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Abstract: The toxicity of dyes has a long-lasting negative impact on aquatic life. Adsorption is an
inexpensive, simple, and straightforward technique for eliminating pollutants. One of the challenges
facing adsorption is that it is hard to collect the adsorbents after the adsorption. Adding a magnetic
property to the adsorbents makes it easier to collect the adsorbents. The current work reports
the synthesis of an iron oxide-hydrochar composite (FHC) and an iron oxide-activated hydrochar
composite (FAC) through the microwave-assisted hydrothermal carbonization (MHC) technique,
which is known as a timesaving and energy-efficient method. The synthesized composites were
characterized using various techniques, such as FI-IR, XRD, SEM, TEM, and N, isotherm. The
prepared composites were applied in the adsorption of cationic methylene blue dye (MB). The
composites were formed of crystalline iron oxide and amorphous hydrochar, with a porous structure
for the hydrochar and a rod-like structure for the iron oxide. The pH of the point of zero charge
(pHpzc) of the iron oxide-hydrochar composite and the iron oxide-activated hydrochar composite
were 5.3 and 5.6, respectively. Approximately 556 mg and 50 mg of MB dye was adsorbed on the
surface of 1 g of the FHC and FAC, respectively, according to the maximum adsorption capacity
calculated using the Langmuir model.

Keywords: microwave-assisted hydrothermal carbonization method; pomegranate peels; iron
oxide-hydrochar composites; methylene blue dye; adsorption

1. Introduction

The incessant population growth, along with the industrial civilization, has resulted
in a high negative impact on the environment. Water contamination is highly affected
by the tremendous amounts of industrial waste. Diverse sectors of industries, such as
textile, plastics, and cosmetics, discharge synthetic dyes into water streams. Due to the
poisonous and cancer-causing nature of these dyes, continuous dye discharge into the
environment is a highly significant environmental issue. Additionally, the accumulation of
dyes in aquatic systems decreases the light dispersion and photosynthesis. Furthermore,
because of its biotransformation products, it can seriously harm aquatic life [1]. Therefore,
before releasing wastewater into water bodies, the colors must be removed from it. For the
purpose of extracting dyes from wastewater, several physical, biological, electrochemical,
and chemical techniques have been developed.

One of the more alluring methods for eliminating organic dyes from water systems
is adsorption. This is primarily because it is a straightforward, highly effective, and inex-
pensive method that requires little maintenance and is available with a very large selection
of adsorbents. Numerous researchers have successfully removed water contaminants
through adsorption using a variety of adsorbents, including ZnO [2], ZnO/biochar [3], hy-
drochar [4-6], clay [7], CuO-ZnO-C nanocomposites [8], magnetic hydrochar [9], ZnO-NiO
nanocomposites [10], magnetic biochar [11], iron nanoparticles [12], biochar [13,14], and
NiO nanoparticles [15].
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Despite all the advantages of adsorption, there is still one challenge regarding the
ease of collecting the adsorbents after the adsorption process is completed. One way to
solve this issue is adding magnetic properties to the hydrochar, which can be added in
a consecutive way or a simultaneous way [9]. In the consecutive method, hydrochar is
prepared, then the magnetic material is added, which may be a metal or a metal oxide.
This method sometimes results in blocking the pores, and the magnetic materials can
be leached out [9,16]. In the simultaneous way, the magnetic precursor is added to the
hydrochar during the synthesis [17]. In this method, the magnetic material is not only on
the hydrochar surface, but it is well-dispersed through the hydrochar [18,19].

There are several ways to transfer biowaste into useful carbon-based materials. Biochar
is prepared through pyrolysis, which is a thermal treatment in the absence of oxygen [14].
Hydrochar is prepared through a hydrothermal treatment, and it is more commonly known
as hydrothermal carbonization [20-23]. Activated hydrochar is prepared in the same
way as the hydrochar, but in the presence of activating agents such as NaOH, ZnCl,,
and citric acid [23,24]. Recently, a microwave is used as a heating source instead of
normal heating sources, and this treatment is called the microwave-assisted hydrothermal
carbonization (MHC) method [24-28]. The microwave-assisted hydrothermal carbonization
(MHC) method offers several advantages as it is a greener method and saves time and
energy [25,29,30].

M. Hessien applied MHC treatment on pomegranate peels and reported that the
prepared hydrochar was rich with oxygenated functional groups, which facilitate the
adsorption of MB dye to attain a maximum adsorption capacity of 196 mg/g [6]. A. Patino
et al. prepared iron oxide-hydrochar through a two-step process. First, the hydrothermal
carbonization of sunflower husks was used to prepare the hydrochar. Second, the iron
hydroxide was coprecipitated on the hydrochar, then subjected to hydrothermal treatment.
The measured surface area was 55 m? /g and the average pore diameter was 10 nm [9]. M.
Kim et al. prepared iron oxide-hydrochar from sugarcane bagasse through hydrothermal
carbonization, followed by a modification with iron oxide [16]. O. Kazak et al. prepared a
magnetic hydrochar through a co-hydrothermal treatment with vinasse as the source for
the hydrochar and red mud as the source for iron oxide. Their sample had a surface area
of 23 m?/g, a pore size 1.4-5 nm, and a pore volume of 0.071 cm?/g, and the sample was
applied in the removal of Pb ions [31].

To the best of the author’s knowledge, this work is the first to study the simultaneous
formation of iron oxide-hydrochar through microwave-assisted hydrothermal carboniza-
tion (MHC) treatment. This work has the objectives of using pomegranate peels as a
feedstock and applying MHC treatment in the presence of an iron oxide precursor to pre-
pare an iron oxide-hydrochar composite (FHC); to study the effect of ZnCl, as an activating
agent on pomegranate peels and an iron oxide precursor to prepare an iron oxide-activated
hydrochar composite (FAC); and to compare the adsorption efficiency of methylene blue
(MB) on the prepared composites.

2. Results and Discussion
2.1. FT-IR Characterization of Prepared Samples

Figure 1 shows: (a) the FT-IR spectra of the iron oxide (F); (b) the iron oxide-hydrochar
composite (FHC); and (c) the iron oxide-activated hydrochar composite (FAC), which
were synthesized using the microwave-assisted hydrothermal carbonization technique.
The formation of iron oxide is confirmed in the three samples as the three spectra show
vibrations at about 457 cm~1 and 550 cm !, which may be referred to as the tetrahedral
and octahedral Fe-O of magnetite. Moreover, the vibrations at 610 cm ™! and 880 cm~! may
be referred to as maghemite and goethite, respectively [32,33].
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Figure 1. FT-IR spectra of (a) iron oxide (F), (b) iron oxide-hydrochar composite (FHC), and (c) iron
oxide-activated hydrochar composite (FAC).

Figure 1b shows peaks at 1077 cm™~! for aromatic CH, at 1360 cm~! for quinonic
OH, and at 1575 cm ™! for C=C; the peaks at 2070 cm ! are assigned for allene groups of
aromatic rings, and at 3150 cm !, for aromatic CH. Moreover, the oxygenated functional
groups are observed with a peak at 1427 cm~! for -COOH, at 1710 cm~! for -CO, and at
3750 cm~! for ~OH groups. The FT-IR confirms the transformation of the pomegranate
peels into hydrochar and the formation of iron oxide. The activated hydrochar formation is
established through the presence of the following peaks, as shown in Figure 1c: the peaks at
1077 cm™ 1, at 1185 cm ™!, and at 3150 cm ! are assigned for aromatic CH; at 1360 cm ! for
quinonic OH, at 1575 cm~! for C=C, and at 2100 cm ! for allene groups of aromatic rings.
Moreover, the surface functional groups are observed with a peak at 1427 cm~! for -COOH,
at 1675 cm~! for -C=0, and a broad band at 2700-3600 cm ! for -OH groups [5,14]. The
FT-IR confirms the transformation of pomegranate peels into activated hydrochar and the
formation of iron oxide.

It is worth mentioning that the carbonyl group has been observed at 1710 cm ! in the
FHC sample and at 1675 cm ™! in the FAC sample. In our previous work [6], the carbonyl
group was observed at 1700 cm ™! in the hydrochar sample and at ~1690-1725 cm ™! for
the activated hydrochar sample. In addition, the allene peak was observed in the samples
FHC and FAC. However, the allene peak was not observed in the hydrochar sample in the
previous work and was observed in activated hydrochar sample only.

These differences may indicate that the iron oxide precursors (FeCls and FeCl,) acted
as activating agents, as ZnCl, had acted in the previous work [6].
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2.2. XRD Characterization of Prepared Samples

Figure 2 represents the XRD diffractograms of: (a) the iron oxide; (b) the iron oxide-
hydrochar composite; and (c) the iron oxide-activated hydrochar composite prepared
through MHC treatment. In Figure 2a, the peaks at 26 = 30.70°, 36.2°, 41.9°, 53.29°, 57.47°,
and 61.65° can be ascribed to the crystalline planes (200), (311), (400), (422), (511), and
(440) of magnetite, according to JCPDS file no: 00-003-0863. Magnetite is an inverse spinel
structure with a face centered cubic lattice [9,32]. The diffraction peaks at 26 = 33.46°, 35.11°,
36.81°,40.30°, and 53.29° can be assigned to (301), (201), (111), and (212), respectively, of
goethite, according to JCPDS file no: 29-0713. Goethite is an orthorhombic structure of
o-FeOOH [34].
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Figure 2. XRD of (a) iron oxide (F), (b) iron oxide-hydrochar composite (FHC), and (c) iron oxide-
activated hydrochar composite (FAC).

Figure 2b represents the XRD diffractogram of the iron oxide-hydrochar composite
synthesized through MHC treatment. There is a peak at about 26 = 22°, which refers to
amorphous carbon, in addition to the other peaks reported in the iron oxide sample [35].
Figure 2c represents the XRD diffractogram of the iron oxide-activated hydrochar composite
synthesized through MHC treatment. There is a peak at about 26 = 22°, which refers, in
this case, to activated hydrochar, in addition to the observed peaks in the iron oxide
sample [9,16]. The XRD characterization confirms the formation of amorphous carbon and
crystalline iron oxide.

2.3. Morphology of Prepared Samples

Figure 3 represents the SEM images of the iron oxide, iron oxide-hydrochar composite,
and iron oxide-activated hydrochar composite. The iron oxide is formed of agglomerated
spherical particles, as shown in Figure 3a,b. The iron oxide-hydrochar composite and
iron oxide-activated hydrochar composite show a porous microstructure with a rough
surface [36].
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Figure 3. SEM images of (a,b) iron oxide, (c¢,d) iron oxide-hydrochar composite, (e, f) iron oxide-
activated hydrochar composite.

Figure 4 shows the TEM images of the iron oxide, iron oxide-hydrochar composite,
and iron oxide-activated hydrochar composite. The iron oxide has a rod-like structure
with 4-10 nm width and a strict SAED ring, confirming the crystallinity of the formed iron
oxide, as shown in Figure 4a—c. Figure 4d,e show that the TEM of the iron oxide-hydrochar
composite with iron oxide has a rod-like structure and a porous structure for hydrochar.
Figure 4f represents the SAED ring, which confirms the crystallinity structure of the iron
oxide. However, the rings are less sharp than the pure iron oxide because of the presence
of amorphous hydrochar. Figure 4g,h show the TEM images of the iron oxide-activated
hydrochar composite, which show the iron oxide to have a rod-like structure with a porous
open microstructure for activated hydrochar. Figure 4i shows the SAED ring, which is less
sharp than the pure iron oxide because of the presence of amorphous activated hydrochar.
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Figure 4. TEM images of (a—c) iron oxide, (d—f) iron oxide-hydrochar composites, (g—i) iron oxide-
activated hydrochar composite.

2.4. The pH of Point of Zero Charge (pHpzc)

Figure 5 shows the initial pH on the X-axis and ApH on the Y-axis. The intersection
between the curve and the x-axis is the pH of the point of zero charge (PZC). The pH of
the PZC of the iron oxide-hydrochar composite and iron oxide-activated hydrochar are 5.3
and 5.6, respectively. The pH of the PZC represents the pH at which the surface charge of
the adsorbent is zero. If the pH of a solution is lower than the pH of the PZC, the surface
charge is positive, and vice versa. The adsorption experiment in this work was executed
at pH 8. This pH was chosen to avoid the electrostatic repulsion between the cationic MB
dye and the positive surface of the FHC and FAC at a pH less than 5 [37,38]. Moreover, it is
recommended to carry out the adsorption of cationic dyes at a higher pH than the pH of
the point of zero charge (PZC) of adsorbents in order to reduce the competition between
protons and cationic dyes [39].
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Figure 5. pH of point of zero charge of FHC and FAC.
2.5. Adsorption Equilibrium of Methylene Blue Dye

Figure 6a represents the impact of the MB dye’s starting concentration (C;) on the equi-
librium adsorption capacity (g.) after 1 day. When the starting concentration of the MB dye
was 5 mg/L, the g, was 2.13 mg/g and 5.88 mg/g for the iron oxide-hydrochar composite
and iron oxide-activated hydrochar, respectively. Increasing the starting concentration of
the MB dye to 10 mg/L results in a corresponding increase in the g, to 3.94 mg/g and
11.46 mg/g for the iron oxide-hydrochar composite and iron oxide-activated hydrochar,
respectively. A further increase in the starting concentration of the MB dye to 50 mg/L
results in a corresponding increase in the g, to 21.00 mg/g and 33.22 mg/g for the iron
oxide-hydrochar composite and iron oxide-activated hydrochar, respectively. When the
starting concentration of the MB dye reaches 100 mg/L, the g, increases to 41.19 mg/g and
37.30 mg/g. The FAC sample shows a higher adsorption capacity than the FHC up to the
initial concentration of 50 mg/L. The equilibrium adsorption capacity of the FHC sample
shows a linear relationship with the initial concentration, suggesting that the surface of the
FHC sample did not obtain the full amount of MB dye molecules. On the other hand, the
equilibrium adsorption capacity of the FAC sample increases linearly, then has a plateau.
The effect of the increase in the starting concentration of the Methylene Blue dye (C;) on the
efficiency of removing MB (R%) is shown in Figure 6b. For the FHC sample, the R% values
were 87.2%, 87.45%, 84%, and 83.9%, while the R% values of the FAC sample were 86%,
88%, 85.6%, and 85.5% when the starting concentrations of the Methylene Blue dye were 5,
10, 50, and 100 mg/L, respectively.

The blue squares in Figure 6¢ show the measured results of the equilibrium adsorption
capacity of the iron oxide-hydrochar composite, the dashed green line represents the Lang-
muir fitting with correlation coefficient R? = 0.999, and the black dashed line represents the
Freundlich fitting with correlation coefficient R? = 0.999. The adsorption of methylene blue
on FHC can be fitted with both models. The blue squares in Figure 6d show the measured
results of the equilibrium adsorption capacity of the iron oxide-activated hydrochar com-
posite, the dashed green line represents the Langmuir fitting with correlation coefficient
R? = 0.968, and the black dashed line represents the Freundlich fitting with correlation
coefficient R? = 0.93. The adsorption of methylene blue on FAC can be fitted better with the
Langmuir model. The Langmuir model indicates that the adsorption of MB on FHC and
FAC is that of monolayer adsorption on a homogenous surface [40]. The Freundlich fitting
indicates that the surfaces of FHC and FAC may be heterogenous surfaces with nonuniform
affinities and multilayer adsorption of MB dye on composites [41].
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Figure 6. The relationship between (a) equilibrium adsorption capacity and initial MB dye concentra-
tion, (b) removal efficiency and initial MB dye concentration, (c) FHC experimental results and fitting
models, (d) FAC experimental results and fitting models, (e) FHC Dubinin-Radushkevich fitting
model, and (f) FAC Dubinin—Radushkevich fitting model.

The parameters of these two models are represented in Tables 1 and 2. The calculated
maximum adsorption capacity (q;) is 556.33 mg/g for FHC, which is higher than the
recorded value for FAC—50.42 mg/g. The interaction between the MB and the adsorbent
can be evaluated via the Langmuir constant (K;). The K} values are 0.005 and 0.281 for
FHC and FAC, respectively, which suggest a greater interaction between the molecules
of the MB dye and the surface of the FAC composite. When the separation factor (R;)
value is between 0-1, this indicates that the adsorption process is favorable. The separation
factor Ry, as seen in Table 2, drops from 0.976 to 0.668 for the FHC sample, and drops from
0.4155 to 0.0343 for the FAC sample, when the starting concentration rises from 5 ppm to
100 ppm. All of the values indicate favorable adsorption. From the Freundlich fit, the
relative adsorption capacity K is 2.99 and 11.27, the sorption intensity (114) is 1.059 and
1.781, and the parameter 1/1, is 0.944 and 0.561 for the FHC and FAC samples, respectively.
When the parameter 1/ 1y is < 1, the surface is more heterogonous, and when it is close to
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1, the surface is more homogenous [42]. It seems that the FHC sample is more homogenous
than the FAC sample.

Table 1. Adsorption isotherm parameters for MB dye by FHC and FAC samples.

Langmuir Freundlich Dubnin-Radushkevich
qL K R? K¢ 1, R? Qm E R?
FHC 556.33 0.005 0.999 2.988 1.059 0.999 24.05 10.31 0.833
FAC 50.418 0.281 0.968 11.273 1.781 0.93 30.88 12.27 0.973

Table 2. Separation factors (Ry) for samples FHC and FAC at different starting concentrations of
MB dye.

C; (ppm) 5 10 50 100 Average R,
FHC 0.9758 0.9527 0.8011 0.6681 0.8615
FAC 0.4155 0.2622 0.0664 0.03432 0.1858

The fitting of the Dubinin-Radushkevich model is represented by the dotted line in
Figure 6e,f for the FHC and FAC, respectively. The slope of the fitting model equals 8,
which is used to calculate the adsorption energy (E), which provides an indication about
the nature of the adsorption process (i.e., chemical or physical). If E is less than 8 KJ /muol, it
is considered to be a physical adsorption, and if E is 8-16 KJ/mol, it is considered to be a
chemical adsorption [43-47]. Both samples show that their adsorption is most likely to be
a chemical adsorption. FT-IR was performed for the FHC and FAC after the adsorption,
and the FT-IR spectra are shown in Figure 7. When comparing the FT-IR of FHC and FAC
before adsorption, as shown in Figure 1, with FI-IR of FHC and FAC after adsorption, as
shown in Figure 7, it can be observed that the peaks of the OH, CO, and quinonic OH
groups have been shifted to lower frequencies. Therefore, the surface functional groups
are involved in the adsorption of MB dyes through hydrogen bond interactions. Moreover,
the allene groups of aromatic rings were observed at 2070 cm~! for FHC and at 2100 cm ™!
for FAC, which have been shifted to 2120 cm ! and 2110 cm ™!, respectively, indicating the
involvement of 7t — 7t interactions in the adsorption of MB [48-50].

Overall, comparing the Langmuir and Freundlich fitting values of the two models
(Table 1) shows that the FHC sample is more effective in adsorbing MB dyes than the
FAC sample. It appears that the chemical triggering by ZnCl; in the synthesis of the FAC
resulted in extensive hydrolysis, which may lead to aggregations and pore blockage. Given
that the chemical activation led to a decline in the anticipated features, it appears that
MHC is an effective method and does not require further activation. This is supported by
the N; isotherm results presented in Figure 8. The isotherm exhibits a type-IV isotherm
with a Hj hysteresis, which represents a broader pore size range [51,52]. The lack of
capillary condensation closure denotes that those pores sizes are broadly distributed and
that there are macropores [52-55]. The FHC sample shows a higher nitrogen gas uptake,
of—170 cm3/g—than the FAC sample, with a gas uptake of ~100 cm?/g. The pore size
distribution of both samples covers a range of 5-220 nm, with a maximum of around
28 nm. For the FHC and FAC samples, the surface areas are 25.8 m? /g and 22.6 m?/g, and
the pore volumes are 0.258 cm?/g and 0.149 cm? /g, respectively.
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Figure 7. FT-IR spectra of (a) iron oxide-hydrochar composite (FHC) after MB adsorption and (b) iron
oxide-activated hydrochar composite (FAC) after MB adsorption.
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The prepared composites show potential in the adsorption of MB dye when com-
pared with the recent literature, as shown in Table 3. The FHC and FAC prepared in
the current research have a removal percentage (83.9-87.5%) and a maximum methylene
blue adsorption capacity of 556 mg/g and 50 mg/g, respectively. X. Zhang et al. treated
Chinese medicine industry waste using the hydrothermal carbonization method, followed
by alkali activation. Their samples had a surface area in the range of 42-53 m? /g and had
a removal percentage for MB dye in the range of 60-80% [36]. Y. Haung et al. prepared
MgAl-hydrochar nanocomposites using the hydrothermal method and found that they
had a maximal adsorption capacity of Langmuir (q;) for MB dye of 257 mg/g [56]. T. Tran
et al. used coffee husk to prepare hydrochar with a surface area of 34 m?/g, which was
used in the adsorption of MB dye with a maximum methylene blue adsorption capacity of
104 mg/g [57]. G. Davies et al. used avocado seeds to prepare hydrochar and iron oxide-
carbon through hydrothermal carbonization. They applied the prepared samples in MB
dye adsorption and found their maximum adsorption capacity to be about 246 mg/g and
25 mg/g, respectively [17]. In this work, iron oxide-hydrochar composite and iron oxide-
activated hydrochar were synthesized through microwave hydrothermal carbonization
treatment. This work offers a simple synthesis procedure as the iron oxide was synthesized
simultaneously with hydrochar in the same autoclave, saving time and effort. Using a
microwave instead of conventional heating saves time and energy. Microwave-assisted
hydrothermal carbonization treatment will be applied to different food wastes to explore
its potential for producing efficient adsorbents for different pollutants.

Table 3. Comparing MB adsorption capacity in recent literature.

Adsorbents Synthesis Method Adsorption Ref.
Hydrochar Hydrothermal R% = 60-80 [36]
carbonization
Hydrochar-MgAl _
double hydroxide Hydrothermal route gr =157 mg/g [56]
. Hydrothermal B
Activated hydrochar carbonization qr =357 mg/g [50]
Hydrothermal B
Hydrochar carbonization g =512mg/g [58]
Magnetic biochar Microwave pyrolysis g7 = 1449 mg/g [59]
. Hydrothermal B
Activated Hydrochar carbonization gy =200.01 mg/g [60]

qr. is maximum Langmuir removal capacities, R% is the removal efficiency.

3. Materials and Methods

The succeeding substances—ferrous chloride tetrahydrate, Methylene Blue dye, an-
hydrous zinc chloride, potassium hydroxide, sodium hydroxide, ammonia (25% NH3),
hydrochloric acid (37%), sodium chloride, and ferric chloride hexahydrate—were used as
delivered, without any further treatment. Solutions were prepared using D.I. water.

The tunning of the pH was followed up by a pH meter, Orion 2 Star, from Thermos-
Fisher Scientific (Waltham, MA, USA). The FI-IR analysis was conducted on a Cary
630 FI-IR spectrophotometer. The Bruker D8 X-ray Diffractometer was used for the
XRD study, which produced X-rays with a wavelength of 0.15418 nm at 35 x 10° V and
25 x 1073 A, utilizing glancing angles from 10 to 60 at scanning increments of 0.02 and with
an accuracy of 0.001. Using a SEM (Philips XL30, Hillsboro, OR, USA) with an accelerating
voltage of 30 x 10° V and a magnification of up to 400.000, the surface morphology was
examined. TEM imaging was performed using a JEOL JEM-1011 Transmission Electron
Microscope with high resolution. A UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan)
was used to follow the adsorption of MB. Using a BET surface area analyzer (Micromeritics,
ASAP 2020, Norcross, GA, USA), the N; adsorption was carried out at 77 K. For 5 h, the
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composites were degassed at 300 °C to clean their surface. The BJH method was adapted
to calculate the pore size distribution from the adsorption branch.

3.1. Preparation of Iron Oxide (F)

Iron oxide was synthesized following our previous work [61]. A mixture of
FeCl,#4H,0 and FeCl;#6H,0O with a 1:2 molar ratio was prepared. Ammonia was added
gradually until the pH reached 10 while under continuous magnetic stirring. The solution
was left under stirring for 2 h and at a temperature of 60 °C. This is used later as the iron
oxide precursor (FP). For comparison purposes, part of the FP was subjected to the same
microwave-assisted hydrothermal treatment through heating at 200 °C for 1 h. First, this
sample was washed, then dried at 80 °C for 12 h and named (F).

3.2. Preparation of Iron Oxide-Hydrochar Composite (FHC)

Pomegranate peels were cleaned with tape water then D.I. water, dried and ground,
then subjected to a basic treatment. Then, they were named basic pomegranate peels (BPP),
as discussed in our previous publication [6]. A mixture of 6 g of BPP, 1 g of prepared iron
oxide precursor, and 60 mL D.I. water was left under continuous magnetic stirring for
1 h at room temperature. The mixture was transferred to a Teflon autoclave, which was
then heated for 1 h at 200 °C in a microwave. A scheme representing the synthesis steps
is shown in Scheme 1. First, this sample was washed, then dried at 80 °C for 12 h and
named FHC.

Microwave-assisted
Hydrothermal Treatment

Magnetic Hydrochar Composite

Scheme 1. Iron oxide-hydrochar composite (FHC) prepared by MHC treatment of pomegranate
peels” waste.

3.3. Preparation of Iron Oxide-Activated Hydrochar Composite (FAC)

A mixture of 6 g of BPP, 1 g of prepared iron oxide precursor, 10 mL of 6 M ZnCl,, and
50 mL D.I. water was left under continuous magnetic stirring for 1 h at room temperature.
The mixture was transferred to a Teflon autoclave, which was then heated for 1 h at
200 °C in a microwave. First, this sample was washed, then dried at 80 °C for 12 h and
named FAC.

3.4. Determining the pH of Point of Zero Charge (pHpc)

A mixture of 0.2 L of 0.1 M NaCl solution and 0.2 g of FHC or FAC was stirred at
room temperature for 1 day to establish the equilibrium, then the equilibrium pH (pH,)
was measured. The NaCl solutions have different pH values, which were altered by 0.1 M
NaOH or 0.1 M HNOs to cover a range of initial pH (pH;) from 2 to 12.

3.5. Adsorption Equilibrium of Methylene Blue Dye

Next, 100 ppm MB dye solution was prepared by mixing 0.1 g of MB dye and 1 L of
DD water. This stock solution was consecutively diluted to prepare a series of MB dye
solutions with starting concentration C; = 5, 10, and 50 ppm. By using 0.1 M NaOH and the
pH meter, the pH was kept at 8.

A series of batch adsorption tests were conducted with each of the composites to
perform the equilibrium analysis. Specifically, 50 mL of each MB solution, with its initial
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concentration (C;) in the range of 5-100 ppm, was combined with 0.1 g of the composite
FHC or FAC. To ensure the mixture reached equilibrium, it was agitated continuously
for 24 h at 25 °C and 350 rpm. The sample was then centrifuged, and the equilibrium
concentration (Ce) of the solution was determined using a UV-VIS spectrophotometer with
a maximum wavelength of 664 nm. Equation (1) was used to compute the amount of
MB dye adsorbed at equilibrium, while Equation (2) was used to calculate the removal

efficiency of MB dye.
G —C
o= GGy )
(Ci - Ce)
G

where g, is the adsorption capacity at equilibrium (mg/g), C; and C, are the starting and
the equilibrium concentrations (ppm), respectively. V stands for the volume of the solution
in millimeters, m is the used mass of adsorbent in g, and R% is the removal efficiency.

Langmuir and Freundlich adsorption isotherms were used to fit the experimen-
tal data through nonlinear regression with the aid of the CAVS—adsorption evaluation
2.0 program—using Equations (3) and (4), respectively.

R% = x 100 )

ge =q; % K xCo/ (1 4+ K; % Cp) (3)

e = Kprx Cel/nh 4

where gy, is the Langmuir monolayer sorption capacity (mg/g), Ky, is Langmuir constant,
which reveals how much the adsorbate and adsorbent interact, K, is the Freundlich constant
((mg/g)(L/mg)), and ny, is the Freundlich exponent.
Equation (5) can be used to obtain R}, a separation factor or equilibrium parameter
from the Langmuir isotherm.
Ry =1/(1+K. xC) ®)

when its value is between 0-1, it is a favorable adsorption.

Moreover, the Dubinin—Radushkevich (D-R) model is used to describe the nature of
the adsorption process as a chemical or a physical adsorption, and it is represented by the
following linear equation:

nQ, = InQ, — B¢ (6)

where § is a constant related to the mean free energy of adsorption (mol? /KJ?) and ¢ is the
Polanyi potential (KJ/mol), and is calculated according to the following equation:

1
e=RTIn(1+ =) (7)
Ce
where R is the gas constant, T is the temperature in Kelvin, and C, is the equilibrium
concentration [43,44]. The mean adsorption energy (E) is calculated as following:

1
E=—— 8
25 8)

4. Conclusions

In this work, microwave-assisted hydrothermal carbonization treatment (MHC),
a time- and energy-efficient method, was successful in the synthesis of an iron oxide-
hydrochar composite and iron oxide-activated hydrochar under the effect of the chemical
activation by ZnCl. As has been proven by the various characterization techniques, amor-
phous carbon and crystalline iron oxide were formed. The hydrochar in the FHC and
FAC had a porous structure, and the iron oxide had a rod-like structure. The adsorption
performance for the removal of MB dye was promising, as shown by the FHC sample



Molecules 2023, 28, 4526 14 of 16

with a maximum adsorption capacity of 556 mg/g achieved in this work. Furthermore,
it is vital for the adsorbent to have a high sensitivity at a low concentration of pollu-
tants for environmental applications. More than 85% removal of the MB dye from 5 ppm
was achieved by the FHC sample. Therefore, in terms of being environmentally friendly,
safe, straightforward, and affordable, this time- and energy-efficient technology may com-
pete with other approaches to producing highly effective adsorbents. The microwave-
assisted hydrothermal carbonization treatment can be applied with different agricultural
wastes to produce hydrochar, which can be used as an adsorbent for various pollutants in
future work.

Funding: This research was funded by the Deputyship for Research and Innovation, Ministry of
Education in Saudi Arabia, through the project number [INST145]. The APC was funded by the
Deputyship for Research and Innovation, Ministry of Education in Saudi Arabia, through the project
number [INST145].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data are available upon request.

Acknowledgments: The author extends her appreciation to the Deputyship for Research and Inno-
vation, Ministry of Education in Saudi Arabia, for funding this research work through the project
number [INST145].

Conflicts of Interest: The author declares no conflict of interest.

Sample Availability: Not applicable.

References

1.  HasdemiR, Z.M.; SIMSEK, S. Removal of Cationic Dye in Aquatic Medium by Using a New Composite Material. Cumhur. Sci. J.
2018, 39, 181-191. [CrossRef]

2. Khalaf, M.M.; Da'na, E.; Al-Amer, K.; Hessien, M. Experimental Design Modeling of the Effect of Hexagonal Wurtzite-ZnO
Synthesis Conditions on Its Characteristics and Performance as a Cationic and Anionic Adsorbent. Molecules 2019, 24, 3884.
[CrossRef] [PubMed]

3. Yu, F; Tian, F; Zou, H; Ye, Z.; Peng, C.; Huang, J.; Zheng, Y.; Zhang, Y.; Yang, Y.; Wei, X,; et al. ZnO/biochar nanocomposites
via solvent free ball milling for enhanced adsorption and photocatalytic degradation of methylene blue. J. Hazard. Mater. 2021,
415,125511. [CrossRef] [PubMed]

4. Li, B.; Guo, J.; Lv, K; Fan, J. Adsorption of methylene blue and Cd(Il) onto maleylated modified hydrochar from water. Environ.
Pollut. 2019, 254, 113014. [CrossRef] [PubMed]

5. Pauletto, P.S.; Moreno-Perez, J.; Hernandez-Hernandez, L.E.; Bonilla-Petriciolet, A.; Dotto, G.L.; Salau, N.P.G. Novel biochar and
hydrochar for the adsorption of 2-nitrophenol from aqueous solutions: An approach using the PVSDM model. Chemosphere 2021,
269, 128748. [CrossRef]

6.  Hessien, M. Microwave-Assisted Hydrothermal Carbonization of Pomegranate Peels into Hydrochar for Environmental Applica-
tions. Energies 2022, 15, 3629. [CrossRef]

7. Awasthi, A ; Jadhao, P.; Kumari, K. Clay nano-adsorbent: Structures, applications and mechanism for water treatment. SN Appl.
Sci. 2019, 1, 1076. [CrossRef]

8.  Prajapati, A.K.; Mondal, M.K. Novel green strategy for CuO-ZnO-C nanocomposites fabrication using marigold (Tagetes spp.)
flower petals extract with and without CTAB treatment for adsorption of Cr(VI) and Congo red dye. ]. Environ. Manag. 2021,
290, 112615. [CrossRef]

9.  Patifio, A.A.B.; Lassalle, V.L.; Horst, M.F. Magnetic hydrochar nanocomposite obtained from sunflower husk: A potential material
for environmental remediation. J. Mol. Struct. 2021, 1239, 130509. [CrossRef]

10. Da’na, E.; Taha, A.; Hessien, M. Application of ZnO-NiO greenly synthesized nanocomposite adsorbent on the elimination of
organic dye from aqueous solutions: Kinetics and equilibrium. Ceram. Int. 2021, 47, 4531-4542. [CrossRef]

11.  Yi, Y; Huang, Z; Lu, B,; Xian, ].; Tsang, E.P.; Cheng, W.; Fang, ]J.; Fang, Z. Magnetic biochar for environmental remediation: A
review. Bioresour. Technol. 2020, 298, 122468. [CrossRef]

12.  Xiao, C,; Li, H.; Zhao, Y.; Zhang, X.; Wang, X. Green synthesis of iron nanoparticle by tea extract (polyphenols) and its selective
removal of cationic dyes. J. Environ. Manag. 2020, 275, 111262. [CrossRef] [PubMed]

13.  Xiang, W.; Zhang, X.; Chen, J.; Zou, W.; He, F; Hu, X,; Tsang, D.C.W.; Ok, Y.S.; Gao, B. Biochar technology in wastewater treatment:

A critical review. Chemosphere 2020, 252, 126539. [CrossRef] [PubMed]


https://doi.org/10.17776/csj.356915
https://doi.org/10.3390/molecules24213884
https://www.ncbi.nlm.nih.gov/pubmed/31661919
https://doi.org/10.1016/j.jhazmat.2021.125511
https://www.ncbi.nlm.nih.gov/pubmed/33740715
https://doi.org/10.1016/j.envpol.2019.113014
https://www.ncbi.nlm.nih.gov/pubmed/31446359
https://doi.org/10.1016/j.chemosphere.2020.128748
https://doi.org/10.3390/en15103629
https://doi.org/10.1007/s42452-019-0858-9
https://doi.org/10.1016/j.jenvman.2021.112615
https://doi.org/10.1016/j.molstruc.2021.130509
https://doi.org/10.1016/j.ceramint.2020.10.015
https://doi.org/10.1016/j.biortech.2019.122468
https://doi.org/10.1016/j.jenvman.2020.111262
https://www.ncbi.nlm.nih.gov/pubmed/32858272
https://doi.org/10.1016/j.chemosphere.2020.126539
https://www.ncbi.nlm.nih.gov/pubmed/32220719

Molecules 2023, 28, 4526 15 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tomul, F,; Arslan, Y.; Kabak, B.; Trak, D.; Kenduzler, E.; Lima, E.C.; Tran, H.N. Peanut shells-derived biochars prepared from
different carbonization processes: Comparison of characterization and mechanism of naproxen adsorption in water. Sci. Total.
Environ. 2020, 726, 137828. [CrossRef]

Mohanta, J.; Dey, B.; Dey, S. Sucrose-Triggered, Self-Sustained Combustive Synthesis of Magnetic Nickel Oxide Nanoparticles and
Efficient Removal of Malachite Green from Water. ACS Omega 2020, 5, 16510-16520. [CrossRef]

Kim, M.; Jee, S.C.; Sung, ].S.; Kadam, A.A. Supermagnetic Sugarcane Bagasse Hydrochar for Enhanced Osteoconduction in
Human Adipose Tissue-Derived Mesenchymal Stem Cells. Nanomaterials 2020, 10, 1793. [CrossRef]

Davies, G.; McGregor, J. Hydrothermal Synthesis of Biomass-Derived Magnetic Carbon Composites for Adsorption and Catalysis.
ACS Omega 2021, 6, 33000-33009. [CrossRef]

Min, L.; Zhang, P; Fan, M.; Xu, X.; Wang, C.; Tang, J.; Sun, H. Efficient degradation of p-nitrophenol by Fe@pomelo peel-
derived biochar composites and its mechanism of simultaneous reduction and oxidation process. Chemosphere 2021, 267, 129213.
[CrossRef]

Zhang, S.; Zhu, S.; Zhang, H.; Liu, X.; Xiong, Y. Synthesis and characterization of rice husk-based magnetic porous carbon by
pyrolysis of pretreated rice husk with FeCl3 and ZnCl2. J. Anal. Appl. Pyrolysis 2020, 147, 104806. [CrossRef]

Faradilla, R.F; Lucia, L.; Hakovirta, M. Remarkable Physical and Thermal Properties of Hydrothermal Carbonized Nanoscale
Cellulose Observed from Citric Acid Catalysis and Acetone Rinsing. Nanomaterials 2020, 10, 1049. [CrossRef]

Saha, N.; Volpe, M.; Fiori, L.; Volpe, R.; Messineo, A.; Reza, M.T. Cationic Dye Adsorption on Hydrochars of Winery and Citrus
Juice Industries Residues: Performance, Mechanism, and Thermodynamics. Energies 2020, 13, 4686. [CrossRef]

Maniscalco, M.P.; Volpe, M.; Messineo, A. Hydrothermal Carbonization as a Valuable Tool for Energy and Environmental
Applications: A Review. Energies 2020, 13, 4098. [CrossRef]

Li, E; Zimmerman, A.R.; Hu, X;; Yu, Z.; Huang, J.; Gao, B. One-pot synthesis and characterization of engineered hydrochar by
hydrothermal carbonization of biomass with ZnCl,. Chemosphere 2020, 254, 126866. [CrossRef]

Lei, Q.; Kannan, S.; Raghavan, V. Uncatalyzed and acid-aided microwave hydrothermal carbonization of orange peel waste.
Waste Manag. 2021, 126, 106-118. [CrossRef]

Gao, Y;; Remon, J.; Matharu, A.S. Microwave-assisted hydrothermal treatments for biomass valorisation: A critical review. Green
Chem. 2021, 23, 3502-3525. [CrossRef]

Nizamuddin, S.; Qureshi, S.S.; Baloch, H.A.; Siddiqui, M.T.H.; Takkalkar, P.; Mubarak, N.M.; Dumbre, D.K.; Griffin, G.J.;
Madapusi, S.; Tanksale, A. Microwave Hydrothermal Carbonization of Rice Straw: Optimization of Process Parameters and
Upgrading of Chemical, Fuel, Structural and Thermal Properties. Materials 2019, 12, 403. [CrossRef] [PubMed]

Dai, L.; He, C.; Wang, Y,; Liu, Y.; Ruan, R.; Yu, Z.; Zhou, Y.; Duan, D.; Fan, L.; Zhao, Y. Hydrothermal pretreatment of bamboo
sawdust using microwave irradiation. Bioresour. Technol. 2018, 247, 234-241. [CrossRef] [PubMed]

Semercioz, A.S.; Gogtis, F; Celekli, A.; Bozkurt, H. Development of carbonaceous material from grapefruit peel with microwave
implemented-low temperature hydrothermal carbonization technique for the adsorption of Cu (II). J. Clean. Prod. 2017, 165,
599-610. [CrossRef]

Wang, YJ.; Li, N.; Ni, G.R.; Zhou, C.H.; Yin, X.; Huang, H.J. Recycling Pomelo Peel Waste in the Form of Hydrochar Obtained by
Microwave-Assisted Hydrothermal Carbonization. Materials 2022, 15, 9055. [CrossRef]

Siddiqui, M.T.H.; Chan, EL.; Nizamuddin, S.; Baloch, H.A.; Kundu, S.; Czajka, M.; Griffin, G.J.; Tanksale, A.; Shah, K.; Srinivasan,
M. Comparative study of microwave and conventional solvothermal synthesis for magnetic carbon nanocomposites and bio-oil
from rice husk. J. Environ. Chem. Eng. 2019, 7, 103266. [CrossRef]

Kazak, O.; Tor, A. In situ preparation of magnetic hydrochar by co-hydrothermal treatment of waste vinasse with red mud and its
adsorption property for Pb(II) in aqueous solution. ]. Hazard. Mater. 2020, 393, 122391. [CrossRef]

Yew, Y.P; Shameli, K.; Miyake, M.; Kuwano, N.; Bt Ahmad Khairudin, N.B.; Bt Mohamad, S.E.; Lee, K.X. Green Synthesis of
Magnetite (Fe3O4) Nanoparticles Using Seaweed (Kappaphycus alvarezii) Extract. Nanoscale Res. Lett. 2016, 11, 276. [CrossRef]
[PubMed]

Stoia, M.; Istratie, R.; Pacurariu, C. Investigation of magnetite nanoparticles stability in air by thermal analysis and FTIR
spectroscopy. J. Therm. Anal. Calorim. 2016, 125, 1185-1198. [CrossRef]

Nguyen, V.D.; Kynicky, J.; Ambrozova, P.; Adam, V. Microwave-Assisted Synthesis of Goethite Nanoparticles Used for Removal
of Cr(VI) from Aqueous Solution. Materials 2017, 10, 783. [CrossRef]

Veltri, E.; Alessandro, F.; Scarcello, A.; Beneduci, A.; Arias Polanco, M.; Cid Perez, D.; Vacacela Gomez, C.; Tavolaro, A.; Giordano,
G.; Caputi, L.S. Porous Carbon Materials Obtained by the Hydrothermal Carbonization of Orange Juice. Nanomaterials 2020,
10, 655. [CrossRef]

Zhang, X,; Liu, S.; Qin, Q.; Chen, G.; Wang, W. Alkali Etching Hydrochar-Based Adsorbent Preparation Using Chinese Medicine
Industry Waste and Its Application in Efficient Removal of Multiple Pollutants. Processes 2023, 11, 412. [CrossRef]

Islam, M.A.; Ahmed, M.].; Khanday, W.A.; Asif, M.; Hameed, B.H. Mesoporous activated carbon prepared from NaOH activation
of rattan (Lacosperma secundiflorum) hydrochar for methylene blue removal. Ecotoxicol. Environ. Saf. 2017, 138, 279-285. [CrossRef]
[PubMed]

Li, B;; Ly, ].Q.; Guo, J.Z,; Fu, S.Y.; Guo, M.; Yang, P. The polyaminocarboxylated modified hydrochar for efficient capturing
methylene blue and Cu(II) from water. Bioresour. Technol. 2019, 275, 360-367. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2020.137828
https://doi.org/10.1021/acsomega.0c00999
https://doi.org/10.3390/nano10091793
https://doi.org/10.1021/acsomega.1c05116
https://doi.org/10.1016/j.chemosphere.2020.129213
https://doi.org/10.1016/j.jaap.2020.104806
https://doi.org/10.3390/nano10061049
https://doi.org/10.3390/en13184686
https://doi.org/10.3390/en13164098
https://doi.org/10.1016/j.chemosphere.2020.126866
https://doi.org/10.1016/j.wasman.2021.02.058
https://doi.org/10.1039/D1GC00623A
https://doi.org/10.3390/ma12030403
https://www.ncbi.nlm.nih.gov/pubmed/30696042
https://doi.org/10.1016/j.biortech.2017.08.104
https://www.ncbi.nlm.nih.gov/pubmed/28950131
https://doi.org/10.1016/j.jclepro.2017.07.159
https://doi.org/10.3390/ma15249055
https://doi.org/10.1016/j.jece.2019.103266
https://doi.org/10.1016/j.jhazmat.2020.122391
https://doi.org/10.1186/s11671-016-1498-2
https://www.ncbi.nlm.nih.gov/pubmed/27251326
https://doi.org/10.1007/s10973-016-5393-y
https://doi.org/10.3390/ma10070783
https://doi.org/10.3390/nano10040655
https://doi.org/10.3390/pr11020412
https://doi.org/10.1016/j.ecoenv.2017.01.010
https://www.ncbi.nlm.nih.gov/pubmed/28081490
https://doi.org/10.1016/j.biortech.2018.12.083

Molecules 2023, 28, 4526 16 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

El Haddad, M.; Mamouni, R.; Saffaj, N.; Lazar, S. Removal of a cationic dye—Basic Red 12—From aqueous solution by adsorption
onto animal bone meal. J. Assoc. Arab. Univ. Basic Appl. Sci. 2018, 12, 48-54. [CrossRef]

Ngoc, D.M.; Hieu, N.C.; Trung, N.H.; Chien, H.H.; Thi, N.Q.; Hai, N.D.; Chao, H.-P. Tetracycline Removal from Water by Adsorp-
tion on Hydrochar and Hydrochar-Derived Activated Carbon: Performance, Mechanism, and Cost Calculation. Sustainability
2023, 15, 4412. [CrossRef]

Simonescu, C.M.; Culita, D.C.; Tatarus, A.; Mocanu, T.; Marinescu, G.; Mitran, R.A.; Atkinson, I.; Kuncser, A.; Stanica, N. Novel
Magnetic Nanocomposites Based on Carboxyl-Functionalized SBA-15 Silica for Effective Dye Adsorption from Aqueous Solutions.
Nanomaterials 2022, 12, 2247. [CrossRef] [PubMed]

Samarghandi, M.R.; Hadi, M.; Moayedi, S.; Askari, F.B. Two-Parameter Isotherms Of Methyl Orange Sorption By Pinecone
Derived Activated Carbon. Iran. |. Environ. Health. Sci. Eng. 2009, 6, 285-294.

Simsek, S.; Derin, Y.; Kaya, S.; Senol, Z.M.; Katin, K.P.; Ozer, A.; Tutar, A. High-Performance Material for the Effective Removal of
Uranyl Ion from Solution: Computationally Supported Experimental Studies. Langmuir 2022, 38, 10098-10113. [CrossRef]
Saleh, T.A. Chapter 4—Isotherm models of adsorption processes on adsorbents and nanoadsorbents. In Interface Science and
Technology; Saleh, T.A., Ed.; Elsevier: Amsterdam, The Netherlands, 2022; Volume 34, pp. 99-126.

Dada, A.O.; Olalekan, A.P,; Olatunya, A.M.; Dada, O. Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich Isotherms
Studies of Equilibrium Sorption of Zn2+ Unto Phosphoric Acid Modified Rice Husk. IOSR J. Appl. Chem. 2012, 3, 8.

Hu, Q.; Zhang, Z. Application of Dubinin-Radushkevich isotherm model at the solid /solution interface: A theoretical analysis. .
Mol. Lig. 2019, 277, 646-648. [CrossRef]

Dinh, V.P; Huynh, T.D.; Le, HM.; Nguyen, V.D.; Dao, V.A.; Hung, N.Q.; Tuyen, L.A.; Lee, S.; Yi, J.; Nguyen, T.D.; et al. Insight
into the adsorption mechanisms of methylene blue and chromium(iii) from aqueous solution onto pomelo fruit peel. RSC Adv.
2019, 9, 25847-25860. [CrossRef]

Wang, J.; Zang, Y.; Zhang, J.; Chen, F; Liu, G.; Liu, B.; Matsumoto, T. Preparation of reed straw hydrochar adsorbent and its
environmental impact assessment. City Built Environ. 2023, 1, 6. [CrossRef]

Jawad, A.H.; Sabar, S.; Ishak, M.A.M.; Wilson, L.D.; Ahmad Norrahma, S.S.; Talari, M.K.; Farhan, A.M. Microwave-assisted
preparation of mesoporous-activated carbon from coconut (Cocos nucifera) leaf by H3PO4activation for methylene blue adsorption.
Chem. Eng. Commun. 2017, 204, 1143-1156. [CrossRef]

Zhou, F; Li, K.; Hang, F; Zhang, Z.; Chen, P.; Wei, L.; Xie, C. Efficient removal of methylene blue by activated hydrochar prepared
by hydrothermal carbonization and NaOH activation of sugarcane bagasse and phosphoric acid. RSC Adv. 2022, 12, 1885-1896.
[CrossRef]

Sun, S.; Zeng, X.; Gao, Y.; Zhang, W.; Zhou, L.; Zeng, X.; Liu, W,; Jiang, Q.; Jiang, C.; Wang, S. Iron oxide loaded biochar/attapulgite
composites derived camellia oleifera shells as a novel bio-adsorbent for highly efficient removal of Cr(VI). J. Clean. Prod. 2021,
317,128412. [CrossRef]

Yan, Z.; Fu, L.; Yang, H.; Ouyang, ]. Amino-functionalized hierarchical porous SiO2-AIOOH composite nanosheets with enhanced
adsorption performance. J. Hazard. Mater. 2018, 344, 1090-1100. [CrossRef]

Schlumberger, C.; Thommes, M. Characterization of Hierarchically Ordered Porous Materials by Physisorption and Mercury
Porosimetry—A Tutorial Review. Adv. Mater. Interfaces 2021, 8, 2002181. [CrossRef]

Phatharachindanuwong, C.; Hansupalak, N.; Chareonpanich, M.; Chisti, Y.; Limtrakul, J.; Plank, J. Morphology and adsorption
capacity of sodium silicate-based hierarchical porous silica templated on natural rubber: Influence of washing—drying methods.
Mater. Lett. 2014, 130, 206-209. [CrossRef]

Santamaria, E.; Maestro, A.; Porras, M.; Gutiérrez, ].M.; Gonzalez, C. Preparation of structured meso-macroporous silica materials:
Influence of composition variables on material characteristics. J. Porous Mater. 2014, 21, 263-274. [CrossRef]

Huang, Y.; Yin, W.; Zhao, T.-L.; Liu, M.; Yao, Q.-Z.; Zhou, G.-T. Efficient Removal of Congo Red, Methylene Blue and Pb(II) by
Hydrochar-MgAILDH Nanocomposite: Synthesis, Performance and Mechanism. Nanomaterials 2023, 13, 1145. [CrossRef]

Tran, T.H.; Le, HH.; Pham, T.H.; Nguyen, D.T,; La, D.D.; Chang, S.W.; Lee, S.M.; Chung, W.J.; Nguyen, D.D. Comparative study
on methylene blue adsorption behavior of coffee husk-derived activated carbon materials prepared using hydrothermal and
soaking methods. J. Environ. Chem. Eng. 2021, 9, 105362. [CrossRef]

Lestari, D.I; Yuliansyah, A.T.; Budiman, A. Adsorption studies of KOH-modified hydrochar derived from sugarcane bagasse for
dye removal: Kinetic, isotherm, and thermodynamic study. Commun. Sci. Technol. 2022, 7, 15-22. [CrossRef]

Zubrik, A.; Matik, M.; Lovas, M.; Stefusova, K.; Dankové, Z.; Hredzdk, S.; Vaclavikova, M.; Bendek, E; Brianéin, ].; Machala, L.;
et al. One-step microwave synthesis of magnetic biochars with sorption properties. Carbon Lett. 2018, 26, 12. [CrossRef]

Islam, M.A.; Ahmed, M.].; Khanday, W.A.; Asif, M.; Hameed, B.H. Mesoporous activated coconut shell-derived hydrochar
prepared via hydrothermal carbonization-NaOH activation for methylene blue adsorption. J. Environ. Manag. 2017, 203, 237-244.
[CrossRef]

Hessien, M.; Leone, P; Suchaud, M.; LeBeau, B.; Nouali, H.; Guari, Y.; Prouzet, E. Nanocrystalline iron oxide synthesised within
Hierarchical Porous Silica prepared by nanoemulsion templating. Chem. Commun. 2012, 48, 10022-10024. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jaubas.2012.04.003
https://doi.org/10.3390/su15054412
https://doi.org/10.3390/nano12132247
https://www.ncbi.nlm.nih.gov/pubmed/35808082
https://doi.org/10.1021/acs.langmuir.2c00978
https://doi.org/10.1016/j.molliq.2019.01.005
https://doi.org/10.1039/C9RA04296B
https://doi.org/10.1007/s44213-023-00007-y
https://doi.org/10.1080/00986445.2017.1347565
https://doi.org/10.1039/D1RA08325B
https://doi.org/10.1016/j.jclepro.2021.128412
https://doi.org/10.1016/j.jhazmat.2017.11.058
https://doi.org/10.1002/admi.202002181
https://doi.org/10.1016/j.matlet.2014.05.123
https://doi.org/10.1007/s10934-013-9771-6
https://doi.org/10.3390/nano13071145
https://doi.org/10.1016/j.jece.2021.105362
https://doi.org/10.21924/cst.7.1.2022.669
https://doi.org/10.5714/CL.2018.26.031
https://doi.org/10.1016/j.jenvman.2017.07.029
https://doi.org/10.1039/c2cc34496c

	Introduction 
	Results and Discussion 
	FT-IR Characterization of Prepared Samples 
	XRD Characterization of Prepared Samples 
	Morphology of Prepared Samples 
	The pH of Point of Zero Charge (pHpzc) 
	Adsorption Equilibrium of Methylene Blue Dye 

	Materials and Methods 
	Preparation of Iron Oxide (F) 
	Preparation of Iron Oxide-Hydrochar Composite (FHC) 
	Preparation of Iron Oxide-Activated Hydrochar Composite (FAC) 
	Determining the pH of Point of Zero Charge (pHpzc) 
	Adsorption Equilibrium of Methylene Blue Dye 

	Conclusions 
	References

