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ARTICLE INFO ABSTRACT

Keywords: The present study evaluates the influence of hydrothermal environment (H20, 1 M KOH, 1 M H3SO4 and 5 %
Lemongrass H3PO4) on the properties of hydrochars from lemongrass essential oil distillation residue (LDR), and applied for
Hydroc}?ar simultaneously adsorption of methylene blue (MB) and rhodamine B (RhB) dyes in water. The hydrochars were
QEZZI:;:;:; B characterized using different physicochemical techniques including XRD, Raman, SEM-EDS, FTIR and BET

methods. The results indicated that the PLH (hydrothermal LDR in 5 % H3POy4 solution) had the highest carbon
content, most porous structure, most uniform material size and largest specific surface area at 28.37 m?/g. The
PLH performed well in both single and mixed adsorption with MB and RhB. The highest adsorption capacity was
achieved at pH 4, and increased with temperature. Adsorption efficiency for MB was better than for RhB, the
maximum sorption capacity for MB and RhB were 97 and 78 mg/g, respectively, and insignificantly reduced in
mixed adsorption. After regeneration, the sorption capacity slightly increased in individual adsorption but
slightly decreased in mixed adsorption. The single adsorption process followed the Sips isotherm model while
both single adsorption and mixed adsorption were fitted well with the pseudo — second order kinetic model,
spontaneous, and endothermic. The results indicated that the surface of PLH was heterogeneous and the
chemisorption played a dominant role. The dominant interaction between RhB and PLH involved zn-x interactions
between aromatic rings, while are the interactions included n-n interactions from C=N and C—=C and hydrogen
bonding between the nitrogen atoms and the O-H group on the PLH surfacewere governed MB adsorption. Our
results indicate that the hydrochars derived from LDR is an efficient adsorbent with high adsorption capacities
for both MB and RhB in single and mixed adsorption system.

Methylene blue

1. Introduction the coming years [2]. Of which, the textile and leather industry con-

sumes about 70 %. As a result, substantial dye residues are released into

The textile and leather industry plays a vital role in the global
economy, the global textile market was approximately $920 billion [1]
in 2021, and it is projected to continue growing in the coming years.
However, these contributions also come with significant environmental
cost, including the consumption of tons of dyes each year, for example:
the global dye market was valued at approximately $38.14 billion USD
(representing around 2-3 million tons of dyes) in 2022, and it is ex-
pected to grow at a compound annual growth rate of around 4-5 % in
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the environment during production, use and disposal process, making
dyes is one of the major contributors to global environmental pollution.
Among these, synthetic dyes such as azo dyes, anthraquinone dyes and
triphenylmethane dyes are particularly problematic because they s are
not biodegradable and exist for a long time in the environment, causing
many serious consequences. All dyes alter the color of water, reduce the
oxygen content level in water, and disrupt the natural development of
aquatic organisms.
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Methylene blue (MB) is a very popular dye from the phenolthiazines
family with a tricyclin phenolthiazine, formula is C16H;8CIN3S (Fig. 5a),
soluble in water and some organic solvents. Although MB has numerous
promising benefits across various medical applications, but, MB can
interfere with bacterial growth in water, disrupting natural purification
processes. It is a toxic, carcinogenic, and mutagenic, with potential to
cause serotonin toxicity in humans at high doses [3]. MB-induced
serotonergic toxicity can lead to neuromuscular hyperactivity; dose-
dependent toxicity of MB includes hemolysis, methemoglobinemia,
nausea, chest pain, and hypertension [4]. It also includes skin irritation
and inflammatory responses. RhB is also a popular azo dye, formula is
CogH31CIN2O3 (Fig. 5b), can exist in two forms: an “open”/fluorescent
from (in acidic condition) and a “closed”/nonflurescent spirolactone
from in basic condition, soluble in common solvents. RhB is applied in a
number of fields, including photochromics, thermochromics, and ion-
ochromics [5]. RhB and its derivative rhodamine 6G have been utilized
as colorimetric and fluorescent chemo sensors for detecting metal ions,
particularly copper, in environmental and biological samples [6].
However, RhB poses significant health risks in both humans and ani-
mals. RhB causes infections of the skin, eyes, respiratory system,
digestive system, including the potential to cause liver damage, tumors,
and cancer [7]. Prolonged exposure to RhB has been shown to lead liver
cell necrosis and tissue disintegration in animal studies [8].

Therefore, the removal of these dye from polluted environment, is
crucial. Various methods have been explored, including chemical, bio-
logical, and physical techniques. While chemical methods may generate
secondary pollutants and biological methods are sensitive to pH,
adsorption has emerged as a promising physical technique due to its
effectiveness and economic feasibility [3,9]. Various types of adsorbent
materials have been studied for the removal of MB, RhB and their
mixture. Important criteria when choosing an adsorbent include: high
efficiency, low price, available raw materials, easy to regenerate mate-
rials, simple and easy to regenerate materials. Therefore, biochar is one
of the top choices compared to materials of mineral origin such as ox-
ides, composites, mineral rocks, ... Biochar derived from various
biomass sources, through pyrolysis or hydrothermal processes, have
shown significant potential in removing a variety of pollutants,
including MB and RhB removal [9,10]. The pyrolysis was often occurred
at 300 °C to 700 °C for 30 min to several hours in nitrogen environment,
using dry biomass. In contrast, hydrothermal process operates at 180 °C
to 260 °C for several hours, with either dry or wet biomass. This makes
the hydrothermal process more environmentally friendly and energy
efficient compared to pyrolysis. MB adsorption has been extensively
studied globally utilizing various types of adsorbents, especially carbon-
based materials [11-13]. Hydrochars derived from different biomass
sources, includes pristine hydrochar, such as Mason pine, cedarwood,
bamboo, coconut shell, pecan shell, wheat straw, maize straw, rice straw
[14], coffee husk [15], shorrea spp. [16], nut shell [17], pomegranate
[18], sewage sludge hydrochar [19], modified hydrochar [20], or wal-
nut and silicate hydrochar composite [21]. All exhibited adsorption
capacities for MB ranging from 64.43 to 657.76 mg/g, demonstrating
their potential as cost-effective for wastewater treatment. However, only
a limited number of hydrochars derived from agricultural residues have
been studied to adsorb RhB [22-24]. For instance, Kohzadi et al. used
wheat straw to produced hydrochar and biochar, finding that, hydrochar
adsorbed RhB approximately 1.7 times more than the biochar, and twice
as effectively as untreated wheat straw. When modified with Fe, the RhB
adsorption capacity of wheat straw hydrochar increased significantly, to
80 mg/g while Fe-modified wheat straw biochar showed little
improvement [25]. Citric acid modified furfural residue hydrochar
demonstrated a maximum theoretical adsorption capacity of 39.46
mg-g~! at pH 3, with a retention rate of 92.74 % after five regeneration
cycles [26]. Certain adsorbents from agricultural residues have been
evaluated for the individual adsorption both MB and RhB. Examples
include shea butter leaves [27], cellulose fibers activated biochar [28],
HNOj activated longan peel [29], Pongamia glabra seed cover biochar,
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[30], biochar and EDTA modified biochar of palm kernel shells [31],
seeds of Aleurites Moluccana [32] and microplastics before and after
ultraviolet irradiation [33]. Mixture of MB and RhB was adsorbed by
some adsorbents from natural, such as: alkaline-modified Vietnam
diatomite [34]; the commercial natural zeolite from deposits in Semnan,
Iran [35]; agricultural waste such as Onecarpus bacaba Mart fiber resi-
dues (collected in Itacoatiara, Amazonas state, Brazil), in natural (OBMi)
and NaOH-modifed (OBMm), in which, OBMm was more efficient [36];
a pyrochar of cassava peel (was obtained from a farm in Djakotomey,
Benin) was studied for the single and binary adsorption of MB, malachite
green (MG), and RhB demonstrating adsorption capacities ranging from
20.48 mg/g to 407.98 mg/g for MB, 5.51 mg/g to 143.70 mg/g, for RhB,
and in mixed adsorption MB and RhB, 10.00 mg/g to 145.60 mg/g for
MB, and 4.82 mg/g to 67.06 mg/g for RhB [37]. Despite the environ-
mental advantages of hydrothermal processes over pyrolysis, no studies
on hydrochars for simultaneous adsorption of MB and RhB have been
published. Furthermore, there is little research on biochar production
from lemongrass essential oil distillation residue (LDR). Lemongrass
(Cymbopogon spec.) is a popular tropical and subtropical plant, a small
amount is used directly in food and medicine, mainly used to produce
lemongrass essential oil, a widely popular flavor around the world, due
to its scent and numerous health benefits, the global lemongrass oil
market is projected to grow from $41.98 million to $ 81.43 million
between 2021 and 2028, with Compound Annual Growth Rate of 9.3 %
[38]. Therefore, LDR, a waste byproduct from lemongrass essential oil
production, has a very large annual output. The distillation acts as a pre-
treatment stage, helping to simplify the LDR carbonization process,
shorten time and save energy. Currently, only a few studies have re-
ported the production of pyrochar from lemongrass residue for appli-
cation in agricultural land improvement [39-42]. There are no
publications on hydrochar, used for treat water pollutant.

Base on the above premises, in this study, the first time, we explored
the hydrochar synthesis from LDR, examined the characteristics of
hydrochars, identified the optimal material to evaluate its capacity for
single and mixed adsorption of MB and RhB dyes. To improve the
availability of hydrochar, various activation methods have been studied,
both of physical and chemical activation. Although chemical activation
requires to use of chemicals, it has many advantages: easy to perform,
saves energy and cots (because common and cheap chemicals are often
used), is very diverse and easy to adjust the desired properties of pre-
pared materials by adjusting the type and dosage of activator. In the
early stages of researching the production of LDR hydrochar, we choose
some popular activators that have been applied in many previous study
to activate hydrochar and have good results [43]: a strong alkaline, a
strong and a weak acid. Therefore, the hydrothermal LDR was con-
ducted in different environments: distillation water, 1 M KOH, 1 M
HzSO4 and 5 % H3PO4.

2. Materials and methods
2.1. Chemicals

Rhodamine B (CpgH3iCIN2O3, Sigma-Aldrich, >95 % (HPLQ)),
Methylene Blue (C;6H18CIN3S-3H20, Sigma-Aldrich, >98.5 %), distilled
water (DW), hydrochlohydric acid (HCl, Isochem, 36-37 %), sodium
hydroxide (NaOH, Isochem, 98.5 %), phosphoric acid (H3POg4, Sigma-
Aldrich, >99 %), potassium hydroxide (KOH, Sigma-Aldrich, ACS re-
agent, >85%, pellets), and ethanol (CoHgO, Sigma-Aldrich, 96 % (v/v)).
Lemongrass were collected in Thai Nguyen, Vietnam, LDR was recov-
ered at the Institute of Life Sciences, Thai Nguyen University, Thai
Nguyen, Vietnam.

2.2. Synthesis of hydrochar

LDR was dried to constant mass at 105 °C. It was finely ground and
store in a desiccator. 8 g of DWL was completely dispersed in 50 mL of
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solvent (DW, KOH 1 M, H3SO4 1 M, H3PO4 5 %) in a 100 mL Teflon
container. The container was then placed in a stainless steel autoclave,
heated to 220 °C for 6 h (heating rate of 200 °C/h), and allowed to cool
naturally. The resulting material was washed with DW until the wash
was colorless and neutral It was then oven-dried to constant mass at
105 °C, allowed to cool naturally, stored in a zip-top plastic bag in a
desiccator, and designated as LH, KLH, SLH and PLH, respectively
(Fig. 1).

2.3. Characterization of the materials

LDR and hydrochars were characterized using various analytical
techniques. X-ray diffraction (XRD) was performed with a PANanalytical
X’Pert PRO MPD diffractometer, operating at 40 kV and 30 mA, using
Cu-Ka radiation (A = 0.15406 nm) in the 20 range from 15° to 70°.
Fourier-transform infrared (FTIR) spectroscopy was conducted with a
Perkin Elmer-400 spectrometer, analyzing pellets prepared by mixing
KBr and sample at a weight ratio of 1:99, over a wavenumber range of
4000 to 400 cm L. Scanning electron microscopy (SEM), integrated with
an Energy-Dispersive X-ray System (EDS), was performed using a Hita-
chi S-4800 instrument at an acceleration voltage of 20 kV, before
scanning, samples were sputter coated with Pt for 30 s at 20 mA and
vacuum of 10 Pa. Raman spectroscopy was conducted with a LabRAM
HR Evolution spectrometer (Horiba) using a 532 nm argon laser as the
excitation source, the exposure time is 15 s and laser power of 3.2 mW.
The Brunauer-Emmet-Teller (BET) method was applied using a TriStar
3000 V6.07 instrument. Dynamic Light Scattering and Zeta potential
measurement were carried out with a Zetasizer Nano ZS instrument
(Malvern Panalytical, England). The point of zero charge (pHpzc) was
identified experimentally using the pH-drift method: preparing 9 solu-
tions of 0.1 MKClatpHof 2, 3,4, 5, 6,7, 8,9 and 10. Add 25 mg PLH to
each 25 ml of that solution, shake well for 24 h then re-measure the final
pH of the solution to determine the ApH (ApH = pHfinal — PHinitial),
experiment was repeated 3 times to obtain average values. Build a graph
to represent the ApH via the initial pH, the pH at which the ApH = 0 is
the point of zero charge (pHpzc).

2.4. Adsorption tests and data analysis

The adsorption experiments were carried out in 15 mL Conical
Sterile Polypropylene Falcon tubes. For each adsorption experiment, an
exact mass of PLH sample was added to 10 mL of the study solution (MB,
RhB solution or a mixture of MB and RhB with the designed initial
concentrations and pH). The tubes were then placed in a constant
temperature shaker at 150 rpm for a specific period of time. After
shaking, the treated solutions were centrifuged to separate the solid and
liquid fractions. The solid fractions were recovered for analysis and
regeneration, while the liquid fractions were used to determine the re-
sidual dye concentrations after adsorption using the ultraviolet-visible
spectrophotometer method at wavelength of 553,5 nm and 663 nm,
corresponding to RhB and MB, respectively. Each experiment was

LDR poWer
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repeated 3 times to obtain average values.
The adsorption capacity (q, mg/g) and the adsorption efficiency (AE,
%) are calculated using the following Egs. (1) and (2), respectively:

14
a=(C-0, M
(€-0)

AE =
Co

.100% 2)

where C, and C are the initial concentration and residual concentration
of the dye in the solution after adsorption for t min (mg/L), V is the
volume of the working solution (L), and m is the mass of the adsorbent
®.

To study the adsorption kinetics, the experimental data were fitted to
the pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich
kinetic models, based on the following non-linear Egs. (3)-(5),
respectively:

¢ =q(1—e™") (3)
_ kzqgt
q: = m ()]
1
qt= k—ln(a.ke + 1) (5)

e

where k; (minfl), ko (g.mgfl.minfl) and ke (g.mg’l) are the rate
constants for the PFO, PSO, and Elovich kinetic models, respectively.
The term 1/k represents the number of sites available for adsorption
and a is initial adsorption rate (mg. g 1.min') in the Elovich kinetic
model.

The adsorption thermodynamic parameters, including equilibrium
stability constant (Kc), the Gibbs free energy (AG) and enthalpy (AH),
were calculated using following Egs. (6)-(8), respectively:

KC = Cs/Ce (6)

DG = —RTIn(K¢) )
Kr, AH(1 1

N "R (ﬁ T2) ®)

where Cs and C, are the equilibrium concentrations of dye on the
adsorbent surface and in the aqueous phase, respectively, (Cs = C, — Ce).

To study the adsorption isotherm, the experimental data were fitted
to the non-linear forms of the Langmuir, Freundlich, and Sips isotherm
models, according to the following Egs. (9)-(11):

_ qm~KL~Ce

TG ©

ge = Ke.C/™ (10)

i

220°C,6 h

Environments:
1 M KOH/
1 M H,SO,/
5 % HiPO,

Hydrochars:
LH/KLH/SLH/PLH

Fig. 1. Diagram for synthesis hydrochar from LDR.
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where qc and qpare the equilibrium sorption capacity and the
maximum monolayer sorption capacity (mg/g), respectively; Ky, (L/g),
Kp (mgl™.L™. g™!) and Kg (mg™™.L%. g~!) are the Langmuir,
Freundlich and Sips adsorption constant, respectively; np is the
Freundlich exponent coefficient related to adsorption intensity, and ng is
the Sips exponent coefficient related to the heterogeneity of the
adsorbate-adsorbent system. b is a dimensionless parameter that qual-
itatively characterizes the heterogeneity of the adsorbate-adsorbent
system.

2.5. Regeneration and reusable adsorbent materials

After MB adsorption, the PLH was collected, soaked for 4-5 h and
washed many times with 0.1 M HCI until the HCI solution does not
change color. The material was then washed to neutrality, dried, and
used to evaluate reusability [44].

After RhB adsorption, the PLH was regenerated as MB post-
adsorption material usingl M NaOH solution. Finally, it was calcined
at 400 °C for 1 h in nitrogen, allowed to cool naturally, and used to
evaluate reusability [45].

After adsorption of a mixture of MB and RhB, the PLH was collected,
soaked, and washed several times with 99 % ethanol until the ethanol no
longer change color. It was then dried and used to evaluate reusability
[46].
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3. Results and discussion
3.1. Characterization of hydrochars

Lemongrass hydrochar, which was hydrolyzed in different solutions,
was characterized using several techniques. Fig. 2 shows the XRD,
Raman, EDS, and FTIR spectra.

The XRD spectrum (Fig. 2a) of LDR exhibits a broad and intense
diffraction peak at approximately 21.9° and a small diffraction peak at
around 34.4°, characteristic of the cellulose structure [47]. Additionally,
a sharp and narrow peak at around 26.5° is attributed to the (002)
reflection planes of graphite [48]. After being hydrolyzed in water at
220 °C, the XRD spectrum of LH sample shown significant changes: the
intensity of diffraction peaks decreased sharply, and the peaks at 21.9°
in the LDR spectrum shifted to a lower 20 angle, indicating the trans-
formation of the cellulose structure into an amorphous carbon form.
However, the hydrothermal sample treated in 1 M H,SO4 environment
(KLH) had no change in the cellulose structure. Instead, a new peak
appears at 15.5°, corresponding to the (101) crystal planes of cellulose
[49]. For the hydrothermal samples treated in a 1 M KOH solution (KLH)
and a 5 % H3POy4 solution (PLH), cellulose decomposition was evident.
The diffraction peak of cellulose was split into two distinct peaks (both
significantly reduced in intensity) representing cellulose and amorphous
carbon. Additionally, the characteristic graphite peaks were reduced
and broadened, indicating that LDR underwent a stronger trans-
formation in H3PO4 and KOH solutions.

The Raman spectra of LH sample (Fig. 2b) only consists of D band
(1335 em™, typical for defects and disorder in the graphitic lattice or
amorphous carbon structures) and G band (1574 cm ™, corresponding to
the graphitic structure) [50]. In Raman spectroscopy of the KLH and
PLH samples, some other bands are observed. These include bands at
1118 and 1220 cm™?, attributed to contributions from amorphous
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Fig. 2. The XRD patterns (a), Raman spectra (b), EDS spectra (c) and FTIR spectra (d) of LDR and prepared lemongrass hydrochars.
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structure or impurities; at 1444 cm™! characteristic of CH, bending vi-
bration in amorphous carbon; and at 1676, commonly found in graphite
materials. However, when combined with the G peak, this bands reflects
disordered material or amorphous carbon [51]. Additionally, bands at
1788 and 1906 are assigned to the C=0 functional group in GO [52].
These results suggest that the hydrothermal process partially converted
cellulose into amorphous carbon and GO, with the conversion efficiency
increasing as the hydrothermal environment changed from neutral to
alkaline and then to acidic conditions.

This transformation is also reflected in the change in carbon content
of the samples, as shown in the EDS spectrum (Fig. 2c). The carbon
content increases gradually with the increasing intensity of the carbon
signal in the spectrum (details in Table 1).

Table 1 shows that the SLH sample has the lowest carbon content
while PLH has the highest. This result is consistent with the analysis
obtained from the XRD and Raman spectra.

The characteristic bonds in the sample were determined from the
FTIR spectrum in Fig. 2d. All samples have several common features,
including: (1) a broad peak about 3410 cm™! assigned to the O-H
stretching vibration; two peaks at 2918 and 2850 cm ™! assigned to the
C-H symmetric and asymmetric stretching vibrations. Outside that, the
stretching vibration of —C=C- or —C=N bonds, typically represented
by a broad peak at about 2220 cm™?, observed in DWL, disappeared in
the hydrochar samples. The peaks at 1740 cm ™! and 1649 cm™! repre-
senting the C=0 and C—C stretching vibrations in LDR, shifted to lower
wave numbers (1700 cm ™! and 1640 cm™?, respectively) in hydrochar
samples, with a change in the intensity ratio between the two peaks. The
spectral region 1500 to 1200 cm™}, attributed to C-C, C=C, and aro-
matic bonds, decreased in intensity from the hydrothermal solutions of
water, KOH, and H3POy, indicating that the ability to decompose these
bonds is the weakest in water and strongest in H3PO4. The spectral re-
gion 1200-1000 cm ™}, representing the C-O-C bonds, remained fairly
stable across the samples, with only a slight shift in position, suggesting
that this bond is less affected by the hydrothermal process in different
environments.

SEM micrographs of LDR and hydrochars are shown in Fig. 3. The
surface of LDR (Fig. 3a) is not flat; it has various convex and concave
areas and round scales with a diameter of about 0.5 um. After hydro-
thermal treatment, the surface of SLH (Fig. 3d) appears minimally
damaged, with fragmented scales lying on fairly large flat fragments.
This shows that the 1M H3SO4 environment does not cause significant
fragmentation of the source material, despite changes in its initial
physical structure. The extent of physical decomposition of LDR in-
creases as the hydrothermal environment changes from HoSO4 to water,
1 M KOH, and 5 % H3PO4. In the aqueous environment, the LDR block
was destroyed into many layers of large and small fragments, appearing
messy and quite porous, with fragment sizes varying over a large range
(Fig. 3b). In the 1M KOH environment, the LDR block seems to have
been destroyed only on the outer layers, forming very small, uniform
particles on the surface, while the inner layer remains flaky but intact
(Fig. 3c). Meanwhile, the PLH sample (Fig. 3e) consists of relatively
small and uniform particles, about 0.2 x 0.4 mm in size, which appear to
have been internally destroyed into a porous structure. This degree of
destruction is consistent with the change in carbon atom content in the
sample, as observed in the EDS spectrum analysis.

The change in material morphology allows for the prediction of the
changes in specific surface area of materials. The results are verified by
BET analysis in Fig. 4a. The Sggr of the SLH sample is very low, at 2.37
m?/g, of KLH is 8.63 m2/g, and of PLH is the highest, 28.73 m2/g, which

Table 1

Element composition of LDR and hydrochars were determined by EDS method.
Atom/Sample LDR LH KLH SLH PLH
C (atomic %) 62.12 72.35 75.39 64.67 77.66
O (atomic %) 36.79 27.05 23.64 34.08 21.71
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is 12 times higher than SLH and 3.5 times higher than KLH. The surface
area contributed by the cumulative surface area of pores (calculated by
BJH method) for SLH, KLH, and PLH is 1.06, 8.67 and 25.82 mZ/g,
respectively. It means that, the Sggr of KLH and PLH samples are mainly
due to the contribution of pores while that of SLH sample accounts for
less than 50 %. This result is quite consistent with the surface charac-
teristics observed from SEM images. The pore size of PLH sample,
calculated from the BJH adsorption and desorption curves, is quite
similar, at 36.6 and 30.2 nm, reflecting the mesoporous structure of the
material. Table 2 shows that the PLH sample has a relatively high Sggr
compared to many of the other hydrochars studied. The isoelectric point
of PLH was also determined experimentally, as shown in Fig. 4b, with a
pHyp,c value of 3.5.

3.2. Single adsorption

3.2.1. Some factors affecting to the adsorption of MB and RhB on PLH and
the adsorption mechanism

pH is an important factor affecting the chemical forms of MB and
RhB, as well as the surface characteristics of PLH, affecting the
adsorption capacity of PLH. Adsorption studies were conducted in so-
lutions with pH values of 2, 3, 4, 6, 8, and 10 over a duration of 4 h, with
an initial concentration of MB or RhB was 20 mg/L and a PLH dose of 2
g/L. The results are shown in Fig. 5a. For MB adsorption, pH has a strong
affection on adsorption capacity: as pH increases from 2 to 4, the
adsorption efficiency increases rapidly, but when pH continues to rise,
the adsorption efficiency decreases sharply. A similar trend was
observed for RhB adsorption; however, the difference in adsorption ef-
ficiency between the pH values was not significant, with adsorption
efficiencies at pH 3 and 4 being approximately the same. Based on the
PHypc of PLH, at pH values below 3.5, the PLH surface carried a negative
charge, and at pH values above 3.5, the surface becomes positively
charged. The pK, values of MB and RhB are 3.8 and 3.7 respectively,
meaning that at pH values lower than 3.7, both MB and RhB are not
charged and are not attracted to the charged PLH surface. At pH values
higher than 3.8, both MB and RhB become positively charged, leading to
repulsive interactions with the positively charged PLH surface [55,56].
Furthermore, as pH > pK,, RhB dimer formation increases, which also
reduces the adsorption capacity of RhB [57]. Therefore, pH 4 was found
to be the optimum pH for single adsorption as well as the mixed
adsorption of MB and RhB using PLH.

The effect of PLH dose on the single adsorption of 20 mg/L MB or
RhB at pH 4 and 298 K for 4 h was performed at PLH doses of 0.5, 1.0,
2.0, 5.0, and 10.0 g/L, as shown in Fig. 5b. In general, as the PLH dose
increased, the adsorption efficiency also increased. However, the in-
crease was more pronounced as the PLH dose increased from 0.1 to 2 g/
L. After that, further increases in PLH dose resulted in only a marginal
increase in adsorption efficiency, proving that at a concentration of 2 g/
L, PLH provided sufficient surface area to achieve near-maximum
adsorption of MB or RhB. A PLH dose 2 g/L was then used to evaluate
the adsorption capacity of 30 mg/L MB or RhB over time at 298 K and
313 K for 5 to 240 min. The results are shown in Fig. 5c¢. The adsorption
capacity increased gradually over time and reached equilibrium after
approximately 120 min. In particular, the adsorption capacity increased
with temperature. The results from the study on the effects of time and
temperature were used to investigate the kinetic (Fig. 8) and thermo-
dynamic of adsorption process (Table 4). At 25 °C, the adsorption ca-
pacity of MB was better than RhB, however at high temperature, the
adsorption efficiency of RhB increased significantly, reaching the same
level as MB. Both MB and RhB contain functional groups and aromatic
rings, but 3D molecular structure of MB is relatively flat, whereas the
RhB structure is non-planar (Fig. 6a & b), which reduced the interaction
of RhB molecule with the adsorbent surface. As a result, the adsorption
efficiency of RhB is typically lower than that of MB. Many other studies
have been similar results [27-37]. Temperature may affect the move-
ment of atomic groups, which could lead to changes in the spatial
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structure of RhB molecules, thereby increasing their accessibility to the
PLH surface and improving the adsorption capacity. The increase in
adsorption capacity with temperature is typically due to enhanced
chemical interaction between the adsorbent and adsorbate.

The effects of initial adsorbate concentration on adsorption were
evaluated at initial dye concentrations of 10, 20, 50, 100, 150, 200, 250,
and 300 mg/L, using 2 g/L of PLH at pH 4 and 25 °C for 4 h. The results
are shown in Fig. 5d and were used to analyze the adsorption isotherm
(Fig. 7 and Table 3). At all initial concentrations, the adsorption capacity
of MB was higher than that of RhB. The qp,, exp for MB was approximately
97 mg/g, while for RhB, it was about 78 mg/g. These values were higher
compared to some materials reported in the literature, such as qy, of shea
butter leaves for adsorption MB and RhB were 49.27 and 36.06 mg/g,
respectively [27]; by cellulose fibers activated biochar was about 84 and
47 mg/g [28]; by HNO3 activated longan peel material were 59.97 mg/g
and 32.40 mg/g [29]; by Pongamia glabra seed cover biochar were only
1.31 and 0.57 mg/g [30]; by biochar and EDTA modified biochar of
palm kernel shells were 7.4 and 7.11 mg/g [31]; by microplastics
(polylactic acid and Polyamide 66) before and after UV Irradiation

adsorbed RhB and MB, with gy, values of 7.13 mg/g and 14.95 mg/g,
respectively [33].

The adsorption mechanism was analyzed using the FTIR spectra of
PLH before and after adsorption (Fig. 6). The stretching vibration of O-H
group in PLH shifted slightly from 3416 cm ™! to 3407 cm™! after
adsorption RhB or a mixture of MB and RHB, but it shifted strongly to
3340 cm ! after adsorption MB The spectral broadening was minor after
mixed adsorption but became broaden significantly after MB adsorption.
It means that a strong hydrogen-bond was formed between the nitrogen
in MB and the OH group in PLH [58].

However, this bond was weakened during mixed adsorption, indi-
cating that MB competed significantly with RhB. The C = C stretching
vibrations in PLH (at 1640 cm™ 1) shifted to 1620 cm’l, 1599 cm ! and
1613 cm ™! after adsorption RhB, MB and the mixture of MB and RhB,
respectively. The intensity of these peaks increased compared to the
original PLH spectrum, due to the C=N stretching in MB and RhB
molecules. The changes in the position and intensity of peaks in the 1000
to 1400 cm ™! region, such as: peak at 1306 cm ™! was enhanced after
adsorption, peak at 1221 cm ™! decreased after adsorption of RhB but



T.T.U. Le et al.

Journal of Molecular Liquids 425 (2025) 127205

Table 2
Some information of some hydrochars for MB and RhB adsorption.
No.  Hydrochar Sger (m%/g) Dye pH Adsorption isotherm Qm (mg/g) References
adsorbed model
1 Mason pine Cedarwood Bamboo Coconut shell Pecan shell Wheat straw 3.13 MB 7 Langmuir 156.73 [14]
Maize straw Rice straw 3.88 94.30
2.61 63.42
9.62 94.53
5.04 106.61
8.32 73.81
5.81 80.66
6.17 6208
2 Coffee husk 31.30 MB Langmuir 34.85 [15]
3 Shorea spp. 28.69 MB — Sips 37.80 [16]
4 Nut shell 7.93 MB 17.92 [17]1
5 Pomegranate peels 22.60-25.80 MB Langmuir Freundlich 37.30-41.19  [18]
6 Sewage sludge 11.91 MB Langmuir 400.00 [19]
7 N-doped corn straw, 10.59-33.83 MB 11 — 57.52 [53]
CR 3 62.19
8 Sargassum muticum 13.18-60.86 RhB - 17.29-20.77 [24]
9 wheat straw 9.40 6 ~40.00 [25]
10 Fe- modified wheat straw 52.74 6 80.00
11 Furfural residue — — 39.46 [26]
12 Kapok pod — natural — 33.34 [54]
13 LDR 28.37 MB 4 Sips 97 This study
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Fig. 5. Effect of various factors on the single adsorption capacity of MB and RhB on PLH: a) pH of the solution, b) PLH dose, c) contact time and temperature, d)

initial MB/RhB concentration.

slightly shifted after adsorption of MB or mixture, peak at 1162 cm
increased intensity after adsorption of single MB or RhB but disappeared
after mixed adsorption, peak at 1102 cm ! decreased after adsorption of
MB and mixture, shoulder peak at 1043 cm™! increased strongly after
RhB adsorption but slightly increased after MB adsorption and was no
longer observed after MB and RhB mixture adsorption. They confirmed
the aromatic ring vibration bands of MB or RhB on PLH. These

demonstrated the presence of n-r interactions in the adsorption process
[58,59]. Notably, the spectral changes of PLH after mixed adsorption
were often intermediate compared to those observed after single
adsorption of MB and RhB. This demonstrates that the adsorption
preferences of the two dyes differ. The dominant interaction between
RhB and PLH involved n-x interactions from aromatic ring, whereas for
MB, the primary interactions were n-x interactions from C—=N and C=C
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Table 3
Parameters of adsorption isotherm models for single adsorption of MB and RhB on PLH.
Model/adsorbate Qe, exp (ME/g) Langmuir Freundlich Sips
K, qm Kr ng bs K ng
MB ~97 0.436 84.81 17.99 0.413 0.195 25.816 0.622
R? 0.928 0.947 0.994
RhB ~78 0.072 84.23 10.280 0.453 0.035 10.417 0.515
R? 0.910 0.970 0.973

in MB to PLH, as well as hydrogen bonding between the nitrogen in MB
and the O-H group in PLH.

3.2.2. Research on adsorption isotherm and adsorption kinetic

Experimental data for single adsorption of MB and RhB at various
concentrations (using 2 g/L PLH at 298 K and pH 4) were fitted with the
Langmuir, Freundlich, and Sips isotherm models. The results are pre-
sented in Fig. 7 and Table 3.

Fig. 7 and Table 3 reveal that, the correlation coefficient R? for the
Langmuir model is the lowest, while that for the Sips is the highest. The
Sips isotherm model was developed as combination of the Langmuir and
Freundlich isotherm models, relating to the distribution of adsorption on
a heterogeneous surface of the adsorbent [60]. These results demon-
strate that the first adsorption layer is essentially chemical adsorption,
followed by physical adsorption layers. The adsorption mechanism in-
cludes chemisorption and physisorption. Furthermore, the surface of

PLH is heterogeneous.

The kinetic of the experimental single adsorption process were
studied using the PFO, PSO, and Elovich kinetic models, the results are
shown in Fig. 8 and Table 4.

Table 4 shows that, all the adsorption rate constants, according to all
models, increased with temperature, and those for MB were higher than
for RhB. The equilibrium adsorption capacities calculated using the PFO
and PSO kinetic equations (qe1,cal and qe2 ca1) had relatively small errors
compared to the experimental equilibrium adsorption capacity (qe,exp)-
However, the qe1,cal always exhibited negative errors, while the geg cal
always showed positive errors. About the R? for PFO, PSO, and Elovich
kinetic models (R%, RZ and RZ, respectively) for both MB and RhB: R?
was always much smaller than R2. For MB adsorption the R is the
highest. For RhB adsorption, RZ ,5 was insignificantly higher than R} ,s,
but R} ,, was noticeably higher than R ,,. However, the highest R?
value for MB adsorption was 0.988, and for RhB it was 0.973, indicating
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Table 4

Kinetic and thermodynamic parameters for single adsorption of MB and RhB on PLH.

Adsorbate Kinetic parameters Single adsorption Mixed adsorption
MB (C, = 30 mg/L) RhB (C, = 30 mg/L) MB (C, = 10 mg/L) RhB (C, = 10 mg/L)
298 K 313K 298 K 313K 298 K 313K 298 K 313K
Qe,exp (ME/8) 14.29 14.62 14.00 14.56 4.61 4.74 4.43 4.65
PFO qe (mg/g) 13.67 13.90 13.62 14.19 4.58 4.70 4.41 4.60
Error (%) (qe,e&Qe,c) —4.35 —4.94 -2.72 —2.52 —-0.57 -0.95 -0.41 -0.93
k; (min~1) 0.058 0.090 0.038 0.074 0.075 0.071 0.114 0.075
R? 0.923 0.800 0.931 0.880 0.942 0.895 0.847 0.831
PSO qe (mg/g) 14.82 14.76 15.09 15.09 4.80 4.92 4.54 4.80
Error (%) (Qe,e&Qe,c) 3.72 0.94 7.72 3.66 4.17 3.68 2.39 3.21
k; (g.mg~'.min" %) 0.005 0.010 0.004 0.008 0.024 0.024 0.043 0.028
R3 0.980 0.955 0.973 0.973 0.985 0.972 0.972 0.949
Elovich ke (g/mg) 0.401 0.529 0.380 0.485 1.487 1.565 2.257 1.741
a (mg.g .min 1) 3.74 22.08 2.64 13.36 3.16 5.10 47.96 8.93
R% 0.989 0.982 0.978 0.952 0.932 0.940 0972 0.916
Thermodynamic K¢ 20.21 38.84 11.57 32.31 15.71 30.46 12.39 33.06
AG (KJ/mol) —7.448 —9.523 —6.067 —9.044 —6.824 —8.890 —6.236 -9.103
AH (KJ/mol) 33.765 53.076 34.227
50.723

that MB or RhB adsorption on PLH was a complex process rather than a
straight forward first or second-order reaction. The experimental data
partially fitted the PFO, PSO or Elovich models, with better fits observed
for the Elovich kinetic model for MB and the PSO kinetic model for RhB.
All these results suggest that the PLH surface is energetically heteroge-
neous [61].

3.3. Mixed adsorption

RhB:MB mixtures at molar ratios of 2:1, 4:3, 2:3, and 1:3 (corre-
sponding to initial mass ratios of approximately 15/5; 20/10; 10/10 and
10/20 mg/L/dye) were evaluated for mixed adsorption capacity after 4
h at 25 °C and pH 4. These results were compared with the single
adsorption at the same initial concentrations and conditions. The results
are presented in Fig. 9. The qe,m/qes ratio (the ratio of the equilibrium
adsorption capacity of each adsorbate in mixed adsorption qe m to that in
single adsorption qe) is listed in Table 5.

Fig. 9 and Table 5 show that, the equilibrium adsorption capacity in
mixed adsorption was lower compared with single adsorption at
different initial mole ratios. For MB, the qem/qes ratio at initial con-
centrations was lower or higher than for RhB (mole ratio of RhB/MB =
2:1 or 1:3, corresponding to the initial mass concentration of MB was of
5mg/L or 20 mg/L, and the reduction was stronger than when the initial
concentrations were approximately (mole ratio of RhB/MB = 4:3 or 2:3,
with the initial MB concentration of 10 mg/L). It means that when the

initial concentration is low, MB is more strongly overwhelmed, but
when the initial concentration is higher, MB is not only competed by
RHB molecules but can also competes with other MB molecules, as both
are relatively bulky organic molecules. For RhB, the e m/qes ratio was
highest when the mole ratio of RhB/MB was 4:3, as the initial concen-
tration of RhB was highest (20 mg/L). As initial mass concentration and
mole ratios of RhB in the mixture decreased, the qem/qes ration also
decreased, indicating stronger competitively adsorption. The gem/qe,s
ration for RhB was smaller than for MB, proving that RhB competes more
strongly than MB. This can be easily explained by the bulkier spatial
structure of RhB compared to MB. However, this reduction is insignifi-
cant compared to many studies on the adsorption of MB and RhB mix-
tures on other materials. For example, g, of alkaline-modified Vietnam
diatomite in individual adsorption of of MB and RhB was 7.14.10~% mol/
g and 3.10* mol/g (equal 228.48 mg/g and 143.7 mg/g) respectively,
Qm strongly decreased in mixed adsorption, down to 4.55.10~% and
1.4.10~* mol/g (equal 145.60 and 67.06 mg/g), reduced about 35 % and
53 % [33]; or commercial natural zeolite from deposits in Semnan, Iran,
the q, in single adsorption at 298 K was 6.4.10"> and 1.15.10~° mol/g
(equal 20.48 and 5.51 mg/g) for MB and RhB, respectively, reduced by
50 % and 60 % in binary adsorption [34]; or a pyrochar of cassava peel
in single and binary adsorption of MB, malachite green, and RhB, the qp,
in single adsorption for MB and RhB were 286.41 mg/g and 265.36 mg/
g, respectively, strongly decreased in binary adsorption, for MB and RhB
were 51.07 mg/g (17.8 %) and 4.82 mg/g (1.8 %), respectively [37].
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Table 5

The The ge,m/qe,s ratio of MB and RhB adsorption on 2 g/L PLH at different initial
mole concentration ratios (pH 4, 240 min, 298 K).

Adsorbate Qe,m/qe,s at different initial mole ratios of RhB/MB
2:1 4:3 2:3 1:3
MB 0.958 0.986 0.984 0.921
RhB 0.974 0.992 0.926 0.785
5
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The effect of time and temperature on the adsorption capacity of MB
and RhB mixture by 2 g/L PLH was studied using a mixture of 10 mg/L/
dye at pH 4, 25 °C, and 40 °C, over a time from 0 to 240 min. These
experimental data were used to study the adsorption kinetic according
to the PFO, PSO and Elovich kinetic models. The results are shown in
Fig. 10 and Table 4.

Table 4 and Fig. 10 show that, although the qe1,ca1 Was approximately
tO Qe exp, there was always a negative error the value of ky t2 was smaller
than ky,71, while ge1 12 was higher than qe; 1. Additionally, the R? was

the lowest compared to R and RZ, indicating that the adsorption
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Fig. 10. Fitting of mixed adsorption experimental data (10 mg/L/dye on 2 g/L PLH at pH 4) at 25 °C (a) and 40 °C (b) to adsorption kinetic models.
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kinetics of MB and RHB in the mixed adsorption do not follow the first-
order kinetic model. For the adsorption of RhB in mixture, similar to
single adsorption, the values of R3; and the RZ., was the same, and
R}, was higher than R}, but the value of R} was only 0.949 and
0.972. This means that the experimental mixed adsorption of RhB on
PLH best fits the PSO kinetic model, although the adsorption process is a
complex process than a straightforward second-order reaction. For the
the adsorption of MB in the mixture, unlike single adsorption, R was
noticeably higher than R% at both temperatures. The errors of Qeo cal
were small compared to the ge,exp and were positive. Additionally the ka,
t2 was higher than ky 11, all of these factors proved that the experimental
mixed adsorption of MB on PLH best fits the PSO kinetic model. An in-
crease in MB and RhB adsorption capacity with temperature has also
been observed in several studies, such as by of alkaline-modified Viet-
nam diatomite [34] or commercial natural zeolite from deposits in
Semnan, Iran [35].

3.4. The adsorption thermodynamic

Table 4 shows that, the Gibbs free-energy (AG) values of the single or
mixed adsorption processes of MB and RhB by PLH material all have
negative, meaning that these processes are spontaneous and thermo-
dynamically favorable. The enthalpy (AH) of RhB and MB adsorption
both in single and in mixture were all positive, means that adsorption
process were endothermic. Theoretically, AH > 0, adsorption increases
as temperature increases, and the experimental results obtained were
also correct. The AH values of MB adsorption were about 33-34 kJ/mol,
means that, the nature of adsorption interactions is intermediate be-
tween physics and chemistry, of adsorption mechanism of MB on PLH
includes chemisorption and physisorption. But the AH values of RhB
adsorption were about 50-53 kJ/mol, means that the interaction be-
tween RhB and PLH was mainly chemical interaction. The efficiency of
RhB was smaller than MB due to the influence of spatial effects.

3.5. The reusability

The reuse of PLH was conducted with four adsorption — desorption
cycles, including both single adsorption of 20 mg/L MB, 20 mg/L RhB
and mixed adsorption of MB and RhB (10 mg/L/adsorbate) at 25 °C, pH
4 for 4 h. The results are exhibited on the Fig. 11.

For single adsorption of both MB and RhB, the adsorption capacity
slightly increased after each cycle, while the mixed adsorption capacity
slightly decreased after each cycle. Typically, studies show a slightly
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decrease in adsorption capacity after each reuse cycle [62] or quickly
decreased [63,64] or insignificant decrease for MB but rapid decrease
for RhB [37], an increase is rare [36].

The increase in adsorption capacity after regeneration and reuse is an
unexpected result that has not been reported in previous studies. Many
previously studies have evaluated the regeneration of hydrochar after
adsorption of various dyes, using common solvents as HCl, NaOH,
ethanol, acetic acid, NaCl, and NaCl in Methanol, ... In which, organic
solvents were often used when the physical adsorption occurred, while
inorganic solvents were selected for chemisorption. In some cases, using
0.1 M HCL showed very high reusability in MB adsorption, such as
hydrochar of Lavandin straws showed nearly 100 % efficiency after the
first reuse and still 96 % after the sixth reuse [65]. Similarly, the
hydrochar of persimmonpeel@montmorillonite for MB adsorption
retained 94.95 % efficiency after the fifth reuse [66]. These results
indicated that, 0.1 M HCl was not only an effective hydrochar regen-
erator but also an activator, enhancing the MB adsorption capacity of
PLH.

To regenerate RhB adsorbent, many solvents have been tested, NaOH
solution has shown high regeneration and reuse ability. Magnetic hol-
low carbon microspheres remained the RhB removal efficiency of over
90 % after six reuse cycles [45], However, pyrochar from Calophyllum
inophyllum seeds was only regenerated with NaOH solution. After four
reuse cycles, the RhB adsorption efficiency decreased from 95.5 % to
56.4 % [67]. It is clear that the recycling process and the nature of the
adsorbent have an important influence on the reuse efficiency. For PLH,
the recycling process with NaOH solution was repeated many times to
ensure effective recycling, along with the calcination process similar to
pyrolysis in pyrochar production, which contributes to the activation of
the material, thus increasing the reuse efficiency.

However, for material after mixed adsorption, using ethanol as the
regeneration solvent may not have achieved the same recycling effi-
ciency as NaOH or HCI solutions, so the adsorption capacity decreased
slightly after each regeneration. Furthermore, the competitive adsorp-
tion between MB and RhB also contributed to the reduction of the mixed
adsorption efficiency. Nevertheless, the equilibrium adsorption capacity
only decreased from about 4.55 to 4.22 mg/g for MB adsorption and
from about 4.43 to 3.85 mg/g for RhB adsorption after six cycles, which
was still a small decrease, indicating the very good reusability of the PLH
material.

4. Conclusion

Hydrothermal environment had important influence on the proper-
ties of hydrochar prepared from LDR. The carbonization degree, carbon
content in the sample, physical destruction level of the original sample,
specific surface area increased gradually according to changes in hy-
drothermal solution: DW, 1 M H3SO4, 1 M KOH, to 5 % H3PO4. The PLH
sample consists of relatively small and most uniform particles, about
0.2x0.4 mm in size, with the most porous structure and largest specific
surface area, 28.37 m?/g. PLH samples was choose to evaluate the single
and mixed adsorption MB and RhB. The optimal adsorption was at pH 4,
120 to 180 min, adsorbent dose increased and initial concentration of
MB and RhB decreased. The maximum sorption capacity for MB and RhB
were about 97 and 78 mg/g, respectively, insignificantly reduced in
mixed adsorption at different mole ratios. The sorption capacity after
regeneration increased slightly in individual adsorption and decreased
slightly in mixed adsorption after six cycles. The single adsorption fol-
lowed the Sips isotherm model, the surface of PLH is heterogeneous.
Both single adsorption and mixed adsorption were well fitted with the
pseudo-second-order kinetic model, spontaneous, and endothermic, the
dominant interaction between RhB and PLH involved z-n interactions
from aromatic ring, while for MB were n-r interactions from C=N and
C=C in MB to PLH, and the hydrogen bonding between the nitrogen in
MB and the O-H group in PLH. All the results indicate that the hydrochar
of lemongrass essential oil distillation residue is an efficient adsorbent
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with high adsorption capacity for MB and RhB both in single and mixed
adsorption. In the near future, we continues to study about the condi-
tions for manufacturing biochar from LDR, expand the assessment to
adsorb other pollutants and the possibility of practical application, study
in detail the material regeneration, evaluate the economic value of ad-
sorbents and application processed.
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ARTICLE INFO ABSTRACT

Editor: Ludovic F. Dumée This study presents a new procedure to fabricate the lemongrass hydrochar (LH) and its applications for

adsorptive removal of Cr(IlI), Ni(II), Zn(II), and Mn(II). Factors affecting the hydrothermal process including

Keywords: temperature, time and solid-liquid ratio were studied by XRD, EDS, FTIR, Raman, SEM, XPS and BET methods.

Hydrochar The best hydrochar material demonstrated a high carbon content of 84.5 % by atomic (79.7 % by weight) and

II:/Ien:olngrass exhibited a porous morphology characterized by an average pore size, with a specific surface area of 32.66 m?/g,
etal 1ons

the particle size of 1.5 x 5 ym and a point of zero charge (pHp,) of 5.4. The LH was a composite structure
comprising amorphous carbon, cellulose, and graphene oxide, with the active functional groups such as C=O0,
O—H, C-0-C, and aromatic rings. The LH was effectively adsorbed Cr(III), Ni(I), Zn(II), and Mn(II) ions at pH 6,
both independently and simultaneously, and was not significantly affected by the presence of other soluble
cations. The adsorption efficiencies were in the order Zn < Mn < Ni < Cr at both 25 °C and 40 °C, which was
mainly influenced by covalent indices and ionic charges. The individual adsorption of heavy metal ions on LH
were well fitted with the Freundlich isotherm model and the multicomponent adsorption fitted well with the
modified extended Sips isotherm model while both of them followed the Elovich kinetic model. Adsorption
mechanism involved both chemical and physical interactions. Real samples were also tested with high removal
efficiencies, indicating substantial applicability for heavy metal ions removal.

Simultaneous adsorption

1. Introduction

Charcoal has long been recognized for its widespread historical use
and its crucial role throughout human civilization. It has served as a
biofuel, an amendment for soil improvement, and an environmentally
sustainable remediation agent. Its high effectiveness and compatibility
with the principles of green chemistry and sustainable development
highlight its significance. Consequently, the exploration of charcoal-like
materials derived from various biomass sources has garnered substantial
attention, leading to the emergence of the term “hydrochar” around
2009-2011 [1]. Hydrochar is produced via hydrothermal processes,
which offer the advantage of significantly reduced energy consumption

compared to conventional pyrolysis, yielding biochar with distinct and
unique properties. Recent years have witnessed a rapid increase in sci-
entific researches focusing on hydrochar [2]. According to Huang et al.,
from January 1, 2011, to December 31, 2021, the Web of Science
database cataloged 2403 publications on hydrochar, with a marked in-
crease in output observed from 2017 to 2021 [1]. Notably, the two most
frequently cited applications in this domain were “soil quality
improvement” and “adsorption” within environmental science.

The raw materials utilized for hydrochar production could be clas-
sified into three primary categories as livestock wastes, municipal solid
wastes, and agricultural feedstocks. Generally, livestock wastes possess
low carbon content, which results in hydrochar characterized by low
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porosity. Conversely, municipal solid wastes tend to exhibit complex
compositions, leading to heterogeneous mechanisms of char formation
and properties that are significantly influenced by both the composition
of the raw materials and the production temperature. In contrast, agri-
cultural feedstock, especially those derived from plants, represent the
most accessible and cost-effective resources. These materials are typi-
cally porous, rich in carbon, and exhibit a high degree of compositional
uniformity, thereby rendering them particularly advantageous for the
production process and the subject of considerable research attention.
The agricultural feedstock sources commonly studied include corn
stalks, corn stover, corn cobs, rice husk, rice straw, wheat straw,
bagasse, coconut husk, bamboo stems, etc., as well as various by-
products from the leaves, seeds, peels, stems, roots, and flowers of
different plant species [3,4]. Lemongrass is a common crop with sub-
stantial yield, originating from South and Southeast Asia, is widely
cultivated in tropical regions. Lemongrass and its essential oil have
numerous applications in herbal medicine, pharmaceuticals, cosmetics,
food, and perfumery, and are particularly favored for their pleasant
aroma and beneficial properties [5]. The global demand for lemongrass
essential oil is significant, and the residual biomass from distillation
represents a large by-product, commonly used as bedding material in
livestock farming, a soil amendment, or for mushroom cultivation, and
sometimes even discarded or landfilled. After distillation, lemongrass
leaves primarily consist of fibrous, porous cellulose, which is highly
advantageous for biochar production. Nonetheless, research on biochar
production from lemongrass remains limited. Few published studies
[6-9] have primarily focusing on pyrochar synthesis and its application
in soil improvement. To the best of our knowledge, the investigation into
the production of hydrochar from the distillation waste of lemongrass
essential oil has not been reported.

In the field of environmental technology, hydrochar is primarily
studied as an effective adsorbent for the removal of both inorganic and
organic pollutants out of water and soil [10-12]. Hydrochar is highly
values for its porous structure and the abundance of organic functional
groups, which offer advantages over biochar. For heavy metal removal
from water, initial studies predominantly focused on the adsorption of
single metals such as Pb, As, Cr, Cd, and Cu. For instance, Cu(II) ions
were removed by hydrochar derived from pinewood with higher effi-
ciency than pyrochar from the same feedstock, despite pyrochar having
a larger surface area, due to its increased oxygen-containing functional
groups that facilitate ion-exchange adsorption [13]. Pb(II) was effi-
ciently adsorbed by polyaminophosphonated-functionalized hydrochar
derived from bamboo [14]. Hydrochar produced from Eupatorium ade-
nophorum demonstrated the ability to adsorb Cd(II) through different
interactions including electrostatic interaction, ion exchange, 1 — =
interaction and complexation with organic functional groups [15]. Cr
(ITI) has been studied for adsorption by pyrochar rather than hydrochar
[16]. Research has also extended to simultaneous adsorption of two,
three or four metal ions to solve actual wastewater treatment needs. For
example, a mixture of Cd(II) and Pb(II) was successfully removed from
solution using sulfide-modified hydrochar with magnetic pinecone pri-
marily through electrostatic interactions, ion exchange, and complexa-
tion, achieving capacities of 62.49 mg/g for Cd(II) and 149.33 mg/g for
Pb(II) [17]. Similar results were observed with hydrochars derived from
rice husk and Zizania latifolia straw, which showed superior competitive
adsorption of Pb compared to biochar [18]. The mixtures of Pb(II), Cd
(ID) and Cu(II) have also been simultaneously adsorbed using potassium
permanganate-modified hydrochar from hickory wood, bamboo, and
wheat straw [19], with the modified hydrochar from wheat straw
achieving the highest adsorption efficiencies (189.24 mg/g for Pb(II),
29.06 mg/g for Cd(1I), and 32.68 mg/g for Cu(Il)), which is 12-17 times
greater than raw hydrochar. Additionally, the simultaneous adsorption
of cations Cu(II), Pb(II), Cd(Il), and Zn(II) have been investigated using
H202-modified hydrochar derived from peanut hulls in both batch and
column tests, consistently showing higher adsorption of Pb(II) compared
to other ions [20]. The simultaneous adsorption of Pb(II), Cr(VI), Cu(Il),
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Cd(ID), Zn(II), and Ni(Il) has also been examined using hydrochars
derived from the invasive plant Alternanthera philoxeroides (AP), with
the MIL-53(Fe)-NHz>-magnetic hydrochar composite exhibiting the best
adsorption capacity, following the order Pb(II) > Cr(VI) > Cu(Il) > Cd
(II) > Zn(II) > Ni(ID) [21].

However, research on hydrochar remains limited compared to other
materials such as pyrochar, activated carbon, zeolites, metal oxides and
hydroxides. Current studies predominantly focus on a few ions,
including Cu(Il), Pb(II), Zn(II), Cd(II), and Cr(VI), while investigations
on Ni(II), Mn(Il), and Cr(IIl) are relatively scarce. These elements are
frequently encountered in industrial wastewater, including chemical
manufacturing, paper production, textiles, woodworking, and electro-
plating [22]. Such industries contribute significantly to global produc-
tion and are widely distributed. When these metals release into aquatic
media and accumulate in soil, they can be absorbed by plants through
their roots. This infiltrating into the ecosystem disrupts food chains and
may result in adverse effects on human health, as well as on the devel-
opment of both flora and fauna.

This study aims to investigate the production process of hydrochar
derived from lemongrass distillation residues, evaluate its efficacy as an
adsorbent for both independent and simultaneous removal of Cr(III), Ni
(II), Zn(II) and Mn(II) ions from aqueous solution. The adsorption
mechanisms of Cr(IIl), Ni(II), Zn(II), and Mn(II) on hydrochar surface
are also proposed based on interactions and the changes in surface
charge and functional active surface groups after adsorption.

2. Materials and methods
2.1. Chemicals

The atomic spectroscopic standard solutions of 1000 mg/L Cr(IIl), Zn
(II), Ni(II), and Mn(II) were delivered from Sigma-Aldrich. Double
distilled water (DW), Hydrochlohydric (HCl, Isochem, 36-37 %), and
sodium hydroxide (NaOH, Isochem, 98.5 %) were used. All chemicals
are directly used without further purification. Distillation waste of
lemongrass (DWL) was collected at the Institute of Life Sciences, Thai
Nguyen University, Vietnam.

2.2. Synthesis of hydrochar

DWL was dried at 105 °C for 24 h, subsequently chopped, finely
ground, and stored in a zip-lock bag. A specific mass (m) of DWL (m = 2,
4, 6, 8, 10 g) was completely dispersed in 50 mL of DW within a 100 mL
Teflon container, which was then placed in a stainless steel autoclave.
The autoclave was then heated to a specified temperature (T (Kelvin),
where T = 473, 493 and 513 K) for varying durations (t hours, where t =
3, 5,10, 15 h) at a heating rate of 200 °C per hour. Following the heating
process, the reactor was allowed to cool naturally to room temperature.
The resulting material was filtered and washed with DW until the su-
pernatant was colorless and washing water was neutral, then oven-dried
at 378 K for 24 h, and designated as LHthmgT.

To activate the hydrochar, the synthesized material was immersed in
5 M KOH solution for 24 h at room temperature. Subsequently, the
activated hydrochar was thoroughly washed with DW to achieve neutral
pH and oven-dried at 378 K for 24 h, and was correspondingly desig-
nated as KLHthmgT. Based on the aforementioned conditions, optimal
parameters for sample preparation were selected, and the material was
utilized to investigate the individual and simultaneous adsorption of Cr
(IID), Zn(II), Ni(II), and Mn(II) cations.

Hydrochar production efficiency is calculated according to the eq.

1):

my

E, = x100 (%) 1

Mypw

where my and m;pw are the mass of hydrochar and initial DWL (g).
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2.3. Characterization of the materials

X-ray diffraction patterns (XRD) were conducted utilizing a PAN-
analytical X’Pert PRO MPD diffractometer, operating at 40 kV and 30
mA, with Cu-Ka radiation (A = 0.15406 nm) over a 26 range of 5° to 85°.
Fourier-transform infrared (FTIR) spectra were obtained using a Perkin
Elmer-400 spectrometer, analyzing pellets formed from a mixture of the
sample and KBr (1:99 w/w) across the wavenumber range of 4000-400
cm™!. The morphological features and elemental composition of the
samples were assessed via scanning electron microscopy (SEM) inte-
grated with an Energy-Dispersive X-ray System (EDS) at an acceleration
voltage of 20 kV. Raman spectroscopy was performed at ambient tem-
perature (25 °C) using a 532 nm argon laser as the excitation source
(LabRAM HR Evolution, Horiba). The specific surface area (Sggr) and
pore were determined using the Brunauer-Emmet-Teller (BET) method
(TriStar 3000 V6.07), with the total pore volume (Vp) calculated at the
maximum point of P/Po, and the average pore diameter estimated as
4Vp/Sger. The zeta potential ({) was measured using a Zetasizer Nano ZS
(Malvern, England). Electrical properties were assessed through the
point of zero charge (pHpzc) [23]. Surface elemental composition and
binding form of metal ions on hydrochar after adsorption were analyzed
by X-ray photoelectron spectroscopy (XPS, Nexsa G2) using Al
Karadiation (1486.6 eV), calibrate with C 1 s assuming the binding
energy of 284.8 eV.

2.4. Adsorption tests

Batch adsorption experiments of Cr(III), Zn(II), Ni(II), and Mn(II)
were performed to evaluate the adsorption capacity of the prepared
hydrochar for individual and simultaneous adsorption: 20 mg hydrochar
was added to 10 mL of 20 mg/L of each ion solutions of single ion (Cr
(I1), Zn(11), Ni(II) and Mn(II)) at different initial pH (3,4,5,6) in a 15 mL
Falcon. They were shaken for 4 h at 25 °C and 150 rpm. Heavy metal
concentrations were determined using the ICP-OES technique. The so-
lution pH values were measured after adsorption. The pH at which the
best adsorption efficiency was observed (pHoptimal) Was used in subse-
quent adsorption studies. Tn these studies, varying amount of hydrochar
(adsorbent dosage = 0.5-1-2-5-10 g/L) was added to 10 mL of C mg/L/
ion solutions of single ions (Cr(IIl), Zn(II), Ni(Il), and Mn(I)) (C =
5-10-20 -30 - 50 - 100-200-400-500-600 mg/L) or mixture of ions (C
= 5-10-20-30-50-80 - 100-120-150 mg/L/ion) at pHyptimal in a 15 mL
Falcon was shaken for different contact time (¢t =
10-30-60-90-129-180-240 min) at temperature of T = 298 and 313 K,
with a shaking speed of 150 rpm. After each test, the worked solutions
were centrifuged and filtered to collect the transparent liquid The final
heavy metal ion concentrations were quantified using ICP-OES (Hach
DR 5000) at the wavelengths A of 206.201 nm, 226.502 nm, 231.604 nm
and 279.482 nm for Zn(II), Cr(III), Ni(II) and Mn(II), respectively.

The adsorption capacity, g; (mg/g or mmol/g) and adsorption effi-
ciency AE; (%) at the time t (min) are calculated by egs. (2) and (3):

4= (C-C)Y @

(G —-C)

AE, =
t C,

.100% 3

where C, and C; are the initial and the concentration at time t of each
heavy metal ion (mg/L when prepared, converted to mmol/L (mM)
when calculating), respectively, V is the volume (L) and m is the
adsorbent mass (g).

For the single adsorption isotherms, the experimental data were
fitted using Langmuir, Freundlich, Sips and Temkin models, based on
the respective equations from (4) to (7) [24,25]:

K;C.

e = qmm (C))

q

Journal of Water Process Engineering 71 (2025) 107402

q. = K Gy )
K,Cm
“=1iper TP ©

—kon | RETé | 141 >> )
qe:qm.e< ( ( fc. %)

where, C. is the equilibrium concentration of adsorbate (mM), qe and qp,
are the adsorption capacities at equilibrium and maximum adsorption,
respectively; Ky (mM ™), Kg (mmol ™ L% .g™1), Kg (mmol' ™ Ls.g™1)
and Ky (mM 1) are adsorption constants of Langmuir, Freundlich, Sips
and Temkin isotherm models, respectively; ng and ng are Freundlich and
Sips coefficient, respectively; and bs and B are Sips and Temkin
parameter; R is the universal gas constant (8.314 J/mol. K), T is the
temperature in Kelvin (K).

The multi-component adsorption data were fitted using the extended
Langmuir (EL), extended Freundlich (EF) and extended Sips (ES)
isotherm models according to egs. (8), (9) and (10) [26]:
qyz’ _ Gm iK1 iCeji ()

N
1+> K iCei
j=1

n ni—1
4 = KpiCei <Zai,-.ce.,-> ©)
j=1

5.i
M _ KS,iCZ,i
ei

el (10)
1+ bS,-CZ;'f
j=1

where ¢ is the maximum adsorption capacity (mmol/g) obtained from
multicomponent isotherm; g, i, K1i, K i, Ks i, 1ri, Ns,i and bg ; represent
the maximum adsorption capacity (mmol/g), adsorption constants of
Langmuir, Freundlich and Sips isotherm models, Freundlich and Sips
coefficients, with Sips parameter of i adsorbate obtained from the single
component adsorption isotherm, respectively; N is number of adsorbates
and a;j is the competitive coefficient between i and j adsorbates. For an
approximate calculation, can be initially set to 1 and adjust later as
necessary. Then for a set of C,, values, the corresponding values of g, ;
can be evaluated.

The experimental data were fitted to four kinetic models: the pseudo-
first-order (PFO), pseudo-second-order (PSO), intra-particle diffusion
(IPD) and Elovich kinetic models, performed according to the egs. (11)
to (14) [23]:

g =q(1- efk‘[) 1)
_ kzq?t
q = T+ kogot 12)
q: = kpt*® +c 13)
1
q = Bln(voﬂt+ 1) 14

where k; (min’l), ko (g.mM’l.min’l) and kp (mM.g’l.min'O's) are the
rate constants for the PFO, PSO and ID adsorption kinetic models,
respectively; ¢ (mg/g) is the intercept of the ID model; v, is initial
adsorption rate (mM.g l.min"!) and f is desorption constant during
each experiment in Elovich equation.

The adsorption thermodynamic parameters, including apparent
equilibrium constant K¢ (distribution coefficient), the Gibbs free energy
variation (AG, kJ/mol) and the enthalpy variation (AH, kJ/mol), were
calculated according to the egs. (15), (16) and (17) [27]:
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CeA
K. = 1
<=7 (15)
AG = —RTInK¢ (16)
Kcr, AH ( 1 1 )
In—2=—(——=— a7
Ker, R \T1 T,

where R is the universal gas constant (8.314 J/mol K), Cca (mg/L) is the
concentration of adsorbate on the adsorbent at equilibrium, and C. (mg/
L) is the equilibrium concentration of adsorbate in the studied solution.

3. Results and discussion
3.1. Characterization of hydrochar from distillation waste of lemongrass

The hydrochar production yields are summarized in Table S1, with
recovery efficiencies ranging from 32 % to 37 %. A negative correlation
between temperature and yield was observed, likely attributable to
enhanced carbonization at elevated temperatures that is similar to some
other studies [28]. At lower temperatures, a smaller fraction of the
feedstock underwent conversion to hydrochar, resulting in a greater
proportion of untransformed material remaining in the final product.
These yields were consistent following a 3 h hydrothermal treatment.
Activated materials exhibited marginally lower yields compared to non-
activated ones, potentially due to the KOH activation process further
facilitating cellulose conversion, as well as cleaning and increasing the
porosity. Furthermore, material loss during the post-activation washing
process may have contributed to the reduction in yield. Notably,
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variations in hydrothermal treatment duration (ranging from 5 to 15 h)
and feedstock solid-to-liquid ratios (4-10 g/50 mL) did not induce sig-
nificant differences in hydrochar yield.

The XRD patterns of the materials are illustrated in Fig. 2(a). The
XRD peaks of the DWL exhibit a diffraction peak at 26 =~ 10.1°, corre-
sponding to the (001) plane of graphene oxide (GO), and a peak at 20 ~
26.5° attributed to the (002) reflection planes of graphite [29]. Addi-
tionally, two diffraction peaks at 20 ~ 21.9° and 34.4° correspond to
cellulose [30]. These results indicate that the distillation process results
in incomplete removal of organic matter in lemongrass, with cellulose
partially converted into GO and graphite forms.

When DWL is subjected to hydrothermal treatment at 473 K for 5 h
(LH5g6h473), the characteristic peak at 20 = 26.5° for graphite exhibits
a significant decrease in intensity, while the peak at 20 ~ 21.9° for
cellulose shifts to a higher 20 value. This result suggests that hydro-
thermal treatment at 473 K does not significantly alter the structure of
DWL. As the hydrothermal temperature increases to 493 K and 513 K
(LH5g6h493 and LH5g6h513), there is a marked decrease in intensity
and broadening of the characteristic peaks at 20 = 21.9°, indicating that
cellulose is transformed into an amorphous structure within the
hydrochar, with optimal conversion occurring at 513 K. It is noteworthy
that subsequent studies were conducted with hydrothermal temperature
at 513 K. For simplicity, the hydrothermal temperature will not be
included in the sample names (LHthmg).

Lemongrass hydrochar samples subjected to soaking in concentrated
alkali for 24 h at room temperature (KLH) displayed significant changes
in the XRD pattern. The peak at 20 =~ 10° in LH was split into two distinct
peaks, shifting to 10.8° and 12.3° in KLH, while the peak at 20 ~ 20° was
also split into two peaks at 20.2° and 21.5°, shifting to lower 26 values as
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Fig. 1. The XRD patterns (a, b) and FTIR spectra (c, d) of DWL and prepared lemongrass hydrochars.



T.T. Truong et al.

the temperature increased. The peak at 10.8° is attributed to the (001)
plane of GO, while the peaks at 12.3°, 20°, and 21° correspond to the
crystallographic plane reflections (1-10), (110), and (020), represent-
ing typical peaks of cellulose II polymorph [30,31].

During hydrothermal treatment across varying durations, Fig. 1b
demonstrates that for the sample subjected to 3 h at 513 K, the peak
observed in the XRD pattern at approximately 20° closely resembled that
of both the DWL and the LH5h6g473 sample. This similarity suggests
that, despite the high temperature, the short treatment duration was
insufficient for the effective conversion of the initial lemongrass residue
into char. As the duration of hydrothermal treatment is extended to 10
and 15 h at 513 K, a significant reduction in peak intensity and broad-
ening in the 20° region was observed, indicating an enhanced degree of
carbonization. However, when varying amounts of lemongrass residue
(4g,6g,8g,and 10 g in 50 mL of water) were treated for 5h at 513K, or
when 8 g of residue was treated for 10 h at the same temperature, the
XRD spectra did not display notable alterations. Therefore, it can be
concluded that optimal hydrothermal conditions should be sustained for
a minimum of 5 h at 513 K to achieve effective transformation.

The functional groups present in the DWL and hydrochar samples
were analyzed using FTIR spectra, as shown in Fig. 1c and d. All samples
exhibit certain similarities with a broad peak around 3350 cm™!
assigned for the stretching vibration of hydroxyl (-OH) or carboxyl
groups, while two peaks at 2009 and 2843 cm ™! are attributed to the
symmetric and asymmetric stretching vibrations of C—H bonds in
aliphatic compounds [32], indicating that these bonds in the lemongrass
residue remain intact after hydrothermal treatment. However, notable
differences are observed between the FTIR spectra of DWL and the
hydrochar samples: (1) A broad peak around 2220 cm ™}, attributed to
the stretching vibration of -C = C- or -C = N bonds [33], is only observed
in the FTIR spectra of LH473 and KLH3h samples. These specific groups
suggest that when hydrothermal treatment occurs at a lower tempera-
ture (473 K) or for a shorter duration (3 h, even at 513 K), the -C = C- or
-C = N bond is preserved. In contrast, this bond is completely decom-
posed when hydrothermal treatment exceeds 5 h or temperatures exceed
493 K. (2) The two peaks at 1735 cm ! and 1631 cm™! in DWL shift to
1698 cm ™! and 1594 cm™! after hydrothermal treatment, with the
extent of the shift increasing as the hydrothermal temperature and
duration increase. When the mass of DWL is 6 g or 8 g, the shift remains
consistent; however, as the mass decreases to 4 g or increases to 10 g, the
shift of wavenumber continues to increase. These peaks correspond to
the C=O0 stretching vibrations found in aldehydes, carboxylic acids, or
esters derived from cellulose, and they also corresponded to the C—=C
stretching vibrations of lignin aromatic rings [34]. The observed peak
shifts indicate that the breakdown of organic compounds in the feed-
stock results in greater exposure of aromatic compounds in the hydro-
char samples. Notably, these peaks are sharp in un-activated hydrochar
but appear as broad peaks in alkaline-activated hydrochar, suggesting
that alkaline activation enhances the decomposition of lignin and cel-
lulose [35]. (3) The peak in the wavenumber range of 1510-1363 cm’l,
associated with the stretching vibrations of C—C bonds in aromatic rings
or in-plane bending vibrations of aromatic C—H groups [36], becomes
more pronounced in the hydrochar samples. These changes indicate that
aromatic rings are formed and/or recombined as a result of hydrother-
mal carbonization (HTC) treatment [37]. (4) The intensity of the peaks
at 1025 cm ! and 898 cm ™!, could assign for the stretching vibrations of
C—O groups in esters, phenols, and aliphatic alcohols, markedly de-
creases following HTC treatment, with a reduction observed as hydro-
thermal temperature and duration increase. This result suggests that the
-C-O- bonds in DWL are decomposed during HTC treatment. Therefore,
the bonding patterns and functional groups in DWL undergo significant
changes following hydrothermal treatment, with these alterations being
distinctly influenced by temperature, duration, and the quantity of DWL
used in the process.

The microstructure and graphitic characteristics of carbon in the
hydrochar were analyzed using Raman spectroscopy. A Gaussian
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function was employed to fit the peaks, to determine the position and
intensity of the Raman peaks (Fig. 2). All samples exhibited the D band
(approximately 1335 cm 1), D" band (approximately 1448 cm™!), and G
band (approximately 1572 ecm™!) with varying intensities and only
minor differences in position. The D and G bands are typically associated
with non-graphitic carbonaceous materials. Specifically, the D band
corresponds to the vibrations of sp? carbon atoms at the edges of the
graphene layers, indicating the degree of defects and the disordered
nature of the graphitic lattice, which highlighting the presence of
amorphous carbon structures. In contrast, the G band corresponds to the
E2g mode of stretching vibrations of carbon atoms in an ideal graphitic
lattice [37,38]. Both peaks signify the presence of carbon atoms (sp?)
within aromatic rings or condensed aromatic structures, indicating that
the amorphous carbon is partially hydrogenated [39]. The broad peak of
the D’ band at around 1448 cm™! corresponds to CHz bending, indi-
cating that amorphous cellulose predominates over crystalline cellulose
[401.

Table 1 shows that when increasing temperature from 473 K to 513
K, the hydrothermal time increased from 5 to 10 h, the solid/liquid ratio
increased from 6 g/50 mL to 8 g/50 ml, the intensity of the D" band
decreased, the Ip/Ig intensity ratio increased. These results suggest that
the cellulose form decreased and the degree of disorder in the carbon
material’s microstructure increased. Thus, the KLH10h8g provided the
most amorphous structure.

The surface morphology of hydrothermally treated lemongrass res-
idue samples was analyzed by SEM images, as depicted in Fig. 3 and
Fig. S1. With a consistent quantity of 6 g of DWL powder, hydrothermal
treatment for 5 h at 473 K resulted in a heterogeneous surface texture
(Fig. 3a). Certain regions exhibited blister-like formations, producing
small pores, while the surface did not fully delaminate; instead, it
developed nodular structures. In other areas, these nodules were
completely disintegrated, leading to uniformly distributed holes
resembling a honeycomb architecture. Increasing the hydrothermal
temperature to 493 K (Fig. 3b) facilitated more uniform decomposition
of the initial lemongrass powder, yielding a rough surface characterized
by small scales. As it continued to increased to 513 K, the lemongrass
powder were fragmented into porous layers and reduced in size
(Fig. 3c). The hydrochar sample produced at 513 K for 5 h, followed by
activation with an alkaline solution, exhibited a rough and coarse sur-
face, with the porous layered structure transformed into smaller, gran-
ular particles composed of multiple thin layers (Fig. 3d). The increase in
structural destruction and porosity of the starting materialobserved with
higher hydrothermal temperatures and alkali activation are similar to
some other research results [12,41]. For the lemongrass powder sub-
jected to treatment at 513 K, if the hdrothermal duration was limited to
3 h (Fig. 3e), the initial surface experienced only minimal degradation,
with low roughness and porosity. Extending the hydrothermal duration
to 10 h (Fig. 3f)) led to further breakdown of the surface of the small
porous granules formed after 5 h of hydrothermal treatment and sub-
sequent activation. However, when the duration was extended to 15 h
(Fig. 3g), despite the granules becoming even smaller, fine particles
tended to block the porous openings, resulting in the agglomeration of
the granules, which is similar to the results Gao et al. [42].

Upon subjecting varying amounts of lemongrass powder to hydro-
thermal treatment at 240 °C for 5 h, notable differences in the structural
integrity of the powder were observed. Specifically, with 4 g of DWL
powder (Fig. 3h), the initial structure fragmented into smaller, rougher
aggregates, although the degree of decomposition was less pronounced
than that observed in the 6 g sample. In contrast, the application of 8 g of
DWL powder (Fig. 3i) resulted in a significant increase in fragmentation
and porosity. However, when the DWL quantity was increased to 10 g
(Fig. 3k), the level of decomposition decreased. This reduction in
degradation may be attributed to the substantial volume of raw material
at a 10 g/50 mL DW ratio, where the steam pressure generated was
insufficient to effectively interact with the substrate. Conversely, at a 4
g/50 mL DW ratio, the powder exhibited dispersion more widely,
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Fig. 2. Curve-fitting of Raman spectra of some lemongrass hydrochars.

Table 1
The intensity of Raman bands and the relative intensity ratio (ip/ig) of lemongrass hydrochars.
LH5h6g473 LH5h6g513 KLH5h6g KLH10h6g KLH5h8g KLH10h8g
D band 567.5 420.9 300.8 354.6 436.5 511.0
D" band 666.5 552.5 413.4 366.6 392.4 241.2
G band 1560.2 1147.2 751.4 643.3 771.0 776.5
In/ic 0.36 0.37 0.55 0.57 0.66

Fig. 3. SEM images of lemongrass hydrochar samples.

resulting in a diminished effective pressure applied to the material. For
the 8 g DWL treated in 50 mL of DW at 240 °C for 10 h (Fig. 3nl and
3n2), the powder underwent relatively uniform decomposition, result-
ing in a material with small size, approximately 1.5 x 5 pm, and highly
porous dimensions.

The elemental compositions determined from the EDS spectra pre-
sented in Fig. 4a and Table S2 reveal a significant change in carbon
content across the samples. In the DWL sample, the carbon content is

approximately 62 %, accompanied by trace amounts of Na, Mg, Si, K,
and Ca. With an increase in temperature from 473 K to 513 K, the carbon
content rose from 70.80 % to 74.43 % and 76.93 %, respectively, and
further increased to 78.01 % after activation. Thus, hydrothermal
treatment and activation enhanced the carbon content compared to the
raw materials. As hydrothermal time increased from 3hto 6 h, and 10 h
followed by activation, the carbon content increased from 65.59 % to
78,01 and 81.85 %, but slightly decreased to 75.12 % when the duration
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Fig. 4. EDS spectra (a) and nitrogen adsorption-desorption isotherm (BET method) of hydrochar materials.

was extended to 15 h. Similarly, when the DWL/DW ratio in the sample
increased from 4 g/50 mL to 6 g/50 mL and 8 g/50 mL, the carbon
content increased from 76.57 % to 78.01 % and 79.14 %, while a further
increase to 10 g/50 mL resulted in a decline to 77.82 %. Considering
both the hydrothermal duration and the DWL/DW ratio, hydrothermal
treatment with 8 g of DWL in 50 mL of DW at 240 °C for 10 h, followed
by alkaline activation, resulting in a carbon content of 84.45 %. This
indicates that the degree of carbonization is dependent on temperature,
hydrothermal duration, and the solid-to-liquid ratio of the feedstock, as
well as whether activation is applied. Lower hydrothermal temperatures
and shorter durations corresponded with lower carbonization levels;
indeed, the resultant products still retained the brownish color of the
initial material. In contrast, the hydrochar obtained after hydrothermal
treatment at 513 K for 5 h or longer exhibited a fine black appearance.
The carbon content of the prepared hydrochar in our study is signifi-
cantly higher than that of previous ones [28,43].

The specific surface area (Sggr), porosity, and pore size of the syn-
thesized hydrochar were quantified using the BET method, with results
depicted in Fig. 4b. The Spgr was in range of 5.81 to 32.66 mz/g,
increasing with rising of hydrothermal temperature, duration, and
DWL/DW ratio reflecting similar trends observed in the carbon content
of the sample under hydrothermal conditions. Integrating these find-
ings, the material obtained from hydrothermal treatment of 8 g of
lemongrass powder in 50 mL of DW at 513 K for 10 h, followed by
activation, exhibited a substantial increase in specific surface area to

32.66 m2/g. These results align with those from XRD, Raman spectros-
copy and SEM analyses, indicating that increasing temperature,
extending hydrothermal duration to specific thresholds, and adjusting
the DWL/DW ratio collectively enhanced carbonization, increased
porosity, and reduced material size. Nevertheless, prolonged hydro-
thermal duration or an excessive DWL/DW ratio may diminish the
porosity of the final product. In comparison to several other studies
(Table 2), hydrochar typically exhibited relatively small specific surface
areas [44-47]. However, when activated at high temperatures [45] or
FeCls [48], they could have significantly larger specific surface areas.
Notably, when activated using similar methods, the products obtained in
this study demonstrated significantly higher specific surface areas.
Consequently, the optimal conditions for producing hydrochar from
DWL via hydrothermal methods were established as a mixture of 8 g of
powder in 50 mL of DW, treated in a 100 mL reactor at 240 °C for 10 h.

3.2. Adsorption study

3.2.1. Influence of solution pH and absorbent dosage

Based on the E-pH diagrams of various elements in water under
standard conditions, the solutions with pH values of 3, 4, 5, and 6 was
selected to investigate the adsorption of 20 mg/L Cr(III), Zn(II), Ni(ID),
and Mn(II) ions using 2 g/L of KLH10h8g material under the duration of
3 h. The results are presented in Fig. 5a.

Fig. 5a demonstrates that at pH 3, the adsorption capacity of

Table 2
Comparison of porous structure properties of hydrochar with other studies.
No.  Hydrochar (resources) Synthesis Sger (m%/g) Average Pore Pore Adsorption Reference
Size (nm) volume application
em®/g
1 Corncob 4.0 g corncob (+4.0 g NH,4CI) / 60 mL solution, 14.45 0.17 Cu(II) and Cr(VI) [44]
2 N-doped hydrochar stirred for 1 h, hydrothermal at 220 °C 24 h 42.45 0.41
3 Avermectin residue Hydrothermal at 180 °C 2 h with an electromagnetic 7.22 15.3 0.05 Cd(I1) and Cu(II) [45]
stirring speed of 400 r/min,
activate by KHCO3 at 600-800 K 110-310 1.91-3.91 0.09-0.36
4 Alga-based hydrochars 2.00 g powders / 40 mL DW (contains 2 mmol of KCI, 1.67to15.7 121 Pb(ID) [46]
KH,PO,, K>CO3, and KOH), stirred overnight, then to 16.1
hydrothermal by
microwave at 200 °C for 1.5 h
5 Avocado seed 1.5 g biomass./ 1 mL water, hydrothermal at 523 K 40.54 1.163 0.013 Ni(1I), Pb(II), Cu [471
hydrochar for 12 h In
6 Rice straw biomass (was mixed with 1.2 % FeCls solution or 39.9-44.3 Pb(II), Cu(Il) [48]
not), hydrothermal at 200 °C for 3 h
7  Distillation waste of LH5h6g240 5.81 26.3 This
lemongrass essential KLH5h6g240 14.91 22.2 Cr(IID, Ni(ID), Zn ~ study
oil KLH10h6g 24.63 20.3 (ID, Mn(II)
KLH15h6g 11.77 18.9
KLH5h8g 18.30 17.6
KLH5h10g 9.46 19.6
KLH10h8g 32.66 8.6
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(ID, Ni(I) or Mn(II) at C, = 20 mg/L/ion) at different KLH10h8g adsorbent dosage (d) at room temperature.

KLH10h8g material for the heavy metal ions was markedly low. As the
pH increased, the adsorption capacity progressively rose, with a more
pronounced increase occurring between pH 5 and 6. This phenomenon
can be attributed to the high concentration of H' ions in low pH. This
results in strong competitive adsorption with metal ions, as the high
mobility of H' tends to dominate the adsorption process. In addition, at
low pH, less negative charge of hydrochar surface prevent the attraction
to the heavy metal cations. This assertion is corroborated by the pH
measurements of the solution post-adsorption. When the initial pH was
4, the solution pH after adsorption was approximately 6.5, while for an
initial pH of 6, the pH increased to 6.8 to 7.3, indicating a significant
reduction in the proton concentration in the solution after adsorption,
suggesting that protons were adsorbed onto the material. Notably, the
pH of the solution after the adsorption of Cr(III) was the lowest, and Cr
(III) adsorption consistently exhibited the highest efficiency across all
initial pH levels, indicating that Cr(III) competes most effectively with
H'. Conversely, the pH of the solution after the adsorption of Mn(II) and
Zn(II) was the highest, indicating that this solution has absorbed the
greatest amount of H', which corresponds to the consistently low
adsorption efficiency of Mn(II) and Zn(II) at various pH levels [27].
Furthermore, based on the experimentally determined pHy,e
(Fig. 5b), which was 5.4, it implies that at pH values below 5.4, the
material surface carried a positive charge, aligning with the studied ions,
thus resulting in repulsive interactions that diminish the adsorption
capacity of metal cations onto the carbon surface. At pH 6, the surface
became negatively charged, and the H" concentrations in the solution
was negligible, facilitating the adsorption of metal cations, thereby
increasing both the efficiency and capacity of adsorption. At higher pH
levels, the adsorption of cations such as Zn(II), Ni(II), and Mn(II) may

continue to increase but Cr(III) undergoes hydroxylation; therefore,
experiments were not conducted at elevated pH levels. pH 6 was also
selected for subsequent studies on both single-ion and mixed-ion
adsorption.

The influence of adsorbent dosage on the independent adsorption
capacities of each ion was investigated under conditions of 20 mg/L for
each cation at pH 6 over 4 h with varying concentrations of KLH10h8g.
Fig. 5d shows that, as adsorbent dosage increased, the adsorption ca-
pacity progressively enhanced, as the increase in the amount of adsor-
bent enlarged the surface area, thereby increasing the number of
available adsorption sites. At a dosage of 2.0 g/L, the adsorption effi-
ciency was high, approaching saturation; further increases in carbon
concentration yield diminishing returns in efficiency. This concentration
will be utilized in the study of adsorption kinetics and relevant
adsorption theories.

3.2.2. Adsorption isotherms of Cr(IIl), Zn(I), Ni(Il), and Mn(Il) on
lemongrass hydrochar

The individual adsorption experimental data (with different initial
sorbate concentrations) were fitted with the nonlinear form of the
Langmuir, Freundlich, Sips and Temkin isotherm models. The results are
presented in Fig. 6 and Table 3.

Fig. 6 and Table 3 show that the adsorption capacity increased with
an increase of the initial concentration of the four ions. The alignment of
the experimental data for single-ion adsorption with various isotherm
models, as indicated by the R? values, differed in the following order:
Temkin < Langmuir < Freundlich =~ Sips. Although the R? in the
Langmuir model reached from 0.918 to 0.954, significantly lower than
0.99 in the Freundlich and Sips models, but the values of gp,q error



T.T. Truong et al.

) a) Langmuir isotherm model
= Cr -
e Ni '

3 Zn L
*+ Mn

0 d 1 1 1
0 1 2 3 - 5
C. (mM)
4
¢) Sips isotherm model
= Cr
» Ni
3F s Zn
v Mn

0 1 2 3 4 5
C, (mM)

Journal of Water Process Engineering 71 (2025) 107402

4
b) Freundlich isotherm model
= Cr
3 ¢ Ni
A Zn L 4
. v Mn
=5
£ 2
o
1+
0 ud 1 1 1 1
0 1 2 3 < 5
C. (mM)
4
d) Temkin isotherm model
= Cr X 4
3k - Ni
A Zn X 5 - E ’
a v Mn = . & 3
=
E?T
o

OF 1 1 I 1 1
0 1 2 3 - 5
C.(mM)

Fig. 6. Effect of the initial concentration of adsorbates and adsorption isotherm of individual adsorption of Cr(III), Zn(II) Ni(II) and Mn(II) on KLH10h8g fitted by

different isotherm models.

Table 3
Parameters of different adsorption isotherm models of individual adsorption of
Cr(III), Zn(II) Ni(II) and Mn(II) on KLH10h8g.

Model Parameter Cr(1ID) Ni(11) Zn(ID) Mn(1I)
Qm, exp (mmol/g) 3.43 2.88 2.48 2.86
Langmuir Ky, (mM’l) 2.24 2.08 2.42 1.83
Qm,cal (Mmmol/g) 3.59 3.08 2.59 2.94
Error of gy, (%) 4.67 6.77 4.60 2.83
R? 0.922 0.918 0.954 0.946
Freundlich ng 0.456 0.453 0.512 0.533
Kr 1.87 1.62 1.33 1.32
(mmol! " L¥,
gh
R? 0.987 0.993 0.992 0.992
Sips Qm,cal (Mmmol/g) 87.77 16.87 5.82 6.76
Magnitude of qp, 25.63 5.85 2.35 2.36
cal cOmpared to
m,exp
K, (mmol' ™™ .1,  1.93 1.87 2.01 1.94
gh
b (mmol/L) ™™ 0.02 0.11 0.35 0.29
ng 0.462 0.479 0.598 0.616
R? 0.988 0.994 0.998 0.998
Temkin B (mmol/g) 0.08 0.10 0.15 0.20
Kr (mel) 10,341.14 4447.43 901.25 439.76
R? 0.369 0.456 0.629 0.678

were quite small compared to gp,exp, Was 2.83 to 6.77 %. The Sips model
exhibited the highest regression coefficient (R2), but is not significantly
higher than R? in the Freundich model. Furthermore, all the values of
Qm, cal Were calculated by the Sips equation much higher than g, exp, 2.35
to 25.63 times larger. It suggests that the Sips model is inappropriate
point. Thus, the Freundlich model shows the best fit to the experimental

data, as well as having a certain fit according to the Langmuir model.
This finding suggests that the KLH10h8g surface was heterogeneous
with different positions having varying adsorption abilities and chemi-
cal interaction with the adsorbate ions, after that, the adsorbate ions
continue to be physically adsorbed upward, forming multilayers during
adsorption. The n values, ranging from 0.453 to 0.616, indicated that the
adsorption process was favorable. [24,25].

The adsorption capacities of the ions followed the order Zn(II) < Mn
(II) < Ni(I) < Cr(IIl), consistent with increasing K, which represented
the adsorption capacity of each ion. In contrast, the Freundlich and Sips
exponent (ng and ng) relativity decreased along this sequence, under-
scoring both the surface heterogeneity of the adsorbent and the ener-
getic variability of adsorption sites [49]. The adsorption capacity being
influenced by several additional factors, including ionic hydration
radius, electronegativity, affinity, ion charge, as well as indices such as
the covalent index (y2r), ionic index (Z%/1), and cationic polarizing
power. S.S. Zamil et al. [50] determined that the covalent index
accounted for 69 % of the variability in gmax values. Similarly, a study by
F. Batoo et al. [51] highlighted that the adsorption capacity of 13 metal
ions by the Aerva javanica absorbent was predominantly influenced by
the covalent index and polarizability being the secondary factor.
Consequently, higher covalent index values correlated with greater
adsorption capacity for heavy metal ions. In the present study, for
divalent cations, the maximum adsorption capacities were found to in-
crease in the order Zn(II) < Mn(II) < Ni(Il), reflecting a corresponding
rise in the covalent index (from 2.015, 1.994 and 2.517, respectively)
and ionic index (5.40, 5.97 and 5.79, respectively) [52]. The covalent
index of Cr(IIl) (2.2) is smaller than Ni(II), the cationic polarizing power
values of Cr(III) showing a markedly higher value (7.9) shown a mark-
edly higher value compared with those of Mn(II), Zn(II), Ni(II) (2.91, 3.7
and 4.2, respectively), due to its significantly greater ionic charge. At
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pH = 6, Cr(Ill) exists as soluble Cr(OH)** cation, so the charge is
reduced but the OH group can form the hydrogen bonds with hydrochar
surface, increasing adsorption capacity. Thus, when considering the
combined effects of the sorbate’s characteristics, the adsorption capacity
decreased in the order: Cr(III) > Ni(II) > Mn(II) > Zn(II). These results
agreed well with the previously published studies [53-56]. The
adsorption capacities in our case are higher than some other materials
for multicomponent system of heavy metal cations, such as Jordanian
bentonite, which adsorbed Zn(II), Pb(II), Cr(III) and Mn(II) from water
[53]; a composite of dendrimer/titania adsorbed Cu(Il), Ni(II) and Cr
(III) [54], the super porous polyethyleneimine cryogels, which adsorbed
Cd(11), Co(ID), Cr(III), Ni(I), Pb(II), and Zn(II) from contaminated waters
[55]; or the Polyamide Resin adsorbed Ni (II), Cd (II), and Zn (II) Ions
[56].

The simultaneous adsorption experimental data at different initial
adsorbate concentrations were fitted to the EL, EF and ES isotherm
models. The results of plotting the ge ca1 against g exp are shown in Fig. 7.

It is observed that, the significant differences between ge exp and ge,cal
values were calculated by multicomponent isotherm models. This is
because the approximate calculation used the parameter values (K, n,
qm) of the single ion adsorption model in the context of the simultaneous
adsorption, where the presence of other ions leads to competitive
adsorption and interactions between them, and approximate g;j in the
Freundlich model, causing these parameters to change. To correct this
difference, some authors have proposed the coefficient P;, a correction
factor for adsorbate i, in EL isotherm model [26,57], which is given by
the modified extended Langmuir (MEL) isotherm equation as follows:
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We also use the coefficient P; as a correction factor for adsorbent i in
the modeling of the modified EF (MEF) and modified ES (MES) models:
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P; was is determined by fitting the relationship between ge ca1 and qe,
exp according to the linear relationship qecal = a*Qeexp using origin
software to minimum the error. Then, the degree of suitable between
experimental results and calculated results from modified isotherm
models was evaluated based on the following criteria such as: the root
mean square error (RSME, measures the mean difference between the g,
cal and @, exp Or the standard deviation of the model error) [26]) and the
chi-square ()(2) [24]:
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Fig. 7. The graph representing ge,cal according to multicomponent isotherm models versus g cxp Simultaneous adsorption of a) Cr(III); b) Ni(II); c¢) Zn(II) and d) Mn

(II) on KLH10h8g at differential initial concentrations.
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Where N is the number of measurement points. The smaller the values of
RMSE and 2, the better the fit of the tested model is ensured. These
results are presenting on the Table 4.

The findings from the simultaneous adsorption study of four heavy
metal ions in a solution with equivalent mass concentrations differ from
those observed in the individual adsorption of each ion. For the
adsorption of Cr(II) and Ni(II) ions, the values of RMSE follow the order
MEL<MES < MEF but the values of y* follow the order MES <
MEL<MEF, in which, the RMSE for MES model was not much higher
than by MEL (0.047 compared with 0.042 and 0.047 compared with
0.033, compared to 0.115 and 0.096 to the MEF model. It indicates that,
the experimental data fit poorly to the MEF model, better to the MEL
model, and best to the MES model. For Zn(II), the smallest xz value for
MES model (0.032 compared to 0.049 and 0.052) and the smallest RMSE
value for the MEF model (0.66 compared to 0.789 for the MES model
and 2.149 for the MEL model). For Mn(II), both the RMSE and )(2 values
are smallest for the MES model. Thus, in general, the MES isotherm
model demonstrated the best fit, with the lowest RMSE and y? values for
all four ions. These results indicate that the MES model best described
the simultaneous adsorption process The ge, exp values for each ion fol-
lowed the same trend observed in individual adsorption, increasing in
the order Zn(II) < Mn(II) < Ni(II) < Cr(III), with slight variations in
magnitude. It means that, the adsorption capacity of these ions which
are in the same solution is also affected by the covalent index, the ionic
index and the cationic polarizing power as in individual adsorption.
Furthermore, in a multi-ion adsorption system, the presence of different
ions will lead to posible inter-ionic interactions, leading to adsorption
capacity being influenced. These capabilities are evaluated based on the
ratio of the adsorption capacity of each ion in the multi-component
adsorption scenario (gmax, m) to that of single ion adsorption (gmax, s)
at the same of initial concentration [58]. If ¢max, m/ gmax, s > 1, it means
the adsorption process enhanced by the presence of other metal ions; if
Gmax, m/ Qmax, s = 1, the adsorbed metal ions are not affected by other
ions; and if gmax, m/ gmax, s < 1, the adsorption process is suppressed by
the presence of other metal ions. The gmax, m/qmax, s ratios were calcu-
lated and listed in Table 5.

Table 5 demonstrates that the ratio of gmax, m/qmax, s, for Cr(Ill), Zn
(ID), Ni(II), and Mn (II) onto 2 g/L KLH10h8g at varying initial con-
centrations (pH 6, 240 min, 298 K) was <1, with the exception of Cr (III)
at an initial concentration of 5 mg/L. This finding indicates that the
presence of competing ions results in competitive adsorption, thereby
diminishing the gmax, m values in comparison to gmax, s. The ratio
exhibited a decreasing trend as the total ion concentration in the solu-
tion increased, with the reduction following the order: Cr(III) < Ni(II) <
Zn(Il) < Mn(I). This suggests that Cr(III) encountered the least
competition, with a reduction of 1.5 % to 6.5 %, while Mn(II) experi-
enced the most pronounced competition, with a reduction ranging from
2.6 % to 15.1 %. Although these reductions were relatively minor, the
overall adsorption capacity for ions in the mixed solution remained
within the limits of single ion adsorption capacities at equivalent initial
concentrations.

The competitive adsorption among ions is predominantly influenced
by the intrinsic properties of each ion. Factors such as hydrodynamic
radius, electronegativity, charge, covalent index, ionic index, and
cationic polarizing power play a critical role, as previously discussed.
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Table 5
The gmax, m/Gmax, s ratios of Cr(Ill), Zn(Il), Ni(I[) and Mn(II) onto 2 g/L
KLH10h8g at different initial concentrations (pH 6, 240 min, 298 K).

Co (mg/L)

Qmax, m/ Qmax, s

Cr Ni Zn Mn
5 1.0037 0.9975 0.9752 0.9735
10 0.9847 0.9576 0.9368 0.9256
20 0.9645 0.9227 0.8878 0.8758
30 0.9346 0.8995 0.8568 0.8492
50 0.9219 0.8852 0.7966 0.7730
100 0.7854 0.7497 0.7095 0.6347

Moreover, the competitive ability may also be modulated by the stan-
dard reduction potential of the respective ions, with a higher reduction
potential correlating with a greater affinity for the adsorbent. The
ionization reduction potentials for Ni(II), Zn(II), and Mn (II) were —
0.26 V, —0.76 V, and — 1.17 V, respectively. Consequently, the
competitive capacity increases in the order of Ni(II) to Zn(II) to Mn(II).
For Cr (III) ion, due to the partial hydrolyzed, the competition can be
influenced by a combination of all factors mentioned above and the form
of Cr (OH)?*". A similar trend has been documented in the literature
[53,56,59].

3.2.3. Adsorption kinetic and thermodynamic study

Individual adsorption with different initial concentrations of adsor-
bates over a designated time period were conducted, analyzed and fitted
by some kinetic models, as depicted in Figs. 8, Fig. S2 and detailed in
Table 6.

Fig. 8 shows that the adsorption of Ni(II) and Cr(III) occurred
rapidly, with approximately 75 % of the initial concentration reaching
within just 10 min, and then reached to about 99 % after 240 min. In
contrast, the adsorption of Zn(II) and Mn(Il) ions was considerably
slower, attaining merely 13-28 % of the initial concentration after 10
min, though it later accelerated, achieving around 95-96 % after 240
min. Consequently, the unique characteristics of each ion significantly
impacted both the rate and capacity of adsorption.

Kinetic analyses of the adsorption process, evaluated through various
theoretical models, indicated that the fit to diffusion kinetic models was
the weakest. This finding suggests that the adsorption of metal ions on
the adsorbent surface was primarily constrained by the interaction be-
tween the adsorbent and the adsorbate. This interaction was more
accurately represented by a range of kinetic models: at an initial con-
centration of 20 mg/L/ion, the adsorption of Mn(II) aligned well with all
three models: the PFO model (R? = 0.996), the PSO model (R? = 0.994),
and the Elovich model (R? = 0.985). The adsorption of Zi(II) indicated a
good fit with both the PSO and Elovich models R = 0.982), while the
adsorption of Cr(III) and Ni(II) showed the best fit with the Elovich
model. The predominance of fit with the PSO and Elovich models indi-
cated that the interactions involved were predominantly chemical in
nature, with a heterogeneous adsorbent surface [23].

Moreover, increasing the initial concentration of metal ions to 100
mg/L for each ion (Fig. S2) significantly enhanced the fit of the exper-
imental data to the theoretical models. Although the ID kinetic model
still showed the poorest fit, R? values ranged from 0.867 to 0.955. Both
the PFO and PSO kinetic models achieved values exceeding 0.99
(0.992-0.997 for the PSO model and 0.994-0.999 for the PFO model),

Table 4

The correction factors for adsorbent i and error analysis in modified simultaneous adsorption isotherm models (MEL, MEF and MES).
Model MEL MEF MES
Parameter P; RMSE »? P; RMSE $? P; RMSE P
Cr(1II) 0.997 0.042 1.893 0.939 0.115 2.356 1.384 0.047 1.276
Ni(ID) 0.980 0.033 1.730 1.134 0.096 1.793 1.623 0.047 1.524
Zn(11) 1.193 0.052 2.149 1.050 0.049 0.660 1.970 0.032 0.789
Mn(ID) 1.389 0.049 1.680 1.425 0.045 0.810 2.190 0.029 0.570
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Fig. 8. Effect of initial concentration of adsorbates and adsorption kinetic models of individual adsorption of 20 mg/L/ion Cr(III), Zn(II) Ni(II) and Mn(II) on 2 g/

L KLH10h8g.

surpassing the Elovich model, which achieved R? values between 0.985
and 0.991. This suggests that the initial concentrations significantly
influenced the kinetics of the process; as initial concentration increases,
the likelihood of physical interactions also rises. This can be attributed
to the increased density of ions and a substantial reduction in inter-ionic
distance, thus enhancing the effects of physical interactions. As a result,
the fit for the PFO model shows a marked increase, while the inherent
chemical interactions maintain the fit for the PSO and Elovich kinetic
models.

Simultaneous adsorption experiments were performed and analyzed
using the nonlinear forms of some kinetic models, as detailed in Figs. 9,
S3, S4 and Table 6.

The simultaneous presence of four cations in the solution, each at a
concentration of 5 mg/L (equal to 0.075 to 0.095 mM/L, which is
reduced 4 times to a single ion solution of 20 mg/L/ion), led to alter-
ations in the adsorption dynamics of each ion over time, as compared to
individual ion adsorption. After 10 min shaking, the adsorption effi-
ciencies for Cr(III), Ni(II), Zn(II) and Mn(II) reached 72.71 %, 66.60 %,
64.16 %, and 58.87 %, respectively. These values slightly decreased for
Cr(III) and Ni(II) but strongly increased for Zn(II) and Mn(II) compared
to single adsorption. After 240 min, the adsorption efficiencies for Cr
(11D, Ni(I), and Zn(II) reached 99.20 %, 98.68 %, and 96.33 %,
respectively, showing only marginal enhancements compared to single
ion adsorption. Nevertheless, the adsorption efficiency for Mn(II)
decreased to 93.73 %. While the order of adsorption capacities among
the metal ions remains consistent with that observed during single ion
adsorption, the adsorption capacities for each ion shifted in the context
of simultaneous adsorption, demonstrating an increase in short-term
adsorption efficiency.

As the initial concentration of each ion increased to 10 mg/L/ion and
subsequently to 25 mg/L/ion (Fig. S3 and S4), the correlation between

12

the experimental data and the theoretical models improved, paralleling
observations from individual ion adsorption studies. At an initial con-
centration of 10 mg/L/ion within the mixed solution, the R? values for
the Elovich model remained the strongest correlation, significantly
surpassing those of the alternative models. In contrast, when the initial
concentration in the mixed solution escalated to 25 mg/L/ion, the R?
values for the ID model still was the lowest, though it improved to a
range of 0.916 to 0.969. The R? values for the remaining three models
were closely clustered, nearing unity: the Elovich model exhibited
values between 0.989 and 0.995, the PFO model ranged from 0.987 to
0.999, and the PSO model achieved the highest values, ranging from
0.997 to 0.999. These findings are consistent with those from single ion
adsorption; as the concentration of ions in the solution rose, the spatial
distance among ions and between the ions and the adsorbent diminishes,
fostering stronger interactions both among the ions and with the
adsorbent surface. Consequently, the kinetics of adsorption are altered
compared to scenarios characterized with lower ion concentrations,
with physical interactions between the sorbate and adsorbent becoming
increasingly significant.

The influence of temperature on adsorption kinetics was undertaken,
analyzed and fitted to the nonlinear form of the Elovich kinetic model.
The results are illustrated in Fig. 10 and detailed in Table 6.

Fig. 10 illustrates that the adsorption kinetics over time during both
individual and simultaneous adsorption at 313 K were similar to those at
298 K, aligning most closely with the Elovich kinetic model. However, a
slight decreased in adsorption capacities was obtained, as detailed in
Table 6.

To further investigate the mechanism underlying the adsorption
process, the quantity Rg, (RE = 1/(qrefkg)), which serves as the
approaching equilibrium factor, was calculated using the Elovich
equation. Here, g represents the amount of adsorption at time t = tf
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Table 6

Journal of Water Process Engineering 71 (2025) 107402

Kinetic and thermodynamic parameters for the adsorption of Cr(III), Ni(II), Zn(II) and Mn(II) onto KLH10h8g.

Adsorbate Kinetic Individual adsorption Simultaneous adsorption
parameters 20 mg/L/ion 298 20 mg/L/ion 100 mg/L/ion 5mg/L/ion 298  5mg/L/ion 313 10 mg/L/ion 25 mg/L/ion
K 313K 298 K K K 298 K 298 K
Cr (IIT) Qe,exp (10°mM/ 18.48 18.39 84.08 4.72 4.55 9.19 21.77
g)
vo(mM.g L. 247.29 84.06 3.91.102 1.72 7.97.102 0.31 1.41.1072
min~1)
Re 0.087 0.124 0.247 0.066 0.071 0.013 0.279
K¢ 129.13 21.89 10.83 34.26 28.92 28.23 7.63
AG (kJ/mol) -12.04 -8.03 -5.90 -8.76 -8.76 -8.28 -5.03
AH (kJ/mol) —91.7466 —8.7500
Ni (1) Qe,exp (10°mM/ 16.19 15.98 72.85 4.12 3.94 7.86 18.25
g)
Vo (mM.g~ L. 6.28 3.15 3.14.1072 0.20 5.59.1072 5.79.1072 8.88.1073
min~ 1)
Rg 0.108 0.126 0.272 0.087 0.093 0.063 0.279
Kc 86.90 17.39 7.02 33.12 22.73 16.93 6.90
AG (kJ/mol) —~11.06 —7.43 —4.83 -8.67 -8.13 —-7.01 —4.79
AH (kJ/mol) —83.19 —~19.46
Zn (II) Qe,exp (10°mM/ 14.00 13.83 64.68 3.59 3.43 6.83 15.51
8
Vo (mM.g L. 1.10.102 1.11.102 2.50.102 0.15 3.52.10 2 1.83.102 6.32.103
min’l)
Rg 0.112 0.132 0.283 0.237 0.231 0.187 0.282
K¢ 26.25 11.74 4.99 15.67 13.06 11.12 6.63
AG (kJ/mol) -8.10 —6.41 —-3.98 -6.82 —6.69 -5.97 —4.68
AH (kJ/mol) -41.61 —9.44
Mn (IT) Qe exp (10°’mM/ 16.19 16.09 75.25 4.24 3.87 8.02 18.15
g)
Vo (mM.g L. 7.35.1073 7.66.1072 2.76.1072 5.54.1072 3.28.1072 1.44.1072 6.42.1072
min~ 1)
Re 0.130 0.137 0.295 0.278 0.266 0.288 0.285
Kc 14.94 5.97 4.08 8.61 8.08 7.86 4.97
AG (kJ/mol) -6.70 —4.65 —-3.49 -5.33 —5.44 -5.11 —-3.97
AH (kJ/mol) —47.46 —-3.24
¥qe, exp 0.138-0.185 0.65--0.84 0.17 0.16 0.32 0.74

(mg/g), where t..f denotes the longest duration of the adsorption process
(min), and k. is the Elovich constant (g/mg). The calculated results
indicate that the Rg values fall within zone III (Rg = 0.02 to 0.1) only in
the single ion adsorption of Cr(III) and Ni(II) at an initial concentration
of 20 mg/L. Similarly, Rg values in the adsorption of Cr(III) from a mixed
solution at 5 mg/L/ion also fall in this range, suggesting a rapidly rising
adsorption curve was. In contrast, the remaining cases show Rg values
within zone II (Rg = 0.1 to 0.3), or zone IV, where the adsorption curve
rises more gently [60]. This behavior aligns with the characteristics of
chemical adsorption as described by the Elovich equation.

Table 6 indicates that the total adsorption capacities for ions from
the mixed solution containing four ions falls within the range of the
individual adsorption capacities of each ion at the same initial total
concentrations (20 mg/L or 100 mg/L). This result demonstrates a high
potential for simultaneous ion adsorption.

In terms of the thermodynamics of the adsorption process, the values
of AG were consistently negative, indicating that the process was
spontaneous and thermodynamically favorable. Regarding energy, the
AH values for the single ion adsorption processes were <20 kJ, sug-
gesting that these processes were predominantly characterized by
physical adsorption. However, in the simultaneous adsorption of the
four cations, the AH values were all negative (exothermic processes) and
>40 kJ, indicating that chemical adsorption was the primary mecha-
nism. This result suggests that the interactions among the simulta-
neously present ions lead to mutual effects, altering their interactions
with both the adsorbent surface and the sorbates.

3.2.4. Adsorption mechanisms

The findings from the adsorption isotherm model studies indicate
that the single adsorption processes adhere to the Freundlich isotherm
model and multicomponent adsorption fitted well to the modified
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extended Sips isotherm model. This suggests that the interactions be-
tween the sorbates and the adsorbent surface are primarily physical.
Furthermore, kinetic adsorption investigations and thermodynamics
studies demonstrated that increasing the initial concentration of sor-
bates supports the chemical adsorption characteristics of the process.
Additionally, the solution pH after both single and multi-ion adsorption
increased, indicating that H' ions were adsorbed concurrently with the
studied cations. This observation suggests that the interactions are
governed by electrostatic attraction, a form of physical interaction. In
fact, at pH 6, Cr(IIl) ion was partially hydrolyzed to form CrOH2* or
completely hydrolyzed to Cr(OH)s, which is difficult to verify. However,
if Cr(III) ion is completely hydrolyzed, Cr(OH)3 will not be adsorbed but
only deposited on the material surface, without affecting the surface
charge or spectrum signal. These conclusions were validated through the
measurement of the XPS spectra (Fig. 11), the { potential and FTIR
spectra (Fig. 12) of the KLH10h8g sample before and after adsorption.

The survey spectra (the black line in Fig. 11a) shows that: the
KLH10h8g surface mainly contains carbon (~284.7 eV) and oxygen (~
532 eV), small amount of nitrogen (~399 eV) and absence of heavy
metal elements. The blue line and red line in Fig. 11a indicate the
presence of heavy metal ion on KLH10h8g after adsorption, they are
clearly shown in Fig. 11d,e,f,g. In Fig. 11d, the peak at 587.9 eV cor-
responding to Cr 2p1 » confirms the appearance of Cr®*, in addition, a
peak at 577.5 eV of Cr 2ps3/,» demonstrates that, a partial Cr(III) was
oxidation to Cr(VI) adsorbed on the KLH10h8g surface [61]. In Fig. 11e,
peak of Ni®* 2ps 5 at 856 eV and Ni** 2p, 5 at 873.5 eV confirms the
adsorption of Ni, outside that, two satellite peak of Ni can be observed at
863 eV and 880 eV. Fig. 11f shows two peak at 1044 eV and 1022 eV
corresponding to Zn%t 2pi1,2 and Zn%* 2p3/2. Mn 2p spectrum on
KLH10h8g can be deconvoluted into Mn2" 2p; » at 652 eV and a broad
peak at 641-642 eV, may be an overlap of Mn?* 2ps3 5 and Mn* 2ps 5,



T.T. Truong et al.

Journal of Water Process Engineering 71 (2025) 107402

0.05 0.05
— ;
0.04} j £ H : 0.04}
o ? : 5
s il S
g - 2 £
o o
0.03 4 a)PFO kinetic model 0.03 4 b)PSO kinetic model
" Cr5,R%=0643 e Ni5 R?=0.502 = Cr5,R%=0883 e Ni5R*0873
A Zn5,R=0576 v Mn5, R%= 0649 A4 Zn5,R*=0877 v Mn5 R®=0888
002 1 1 1 1 002 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (minute) Time (minute)
0.05 0.05
0.04 | 0.04 |
° c
= =
E E
o o
0.03} in i 0.03 }
¢) ID kinetic model d) Elovich kinetic model
m Cr5 R2: 0.927 ® Ni5 RL_ 0.953 m Cr5, R2=0987 » Ni5, R?=0.988
A Zn5R%=0914 v Mn5 R% 0938 A Zn5 R*=0973 v Mn5,R*=0982
0_02 1 1 1 1 002 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250

Time (minute)

Time (minute)

Fig. 9. Effect of initial concentration of adsorbates and adsorption kinetic models of simultaneous adsorption of 5 mg/L/ion Cr(III), Zn(II) Ni(II) and Mn(II) on 2 g/

L KLH10h8g.
0.20
015
o
=
g 010
ud a) Elovich kinetic model (313K)
(Individual adsorption)
005
= Cr,R?=0.990 e Ni, R?>=0.989
4 7Zn,R*=0.990 ¥ Mn, R?=0.988

100 150
Time (minute)

200

q (mM/g)

250

0.04 +
0.03}
b) Elovich kinetic model (313 K)
(simultanoeus adsorption)
® Cr,R=0989 e Ni R?>=0.988
0.02} A Zn R*=0.98 ¥ Mn,R*=0.991
0 50 100 150 200 250

Time (minute)
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kinetic model.

(Fig. 11g). [62]. Thus, except for a fairly stable ion of Zn(II), during the
adsorption process, Cr(III), Ni(II) and Mn(II) ions were partially oxidized
to a higher oxygen number and are adsorbed onto the sample surface.
XPS Analysis of oxygen (Fig. 11b) and carbon (Fig. 11c), by fitting the
peaks by Gaussian function, show that, position and intensity of the
characteristic peaks corresponding to their different bond forms in the
sample after adsorption all shift slightly compared to before adsorption.
For example, O in C=0 bond from 530.8 eV shifted to 531.3 eV; O in
0O=C-0 bond at 533.9 eV disappear after adsorption of Cr or mixture; C
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in C=C, C—0 and C—C bond were reduced intensity and shifted posi-
tion [63,64]. After adsorption, a small peak characteristic of the C-Me
bond also appeared at 283 eV after adsorption Cr(III) or mixture of ions
[65]. All results show that, interaction between heavy metal ions with
hydrochar was a partial chemical interaction.

Fig. 12a reveals that the { potential of the adsorbent surface before
adsorption was —24.89 mV, indicating a negatively charged surface at
pH 6 (consistent with the determined pHp,c). This value increased to
—18.88 mV after adsorption of Cr(IIl) ion and to —6.92 mV following
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simultaneous adsorption, suggesting that the negative surface charge
was neutralized by the presence of metal cations and H' ions. The
shifting of { potential of sample after adsoption of Cr(IIl) is not much
(from —24.89 mV to —18.88 mV) but demonstrating that cation of Cr
adsorbed on the surface, or Cr(IIl) ion was partially hydrolyzed to form
CrOH2*, dit not completely hydrolyze to Cr(OH)s. It also means the
adsorption are governed by electrostatic attraction.

The data presented in Fig. 12b indicate that the characteristic peaks
of C—H alkane bonds (approximately 2900 cm™1) do not exhibit sig-
nificant changes. The peaks corresponding to aromatic ring bonds shif-
ted slightly after the individual and multi-ion adsorption. The spectral
peak associated with O—H bonds in the region around 3400 cm!
exhibited pronounced changes following the adsorption of both single
and multi-ions. Specifically, after the adsorption of Cr(III) and Zn(II),
this peak broadened. In contrast, after the adsorption of Ni(II) and Mn
(ID), as well as during multi-ion adsorption, peak has been narrowed and
the position shifted. These changes suggest that the bonds were affected
by interactions with the metal cations. Similar shifts were noted for the
spectral peaks corresponding to C—=0 and C—=C bonds in the range of
1600-1700 cm ™. These bonds are characterized by high electron den-
sity or involve atoms with unshared electron pairs, which indicating
elevated electronegativity. This suggests the potential for interactions
with cations through electrostatic forces or donor-acceptor bonding with
the vacant orbitals of heavy metal cations [18,28,58]. These results
highlight the compelling evidence that the interactions are of a chemical
nature.

3.2.5. Adsorption of real samples

Studies conducted at various concentrations demonstrate that
hydrochar derived from DWL has significant potential for the simulta-
neous adsorption of Cr(III), Zn(II), Ni(II), and Mn(II). It may also adsorb
other ions. Several real samples with varying compositions were
randomly selected to evaluate the practical applicability of the material.
The actual samples were sourced from two different locations. Sample 1
was from the waste stream of the zinc refining process, which had been
preliminarily treated by alkalization to precipitate hydroxides and then
acidified to neutrality. Sample 2 was from surface water flowing from a
village engaged in artisanal production. Qualitative and quantitative
analyses of the sample compositions were performed using ICP-OES. The
results revealed the presence of various cations and the anion SO4%~. The
efficiency and adsorption capacities for different cations in the real
samples are illustrated in Fig. 13.

Fig. 13 demonstrates that, due to the varied composition and random
nature of the sample, the concentrations of ions within the solution were
heterogeneous. Both Nat and Ca®" cations were present, but their
adsorption was relatively weak. The greater adsorption affinity of
Ca?*compared to Na™ suggests that adsorption tends to increase with
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ionic charge and radius. However, the KLH10h8g activated carbon not
only sustained high adsorption capacities for Cr(IIl), Zn(II), Ni(II), and
Mn(II), but also demonstrated significant adsorption for other heavy
metal ions such as Cd(II), Pb(II), and Co(II). These results further indi-
cate that the presence of Na* and Ca?* had inignificant impact on the
adsorption efficiency of these heavy metal ions. Conversely, the sample
showed negligible adsorption for As, which may be due to the As species
in an anionic form rather than as a cation. These findings underscore the
sample’s significant potential for practical applications, demonstrating
minimal susceptibility to interference from dissolved ions.

4. Conclusions

The residual biomass derived from the essential oil distillation pro-
cess was extensively studied for hydrochar production, focusing on the
effects of hydrothermal duration, temperature, and the solid-to-liquid
ratio of the reaction mixture, with and without subsequent alkali acti-
vation. The resultant material comprised 84.4 % carbon, exhibited a
specific surface area of 32.66 m2/g and displayed a uniform micropo-
rous structure with particle dimensions of approximately 1.5 x 5 pm.
The surface of the hydrochar retained advantageous functional groups
conducive to heavy metal cation adsorption, including C=0 bonds,
aromatic rings, O—H groups, and C-O-C linkages. This hydrochar
exhibited exceptional adsorption capabilities for the cations Cr(III), Ni
(ID, Zn(1D), and Mn(II), both individually and within a mixed ion solu-
tion. The adsorption capacity was observed to follow the order Zn(II) <
Mn(II) < Ni(II) < Cr(IIl), influenced by covalent indices, ionic index and
ionic charges. The adsorption mechanisms incorporated both chemical
interactions and electrostatic forces. Experimental data pertaining to the
adsorption adhered to the Freundlich (individual adsorption) and
modified extended Sips isotherm models (simultaneous adsorption), and
the Elovich kinetic models. When the initial concentration increased, the
correlation with pseudo-first-order and pseudo-second-order kinetic
models improved, suggesting stronger physical interactions. Although
competitive interactions among ions in solution were noted, their
impact was minimal due to the presence of other cations or dissolved
cations. Combined with testing on actual samples, our study indicates
that lemongrass hydrochar presents substantial potential as an adsor-
bent for practical applications. It holds promise for effectively removing
heavy metal ions in wastewater.
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