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Abstract: Wheat straw, which is a carbon-rich precursor and a common agriculture waste in Sanandaj,
was modified to produce hydrochar with high adsorption capacity by the hydrothermal carbonization
(HTC) method. The hydrochars were tested as adsorbents to remove methylene blue (MB) from
aqueous solution, and the effects of various interfering parameters, including pH, MB concentration,
and adsorbent dosage, were investigated using artificial neural networks (ANNs) on adsorption
modeling. Adsorption isotherms and kinetics were studied to explain the MB adsorption process.
The prepared hydrochars were characterized using Brunauer–Emmett–Teller (BET), scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDAX), and high-performance liquid chromatog-
raphy (HPLC) instruments. The maximum MB removal efficiency achieved by hydrochar modified by
KOH (0.1 M) and adsorption data fitted well with the Langmuir isotherm and pseudo-second-order
kinetics. In terms of elemental composition, the hydrochar sample contained 52.19% carbon (C),
3.37% hydrogen (H), 0.1% nitrogen (N), 0.15% sulfur (S), and 35.66% oxygen (O). The ash content in
the sample was 8.50%. The recorded hydrogen-to-carbon ratio (H/C) and oxygen-to-carbon ratio
(O/C) indicated a shift towards humification, implying the influence of KOH addition during the
hydrochar production process. Additionally, the specific surface area of the hydrochar, as measured
by the BET method, was found to be 11.54 m2/g. Among the aromatics, a significant presence of
hydroxymethylfurfural (HMF) was detected, with a concentration of 4.70 g/kg DM. The modeling
results demonstrated that the concentration of MB had the most substantial impact on the predicted
removal, followed by pH, adsorbent dosage, and contact time.

Keywords: adsorption; methylene blue; hydrochar; intelligent modeling

1. Introduction

In recent years, water pollution by various natural and synthetic substances has
become a global problem. Most of these compounds are toxic to living organisms and
accumulate in plant and animal tissues. Therefore, removing such materials from water is of
great importance [1]. Also, in order to meet strict water quality standards, the identification
and development of new methods to control pollutants are essential [2]. Organic dyes are
typical pollutants in effluents from industries such as textiles, plastics, paper, cosmetics,
food processing, and so forth [3]. Dyes have properties like high toxicity, carcinogenicity,
mutagenicity, and so on. Thus, if they are poorly treated before being discharged into
the environment, they can lead to serious environmental problems and human health
threats [4]. Unfortunately, it has been reported that a huge number of dye products (more
than 100 thousand) have been released into water bodies [5].
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Methylene blue (MB) is utilized in different industries to color paper, cotton, wool,
silk, and so forth. It has been stated that this substance causes a number of risks to human
health, like respiratory, eye, digestive, and mental problems [6]. It is worth noting that
several processes like chemical coagulation, electrochemical removal, membrane filtration,
photodegradation reactions, and physical adsorption have been applied to remove MB
from industrial effluents [7]. Among these measures, adsorption has been introduced as an
effective way to remove MB from aquatic solutions [8].

It has been documented that carbon-based adsorbents like activated carbon (AC),
hydrochar, and biochar are known as the most efficient and sometimes the most cost-
effective adsorbents in the removal of inorganic and organic contaminants from water and
wastewater. In comparison with AC, the final cost of biochar and hydrochar applied for
contaminant removal is cheaper [1,9]. The production of AC requires a higher temperature
and a longer activation process, while biochar and hydrochar are produced easier with less
energy and are therefore less expensive [10,11].

The wet biomass materials such as wheat straw, biosolids and so forth, under the
hydrothermal carbonization (HTC) process, could be converted to an energy-dense and
carbon-rich adsorbent [12]. A plus factor of hydrochar production, unlike biochar, is that
moderate temperatures from 180 to 350 ◦C are needed in the presence of water at autoge-
nous pressures for a few hours [13]. Since the structure of biomass materials is complex,
the chemistry of the HTC process has not been well understood. In the HTC process, some
reaction mechanisms like hydrolysis, decarboxylation, dehydration, aromatization, and
polymerization happen simultaneously [13]. It should be pointed out that two factors are
completely effective in determining elemental compositions as well as physicochemical
characteristics of hydrochar, which are feedstock type and HTC processing conditions [14].
Therefore, by changing the type of feedstock and optimizing the operating parameters
of the HTC process, it is highly likely that a hydrochar with proper properties will be
generated.

Hydrochar-based adsorbents benefit from a few unique features, such as considerable
oxygen-containing functional groups like hydroxyl, phenolic, carbonyl, or carboxylic on
their surface, which make them a suitable option for the removal of different pollutants [15].
Nonetheless, hydrochar suffers from drawbacks such as low surface area and weak porosity,
thereby declining its adsorptive removal properties of contaminants [16]. Thus, it is of
great importance to enhance the surface area and porosity of hydrochars to enable suitable
adsorption. In a few studies, it has been stated that, in acidic conditions, the carbon amount
and higher heating value (HHV) of hydrochar increase [17]. That is, the addition of acid to
the HTC reactor may trigger the hydrolysis reactions, thereby declining activation energy
as well as modifying hydrochar characteristics [17]. Furthermore, modified hydrochars
have more oxygen-containing functional groups on their surface; consequently, they have
the capability to remove cationic contaminants from aqueous solutions [18]. KOH has
been introduced as an acid to functionalize biomass-based materials, and the resulting
hydrochar has the following properties: high selectivity and specificity, as well as increased
adsorption capacity [19].

Wheat straw is one of the agricultural by-products that is widely produced in any part
of the world annually. The plus factor of this waste is that it can be used for the production
of hydrochar-based adsorbents with unique features. In this research, the major objectives
were as follows: (1) to prepare hydrochars through the HTC process of wheat straw; (2) to
modify the hydrochar by means of KOH; (3) to characterize the wheat straw-derived
hydrochar and KOH-modified hydrochar (HCKOH) via Fourier transform infrared (FT-IR)
spectroscopy, elemental analysis, and BET (Brunauer–Emmett–Teller); (4) to investigate
and compare the produced adsorbents: wheat straw-derived hydrochar and HCKOH in
MB removal.
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2. Materials and Methods
2.1. Chemicals

The chemicals used in the experiments have been commercially available and analyti-
cally graded. ZnCl2, H3PO4, KOH, and MB were purchased from Merck. Deionized water
was used in all experiments.

2.2. Preparation of Pristine and Modified Adsorbents

Pristine and modified hydrochar were prepared from wheat straw by the hydrothermal
method. The wheat straw was supplied from agricultural lands in Sanandaj City, Kurdistan
Province, Iran. Raw wheat straw was placed in deionized water for 24 h to remove the
organic pollutants, dried at 60 ◦C for 24 h prior to hydrothermal processes, and then milled
into particles between 0.5 and 2 mm. ZnCl2, H3PO4, and KOH were used as modifiers.
Briefly, hydrochars were prepared by adding 10 g milled wheat straw and 120 mL of
different modifiers, ZnCl2 (1 M), H3PO4 (1 M), and KOH (0.1, 0.5, and 1 M), to a stainless-
steel reactor. The reactor was placed in an oven at 220 ◦C for 12 h. In the next step, the
reactor contents were washed with 100 mL of water, filtered with a fiberglass filter, and
dried at 60 ◦C for 24 h. HCKOH (0.1 M), which showed the best adsorption efficiency, was
prepared at three different temperatures (220, 230, and 240 ◦C).

2.3. pHzpc for KOH-Modified Hydrochar

In order to determine the zero point of charge, an aliquot of 50 mL of NaCl solution
was prepared in five different beakers, and the pH was adjusted from 2 to 10 by adding
acid and basic solutions (NaOH and HCl 0.01 M). Then, 0.15 g of HCKOH was added to
each beaker, covered by parafilm, and shaken for 24 h. Subsequently, the final pH of the
solution was detected and plotted against the initial pH. According to other studies, the
point where the curve crosses the line pH initial = pH final is considered pHzpc [20,21].

2.4. Adsorption Experiments

At the first step, the adsorption efficiency of different adsorbents was investigated.
Then, the effects of different interfering parameters like pH, hydrochar dosage, and MB
concentration on adsorption efficiency were assessed. Batch experiments were undertaken
in 250 mL beakers, each containing 100 mL of MB, on an orbital shaker (120 rpm). MB
concentrations were determined using UV-Vis spectrometry (DR 5000, Hack, Ca) at a
wavelength of 668 nm. NaOH and HCl were used for adjusting pH. At 30 min time
intervals, samples were taken, filtered with fiberglass, and then centrifuged for 10 min
prior to spectroscopy.

The removal efficiency of the dye was calculated by the following equation:

Removal (%) =
C0 − Ct

C0
× 100 (1)

The MB adsorption kinetics on the HCKOH at different time intervals and different
MB concentrations were calculated as detailed below [22]:

Pseudo f irst order kinetics : Ln(qe − qt) = lnqe − k1 × t (2)

Pseudo second order kinetics :
t

qe
=

1
K2qe2 +

2
qe

(3)

2.5. Desorption and Reusability Experiments

In order to determine the MB desorption, the adsorption–desorption experiments
were carried out at 10 mg/L MB and 2 g/L HCKOH for 120 min. After each cycle, the
MB-loaded HCKOH were mixed with 100 mL of water to either pH 3, 7, or 11 and shaken
for 24 h at room temperature. Then, the solutions were filtered, and MB concentrations
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were detected in the media. Afterwards, the filtered residuals were washed several times
and oven dried for the next adsorption experiment.

2.6. Adsorption Isotherm

The models of the adsorption isotherms are investigated to provide detailed facts
about the surface adsorbent properties of the KOH-modified hydrochar. The observed data
of methylene adsorption on HCKOH are fitted to the Freundlich, Langmuir, Temkin, and
Dubinin–Radushkevich (D–R) models.

The liner equation of the Langmuir isotherm is presented as follows:

1
qe

=
1

KL qmax
× 1

Ce
+

1
qmax

(4)

where Ce is the dye concentration in the solution at equilibrium (mg/L), qe is the dye
concentration on the sorbent at equilibrium (mg/g), qmax is the Langmuir constant repre-
senting the maximum adsorption capacity of the solute per unite weight of the adsorbent
(mg/g), and KL is the adsorption equilibrium constant (L mg−1), which is related to the
energy of the adsorption [21].

The dimensionless constant separation factor (RL), which indicates the crucial charac-
teristic of the Langmuir isotherm and shows the favorability of the adsorption, calculated
as follows [23]:

RL =
1

1 + KLC0
(5)

The value of RL indicates the adsorption properties; there are probabilities for the
RL value where it can be linear (RL = 1), favorable (0 < RL < 1), unfavorable (RL > 1), or
irreversible (RL = 0).

The Freundlich line model equation is shown as follows:

Logqe = Log KF +
1
n
+ LogCe (6)

where n and KF are isotherm constants, which indicate the intensity of the adsorption and
the adsorption capacity, respectively [24].

The Temkin isotherm contains a factor that considers adsorbent–adsorbate interac-
tions [25]. The model is given by the following equation [26]:

qe =
RT
bT

Ln KT +

(
RT
BT

)
LnCe (7)

where Ce is equilibrium strength of the adsorbate, R is the gas constant (8.314 J/mol/K),
and T is temperature at 298 K. BT and KT are Temkin constants representing the adsorption
heat (J mol−1) and the equilibrium binding constant (L mg−1), respectively [27].

The D–R model is expressed mathematically by Equation (7) [28]:

Qe = Qme−βε2
(8)

2.7. Characterization of Adsorbent

Elemental carbon, hydrogen, nitrogen, and sulfur were measured using an Elemental
Analyzer (Vario El) from the Elementar Analyse system in Hanau, Germany, while the
oxygen content was derived using the following equation: O% = 100 − (C% + H% + S% +
N% + Ash%). The ash content (ash%) of hydrochar and biomass was determined through a
two-step process. Initially, the samples were subjected to 105 ◦C for 24 h to calculate the
total solids (TS%) according to DIN EN 14775 standards. Subsequently, a further treatment
at 550 ◦C for 5 h was performed. The higher heating value (HHV) of the hydrochar was
calculated based on a correlation (Equation (2)) presented in a previous study [29]. The
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calculation involved the carbon and oxygen percentages of the samples on a dry basis,
represented by C and O, respectively.

HHV(MJ/kg) = 0.3853C + 44.98/O (9)

The total surface area of both raw wheat straw and hydrochar was determined by
nitrogen adsorption–desorption at 77 K using a Brunauer–Emmett–Teller (BET) instrument
(TriStar II by Micromeritics, Norcross, GA, USA). To examine the surface morphology
of the samples, a Phenom ProX Desktop SEM-EDX instrument (USA) was employed.
The metal, phosphorus, and sulfur levels in the hydrochar were examined using an ICP-
OES instrument (ICAP6300 Duo by Thermo Scientific, Waltham, MA, USA) that had an
autosampler (ASX-520 by CETAC Technologies, Omaha, NE, USA). The FTIR spectra of
the hydrochar were recorded using a Nicolet iS5 ATR-FTIR device (Thermo Scientific,
Madison, WI, USA). The HPLC technique (Dionex ICS 3000; Thermo Fisher Scientific Inc.,
USA) was utilized to measure the concentration of aromatics, including HMF, furfural,
catechol, phenol, guaiacol, and cresol, in the hydrochar. Sugars (glucose, sucrose, and
fructose) and organic acids (acetic acid, lactic acid, and formic acid) were quantified using
an Ultimate 3000 instrument from DIONEX. The sample preparation procedure and method
for measurement of aromatics, sugars, and organic acids, as well as the sample, can be
found in our previous work [30].

2.8. Neural Network Modeling

The structure of the neural network (NN) used in this study consists of an input layer,
one or more hidden layers, and an output layer. The purpose of the NN is to discover
nonlinear relationships between dye removal efficiency and various adsorption variables.
The study employed JMP 17 pro software (from SAS) to predict the efficiency of MB
adsorption, following a procedure outlined in a previous reference [31]. The data was
randomly divided into training (70%) and validation (30%) subsets using the Holdback
method. The input layer of the ANN included four variables: contact time, pH, adsorbent
dosage, and MB concentration. Two different structures of the hidden layer, TanH and
Gaussian, with a number of 1–20 neurons were compared, and TanH was selected based
on its higher R2 and RMSE values: Table 1 shows the optimum number of neurons in the
hidden layers of TanH and Gaussian structures. The optimal number of neurons in the
hidden layer was determined to be 15, based on the lowest RMSE of 5.20 and the highest
R2 of 0.95 achieved for the training dataset.

Table 1. Optimized number of neurons and their corresponding RMSE and R2.

Group Sample
TanH Gaussian

Number of
Neurons RMSE R2 Number

of Neurons RMSE R2

Training 36
15

5.20 0.95
10

5.04 0.95

Validation 18 3.15 0.96 5.40 0.88

This configuration also showed good performance for the validation dataset, with
an RMSE of 3.15 and an R2 of 0.96. Figure 1 represents the final structure of the neural
network, illustrating the input, hidden, and output layers.
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Figure 1. Structure of a neural network with one hidden layer using (a) TanH with 15 neurons and
(b) Gaussian with 10 neurons.

3. Results and Discussion
3.1. MB Removal Efficiency with Different Adsorbents

The removal efficiency of MB with different modified adsorbents was investigated.
The results showed that HCKOH had the highest removal efficiency compared to other
modified hydrochars (Figure 2a). Thus, HCKOH was selected as the best adsorbent in this
study, and the following experiments were carried out to determine the optimal removal
condition.
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Figure 2. Plots of MB removal efficiency vs. time: (a) pure and modified hydrochar with ZnCl2,
H3PO4, and KOH; (b) hydrochar modified with 0.1, 0.5, and 1 M KOH; (c) hydrochar prepared at
different temperatures.

3.2. Effect of Interfering Parameters on MB Removal Efficiency
3.2.1. KOH Modification and Preparing Temperature

Different concentrations of KOH were applied to modify hydrochar derived from
wheat straw. Also, in order to assess the effects of preparing temperature on the hydrochar
efficiency, 1 M HCKOH samples at three different preparation temperatures (220, 230, and
240 ◦C) were produced, and their efficiency for MB removal was tested. Hydrochar modifi-
cation with KOH not only leads to a higher surface area but also increases the activation
yield and total pore volume due to the increased oxygen-containing functional groups on
the surface of the adsorbent (1). The removal efficiency of 0.1, 0.5, and 1 M HCKOH was 94,
90, and 89%, respectively (Figure 2b). This shows that increasing the KOH concentration
from 0.1 to 1 did not significantly increase the MB removal efficiency. Hydrochar prepara-
tion temperature also showed that an activation temperature of 220 increased the surface
area and porosity of hydrochar, but higher temperatures caused a decrease in the porosity
and adsorption efficiency due to the combination of the already prevailing pores [32]. Based
on these results, 0.1 M HCKOH with a hydrothermal temperature preparation of 220 ◦C has
the highest adsorption potential (Figure 2c). Therefore, this adsorbent was chosen as the
best adsorbent, and the rest of the experiments were carried out to optimize MB removal.
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3.2.2. Effect of pH and pHzpc

The initial pH of the dye can affect the adsorbent surface because pH has direct effects
on the surface charge of the adsorbent and the ionization of the dye [33]. In this study, the
effect of pH on the MB adsorption by hydrochar was investigated at a pH range between 3
and 11; meanwhile, MB and KOH-modified HCH concentrations were fixed at 10 mg/L
and 2 g/L, respectively, in all the experiments (Figure 3).
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Figure 3. Effect of pH on the MB removal efficiency by 0.1 M HCKOH.

The removal efficiency of MB by 0.1 M HCKOH dramatically increased from 54 to
93% as pH increased from 3 to 5–7 during 30 min. However, when the pH exceeded 5, the
adsorption efficiency reached a plateau. At low pH, H+ in the solution further disturbs
the bonding between the dye and adsorbent, competing with MB to occupy the active site
on the adsorbent surface [34,35]. These results can be further explained by considering
the impact of pH solutions on MB and the surface charge of hydrochar. The pHzpc of
hydrochar was around 8, which means that the adsorbent is positively charged in acidic
solutions (pH < pHzpc) and negatively charged in basic solutions (pH > pHzpc). Therefore,
the low adsorption of MB on the HCKOH in strong acidic solutions can be explained by
electrostatic repulsion between the cationic dye and the positively charged HCKOH [36].

3.2.3. Effect of Hydrochar Dosage

The adsorbent amount will influence the removal efficiency, so to optimize the adsor-
bent dosage, varied dosages of 0.5 to 3 g/L at a MB concentration of 10 mg/L, a pH of
5.3, and during 120 min were tested (Figure 4). The adsorption percentage significantly
increased as the adsorbent dosage was raised from 0.5 to 1 g/L. However, when the adsor-
bent dosage was further raised, the gain in removal efficiency was marginal. These results
are in line with our previous work [37], which showed that, with increasing adsorbent
dosage, the removal efficiency also increased. These findings can be explained by the
adsorbent’s higher surface area and superficial active sites.
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3.2.4. Effect of MB Concentration

The MB removal efficiency by HCKOH during 120 min was 89, 88, 71, 65, and 62% for
initial MB concentrations of 5, 10, 20, 30, and 40 mg/L, respectively. Removal efficiency
decreased at higher concentrations, suggesting a saturation of binding sites on the adsorbent
(Figure 5). The adsorption capacity of HCKOH was affected by the MB concentration in
the media, and the amount of MB adsorbed increased from 4.46 to 24.5 mg/g during
120 min. The motive force provided by the increased solute concentration can overcome
the resistance to mass transfer between the solid and liquid phases. Therefore, the removal
efficiency decreases at higher solute concentrations, while the adsorption capacity (mg/1)
will increase with increasing solute concentration. These observations accord with those
reported by Kohzadi et al. and Yudha et al. [20,37].
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3.2.5. Desorption and Reusability Experiments

The desorption experiments were performed at three different pH values: 3, 7, and
11. The results showed that the highest adsorption amount occurred at pH 3, which was
1.59 mg/L, while it was 0.47 and 1.12 mg/L at pH 7 and 11, respectively. Moreover, the
reusability experiments indicated that the initial removal efficiency of 89% decreased to 67
and 50% in the second and third cycles, which is in accordance with Ghanim et al. [19].

3.3. Adsorption Isotherms

In this study, for Cmax from 5 to 40 mg/L, the values of RL ranged from 0.25 to 0.04,
which indicates HCKOH can be considered favorable for the adsorption of MB.

In the Langmuir model, monolayer adsorption occurs on a homogeneous surface, with
each site carrying an equal number of adsorbed molecules and no interactions between
adjacent molecules. In contrast, Freundlich adsorption assumes that the multilayer ad-
sorption process is localized at a heterogeneous surface. The KL and qmax were calculated
through a plot of 1/Ce vs. 1/qe at 0.42 L/mg and 24.15 mg/g, respectively. As shown in the
Freundlich model results (Table 2), 1/n is lower than 1, indicating a normal distribution, as
reported by Dada et al. [38]. KF, which is an approximate indicator of adsorption capacity,
was 6.77 mg/g [38].

Table 2. Adsorption isotherm parameters of MB adsorption on 0.1 M HCKOH.

Models Parameters Value

Langmuir

qmax (mg g−1) 24.15

KL (L mg−1) 0.42

R2 0.98

RL 0.05–0.31

Freundlich model

KF 6.77

n 2.2

R2 0.96

D–R model

Q0 (mmol g−1) 44.7

KD-R 0.006

R2 0.97

E (KJ mol−1) 8.83

Temkin model

B (J mol−1) 5.288

KT (L g−1) 4.07

BT 468.5

R2 0.94

The fitted parameters indicated in Table 2 reveal that both Langmuir and Freundlich
models can be used to fit the adsorption process of MB on the HCKOH, while the Langmuir
model with a slightly higher R2 = 0.98 value can fit the adsorption data better. The R2

value of 0.96 for the Freundlich model shows that the surface of the samples tends to
be inhomogeneous and that the adsorption of MB is not limited to a single layer [39].
Figure 6 shows that the adsorption capacity increased with the adsorption equilibrium
concentration [40].
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adsorption on the 0.1 M HCKOH.

By ignoring the extremely low and large values of concentrations, the Temkin model
assumes that the fall in the heat of adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent–adsorbate interactions and that the adsorption is
characterized by a uniform distribution of the binding energies [41]. From the plot of qe vs.
lnCe, BT and KT can be calculated from the slopes and intercepts, respectively. The values
of the Temkin adsorption heat constant and equilibrium binding constant were 5.28 (J/mol)
and 4.07 (L mg−1), respectively.

The Dubinin–Radushkevich (D–R) model is a more general model in which assump-
tions are not based on homogenous surfaces or constant adsorption potential. The D–R
isotherm model was developed to account for the effect of the porous structure of the
adsorbents, and it gives insight into the biomass porosity as well as the adsorption en-
ergy [42]. This model is applied to estimate the mean free energy of adsorption per mole of
the adsorbate (E, kJ mol−1) and provides information to find out the type of adsorption,
i.e., physical or chemical adsorption.

A linear graph of the D–R isotherm was obtained with a correlation coefficient of
R2 = 0.97 when plotted between ε2 and lnqe (mmol/g). Table 2 also shows the results
of the D–R adsorption model. E values were found to be 8.83 (kJ/mol), illustrating that
the adsorption process is influenced by chemical ion exchange. The positive value of
E indicates that the sorption process is endothermic, and a higher solution temperature
would favor the sorption process.
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3.4. Kinetic Experiments for the KOH-Modified Hydrochar

Kinetic study is an important physicochemical assessment for the basic traits of adsor-
bent quality [43].

The calculated fitting parameters of pseudo-first- and pseudo-second-order kinetics
are presented in Table 3, and model fitting curves are illustrated in Figure 7. The kinetic
fitting parameters indicated that the pseudo-second-order kinetic model was more suitable
for demonstrating the adsorption performance of the samples on HCKOH, as it shows
higher R2 values than the pseudo-first-order kinetic model and better describes the ad-
sorption behavior of the synthesized adsorbent. Therefore, the above results suggest that
chemisorption might play a dominant role in adsorption reactions [44].

Table 3. Kinetic fitting parameters for the adsorption of MB on the HCKOH at different MB concen-
trations.

MB Conc.
mg L−1 qe,exp

Pseudo-First Order Pseudo-Second Order

qe,cal
mg g−1

K1
min−1 R2 qe,cal

mg g−1
K2

mg g1min−1 R2

5 4.46 1.27 −0.0001 0.84 4.42 0.036 0.97

10 8.81 4.80 −0.0004 0.80 9.14 0.009 0.95

20 14.62 12.06 −0.0006 0.87 15.38 0.009 0.97

30 18.60 15.33 −0.0002 0.71 21.45 0.001 0.68

40 24.51 28.21 0.0004 0.82 30.30 0.0009 0.58
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3.5. Characterization of the 0.1 M KOH-Modified Hydrochar

Table 4 presents the concentrations of organic compounds in hydrochar. The analysis
of sugars in the sample showed that glucose was present at a concentration of 0.10 g/kg
DM. Sucrose was also detected, albeit at a lower concentration of 0.03 g/kg DM. Traces
of fructose were found, with a concentration of 0.01 g/kg DM. In terms of acids, lactic
acid was the most abundant, with a concentration of 3.81 g/kg DM. Acetic acid was
also present, at a concentration of 1.44 g/kg DM. Formic acid was slightly lower, with
a concentration of 1.27 g/kg DM. The higher concentration of lactic acid compared to
acetic and formic acids in the sample can be attributed to the presence of KOH during the
process [30]. Among the aromatics, a significant presence of HMF (hydroxymethylfurfural)
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was detected, with a concentration of 4.70 g/kg DM. Furfural was found in smaller amounts,
at a concentration of 0.45 g/kg DM. Phenol, catechol, and cresol were below the detection
limit of the instrument used for analysis. Guaiacol, another aromatic compound, was
present in the sample but at a relatively low concentration of 0.14 g/kg DM.

Table 4. Concentrations (g/kg DM) of sugars, acids, and aromatics in hydrochar.

Name of Compound Concentration (g/kg DM)

Sugars Glucose 0.10
Sucrose 0.03
Fructose 0.01

Acids Acetic acid 1.44
Lactic acid 3.81
Formic acid 1.27

Aromatics HMF 4.70
Furfural 0.45
Phenol -

Catechol -
Guaiacol 0.14

Cresol -

The results obtained for hydrochar analysis are presented in Table 5. Hydrochar
composition is characterized by carbon (C%), hydrogen (H%), nitrogen (N%), sulfur (S%),
oxygen (O%), ash content (ash%), hydrogen-to-carbon ratio (H/C), oxygen-to-carbon ratio
(O/C), higher heating value (HHV) in (MJ/kg), and the specific surface area determined
by the Brunauer–Emmett–Teller method (BET) in square meters per gram (m2/g). In terms
of elemental composition, the hydrochar sample contained 52.19% carbon (C), 3.37% hy-
drogen (H), 0.1% nitrogen (N), 0.15% sulfur (S), and 35.66% oxygen (O%). The ash content
in the sample was 8.50%. The obtained results align with the findings reported in the
publication [30]. The recorded (O/C) ratio of 0.51 shows a shift towards humification as
reported in [30], implying the influence of KOH addition during the hydrochar production
process. This addition facilitated a series of chemical reactions that promote the transfor-
mation of biomass components into more condensed and complex structures resembling
humic substances. The higher heating value (HHV) of the hydrochar was determined to be
21.37 MJ/kg. Additionally, the specific surface area of the hydrochar, as measured by the
BET method, was found to be 11.54 m2/g.

Table 5. Composition and properties of the hydrochar.

pH C% H% N% S% O% Ash% H/C O/C HHV
(MJ/kg)

BET
(m2/g)

4.06 52.19 3.37 0.1 0.15 35.66 8.50 0.78 0.51 21.37 11.54

Table 6 presents the concentrations of major ICP elements in the hydrochar. The
hydrochar demonstrates noteworthy levels of certain elements, with particularly high
values observed for calcium (875.72 mg/kg DM), aluminum (430.16 mg/kg DM), sulfur
(365.11 mg/kg DM), iron (357.57 mg/kg DM), and potassium (295.35 mg/kg DM). The high
concentrations of Ca, Al, S, and Fe in the hydrochar are likely derived from the biomass
and could potentially accumulate within it. Additionally, other trace elements such as
magnesium (176.10 mg/kg DM) and phosphorus (38.49 mg/kg DM) are also present at
significant concentrations.
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Table 6. Hydrochar’s elements (mg/kg DM) measured by the ICP-OES method.

Element Concentration mg/kg DM Element Concentration mg/kg DM

Al 430.16 Mg 176.10

Ca 875.72 Mn 7.87

Cd 0.16 P 38.49

Co 0.14 Pb 2.43

Cr 39.76 S 365.11

Cu 1.13 Sn 16.38

Fe 357.57 V 1.39

K 295.35 Zn 11.41

Figure 8 exhibits the FTIR spectrum of the hydrochar, offering insights into its chemical
composition and functional groups. Prominent peaks observed at 3335.67 cm−1 indicate the
presence of hydroxyl (OH) groups, while the band at 2917.65 cm−1 suggests aliphatic C-H
bonds [30]. A weak peak at 1605.78 cm−1 signifies aromatic C=C stretching vibrations, with
an additional peak at 1512.23 cm−1 indicating C=C bonds in aromatic compounds. The
presence of C-O stretching vibrations is evident from the band at 1030.95 cm−1, possibly
indicating alcohol, phenol, ether, or ester groups in the hydrochar.
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The elemental composition of the hydrochar, as determined by the energy-dispersive
X-ray (EDX) method (Figure 9), shows a significant agreement in terms of carbon content
(C%) when compared to the values obtained from the ultimate analysis presented in Table 5.
The presence of a spherical-like solid structure observed in the hydrochar, as depicted in
the SEM photos, suggests the occurrence of polycondensation reactions involving furans,
specifically HMF and furfural, leading to the formation of secondary hydrochar on the
surface of the primary hydrochar. However, despite the addition of KOH during the process,
the relatively high concentration of HMF and the measured pH of the hydrochar indicate
that the amount of KOH utilized was insufficient to effectively prevent the formation of
secondary spherical-like hydrochar structures (Table 5).
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Figure 9. SEM and EDX analysis of the hydrochar, illustrating the morphological features and
elemental composition of the sample.

3.6. Neural Network Modeling (NN)

Figure 10 depicts the comparison between the actual and predicted MB removal using
NN models. As can be seen here and reported in the Materials and Methods section,
the NN with the TanH method was used as the structure of the hidden layer, and the
15 neurons used in this layer gave the highest accuracy for both training and validation.
This model exhibited high accuracy in predicting the adsorption of MB, with R2 values of
0.95 for training and 0.96 for validation. The Gaussian method showed the same accuracy
(R2 = 0.95) for training while showing lower accuracy for the validation dataset (R2 = 0.88).
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model using the TanH method and (b) the NN model using the Gaussian method.

By utilizing the TanH model, optimal conditions for adsorption were determined,
including an MB concentration of 13.93 ppm, a pH of 5.92, an adsorbent dose of 1.54 g/L,
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and a contact time of 75 min (Figure 11a). The main effect analysis highlights the rela-
tive contributions of individual factors when considered independently, while the total
effect demonstrates their combined impact on removal efficiency (Figure 11a). The results
demonstrate that the concentration of MB had the most substantial impact on the predicted
removal, followed by pH, adsorbent dosage, and contact time. Similarly, the Gaussian
model (Figure 11b) yielded the same optimized condition. However, the sensitivity analysis
of this model reveals that pH had the greatest influence on the predicted removal, followed
by MB concentration, adsorbent dosage, and contact time. These findings enable the es-
timation of MB adsorption under specific conditions within the scope of the conducted
experiments.
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4. Conclusions

This study focused on the production of hydrochar from wheat straw as an inexpensive
adsorbent to remove MB from aqueous solutions. The 0.1 M HCKOH showed the highest
adsorption capacity and 85% MB removal efficiency during 120 min. Moreover, ANN
modeling results indicated that the concentration of MB had the most substantial impact
on the predicted removal, followed by pH, adsorbent dosage, and contact time. The
elemental composition of the produced hydrochar showed 52.19% carbon content and
a shift towards humification, implying the effects of KOH modification. In conclusion,
this study demonstrates the possibility of converting wheat straw, an agricultural waste,
to an adsorbent for MB dyes. This study confirms that the HTC process improves key
chemical and physical characteristics of the hydrochars compared to the original biomass
and presents a major prospect for further research on the adsorption of wastewater using
the KOH-modified hydrochar.
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