardiwinata et al., 2021), whereas the contamination level in the sur-

face water of Thailand and Spain was 1.5–18.9 and 3.95–87 mg/L,
respectively, and that in groundwater in Thailand was 1.5–18.9 mg/L
(Franco et al., 2022). To address these environmental and health con-

cerns, methods that will facilitate the removal of paraquat from water

must be developed.

Adsorption is an effective physical approach for treating water

contaminated with pesticides and other organic pollutants. To date,

various adsorbents with diverse structures, porosities, and pore and

particle sizes have been developed to specifically target certain pollu-

tants (Saleh et al., 2020). Several adsorbents have been developed

and applied for the removal of paraquat from water; these adsorbents

include clays, zeolites, mesoporous SiO2, graphene oxide, activated

carbon, and biopolymers. These materials have recently been summa-

rized in a review article (Franco et al., 2022) and have shown good

adsorption, ranging from a few milligrams to hundreds of milligrams

of paraquat per gram of adsorbent. However, sustainable and environ-

mentally friendly adsorbents for herbicide removal are yet to be devel-

oped. Synthetic zeolites, a group of microporous crystalline

aluminosilicate compounds consisting of SiO4/2 and negatively charged

[AlO4/2]
� tetrahedra, are of special interest because of their unique

adsorption properties stemming from their uniformly sized pores and

tunable hydrophobicity/hydrophilicity, which can be controlled by

adjusting the Si/Al ratio and synthesis conditions. Porous frameworks

with large surface areas and negatively charged Al sites make zeolites

outstanding adsorbents and cation exchangers for capturing organic

compounds and cations. Specifically, zeolite beta (BEA) is one of the

most widely used zeolites because of its large three-dimensional pore

system (pore size: 0.76 � 0.64 and 0.55 � 0.55 nm), high thermal sta-

bility, and acidity (Bok et al., 2020). Therefore, it is a good candidate

for the environmentally friendly removal of paraquat (Rongchapo

et al., 2013).

Furthermore, composites of zeolites and magnetic particles facili-

tate easy collection after use by attracting the composite particles to

a magnet (Loiola et al., 2022). Zeolite/magnetic material composites
are commonly synthesized by crystallizing zeolites in the liquid phase

in the presence of magnetic particles via conventional hydrothermal

synthesis. However, the incorporation of magnetic particles into zeolite

crystals is not ensured because the crystallization of zeolite cannot be

controlled to occur in the vicinity of magnetic particles; instead, it

occurs in randomly in a solution. To address this issue, our research

group recently proposed and succeeded in synthesizing a BEA-type

zeolite/magnetite (Fe3O4) composite via dry-gel conversion (DGC)

for the first time (Phouthavong et al., 2020). In the DGC method, a

uniform dry gel containing well-dispersed magnetic particles is pre-

pared by drying a magnetic-particle-suspended zeolite precursor solu-

tion that is crystallized into zeolite using high-pressure hot water vapor

in a sealed autoclave. The high uniformity of the gel resulted in a zeo-

lite product with a uniform and good incorporation of magnetic par-

ticles. Moreover, the incorporation of magnetic particles had no

effect on the crystallinity of the BEA zeolite, which showed high catio-

nic dye adsorption performance and magnetic separability. The DGC

method has several advantages, which are as follows: a lower reactor

volume, high conversion rate (high yield), and less waste generation

because no washing is required during the collection of the product.

Asian countries such as China, India, Indonesia, Bangladesh, Viet-

nam, Thailand, Myanmar, the Philippines, and Japan produced over

80 to 1.5 of billion tons paddy and milled rice in the 2010 s (FAO,

2022), accounting for approximately 90% of the global product share.

Therefore, these countries produce a large amount of rice husk (RH)

(i.e., agricultural waste). RH can be used as a fuel to generate energy

owing to its high heating value (Steven et al., 2021). The ash that is pro-

duced after RH is burnt is considered an abundant source of bio-SiO2,

which can be found up to 99 wt% on a dry basis, depending on the con-

ditions under which it is synthesized (Steven et al., 2021). SiO2 derived

from rice husk ash, rice husk ash-SiO2 (RHAS), mainly exists in a highly

reactive amorphous form depending on the extraction conditions and

calcination temperature (Santana Costa and Paranhos, 2018). Hence,

highly reactive RHAS is a sustainable and inexpensive surrogate SiO2

source for producing SiO2-containing materials that are used in broad

applications, such as concrete (Shams et al., 2022), catalysis/catalyst

supports, drug carriers, and environmental remediation (Gebretatios

et al., 2023). Many researchers have successfully utilized RHAS for

the preparation of zeolites, such as ZSM-5 (MFI) (Sivalingam and

Sen, 2020; Wang et al., 2018), faujasite (FAU) (Rongchapo et al.,

2013, 2015; Tolentino et al., 2020; Wang et al., 2018), Linde-type A

(Wang et al., 2018), chabazite (CHA) (Flores et al., 2021), analcime

(Banerjee et al., 2017), and BEA (Prasetyoko et al., 2006; Rongchapo

et al., 2013), using conventional hydrothermal processes carried out in

the liquid phase. However, there are no reports on its application in zeo-

lite synthesis usingDGC. In a previous study (Phouthavong et al., 2020),

we obtained a uniform dry precursor gel using a commercial colloidal

form of SiO2. Therefore, to directly utilize bulky solid RHAS in the

DGC method, some modifications to the gel preparation method are

necessary. IfRHAS is applied to theDGCsynthesis ofmagnetic zeolites,

would allow for the creation of a more sustainable and environmentally

friendly process. Moreover, it could be applied toward the sustainable

extraction of herbicides from the environment.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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The aim of this study is to propose an environmentally friendly

method for the preparation of magnetic BEA zeolites using the

DGC method through a modified gel preparation method involving

ultrasonic waves. This will enable the utilization of bulky solid RHAS

as a sustainable SiO2 source. The performance of the synthesized mag-

netic adsorbent for paraquat adsorption was investigated by determin-

ing its adsorption kinetics and the mechanisms underlying its

operation. The magnetic separation performance and reusability of

the adsorbent after adsorption were evaluated and discussed. This

study demonstrates the sustainable recycling of agricultural waste in

the remediation of water polluted via agricultural activities.

2. Materials and methods

2.1. Materials

Fe3O4 was selected as the magnetic material owing to its envi-

ronmental friendliness. The following materials were used in
the synthesis of the BEA zeolite/Fe3O4 composite (magnetic
RHAS-BEA). RHAS was extracted from rice husk ash pro-
vided by CP All Public Co., Ltd., Thailand, using an alkaline

extraction, followed by acid precipitation (see Supplementary
Information for details). All other chemicals used in this study
were of reagent grade. The Al source, alkali source, structure-

directing agent (SDA), and magnetic particles were Al2(SO4)3-
�16H2O (Nacalai Tesque, Japan), NaOH (Nacalai Tesque,
Japan), tetraethyl ammonium hydroxide (TEAOH; 35 wt%,

Tokyo Chemical Industry, Co., Ltd., Japan), and Fe3O4

(Kanto Chemical, Co., Inc., Japan) with Heywood diameters
of primary particles in the range 100–300 nm. To perform
the adsorption experiments, paraquat solutions were prepared

by dissolving appropriate amounts of paraquat dichloride
(C12H14Cl2N2, Tokyo Chemical Industry, Co., Ltd., Japan)
in distilled water (DW). The pH of the solution was adjusted

using 0.1 mol/L hydrochloric acid, diluted from concentrate
hydrochloric acid (HCl; 36 wt%, Nacalai Tesque, Japan),
and 0.1 mol/L NaOH, prepared by dissolving NaOH (Nacalai

Tesque, Japan) in DW. A sodium chloride solution (0.01 mol/
L) was prepared by dissolving sodium chloride (NaCl; Nacalai
Tesque, Japan) in DW and was used to determine the pH at

the point of zero charge. Silicon (Si, 1.00 mgSi/mL, Nacalai
Tesque, Japan), aluminum (Al, 1002 mg/L, Fujifilm Wako
Pure Chemical Corporation, Japan), and iron (Fe, 1001 mg/
L, Fujifilm Wako Pure Chemical Corporation, Japan) stan-

dard solutions were used in the quantification of leached ions
during the adsorption test. Diquat dibromide monohydrate
(Fujifilm Wako Pure Chemical Corporation, Japan) and Ciba-

cron blue 3GA (CB, Sigma-Aldrich, USA) were used in the
paraquat co-adsorption test.

2.2. Synthesis of magnetic RHAS-BEA

Magnetic RHAS-BEA was synthesized based on a previously
reported DGC protocol (Phouthavong et al., 2020) and mod-

ified for RHAS utilization (Fig. 1). RHAS (3.63 g) was dis-
solved in 1.00 g of a 20 wt% NaOH solution (prepared by
dissolving NaOH pellets in DW) and 1.033 g of a 10 wt%
TEAOH solution (diluted from 35 wt% TEAOH in DW) by

employing mechanical stirring for 30 min. Ultrasonication
was then applied, using an ultrasonic bath (US-104, SND
Co., Ltd., Japan), for 2 h to improve the dispersion and disso-

lution of RHAS before the addition of 0.30 g of the Al source.
Ultrasonication was performed again for 1 h. The mixture was
then continuously stirred in a closed container for 16 h before
the temperature was increased to 80 �C. After the solution was

stirred for 8 h at 80 �C, 1.12 g Fe3O4 was introduced to the
mixture. For comparison, Fe3O4 was excluded when preparing
the non-magnetic RHAS-BEA sample (abbreviated as RHAS-

BEA hereafter). The container was opened until the precursor
solution transformed into a homogeneous and dry precursor
gel. The dried gel was collected and crushed before being

placed in a small container inside an autoclave. An equivalent
weight of water was added to the autoclave without direct con-
tact with the gel. The autoclave was then heated to 180 �C for
12 h in a convection oven (SOFW-300SB, AS ONE Corpora-

tion, Japan) to obtain the product, which was easily collected
(i.e., it was dry) without washing. The pre-crushed products
were calcined in an electric furnace (VF-3000, SK Medical

Electronics Co. Ltd., Japan) at 450 �C for 12 h (in air) to
remove the SDA before use.

2.3. Characterization

The presence of the BEA zeolite and iron oxides in the samples
was analyzed by performing X-ray diffraction (XRD; Ulti-

maIV, Rigaku Corporation, Japan) equipped with a Cu-Ka
X-ray source (a = 1.5405 Å). The morphologies of the synthe-
sized samples were observed by applying field-emission scan-
ning electron microscopy (FE-SEM; JSM-6330F, JEOL,

Japan). Ultra-high-resolution FE-SEM-energy dispersive X-
ray spectroscopy (FE-SEM-EDS; S-4800, HITACHI, Japan)
was used to determine the Si/Al ratio of the samples and

observe the distribution of the magnetic particles in the mag-
netic RHAS-BEA sample.

2.4. Paraquat adsorption experiments

2.4.1. Adsorption kinetics and adsorption isotherm

All paraquat adsorption kinetics and isotherm experiments
were conducted by adding 1 g/L of the calcined adsorbents
to the paraquat solutions, followed by shaking at a constant
speed of 120 rpm using an orbital shaker (SK-O180-S, DLAB

Scientific Co., Ltd., Beijing, China) at 26 �C. After adsorption,
the adsorbents were removed from the solution using PTFE
syringe filters (pore size 0.22 lm, Membrane Solutions, Japan).

The paraquat concentration in the solutions was quantified
using paraquat dichloride reference standard grade for pesti-
cide residue analysis (Fujifilm Wako Pure Chemical Corpora-

tion, Japan) and a UV–Vis spectrophotometer (k = 257 nm;
UV-2450, Shimadzu Co., Japan). The amount of paraquat
adsorbed per unit mass of adsorbent was calculated as follows:

qe¼
C0-Ceð ÞV

m
ð1Þ

where qe is the amount of adsorbed paraquat per unit mass of
the adsorbent at equilibrium (mg/g), C0 is the initial concentra-

tion of paraquat (mg/L), Ce is the equilibrium concentration of
paraquat (mg/L), V is the solution volume (L), and m is the
mass of the adsorbent (g).

Adsorption kinetics tests of paraquat on the RHAS-BEA

and magnetic RHAS-BEA samples were conducted to investi-
gate the effect of time on paraquat adsorption by shaking the
adsorbent in a paraquat solution with a fixed concentration of



Fig. 1 Synthesis of magnetic RHAS-BEA using DGC method.
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75 mg/L for various contact times between 1 and 1440 min.
The initial pH value of the paraquat solution was 5.8 (non-
adjusted), and the adsorption was performed at 26 �C. The
amount of paraquat adsorbed per unit mass of adsorbent at
time t (qt) was calculated using Eq. (1), using the concentration
of paraquat at time t (Ct). Linearized adsorption kinetic mod-
els, including pseudo-first-order (Eq. (2)), pseudo-second-

order (Eq. (3)), and intraparticle diffusion (Eq. (4)) were used
to evaluate the paraquat adsorption rate and predict the
adsorption mechanism. These are the three most common

models used in adsorption studies of organic pollutants on var-
ious types of adsorbents (Tan and Hameed, 2017):

ln qe-qtð Þ¼lnqe-k1t ð2Þ

t

qt

¼ 1

k2q2
e

þ 1

qet
ð3Þ

qt ¼ kid
ffiffi

t
p þ C ð4Þ

where qe and qt are the adsorbed amounts of paraquat per unit

mass of the adsorbent at equilibrium (mg/g) and time t (mg/g),
respectively; t is the adsorption time (min); k1, k2, and kid are
the adsorption kinetic constants of the pseudo-first-order (in 1/

min), pseudo-second-order (in g/mg min), and intra-particle
diffusion (in mg/(g�min1/2)) models, respectively; C is the inter-
cept of the intra-particle diffusion model, which proportionally
represents the thickness of the boundary layer (Jodeh et al.,

2019).
For the adsorption isotherm experiments, the calcined sam-

ples were suspended in paraquat solutions prepared at concen-

trations ranging from 10 to 750 mg/L for 24 h at 26 �C. The
solutions were collected to measure Ce and evaluate qe using
Eq. (1). Langmuir and Freundlich adsorption isotherm models

were used to evaluate the maximum adsorption capacity and
adsorption behavior of paraquat on RHAS-BEA and mag-
netic RHAS-BEA. The linear forms of each model are as
follows:
Langmuir: Ce

qe
¼ Ce

qm
þ 1

qmb
,

Freundlich: log qe ¼ 1
n
logCe þ logKF, where qm is the max-

imum adsorbed amount of paraquat per unit mass of the
adsorbent (mg/g) obtained from the linearized Langmuir equa-
tion, b is the Langmuir constant related to the affinity of para-

quat for the adsorbents (L/mg), n is the Freundlich adsorption
intensity, and KF is the Freundlich constant related to the
adsorption capacity (mg1+n/g Ln).

2.4.2. Effect of initial pH and determination of the pH values at
the point of zero charge

The calcined adsorbents were suspended in paraquat solution

with a fixed concentration of 100 mg/L, but the initial pH val-
ues were adjusted from 2.8 to 9.3 using 0.1 mol/L HCl or
NaOH solutions. The suspension was then shaken for 24 h.

The qe value at each initial pH was calculated using Eq. (1)
to evaluate the effect of the initial pH on paraquat adsorption.
The pH values at the point of zero charge (pHpzc) of the cal-

cined samples were determined to explain the adsorption
mechanism. This was evaluated using the difference between
the initial and final pH values of the salt solution series after
shaking with the adsorbents (Jiao et al., 2017). A 0.5 g/L sus-

pension of the adsorbents in 0.01 mol/L NaCl solutions with
initial pH values (pHi) in the range of 2.9–10.0 was shaken
for 24 h at 26 �C. The final pH (pHf) was measured after filtra-

tion, using a pH meter (AS800, AS ONE Corporation, Japan).
The differences between pHf and pHi were plotted against their
pHi values. The point at which the connecting line passes

through pH = 0 is the pHpzc of the adsorbent.

2.5. Separability of the adsorbents from aqueous solutions

The separability of the adsorbents from the aqueous solutions
was examined by monitoring their sedimentation in the
absence and presence of magnets (Hagio et al., 2019;
Phouthavong et al., 2020). Suspended RHAS-BEA and mag-
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netic RHAS-BEA particles at a concentration of 100 mg/L in
DW were shaken for 2 h before being allowed to stand in the
absence or presence of a neodymium (Nd) magnet (surface flux

density of 0.45 T). The turbidity of the supernatant was mea-
sured in formazin turbidity units; specifically, the turbidity of
the supernatant was consecutively measured for 0.5–60 min

using a turbidimeter (HI93703, Hanna Instruments, USA). Sus-
pended solids (SS) (mg/L) at eachmonitored standing time were
calculated from the turbidity values using a calibration curve.

2.6. Reusability of the adsorbents and ions leached from the

adsorbents

Spent RHAS-BEA and magnetic RHAS-BEA were collected
after one paraquat adsorption test, regenerated by recalcination
at 450 �C for 6 h, and reused in subsequent paraquat adsorption
cycles. Adsorption and regeneration cycles were repeated to

evaluate the reusability. Each adsorption cycle was performed
in duplicates. The ions leached from the adsorbents were exam-
ined by shaking the adsorbents (1 g/L) in water and paraquat

solution (1 mg/L) for 3 h at 26 �C. The solutions were collected
to quantify potentially leached elements, such as Si, Al, and Fe,
using inductively coupled plasma-atomic emission spectrometry

(S-II, Seiko Instrument, Japan).

2.7. Paraquat co-adsorption test with blue dye

The selectivity in the presence of blue dye added to commercial

paraquatwas tested in practical applications.Aqueous solutions
of paraquat (40 lmol/L, equivalent to 10 mg/L) were prepared
separately and mixed with CB at two different concentrations

(4 and 40 lmol/L). Single and binary adsorption tests were per-
formed using a ratio of 1 g adsorbent per 1 L solution, contact
time of 24 h at 26 �C, and the pH values of the solutions were

not adjusted. The concentrations of CB and paraquat in the
solutions were determined from the absorbances recorded using
a UV–Vis spectrophotometer (UV-2450, Shimadzu Co., Japan)

at 600 and 257 nm, respectively. The blue dye also showed
intenseUVabsorption atk257nmwhich is the analytical detection
wavelength of paraquat (Fig. S1). Thus, the co-absorption ofCB
at k257nm was subtracted from the absorption of paraquat in the

binary mixture using the constant ratio between the absorbance
at k257nm and k600nm of a single CB.

2.8. Paraquat co-adsorption test with diquat

Aqueous solutions of paraquat (40 lmol/L, equivalent to
10 mg/L) were prepared separately and mixed with diquat at

equivalent molarity. The adsorption was performed using 1 g
adsorbent per 1 L solution, contact time of 24 h at 26 �C,
and the pH values of the solutions were not adjusted (pH

5.8). UV absorption spectra of paraquat and diquat were
recorded using the UV–Vis spectrophotometer.

3. Results and discussion

3.1. Characterization of the RHAS-BEA and magnetic RHAS-
BEA

The XRD pattern of RHAS (Fig. 2a) has a broad peak, indica-
tive of its highly amorphous structure; additionally, no crys-
talline phase was detected. The RHAS particles have
ultrafine sizes (i.e., they are below 100 nm) (inset of the scan-
ning electron microscopy (SEM) image in Fig. 2a). For synthe-

sizing advanced materials, amorphous SiO2 is the preferred
source of SiO2 owing to its high reactivity (Santana Costa
and Paranhos, 2018; Steven et al., 2021). Prior to the inclusion

of the Fe3O4 particles, preliminary studies were conducted to
confirm the crystallization of BEA zeolites using RHAS via
the DGC method. Initially, the precursor gel was prepared

by mixing RHAS with an Al source in NaOH and TEAOH
solutions, using simple mechanical stirring at room tempera-
ture (26 �C). The DGC process primarily produced an amor-
phous product with a minor crystalline phase at 2h = 32.0�
and 34.0�, which can be classified as a CHA zeolite (Criado
et al., 2007; Dang et al., 2020), as indicated by the XRD pat-
tern and the inset SEM image in Fig. 2b. This product may

have been brought forth due to the insufficient dissolution of
the SiO2 source for the generation of SiO4/2 tetrahedra to form
a dense aluminosilicate gel. Therefore, the amount of NaOH,

temperature, and aging time were increased to facilitate opti-
mal dissolution. These increases significantly improved the
synthesis, as indicated by the characteristic XRD peaks

(2h = 7.6� and 22.4�) which were congruent with the standard
card (JCPDS 48–0074) of BEA zeolite (El Maksod et al.,
2017), and some crystals with clear boundary shapes in the
inset SEM image in Fig. 2c. Overall, the crystallinity and mor-

phology of the BEA zeolite significantly improved, as shown in
Fig. 2d, with the assistance of ultrasonication for the dissolu-
tion of RHAS and mixing with the alumina source. The

observed XRD peaks agreed well with those of BEA zeolites
that were synthesized in other studies using commercial col-
loidal SiO2 via the DGC method (Inagaki et al., 2007;

Matsukata et al., 2002; Phouthavong et al., 2020). Ultrasonica-
tion was used to prepare a dry precursor gel containing Fe3O4

particles. The BEA zeolite phase was still detectable in the

presence of Fe3O4, as observed through XRD (Fig. 2e).
The as-synthesized non-magnetic and magnetic RHAS-

BEA samples were calcined at 450 �C for 12 h to remove the
SDA and open their pores for paraquat adsorption. The

XRD patterns of the calcined products are shown in Fig. 3a
and 3b, displaying the characteristic peaks of BEA in both
samples. These results confirm that the BEA structure did

not collapse after the removal of the SDA through calcination.
The XRD peaks in the 2theta range of 30�–40� corresponded
to the incorporated Fe3O4 (JCPDS 19–0629) in the magnetic

sample (Fig. 3b), while that of a small amount of hematite
(a-Fe2O3, JCPDS 01–1053) was also detected, indicative of
the slight oxidation of Fe3O4 caused by in-air calcination
(Fauzi and Ratnawulan, 2021).

The FE-SEM images in Fig. 4 show the morphologies of
the calcined samples. We found that the crystals of both sam-
ples predominantly had rectangle-like faces; this is typical of

BEA-type zeolites prepared by using the DGC method
(Inagaki et al., 2007; Matsukata et al., 2002). SEM observa-
tions revealed the presence of aggregates with particle sizes

below 1 lm (Fig. 4a). However, the aggregate size of the mag-
netic RHAS-BEA sample was smaller than that of the non-
magnetic RHAS-BEA sample. The presence of Fe3O4 particles

could have decreased the aggregate size of the product; this
could have occurred because of the larger number of nuclei
created between the Fe3O4 particles in the precursor gel
(Hagio et al., 2019; Miao et al., 2022). Additionally, the aggre-



Fig. 2 (a) XRD pattern of RHAS with its inset SEM image, and XRD patterns with their inset SEM images of as-synthesized products

using gels prepared at room temperature (b), at 80 �C with increased NaOH (c), at 80 �C with increased NaOH and ultrasonication for

non-magnetic (d) and magnetic RHAS-BEA prepared under the same conditions as (d) (e).
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gate size distribution of the precursor gel may affect the aggre-

gate size of the crystallized products. Higher-magnification
images (Fig. 4b) showed that the samples have rough surfaces,
indicative of nanoparticle aggregation (Inagaki et al., 2007).

Notably, the incorporation of the Fe3O4 particles into the
magnetic samples hardly changed the morphology of the
BEA zeolite. FE-SEM-EDS elemental mapping revealed that

the Si/Al ratios of RHAS-BEA and magnetic RHAS-BEA
were 48.8 and 45.0, respectively, and therefore could be classi-
fied as high-SiO2 zeolites (Li et al., 2023). Fig. 5 depicts the dis-
tribution of Si and Fe in magnetic RHAS-BEA at almost the

same positions; this shows that all BEA particles contain
Fe3O4 particles. Therefore, these results confirm the success
of using amorphous RHAS as the SiO2 source in the DGC

method to crystallize BEA-type zeolites and that the inclusion
of Fe3O4 particles did not hinder the crystallization of these

zeolites.

3.2. Paraquat adsorption studies

In kinetic studies conducted at 26 �C, a significant amount of
paraquat was quickly adsorbed on RHAS-BEA and magnetic
RHAS-BEA within 1 min in the first stage of contact time

(Fig. 6a) and sharply increased within 10 min. This is indica-
tive of the high adsorption rates of the synthesized adsorbents.
Subsequently, adsorption slowed and reached saturation at
60 min. Fast adsorption of paraquat has also been reported

in previous studies using zeolites such as FAU
(Pukcothanung et al., 2018), modified FAU (Nur et al.,
2005), and MFI (Walcarius and Mouchotte, 2004). The non-



Fig. 3 XRD patterns of (a) RHAS-BEA and (b) magnetic RHAS-BEA samples calcined at 450 �C (12 h).

Fig. 4 FE-SEM photomicrograph of RHAS-BEA and magnetic RHAS-BEA samples observed at � 5000 magnification (a)

and � 100000 magnification (b).
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magnetic and magnetic RHAS-BEA revealed similar adsorp-
tion kinetic trends, but the amount of adsorbed paraquat

was lower for the magnetic sample. This is likely due to the
lower fraction of the adsorbent (i.e., BEA zeolite). These
details are discussed in the next paragraph along with an iso-

therm study. Using widely applied linear adsorption reaction
kinetic models, the adsorption of paraquat on both BEA sam-
ples best fit the pseudo-second order model according to the
coefficient of determination (R2) shown in Fig. 6b and 6c. This
indicates that the surface reaction (i.e., chemisorption)
occurred in the electrostatic interaction between paraquat

and the adsorbents (Moradi, 2014). Similar pseudo-second-
order kinetic constants (k2) for paraquat adsorption on the
RHAS-BEA and magnetic RHAS-BEA samples (i.e., 0.0087

and 0.0078 g/mg min, respectively) revealed that the inclusion
of Fe3O4 particles in the BEA zeolite had a negligible effect on
the paraquat adsorption rate. The intraparticle diffusion
model also showed a good fit (Table S1) considering



Fig. 5 FE-SEM-EDS elemental mapping of the calcined magnetic RHAS-BEA sample.

Fig. 6 (a) Change in amount of paraquat adsorbed on RHAS-BEA and magnetic RHAS-BEA over time and linear adsorption kinetic

model plots including the (b) pseudo-first-order, (c) pseudo-second-order, and (d) intraparticle diffusion model. The initial concentration

of paraquat was 75 mg/L, pH = 5.8 (non-adjusted).
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multiple-step adsorption (Özacar, 2003); however, considering
that the trend line did not pass through the origin in the first

step (Fig. 6d), it was concluded that this was not the primary
adsorption mechanism in this study. In conclusion, the overall
rates of paraquat adsorption on both RHAS-BEA and mag-

netic RHAS-BEA may be controlled by a surface reaction step
occurring through a chemisorption mechanism, as described
by the pseudo-second-order model, rather than by the intra-
particle diffusion step.

The results of the adsorption isotherm study (Fig. 7a) show
an increase in the amount of adsorbed paraquat with increas-
ing Ce which became saturated at approximately 70 and

50 mg/g for RHAS-BEA and magnetic RHAS-BEA, respec-
tively. Two common linear adsorption isotherm models,



Fig. 7 (a) Adsorption isotherm of paraquat on RHAS-BEA and magnetic RHAS-BEA (error bars indicate the standard deviation), and

a linear adsorption isotherm model plotted using (b) Langmuir and (c) Freundlich models. The initial concentration of paraquat was in the

range 10–750 mg/L, pH = 5.8 (non-adjusted), contact time = 24 h. The experiments were carried out in duplicates.

Fig. 8 (a) Effect of pH on the amount of paraquat adsorbed on RHAS-BEA and magnetic RHAS-BEA (error bars indicate the standard

deviation of duplicate tests using the initial concentration of paraquat of 100 mg/L, contact time = 24 h), and (b) pHpzc of the RHAS-

BEA and magnetic RHAS-BEA.
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namely, the Langmuir and Freundlich models, were used to

explain the adsorption behavior. The Langmuir model was
found to better describe the adsorption behavior of paraquat
for both non-magnetic and magnetic RHAS-BEAs (Fig. 7b)

than the Freundlich model (Fig. 7c). This model showed that
paraquat is adsorbed as a monolayer on homogeneous adsorp-



Fig. 10 Paraquat adsorption capacity of RHAS-BEA and

magnetic RHAS-BEA after five consecutive adsorption/regenera-

tion cycles. The tests were performed in duplicate for each cycle

using the initial concentration of paraquat (500 mg/L), contact

time = 24 h, and regeneration temperature = 450 �C (6 h).
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tion sites on the surface of RHAS-BEA or magnetic RHAS-
BEA (Rasaie et al., 2021). The Langmuir adsorption model
was found to be the best fit for describing the adsorption of

paraquat in zeolites (Insuwan and Rangsriwatananon, 2017;
Keawkumay et al., 2019; Osakoo et al., 2017; Rongchapo
et al., 2013; Rongchapo et al., 2015), mesoporous SiO2

(Osakoo et al., 2017; Rasaie et al., 2021; Rongchapo et al.,
2013, 2015), zeolite/mesoporous SiO2 composites (Osakoo
et al., 2017), graphene oxide/mesoporous SiO2 composites

(Dehghani et al., 2021), clays (Ait Sidhoum et al., 2013), and
modified biopolymers (Fernandes et al., 2017; Huang et al.,
2019a; Junthip et al., 2019). A plot based on the Langmuir
model was used to determine the maximum adsorption

amount of paraquat (qm) of RHAS-BEA or magnetic
RHAS-BEA to be 75.64 ± 1.09 and 54.71 ± 4.19 mg/g,
respectively. Theoretically, the calculated BEA zeolite mass

percentage in the calcined magnetic RHAS-BEA sample is
approximately 72.6% (see Supplementary Information), which
is believed to be the major contributor to paraquat adsorption.

Because the maximum adsorption amount of magnetic RHAS-
BEA was 72.3%, which is similar to 72.6%, the reason for the
lower adsorption amount when using the magnetic sample was

likely due to the fraction of iron oxide in the sample.

3.3. Effect of initial pH on paraquat adsorption and possible
adsorption mechanism

In this study, the effect of the initial pH of the paraquat solu-
tion on adsorption capacity was investigated. The initial unad-
justed pH of the tested paraquat solution was approximately

5.8, and we evaluated its adsorption amount in the pH range
3–9. pH values outside this range were not considered because:
natural water is generally neutral; highly acidic conditions

induce dealumination; and highly alkaline conditions trigger
the dissolution of SiO2. Overall, we found that the adsorption
of paraquat onto the samples was pH-dependent in aqueous
Fig. 9 (a) Separation of RHAS-BEA and magnetic RHAS-BEA su

magnet and attaching to Nd magnet for 1 min, and (b) separability

(100 mg/L) placing with Nd magnet (solid circle and square markers for

Nd magnet (transparent circle and square markers for RHAS-BEA a
solutions. The results are shown in Fig. 8a. The qe values were
lower when the pH decreased from 5.8 to 3, but tended to
increase when the pH was above 5.8, and plateauing once it

went above 7. This trend was observed for both non-
magnetic and magnetic RHAS-BEA samples. As shown in
the paraquat structure (inset in Fig. 8a), no protons remained

at the two positively charged quaternary amine groups (i.e., for
further protonation or deprotonation), and its cationic form
thus existed over a wide pH range. By determining the pHpzc,

we found that the pH variation greatly affected the surface
charges on the adsorbents (Fig. 8b). Specifically, the pHpzc val-
ues for RHAS-BEA and magnetic RHAS-BEA were 6.3 and
spension in aqueous solutions by settling the adsorbents without

of the adsorbents by evaluating SS in the adsorbent suspension

RHAS-BEA and magnetic RHAS-BEA, respectively) and without

nd magnetic RHAS-BEA, respectively).



Table 1 Maximum paraquat adsorption amount obtained from Langmuir model of the adsorbents in this study and previous studies.

Adsorbents Adsorption test conditions qm (mg/g-

adsorbent)

Reported

number

of reuses

Reference

C0 (mg/L) Adsorbent

dosage (g/

L)

Contact

time

(min)

pH Temperature

(�C)

k-carrageenan modified Fe3O4@SiO2 nanosorbent 30–900 0.50 60 7.3 25 257 4 cycles* Fernandes et al. (2017)

FAU (NaY) zeolite (Si/Al = 2.40) 100–1500 2.5 60 5 25 234.40 NR Keawkumay et al. (2019)

FAU (NaY) zeolite (Si/Al = 3.5) 100–750 2.5 60 NR RT 204.1 NR Osakoo et al. (2017)

FAU (NaY) zeolite (Si/Al = 2.2) 80–1000 2.5 60 NR RT 185.2 NR Rongchapo et al. (2013)

K-LTL zeolite (Si/Al = 3.14) 50–500 2.0 1440 11 30 166.71 NR Insuwan and Rangsriwatananon

(2017)

FAU (NaY) zeolite /SBA-15 composite (Si/Al = 4.7) 100–750 2.5 60 NR RT 144.9 NR Osakoo et al. (2017)

BEA zeolite (Si/Al = 14.2) 80–1000 2.5 60 NR RT 122.0 NR Rongchapo et al. (2013)

FAU (NaX) zeolite (Si/Al = 1.27) 80–720 2.5 60 NR RT 120.3 NR Rongchapo et al. (2015)

Poly (vinyl alcohol)-cyclodextrin nanosponges 25–300 2 180 6.5 30 112.2 5 cycles* Martwong et al. (2021)

2,2,6,6-tetramethylpiperidine 1-oxyl oxidized cellulose

nanofibers

n.r. 0.10 120 7 30 108 NR Huang et al. (2019a)

Algerian bentonite 50–300 2.0 1440 NR 25 100 NR Ait Sidhoum et al. (2013)

FAU (HY) zeolite (Si/Al = 50) 50–250 1.0 1440 11 30 92.59 NR Pukcothanung et al. (2018)

RHAS-BEA zeolite (Si/Al = 48.8) 10–750 1.0 1440 5.8 26 75.64 4 cycles This study

SDS-modified FAU (HY) zeolite (Si/Al = 50) 50–250 1.0 1440 11 30 71.42 NR Pukcothanung et al. (2018)

25%Al-MCM-41 80–560 2.5 60 NR RT 65.6 NR Rongchapo et al. (2015)

Magnetic RHAS-BEA zeolite (Si/Al = 45.0) 10–750 1.0 1440 5.8 26 54.71 4 cycles This study

Graphene oxide/SiO2 4–24 0.40 2 7 25 31.34 4 cycles Dehghani et al. (2021)

H_LTL zeolite (Si/Al = 5.10) 50–500 2.0 1440 11 30 25.67 NR Insuwan and Rangsriwatananon

(2017)

Polyester textile coated with cyclodextrin 10–250 2 420 6.5 30 24.2 6 cycles* Junthip et al. (2019)

MCM-41 80–1000 2.5 60 NR RT 21.3 NR Rongchapo et al. (2013)

Rice husk ash-SiO2 80–1000 2.5 60 NR RT 18.9 NR Rongchapo et al. (2013)

Ketoenol–pyrazole receptor functionalized SiO2 NR 2 NR 11.0 25 ± 0.1 17.63 5 cycles* Jodeh et al. (2019)

SBA-3-SO3H decorated Fe3O4/SiO2 core shell

nanoparticles

5–75 2.4 60 7.0 RT 14.73 6 cycles* Kouchakinejad et al. (2022)

Bentonite/SiO2 4–24 1.6 2 7 NR 11.75 NR Rasaie et al. (2021)

Acid activated bentonite 4–24 1.6 2 NR NR 5.93 NR Rasaie et al. (2021)

NR = not reported; RT = Room temperature; * = number of reuses with no significant change in adsorption performance, including the first use.
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5.9, respectively. At pH values below these points, the adsor-
bent surface charge is positive mainly because of the protona-
tion of the hydroxyl groups (Mokrzycki et al., 2022), which

electrostatically repel the positively charged amine of para-
quat. Therefore, the values of qe were lower in this pH region.
Conversely, hydroxyl groups are deprotonated at pH values

above the pHpzc, generating negative charges on the adsorbent
surface, which promote electrostatic interactions with the
paraquat cation in addition to cation exchange at the alumina

sites on the BEA zeolite framework. These contributions
increased the qe values. According to the pH results, paraquat
adsorption can be improved through an increase of the initial
pH. In this study, the qm values were evaluated through

adsorption isotherm studies, which were performed using the
non-adjusted initial pH of the paraquat solutions (pH �
5.8). However, the use of RHA-BEA and magnetic RHA-

BEA at this pH provided sufficient paraquat adsorption and
complied with the typical pH range for most natural waters
(Pukcothanung et al., 2018).

At pH � pHpzc, the surface charge becomes zero; however,
but greater qe values than those in the lower pH region. Hence,
interactions other than the aforementioned electrostatic forces

may contribute to the adsorption mechanism. The paraquat
molecule is smaller than size of the NaBEA zeolite cavity
(Rongchapo et al., 2013), allowing it to be easily adsorbed
via pore diffusion. Thus, cation exchange between cationic

paraquat and Na+ at the aluminum sites is thought to be
the main mechanism by which adsorption occurs (Osakoo
et al., 2017; Rongchapo et al., 2018) in this region. Several

studies have reported the adsorption mechanism of paraquat
using similar adsorbents. Hydrogen bonding also occurred
during the adsorption of paraquat on mesoporous SiO2-

modified bentonite (Rasaie et al., 2021), and was found
between the H atom of paraquat and the O atom centered
around Al in the FAU zeolite (Keawkumay et al., 2019). Using

X-ray photoelectron spectroscopy, Osakoo et al. showed that
the binding energy between the C and N atoms of paraquat
and the centered O atom in an FAU zeolite/mesoporous
SiO2 composite (Osakoo et al., 2017). The aromatic rings

and methyl groups of paraquat also interact with the FAU
Fig. 11 Paraquat (PQ) removal efficiency of RHAS-BEA and magne

fill bars) systems.
zeolite framework (Rongchapo et al., 2018). These interactions
supported the possible mechanism of action of paraquat on
RHAS-BEA and magnetic RHAS-BEA synthesized by DGC.
3.4. Separability of the adsorbents from aqueous solutions

Fig. 9a illustrates the separation of the adsorbent particles

from aqueous solutions with and without Nd magnets. In
the absence of a magnet, both RHAS-BEA and magnetic
RHAS-BEA samples slowly settled to the bottom of the con-

tainers, and most of the suspension remained in the liquid
phase. When the Nd magnet was attached to the side of the
containers, the magnetic sample quickly became attracted the

magnetic field, resulting in a much clearer liquid phase after
1 min, whereas the non-magnetic sample did not react. Addi-
tionally, we checked the change in the concentration of SS in
the liquid phase over 60 min (Fig. 9b). We found that the con-

centration of SS slowly decreased in the absence of a magnetic
field for both samples. In the absence of a magnetic field, the
magnetic sample sedimented more slowly because of its smaller

particle size. However, when a magnetic field was applied, a
slow decrease in SS was still observed for the RHAS-BEA
sample because it was not being attracted by the magnet. In

contrast, the SS sharply decreased in the magnetic RHAS-
BEA sample to a concentration lower than that of the other
samples, meeting the SS standard value for rivers set by the
Japan Environmental Quality Standards for Protecting the

Living Environment. These results indicate that the magnetic
separability of the magnetic RHAS-BEA sample was not
affected by the co-existing a-Fe2O3, that is, the weakly mag-

netic phase. Therefore, the inclusion of Fe3O4 in the RHA-
BEA zeolite greatly facilitated the collection of adsorbents
after the removal of paraquat.

3.5. Reusability and ions leached from the adsorbents during

adsorption

In addition to adsorption performance and magnetic separa-
bility, economic feasibility was considered (i.e., in terms of
tic RHAS-BEA tested in single (solid-fill bars) and binary (pattern-
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reusability). This is an important aspect when considering the
applicability of a water treatment approach. In most studies,
the adsorption of paraquat on adsorbents is mainly ion-

exchange, which is inhibited in acidic media or at high salinity.
Several studies have reported that paraquat can be desorbed
from adsorbents using salts (Ait Sidhoum et al., 2013) or acidic

solutions (Dehghani et al., 2021; Jodeh et al., 2019;
Kouchakinejad et al., 2022). In this study, we focused on waste
handling after adsorbent regeneration. Hence, thermal treat-

ment of the spent adsorbents was considered to remove the
adsorbed paraquat. Pure paraquat thermally decomposes at
300 �C (Haley, 1979), thus the adsorbents were recalcined in
air at 450 �C after paraquat adsorption. The qe values for

RHAS-BEA and magnetic RHAS-BEA obtained from the first
recalcination cycle decreased by approximately 40% and 30%,
respectively, compared to those of the pristine samples. How-
Fig. 12 UV absorption spectra of (a) paraquat and (b) diquat befo

before and after binary adsorption test.
ever, these samples remained unchanged for three additional
re-adsorption cycles (Fig. 10). The lower adsorption perfor-
mance after the first cycle can be attributed to the incomplete

removal of adsorbed paraquat under the applied recalcination
conditions. The thermal decomposition residue may remain
the least accessible adsorption site, hindering the access of

paraquat molecules in the second cycle and cycles thereafter.
Regardless of their initial use, the adsorbents could be reused
for at least four cycles without showing degradation in their

performance. Given the advantages of using recycled agricul-
tural waste, high conversion rate of the DGC method, and
magnetic separability, the adsorption capacities of the reused
RHAS-BEA and magnetic RHAS-BEA (37.08 ± 7.95 and

35.21 ± 4.04 mg/g, respectively) are still acceptable because
they are maintained at levels comparable to those of several
types of fresh adsorbents, as shown in Table 1. The adsorption
re and after single adsorption tests, and (c) paraquat and diquat
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performance of the non-magnetic and magnetic RHAS-BEA
samples among the four reuses emphasizes that the inclusion
of Fe3O4 particles in the BEA zeolite does not negatively

impact adsorption.
For the ion-leaching test, Si was found to slightly leach

from the adsorbents while Al was not detected in the solutions

during the 3-h shaking time at pH � 6. The detected level of Si
for RHAS and magnetic RHAS adsorbent in the solutions
were 1 mg/L and 0.4 mg/L, respectively, which were approxi-

mately 0.1 wt% and 0.04 wt% of the pristine RHAS and mag-
netic RHAS adsorbents, respectively. The negligible leaching
of Si indicates that the developed adsorbents are stable under
the tested conditions. For the magnetic RHAS adsorbent, Fe

leaching was not detected during the adsorption test, which
also supports the idea that the magnetic particles were incor-
porated inside the zeolite particles.

3.6. Paraquat co-adsorption with blue dye

The results of paraquat adsorption using the developed adsor-

bents in the presence of CB are shown in Fig. 11. Our adsorbents
showed a paraquat removal efficiency of more than 99% in the
presence of CB, a representative blue dye commonly added to

commercial herbicides to avoid accidental poisoning (Nur
et al., 2005; Rongchapo et al., 2013). The presence of blue dye
at both concentrations did not suppress the adsorption of para-
quat, whereas the adsorbents only adsorbed a small amount of

CB since its molecular size is much larger than paraquat. This
implies that the developed adsorbent enables the selective
removal of paraquat from commercial herbicides.

3.7. Paraquat co-adsorption with diquat

Herbicides with similar structures to paraquat might also be

adsorbed using the developed adsorbents through similar mech-
anism. Diquat, not only the similarity in structure (Fig. 12), is
one of the commonly used herbicides together with paraquat

(Ronnen et al., 1995) and has negative effect to human health
(Uematsu et al., 2021). Thus, both paraquat and diquat should
be removed from water. The results in Fig. 12a and b show the
decreasing in UV absorption intensity of the solutions after sin-

gle adsorption tests to below the detection limit of the spec-
trophotometer for both paraquat and diquat using RHAS-
BEA and magnetic RHAS-BEA. This indicates that diquat is

also adsorbed onto the developed adsorbents. In binary adsorp-
tion test result (Fig. 12c), no strong UV absorption bands were
detected for both paraquat and diquat after adsorption. There-

fore, the RHAS-BEA and magnetic RHAS-BEA are also appli-
cable for removal of those two herbicides.

3.8. Adsorption performance comparison with other types of
adsorbents

Direct comparison of the adsorption performance among var-
ious types of adsorbents is difficult owing to variations in the

experimental conditions and nature of a respective adsorbent.
The maximum adsorption amounts obtained from the Lang-
muir model for the adsorbents in this study and from previous

reports are summarized in Table 1. Our adsorbents showed
higher qm values than those of several types of adsorbents,
such as mesoporous SiO2, clays, graphene oxide, and H-LTL
zeolites, but lower adsorption performance than the low-SiO2

zeolites reported in several papers, including the BEA zeolite
prepared by conventional hydrothermal synthesis using RHAS

(Rongchapo et al., 2013). However, the advantages of our
adsorbents are as follows: they can be easily collected through
magnetic separation; they are created through the use of agri-

cultural waste–derived ingredients; and they can also be
reused. Furthermore, our adsorbents exhibited a paraquat-
removal efficiency of more than 99% in the presence of blue

dye. Hence, RHAS-BEA and magnetic RHAS-BEA could be
used as alternative candidates for paraquat removal from con-
taminated waters.

4. Conclusion

This paper presents the sustainable utilization of bulky solid RHAS in

the synthesis of magnetic BEA zeolites for herbicide removal using the

DGC method. The utilization of solid-state RHAS in the preparation

of a uniform dry precursor gel is possible with the assistance of ultra-

sonic waves. Magnetic BEA zeolites were successfully obtained by

using this protocol without any adverse effects from the incorporated

Fe3O4 particles. The prepared sample was used for the removal of

paraquat from aqueous solutions via an adsorption process, which

was shown to have a high rate, quick magnetic separability, and excel-

lent reusability for at least five cycles. This study contributes to sustain-

able circulation in agriculture because of the utilization of agricultural-

waste–derived materials for remediating water polluted through agri-

cultural activities. Overall, the approach presented in this study is envi-

ronmentally friendly and cost-effective.
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