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A B S T R A C T

Moving towards a circular economy offers a viable path to mitigating stress on natural resources.
This study revealed that hydrothermal carbonization can effectively valorize Cu-loaded spent
biomass into a Cu-enriched hydrochar to be used as sorbent of organic pollutants. The structural
properties and surface analysis of the obtained hydrochars were assessed using various tech-
niques, and its adsorption capacity was evaluated through the removal of 2-nitrophenol from ar-
tificially contaminated aqueous solutions in batch adsorption tests. Central Composite Design and
the Response Surface Methodology were utilized to optimize the hydrothermal carbonization
process. The study was aimed at examining the individual and combined effects of hydrothermal
temperature and residence time on hydrochars yield and their specific surface area. The N2 ad-
sorption/desorption showed that Cu-SG biomass-derived hydrochar exhibited a higher specific
surface area compared with raw biomass-derived hydrochar. The results obtained indicate that
the hydrochar produced at 210 °C with a 5 h reaction time (HC-210-5) is a highly efficient adsor-
bent for 2-nitrophenol, exhibiting a capacity ranging from 1.3 mg/g to 7.7 mg/g at low concen-
trations (ranging from 5 to 50 ppm). The kinetic study reveals that the adsorption process onto
HC-210-5 follows pseudo-second-order kinetics, while the equilibrium isotherms were deter-
mined using the Freundlich isotherm model. These findings endorse the viability of a one-step
synthesis of Cu-doped hydrochars from Cu-contaminated biomass as a promising and efficient ad-
sorbent for the removal of micropollutants from wastewater.

1. Introduction
Heavy metal contamination of soil and water poses a serious problem due to its resistance to degradation and toxic nature (Golia,

2023). Recently, the biosorption or phytoremediation processes for removing metal ions using biomasses has been widely investi-
gated (Ahmad et al., 2020; Coelho Menezes et al., 2021; Orozco et al., 2023; Wang et al., 2020; Wei et al., 2021). Accordingly, the
proper disposal of biomass residues containing heavy metals is imperative due to the potential release of these metals into the envi-
ronment, leading to the risk of secondary pollution (Akbari et al., 2023a). Hence, several methods such as incineration, gasification,
hydrothermal carbonization, and pyrolysis have gained recognition as an effective treatment for the disposal of heavy metal-
contaminated biomass wastes, yielding valuable products (Cui et al., 2022; Dastyar et al., 2019; Han et al., 2018; He et al., 2019).

In recent years, research has focused on hydrothermal carbonization treatment (HTC) as an energy-efficient and chemical-free
method (Akkari et al., 2023b; Xu et al., 2020). HTC is a progressively favored thermal method for converting wet biomass contami-
nated with heavy metals into metal-rich hydrochar (Petrović et al., 2023; Zhang et al., 2022a). It should be noted that HTC can

* Corresponding author.
E-mail address: ines.esma.achouri@usherbrooke.ca (I.E. Achouri).

https://doi.org/10.1016/j.scp.2024.101505
Received 30 November 2023; Received in revised form 15 February 2024; Accepted 17 February 2024

https://www.sciencedirect.com/science/journal/23525541
https://www.elsevier.com/locate/scp
mailto:ines.esma.achouri@usherbrooke.ca
https://doi.org/10.1016/j.scp.2024.101505
https://doi.org/10.1016/j.scp.2024.101505
https://doi.org/10.1016/j.scp.2024.101505
http://creativecommons.org/licenses/by-nc/4.0/


Sustainable Chemistry and Pharmacy 39 (2024) 101505

2

D. Allouss et al.

process waste biomass at lower temperatures (180–260 °C), thus minimizing energy consumption and eliminating the need for high
pressure conditions (Zhang et al., 2022a). It involves residence time from minutes to several hours and typically occurs with limited
or no oxygen presence. Meanwhile, the metal species present in the biomass can proficiently customize the structure of the hydrochar
(Ding et al., 2020). Studies have been carried out to convert biomass contaminated with heavy metals using hydrothermal processes.
Essentially, the aim is to separate and recover heavy metals effectively, while generating a clean liquid phase for biofuels and high-
value chemicals (Chen et al., 2018, 2019; Yang, 2010). For instance, Chen et al. showed that hydrothermal liquefaction of Cd-polluted
rice straw and Cu-polluted Elsholtzia splendens led to a concentration of up to 95% of Cu and nearly all Cd in the hydrochar, resulting
in a clean liquid phase (Chen et al., 2018). However, to date, many studies on hydrothermal conversion methods for heavy metal-
contaminated biomass tend to overlook the valorization and reutilization potential of the resulting metal-rich hydrochar for diverse
applications.

Considering the abundance of oxygen-containing functional groups on the surface, strong chemical reactivity, presence of metal
ions, cost-effectiveness, and ease of preparation, functionalized hydrochar derived from heavy metal-rich biomass is promising as a
multipurpose adsorbent for the removal of organic/inorganic pollutants from water (Zhang et al., 2022a; Zhou et al., 2022). Microp-
ollutants, like phenols, nitrophenols and nitrobenzenes, are frequently identified in the aquatic environment, encompassing waste-
water, surface water, groundwater, and drinking water, at minimal concentrations ranging from ng/L to μg/L (Luo et al., 2014; Vakili
et al., 2019). In particular, the 2-nitrophenol (2-NP) raises heightened concerns because of its increased toxicity compared to other
isomeric nitrophenol forms, as well as its notable stability and water solubility (Kupeta et al., 2018). Hence, it becomes imperative to
develop new, cost-effective, and efficient adsorbents. Hydrochars derived from biomass, include sawdust (Chandrasekar et al., 2024),
palm kernel shells (Kimbi Yaah et al., 2021), leaves of Saccarum ravannae (Sachan and Das, 2024), avocado (Pauletto et al., 2021)
have been employed and investigated as adsorbents for the adsorption of micropollutants.

To date, there is a limited literature dedicated to the reutilization of hydrochar derived from heavy metal-enriched biomass for the
removal of micropollutants from aqueous solutions. However, the predominant focus of existing studies revolves around the applica-
tion of metal-rich bio/hydrochars, specifically obtained through the pyrolysis process, as effective adsorbents for a range of pollutants
including methylene blue (Gong et al., 2018), ciprofloxacin (Ding et al., 2020), phosphate (Mosa et al., 2018; Zeng et al., 2013), tetra-
cycline ( Zhou et al., 2022), and heavy metals (Jiang et al., 2023; Liu et al., 2021; L. Zhou et al., 2022). For instance, a newly devel-
oped magnetic hydrochar, derived from iron rich Phytolacca acinosa Roxb., serves as a cost-effective and efficient adsorbent for the
removal of Cd from water (Liu et al., 2021). They demonstrated that the elimination of Cd by magnetic nano-Fe3O4 hydrochar encom-
passes various mechanisms, including surface precipitation, surface complexation, electrostatic attraction, and ion exchange.

This study explores the feasibility of a one-step process to produce a novel Cu-supported hydrochar from copper-laden switch-
grass. The hydrochar is investigated for its potential application as an adsorbent in wastewater treatment, specifically targeting or-
ganic micropollutants. Laboratory batch sorption tests were conducted, focusing on the removal of 2-NP at low concentrations. The
study aims to: (1) propose an efficient technique for converting heavy metal-contaminated biomass into metal-rich hydrochar; (2) in-
vestigate the impact of hydrothermal treatment conditions on the physicochemical characteristics of Cu-rich hydrochar to identify op-
timal conditions for high specific surface area; and (3) assess the optimized hydrochar's potential as an effective adsorbent for 2-NP
removal from aqueous solutions.

2. Experimental
2.1. Materials

The switchgrass biomass (SG) residues used in this study were obtained from the research institute of plant biology, Montreal
botanical garden (Guidi Nissim and Labrecque, 2023). The SG was washed with tap water, and rinsed with distilled water, then oven-
dried at 105 °C for 12 h. The cleaned and dried samples were ground, sieved (500 μm), and placed in bags for subsequent use. In elec-
tronic supporting information (ESI), Table S1 lists the physicochemical characteristics of switchgrass biomass. All the chemicals and
reagents employed in this study were of analytical quality and purchased from Sigma Aldrich. Copper nitrate trihydrate
(Cu(NO3)2.3H2O) was dissolved in de-ionized (DI) water at a concentration of 1000 mg/L to make a Cu (II) stock solution. The vari-
ous concentrations of the biosorption test solution were prepared by dilution of the stock solution and the residual concentration was
analyzed by atomic absorption (PerkinElmer AAnalyst 200).

2.2. Biosorption-precipitation experiments
Experimental design proves to be a useful and efficient approach in adsorption process when compared to the traditional method

of changing one variable at a time (Allouss et al., 2019a; Khalifa et al., 2019; Makhado et al., 2022). Here, biosorption studies were
carried out by combining independent variables (i.e., pH, temperature, time, biomass dosage, and initial concentration) using statisti-
cal methods. The Plackett-Burman design (PBD) was used to screen the factors influencing the copper biosorption-precipitation
process. Furthermore, the Box-Behnken surface response methodology (BBD-RSM) was applied to optimize the process. The screening
design (PBD) experiments were conducted in 250 mL conical flasks by transferring 100 mL of the necessary concentration of copper
solution, with biomass dosage ranging from 2 to 4 g/L, in a batch process. Magnetic stirring of 600 rpm was applied, and the tempera-
ture was controlled using a water bath. The pH was adjusted by adding the appropriate amount of 0.1 M NaOH or 0.1 M HCl solution.
The bulk solution was then filtered under vacuum using Whatman grade 1 filter paper. Next, the BBD design was employed to study
the critical factors, initial Cu concentration, time, and SG dosage, identified through screening design, aiming to determine optimal
conditions for maximizing the fixation of Cu on SG biomass. pH at 5 and T at 30 °C were kept constants for all BBD experimental de-
sign runs. The experimental range employed in both the screening design and BBD-RSM optimization is detailed in Table 1. A total of
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Table 1
Experimental range and levels in the Placket-Burman and Box-Behnken design.

Factors Placket-Burman Design

Low level (−1) High level (+1)

Temperature (°C) Ambient 30
Initial concentration (mg/L) 100 300
Time (h) 1 2
pH 3 5
SG dosage (g/L) 2 4

Box-Behnken Design

Low level (−1) Center (0) High level (+1)

Initial concentration (ppm) 300 350 400
Time (min) 30 60 90
SG dosage (g/L) 4 6 8

sixteen tests were conducted for BBD design, including three repetitions at the central point, as outlined in Table S2. The adsorption
capacity and removal efficiency were calculated using the specified formulas in the ESI (Eq. S1 and Eq. S2, respectively).

2.3. HTC experiments
All HTC experiments were conducted in an electrically heated 1 L pressure autoclave reactor (Parker, Autoclave Engineers). In a

typical experiment, around 7 g of copper-contaminated switchgrass (Cu-SG) were mixed with 105 g of distilled water in the reactor
vessel. This specific water-to-biomass ratio of 15:1 was selected to guarantee efficient stirring of slurry (at speeds ranging from 300 to
500 rpm). Nitrogen was introduced into the sealed reactor for 10 min to eliminate any traces of air. Once loaded, the autoclave was
initially heated to the desired HTC temperature at a specified residence time depending on self-generated pressures, an example is il-
lustrated in Fig.S1 (ESI). Additionally, reference hydrochar from raw SG (biomass: water ratio 1:15) was prepared via hydrothermal
carbonization at 200 °C and 220 °C for 6 and 2 h, respectively, in a stainless-steel reactor (Autoclave Engineers). During filtration, the
solids were rinsed with distilled water and then ethanol (3 times). Minor quantities of gaseous products were present and subse-
quently vented. The resulting solid, called hydrochar (HC), was then dried at 105 °C for 24 h and weighed to calculate the yield. The
derived hydrochars were labelled HC-180-2, HC-200-2, or HC-220-2, with the number representing the corresponding HTC tempera-
ture and residence time, respectively. The equations utilized in this experiment are as follows (Afolabi et al., 2020; Kang et al., 2012;
Zhang et al., 2020).

Hydrochar yield (%) =
weight of dried hydrochar

weight of dried initial SG biomass
× 100 Eq. 1

Carbon recovery (%) = Hydrochar yield (%) ×
C in dried hydrochar (wt%)

C in dried initial SG biomass (wt%)
Eq. 2

Enrichement factor (EF) =
CCu in hydrochar

CCu in SG biomass

Eq. 3

Cu recovery in hydrochar (%) =
content in hydrochar

content in SG biomass
× hydrochar yield Eq. 4

A Central Composite Design (CCD) was utilized to model two responses: hydrochar yield and specific surface area, in relation to
two factors, namely, HTC reaction temperature (T in °C) and residence time (t in h). it facilitates the investigation of interactions be-
tween key parameters and allows to identify the main factors for optimizing the responses. The study also explored the impact of
these two factors on the structural and physico-chemical properties of the hydrochar produced through the HTC process, along with
the enrichment of copper in the final product. The carbonization reaction temperatures were encoded as 180 °C, 200 °C, and 220 °C,
while the residence times were encoded as 2, 4, and 6 h. The time needed to reach the desired reaction temperature was excluded
from the required residence time. 2D-3D surface plots and ANOVA were obtained using Nemrodw software.

2.4. Characterization of hydrochars
Elemental contents of C, H, N, O and S (wt.%, dry basis) were measured using an Elemental analyzer (Flash, 2000 OEA, Thermo

Fisher Scientific), with detection limits for N, S and O within the 0.10% range. The crystal structures of the derived hydrochars from
Cu-SG biomass were examined using an X-ray diffraction (XRD) analyzer (X'Pert Pro MPD, Panalytical). The analysis comprises scan-
ning over the diffraction angle (2θ) range of 10–80°. Thermal stability and tracking of gaseous species generated by hydrochar sam-
ples were measured on a TG (Setsys 24, Setaram) coupled to an MS analyzer (Thermostar, Pfieffer). For each experiment, approxi-
mately 8 mg of the sample was transferred to a crucible and purged with air for 10 min. Then, the sample was heated to 800 °C at a
rate of 10 °C/min. Produced hydrochar, SG and Cu-SG biomasses were analyzed for N2 adsorption-desorption isotherms at 77 K using
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a gas adsorption instrument (Micromeritics, ASAP, 2020). Before adsorption, the samples were degassed at 200 °C overnight. The
Fourier transform infrared (FTIR) spectra were recorded in the 500-4000 cm-1 wavenumber range using an Agilent Cary 630 instru-
ment equipped with an attenuated total reflection (ATR) system. Finally, the samples' morphology and elemental compositions were
assessed using high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, TFS Spectra Ultra), equipped
with an energy X-ray detector (Ultra-X EDS). Samples were deposited on a perforated carbon film on nickel TEM grids suspended in
alcohol.

2.5. 2-Nitrophenol adsorption test
Batch adsorption experiments were conducted in glass beakers, containing 50 mL of a 10 ppm 2-nitrophenol (2-NP) solution, and

the appropriate quantity of HC-210-5 adsorbent was added. The experiments were carried out at a temperature of 25 °C. The beakers
were continuously stirred at 200 rpm using a magnetic stirrer for varying time intervals over a total of 120 min. After the experi-
ments, the remaining concentration of 2-NP was determined using UV-VIS spectrophotometer (Ultrospec 2100 pro) at a wavelength
of 350 nm, corresponding to the maximum peak absorbance of 2-NP, and this was determined through the utilization of a calibration
curve. The adsorption capacity of the adsorbed 2-NP on HC-210-5 hydrochar was determined using the equation mentioned in ESI
(Eq. S1). Kinetic models are employed to assess the rate of the adsorption process and determine the step that controls the rate. In the
current study, data obtained from batch experiments have been analyzed by applying pseudo-first-order, pseudo-second order, and
intraparticle diffusion models. In addition, an equilibrium study of adsorption offers insights into the adsorbent's capacity. The Fre-
undlich and Langmuir adsorption models were generated and compared.

3. Results and discussion
3.1. Copper biosorption-precipitation optimization

The Plackett-Burman Design (PBD) represents an effective way of choosing and identifying significant variables among many vari-
ables that influence the process (Cazetta et al., 2021; Li et al., 2023). The design is a two-level fractional design, using the first-order
polynomial equation, and ignoring interactions between independent variables. A total of 16 PBD experiments were performed, as
listed in Table S3. Out of a total of five factors, four have a significant influence on adsorption capacity: temperature, pH, initial Cu
concentration and SG dosage (Fig. 1b). It was determined that pH, temperature, and initial Cu concentration positively influence the
adsorption capacity (qe, mg/g), whereas SG dosage exhibits an antagonistic effect on qe. Additionally, each factor shows its signifi-
cance in the variation of removal efficiency response (Fig. 1b). Based on the Pareto plot (Fig. 1a), three factors, namely time, SG

Fig. 1. (a) Pareto chart based on the PBD analysis, (b) weight of factors on the variation of two responses, 3D surfaces plots of interactive influences on (c) removal effi-
ciency, and (d) adsorption capacity based on BBD design.
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dosage and initial Cu concentration, were selected for the following optimization step via the Box-Behnken (BBD) design while keep-
ing temperature at 30 °C and pH of 5. Table S4 presents the statistical analysis results of experimental data utilizing Fischer's test for
Analysis of Variance. It furnishes comprehensive details on T-values and P-values associated with each independent variable. The
model exhibited a notable agreement between the experimental R2 value of 0.946 and the adjusted R2 of 0.825, signifying a strong
concordance. The coefficient of determination (R2 = 0.946) means that 94.6% of the variability of adsorption capacity is explained
by the model. According to the ANOVA analysis (Table S4), only linear terms are statistically significant. The predictive model for the
adsorption capacity response can be expressed as follows (Eq. (4)). From Eq. (4), the highest regression coefficient was achieved by
SG dosage. A decrease in adsorption capacity was noted with an increase in SG dosage, as indicated by the coefficient value of −1.06,
escalating from 4 g/L to 8 g/L.

Y = 11.85 − 1.06 SG dosage + 0.67 time − 0.72 initial Conc + 0.45 SG dosage

∗ SG dosage + 0.31 time ∗ time − 0.68 initial conc ∗ initial conc + 0.47 SG dosage

∗ time + 0.66 SG dosage ∗ initial conc − 0.02 time ∗ initial conc

Eq. 5

3D surface plots were employed to examine the impact of individual variables and their interactions on the predicted responses re-
lated to both removal efficiency and adsorption capacity. Surface profile analysis is essential to study the mutual interactions between
variables. Fig. 1c illustrates a 3D surface plot showing the combined effect of SG dosage and initial copper concentration on removal
efficiency while the contact time was set to its zero level (t = 60 min). It was evident that an elevation in SG dosage could enhance
the removal efficiency of Cu(II). Biomass dosage is a crucial parameter, as it defines the capacity of a biosorbent under specific operat-
ing conditions for a given initial concentration (Benkaddour et al., 2020). This is attributed to the fact that a higher adsorbent dosage
results in an increased surface area, providing more available adsorption sites and, consequently, leading to an important removal of
Cu(II). On the other hand, A decrease in adsorption capacity was noted with an increase in SG dosage, as indicated by the coefficient
value of −1.06, escalating from 4 g/L (13.20 ± 1.40 mg/g) to 8 g/L (10.15 ± 1.38 mg/g) (Fig. 1d). According to the 3D plots, the
predicted value of optimum Cu (II) removal and adsorption capacity were found to be (21.39 ± 4.43) % and (11.25 ± 1.40) mg/g,
respectively, with the use 6 g/L of SG biomass, Cu(II) concentration of 300 mg/L during 30 min of agitation time. After the biosorp-
tion step, the slurry (Cu(II) solution with SG biomass) underwent precipitation by the addition of sodium hydroxide (NaOH, 0.5 M) to
achieve a pH of 7, with an additional 30 min of agitation. The purpose of this precipitation step was to concentrate Cu from the solu-
tion onto the SG biomass. Cu2+ dominates as the primary species involved in adsorption below a pH of 6.0 (Allouss et al., 2019b). In
addition, Cu(OH)+ starts forming around pH 4 to 5, while Cu(OH)2 precipitates at pH levels above 6, indicating incomplete removal
via adsorption. The hydroxyl ions engage with the metal ions to create hydroxide precipitates, leading to a decrease in free metal ions,
in addition to the hydrolysis of metallic ions. Table 2 displays the concentration of Cu in SG biomass acquired through both the
biosorption process and the combined biosorption-precipitation method. Therefore, the copper content in SG biomass becomes ex-
tremely high when the combined biosorption and precipitation method is used. Therefore, pH-induced precipitation is a straightfor-
ward process that can be coupled with biosorption to mimic biomass contamination through phytoremediation process (Kafle et al.,
2022).

3.2. HTC process optimization
CCD was employed to investigate the optimal levels of two factors: hydrothermal temperature and time on hydrochar yield and its

specific surface area. Analysis of variance was utilized to evaluate the predicted models (Table S5). The findings suggested that the
quadratic model better predicted the coefficients of the mathematical models. The P-values obtained for both models were below
0.05, confirming the significance of the presented models. In addition, the lack-of-fit values for the responses relating to HC yield and
the specific surface area were 0.211 and 0.184 respectively. Also, the R2 and R2

Adjusted values are 0.984, 0.957, 0.995 and 0.987 re-
spectively, which indicates a good fit. The coefficient estimations result of HC yield and specific surface area are given in Table 3.

The terms for which the p-value is less than 5% are considered significant. In this case of HC yield response, temperature (X1) and
its quadratic term (X1

2), plus the interaction term (X1X2), have a p-value of less than 5% and are therefore selected as highly signifi-
cant model terms. Based on data in Table 3, both temperature and time have a negative impact on the variation of hydrochar yield,
whereas these two factors positively influence the specific surface area response. A comparable trend was noted for hydrochar de-
rived from liquorice root pulp employing both catalytic and non-catalytic hydrothermal carbonization (Akbari et al., 2023a). Fig. 2a
shows that the hydrochar yield is influenced by both the hydrothermal temperature and residence time.

An increase of both factors results in a decrease in hydrochar yield, creating a curved response surface. Furthermore, the highest
specific surface area is achieved at the boundaries of the CCD experimental domain Fig. 2c. Yet, the hydrothermal temperature had a
greater impact on hydrochar yield compared to residence time. A similar trend was observed in the hydrothermal carbonization of
used coffee grounds (Afolabi et al., 2020). The final CCD for HC yield and SBET responses, which includes significant quadratic terms,

Table 2
The concentration (mg/kg) of Cu in SG biomass.

Samples Cu concentration (mg/kg) Cu wt.%

Cu-SG from biosorption process 7799.8 0.8
Cu-SG from biosorption-precipitation process 43 760.7 4.4
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Table 3
coefficient estimation and statistics.

Response Terms Coefficient t-value p-value (%)

HC yield (%) Constant 50.16 52.45 0.01
Temperature: X1 −7.55 −8.86 0.303
Time: X2 −2.26 −2.65 7.7
X1X2 4.00 3.46 4.05
X1

2 −8.66 −7.70 0.455
X2

2 0.88 0.78 49.0
SBET (m2/g) Constant 6.90 14.36 0.07

Temperature: X1 3.89 9.09 0.282
Time: X2 4.957 11.60 0.137
X1X2 −2.925 −5.03 1.51
X1

2 5.260 9.30 0.263
X2

2 4.260 7.53 0.486

Fig. 2. (a), (c) 3D response surface plots, and (b), (d) 2D contour plots illustrating the influence of temperature (T) and time (t) under different operational conditions
on HC yield and SBET.

represents a mathematical quadratic polynomial model that correlates the responses with the two selected variables in the current
HTC process and can be written as follows:

HC yield (%) = 50.16 − 7.56 T − 8.67 T∗T + 4.01 T ∗ t Eq. 6
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SBET

(
m2∕g

)
= 6.91 + 3.89 T + 4.98 t + 5.26 T∗T + 4.26 t ∗ t − 4.01 T ∗ t Eq. 7

The optimal operating conditions, as suggested by Nemrodw software, were determined to be 210 °C and 5 h residence time to
achieve a maximum hydrochar yield along with a significant specific surface area. The predicted and experimental HC yields were
43.05% and 43.7% respectively, confirming the model's validity under optimum operating conditions. In addition, the predicted and
experimental specific surface area were 12.7 m2/g and 11.6 m2/g, respectively. The HC-210-5 hydrochar was then used to remove 2-
NP from aqueous solutions.

3.2.1. Product distribution and Cu content in hydrochar
Temperature is of paramount importance in the thermal treatment (Jain et al., 2016). Thus, we investigated the effect of tempera-

ture variation and reaction time on hydrochar yields during hydrothermal treatment of Cu-laden SG biomass at temperatures from
180 to 220 °C. Fig. 3 illustrates the quantitative outcomes of the products distribution, showcasing the conversion of Cu-SG biomass
into three distinct products of interest at different temperatures and residence time: liquid organics (L), hydrochars (S), and gases (G)
as well as the effect of residence time at different hydrothermal temperature on hydrochar yield in the terms of the mass of Cu-SG bio-
mass. Residence time exerts a direct impact on hydrochar production, with a shorter residence time resulting in higher solid hy-
drochar yield, and conversely, a longer residence time leading to lower solid hydrochar yield (Fig. 3a). This occurred because the Cu-
SG biomass underwent hydrolysis, leading to its dissolution in water or partitioning into gas and liquid phases (Fig. 3b–c, and Fig.
3d). The reaction temperature significantly influences hydrochar characteristics, exhibiting an almost-linear correlation with carbon
content (Table S6). Consequently, as the temperature increases, the carbon yield decreases.

The impact of hydrothermal temperature and time on Cu recovery in hydrochar is detailed in Table 4. The concentration of Cu in
hydrochar was higher than in SG biomass, as confirmed by the enrichment factor calculations. With an increase in residence time (for
temperatures of 200 and 220 °C), there was a notable rise in the concentration of Cu in hydrochar, leading to a significant enhance-
ment in Cu recovery within the hydrochars. This is attributed to the formation of metallic copper in the hydrochar (Zhang et al.,
2006). Conversely, for a hydrothermal temperature of 180 °C, an opposing trend was observed.

Fig. 3. (a) Effect of residence time on hydrochar mass yield at different hydrothermal temperatures, (b) Hydrothermal carbonization product distribution at different
residence time (b) 2h, (c) 4h and (d) 6h.
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Table 4
Content of Cu in hydrochar formed by HTC at different temperature and time conditions.

Sample Cu recovery in char (%) Enrichment factor

HC-180-2 95.9 1.7
HC-180-4 88.9 1.8
HC-180-6 71.0 1.6
HC-200-2 72.7 1.3
HC-200-4 74.1 1.5
HC-200-6 94.6 2.0
HC-220-2 79.7 1.8
HC-220-4 73.3 2.2
HC-220-6 86.6 2.3

3.3. Characterization of Cu-enriched hydrochar
3.3.1. Elemental analysis

Ultimate analysis of raw SG biomass, Cu-SG and derived hydrochars is performed using H/C and O/C atomic ratios and plotted us-
ing a Van Krevelen diagram (Fig. 4). The hydrothermal carbonization of Cu-SG biomass leads to an increase of the carbon content of
the solid residue, transitioning from 45.1% by weight in the initial biomass to a range of 47.4%–56.6% by weight in the hydrochar
samples (see Table S6). The low carbon content and elevated H/C and O/C atomic ratios in the structure of hydrochars produced in
short times affirm the limited advancement of carbonization reactions, indicating the presence of volatile compounds with lower den-
sity in their structure.

A decrease in oxygen and hydrogen content is observed in the samples. These changes are consistent with the development of a
more condensed material. It has been found that an elevation in hydrothermal carbonization temperature (i.e., from 180 °C to 220 °C)
causes a decrease in O/C and H/C atomic ratios. This indicates that the degree of condensation of hydrochar products has increased.
Same trend is observed with residence time; shorter reaction times produce less condensed hydrochars (high O/C and H/C atomic ra-
tios).

3.3.2. Morphology and microstructure properties
The morphological behavior of copper nanoparticles recovered in hydrochar is an interesting aspect of this study. At 180 °C hy-

drothermal temperature, copper nanoparticles are irregular in shape, indicating a more random and uncontrolled pattern to their
growth (Fig. 5). However, as hydrothermal temperature increased, a significant morphological change occurred on the copper
nanoparticles. At the 220 °C hydrothermal temperature, more geometric and defined shapes appeared. STEM images indicated the Cu
recovered in the hydrochars formed irregular shapes, mostly polygons, squares, and some clustered aggregated spherical particles. All
indicate crystalline structures of the Cu particles.

The morphological characteristics of Cu-enriched hydrochar samples indicate that Cu particles were loaded onto the hydrochar
and developed individually (Wei et al., 2020). Furthermore, microcrystalline layers were observed in the HC-220-6 sample (Fig. 6),
providing evidence for the presence of graphite (Moretti et al., 2019). The graphitized carbon layers consist of approximately 50–60
layers, with an interlayer distance measuring about 0.37 nm (Fig. S4). This indicates that copper in hydrochar plays a catalytic role in
forming ordered crystalline graphite layers via the mechanism of metal-catalyzed graphitization (Liu et al., 2019).

Fig. 4. Van Krevelen diagram for SG, Cu-SG biomasses and hydrochars.
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Fig. 5. TEM image of Cu-enriched hydrochar produced at different temperatures.

Fig. 6. HRTEM images of HC-220-6 and the corresponding FFT image of the pristine graphite.

Fig. 7 illustrates elemental mapping images of HC-210-5, revealing a predominant presence of carbon (C), oxygen (O), and
copper (Cu) elements in the prepared hydrochar (Table 5). Additionally, a significant presence of sulfur is observed in the same
location as copper, suggesting that the sulfur present in the solution was taken by copper-rich hydrochar.

3.3.3. Crystallographic properties
Powder X-ray diffraction (XRD) was utilized for the characterization of both chemical composition and crystallographic structure,

as well as for determining the crystallite size of the samples (Lin et al., 2022). XRD patterns of hydrochar derived Cu-SG biomass and
reference hydrochar samples are shown in Fig. 8. Here, the crystalline lattice structure of the cellulose was clearly apparent at 15.36°
and 22.46° (Sevilla and Fuertes, 2009; Zhang et al., 2015) treatment at 180 °C. As the duration of the HTC reaction increased, the in-
tensity of the diffraction of the cellulose crystals diminished more noticeably. In addition, when the reaction temperature was ele-
vated from 180 to 220 °C, the crystalline structure of the cellulose disappeared (Lin et al., 2022; Sevilla and Fuertes, 2009). When
comparing the hydrochar derived from raw biomass and that from Cu-contaminated biomass, clear differences in the hydrochar pat-
terns were observed.

Fig. 7. HAADF-STEM image of hydrochar produced at 210 °C during 5 h of residence time and its relative elemental mapping.
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Table 5
Quantitative HAADF STEM analysis.

Element Atomic Fraction (%) Mass Fraction (%)

Area 1 C 48.20 ± 2.61 21.68 ± 1.98
Cu 25.83 ± 2.93 61.45 ± 3.70
Si 0.14 ± 0.03 0.14 ± 0.03
O 19.17 ± 3.19 11.49 ± 2.27
S 1.50 ± 0.29 1.80 ± 0.37
Ca 0.01 ± 0.00 0.02 ± 0.00
Mg 0.06 ± 0.01 0.05 ± 0.01
Fe 0.12 ± 0.02 0.26 ± 0.04

Area 2 C 30.34 ± 2.30 11.04 ± 1.20
Cu 37.88 ± 3.90 72.92 ± 3.37
Si 0.13 ± 0.03 0.11 ± 0.02
O 25.44 ± 4.05 12.33 ± 2.52
S 0.40 ± 0.08 0.38 ± 0.08
Ca 0.01 ± 0.00 0.01 ± 0.00
Mg 0.09 ± 0.02 0.07 ± 0.02
Fe 0.15 ± 0.02 0.25 ± 0.04

Fig. 8. XRD patterns of hydrochars derived Cu-Switchgrass biomass at different temperatures.

Most peaks in the XRD patterns in Fig. 8 are easily distinguishable, indicating a high degree of crystallinity in the Cu-SG biomass
derived hydrochar samples. The XRD analysis indicated that the copper ions initially present in the SG biomass underwent chemical
reduction to Cu and Cu2O. This reduction process occurred concurrently with the consumption of hydroxide ions generated through
the self-ionization of water (Eivazihollagh et al., 2017). The diffraction peaks at 2θ = 43.24, 50.34 and 74.02 may be indexed as the
(111), (200) and (220) planes of copper exhibiting a cubic symmetry for the hydrochars produced from Cu-SG biomass. In addition,
the peaks at 29.85°, 36.55° and 61.33° correspond to the (111), (200), (220) and (311) crystallographic plans of the body centered cu-
bic Cu2O phases, respectively (Ben Moussa et al., 2023; Liaqat et al., 2024). By applying the Scherrer equation, the crystallite size of
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copper was calculated based on the broadening of diffraction peaks, indicating a slight increase by increasing the residence time. It is
assumed that the line broadening of peaks due to chemical disorder and mechanical strain is negligible. It was observed that, with a
varying residence time, the crystallite size of copper increased from 14.3 nm for HC-180-2 to 15.7 nm for HC-180-6. In addition, the
crystallinity index of the HC-180-2 was figured to be 70% and it increased in the case of HC-180-6 to75% (Table S7).

3.3.4. Surface chemical properties
FTIR spectra offer valuable insights into the surface functional groups within the produced hydrochars and potential interfacial in-

teractions that may occur during the HTC process. Fig. 9 illustrates the ATR-FTIR spectra for SG, Cu-SG and their derived hydrochars.
The spectra of the hydrochar produced at 220 °C distinctly deviate from the Cu-SG biomass spectrum, implying the existence of a
chemical interaction between the biomass conversion and copper.

A broad band in the range of 3400–3300 cm−1, associated with O–H stretching, was identified in SG biomass, Cu-SG (Fig. 9a), and
the resulting hydrochars (Fig. 9b). The O–H stretching observed can be attributed to moisture content or the presence of hydroxyl and
phenol groups. For HC-220-6, we observed a diminished O–H group intensity, likely because of dehydration process (Kim et al.,
2014). Peaks within the 2950-2800 cm−1 range, associated with aliphatic C–H stretching, were present in all samples. The peak at ap-
proximately 1700 cm⁻1 can be attributed to the stretching of C=O bonds, which are found in functional groups such as ketones, alde-
hydes, quinones, esters, and carboxylic acids. The peak at 1510 cm−1 was assigned to the asymmetric stretching of –C=O in car-
boxylic groups. In addition, the peak at 1232 cm-1 in the pristine SG biomass is attributed to O–H bending vibration of carboxylic
groups. The Cu-SG biomass and the derived hydrochars both displayed a prominent and wide peak at around 1034 cm−1 and
1026 cm−1, respectively, indicative of the C–O–C vibrations related to the pyranose ring. Additionally, they can also be attributed to
the stretching of -Si-O bonds, indicating the presence of SiO2, which aligns with the XRD results (He et al., 2013). However, the peak
intensity decreased in the hydrochar as the residence time varied, indicating the degradation of cellulose and hemicellulose. The peak
at 901 cm−1 is attributed to β-glycosidic linkages in cellulose. This peak disappears with increasing residence time, indicating the
degradation of cellulose (C A et al., 2023) The peak at 617 cm−1 is attributed to the vibrational mode of Cu(I)–O in hydrochars
(Eivazihollagh et al., 2017).

3.3.5. Thermal stability behavior
The thermal stability of the Cu-biomass feedstock and the resulting hydrochars was examined using TGA/DTA in combination

with mass spectroscopy (MS), and the respective TG and DTA profiles are presented in Fig. 10.
There were several distinct stages in the decomposition of the Cu-SG biomass and its hydrochars. It started with a dehydration

phase, as shown by the DTG profile (Fig. 10, red line), where small discrete peaks were observed at around 73 °C (Fig. 10b). The dehy-
dration stage took place over a temperature range from 24 °C to 133 °C for the hydrochar (HC-220-6) and from 25 °C to 128 °C for the
Cu-SG biomass, peaking at 76 °C (Fig. 10a). This corresponds to the evaporation of adsorbed water, capillary water and volatile light
organic products present in all samples (Afolabi et al., 2020; Kumar Mishra, 2022; Tu et al., 2021). This can clearly be seen from the
weight loss rate of around 3% for hydrochars and around 6% for Cu-SG biomass. This is also confirmed by the release of H2O between
90 and 100 °C detected by MS analysis (Fig. S5). The second stage (180–510 °C) represents the maximum decomposition where hemi-
cellulose, cellulose and some lignin products decompose into smaller components, with 84% mass loss found for HC-220-6 (Fig. 10a).
During this stage, the hydrochar is subjected to two main reactions: decarbonylation (CO and H2O generation) as well as decarboxyla-
tion (CO2 generation). At temperatures above 500 °C, the weight loss becomes negligible, and the weight stays relatively stable above
500 °C.

Fig. 9. ATR-FTIR spectra of a) uncontaminated and Cu-contaminated SG, and b) Cu-SG derived hydrochars.
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Fig. 10. TGA-DTA profiles for the produced Cu-rich hydrochars.

3.3.6. Surface area analysis
The N2 adsorption/desorption isotherms for the hydrochars produced from Cu-SG biomass at 180 °C and 220 °C for various reac-

tion times are illustrated in Fig. 11, with more detailed data available in Table 3. By means of the adsorption-desorption isotherm, the
BET specific surface area was determined from the BET equation.

The adsorption isotherms of the derived hydrochars showed type V characteristics, indicative of mesoporous material (Alothman,
2012). An H3-type hysteresis loop is clearly apparent, for instance, between p/p° = 0.6 and 0.99 for HC-180-2 and between 0.45 and
0.99 for HC-180-6 (Fig. 11). The H3-type hysteresis loop, without limiting adsorption to high p/p°, is usually linked to the formation
of plate-shaped particles and non-rigid structure (Alothman, 2012), resulting in the formation of cleavage-sheet pores. In addition,

Fig. 11. Nitrogen adsorption–desorption isotherms for Cu-SG biomass derived hydrochars.
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hydrochars produced at high hydrothermal temperature (220 °C) during a 6 h reaction exhibit a higher BET surface area compared to
those generated at lower temperature (180 °C) within 2 h of reaction, indicated that the BET surface area increased as the residence
time increased (Table 6). This could be explained by the increased formation of oxygen-containing functional groups on the surface
during the hydrothermal carbonization process (Congsomjit and Areeprasert, 2021; Gao et al., 2013). Overall, high temperature and
long residence times result in an increase in surface area due to increased carbonization and the development of a porous structure
(Kozyatnyk et al., 2023). As the temperature rises during HTC, more carbonization reactions occur, leading to the formation of a
greater number of carbon structures. This can create additional micropores and mesopores, helping to increase pore surface area and
volume (X. Zhang et al., 2022b). Furthermore, the presence of Cu, both in the hydrochar and the biomass, contributes to an enhanced
BET surface area (Chai et al., 2022; Raheem et al., 2022) (see Table 6).

The results of the conversion of Cu-contaminated switchgrass into hydrochar show a high BET specific surface area compared to
values reported in the literature (Danso-Boateng et al., 2022; Liu et al., 2021; Sachan and Das, 2024). For instance, the magnetic
nano-Fe3O4 hydrochar prepared from iron-rich Phytolacca acinosa Roxb has a BET surface area of 17.47 m2/g at 180 °C for 8 h (Liu
et al., 2021). Jiang et al. employed the HTC process to convert Sedum Alfredii Hance, a Cd/Zn hyperaccumulator, into hydrochar and
KOH-activated hydrochar. Additionally, they found that the specific surface area values were only 1.74 m2/g and 3.47 m2/g (Jiang et
al., 2023). They clarified that the channels within the hydrochars remained incompletely opened at the relatively low hydrothermal
temperature, thereby accounting for the lower surface area values.

3.4. 2-Nitrophenol adsorption study
3.4.1. Adsorption kinetics

To investigate the impact of contact time on the adsorption process's efficiency, batch adsorption experiments were carried out
with a constant adsorbent dose of 2 g/L and an initial 2-NP concentration of 10 ppm (initial solution pH = 4.64 ± 0.01). The contact
time was systematically varied from 2 to 90 min. At specified time intervals, samples were collected from the beaker to measure the
remaining 2-NP concentration in the solution. Fig. 12a illustrates the influence of contact time on the adsorption of 2-NP onto HC-
210-5. It is evident that the 2-NP removal rate increased rapidly in the initial 20 min, followed by a slower uptake of 2-NP until
80 min, likely due to the saturation of adsorption sites. The rapid achievement of equilibrium within 90 min and the notable 52% re-
moval efficiency of 2-NP by HC-210-5 emphasize the effectiveness of this adsorbent material. However, it is essential to highlight that
most prior studies have focused on higher 2-NP concentrations (Arasteh et al., 2010; Kupeta et al., 2018), regarding its adsorption be-
havior at lower concentrations.

Pseudo-1st-order, pseudo-2nd-order and intraparticle diffusion models have been applied individually in fitting the experimental
data to explain the adsorption kinetics of 2-NP on the HC-210-5 adsorbent. The linear and non-linear equations of these kinetic mod-
els were presented in the ESI. The linear plots of the three kinetic models as well as the calculated parameters are shown Fig. 12 and
Table 7, respectively. Typically, the choice of the best fit can be guided by the correlation coefficient (R2) and the predicted qe value.
For the pseudo-1st-order kinetic model, a regression coefficient (R2) of around 0.94 was obtained. However, the calculated qe value
exhibited a considerable deviation from the experimental value, suggesting that the experimental data does not fit well within the
pseudo first order model. The R2 value for the pseudo-2nd-order kinetic model at a concentration of 10 ppm is higher than that of the
pseudo-1st-order model. Additionally, the calculated qe value (qe,calc = 2.64 ± 0.01 mg/g) shows a more reasonable match with the
experimental value (qe,exp = 2.61 ± 0.02 mg/g). Hence, it can be concluded that the adsorption of 2-NP conforms to the pseudo-
2nd-order kinetic model, indicating that the adsorption efficiency of 2-NP mainly depends on the number of available active sites of
the HC-210-5 adsorbent (Kupeta et al., 2018). This kinetic model suggests that the rate-limiting step could involve a chemisorption
process characterized by valence forces (Liu et al., 2016). Similar findings were also reported by Arasteh et al. when studying the ki-
netics of 2-NP adsorption onto multi-wall carbon nanotubes (Arasteh et al., 2010). Given the complex nature of the adsorption
process, it is plausible that a combination of pseudo-second order and pseudo-first-order kinetic models are involved, suggesting both
chemical and physical adsorption interactions between adsorbent and adsorbate.

Furthermore, the involvement of intraparticle diffusion kinetic model was investigated by plotting qt against t1/2 (Fig. 12d). the re-
lationship between qt and t1/2 exhibited linearity during three consecutive adsorption stages. It indicates that the adsorption of 2-NP

Table 6
Textural parameters of hydrochars derived Cu-contaminated switchgrass.

Samples SBET (m2/g) SLangmuir (m2/g) Vtotal (cm3/g) dp (nm)

SG biomass 1.6 2.5 0.006 47.0
Cu-SG biomass 2.8 4.6 0.008 19.8
HC-180-2 5.2 8.1 0,02 33.3
HC-180-4 7.8 13.3 0.03 16.3
HC-180-6 20.4 32.6 0.06 11.8
HC-200-2 5.6 9.1 0.02 24.5
HC-200-4 7.0 11.0 0.02 21.3
HC-200-6 16.4 26.0 0.06 19.3
HC-220-2 7.4 11.6 0.03 23.7
HC_ref-220-2 6.4 10.3 0.03 25.6
HC-220-4 16.6 26.3 0.06 18.6
HC-220-6 21.8 34.2 0.08 18.3
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Fig. 12. (a) Contact time effect on 2-nitrophenol removal (%) and adsorption capacity (mg/g), (b) pseudo-first order, (c) pseudo-second order and (d) intra-particle dif-
fusion kinetic models.

Table 7
Kinetic model parameters for 2-NP adsorption on the HC-210-5 material.

Kinetic models Parameters

Pseudo-1st-order qe,exp (mg/g) 2.61 ± 0.02
k1 (1/min) 0.04 ± 0.09
R2 0.94
qe,cal (mg/g) 0.8 ± 0.0
RMSE 0.05

Pseudo-2nd-order qe,exp (mg/g) 2.61 ± 0.02
k2 (g/mg.min) 0.2 ± 0.1
R2 0.99
qe,cal (mg/g) 2.64 ± 0.01
RMSE 0.15

Intraparticle diffusion Step (1) k1 (mg/g.min1/2) 0.31 ± 0.07
C1 (mg/g) 1.18 ± 0.17
rpearson 0.93

Step (2) k2 (mg/g.min1/2) 0.06 ± 0.00
C2 (mg/g) 2.04 ± 0.02
rpearson 0.99

Step (3) k3 (mg/g.min1/2) 0.05 ± 0.03
C3 (mg/g) 2.16 ± 0.24
rpearson 0.88

micropollutant by the HC-210-5 adsorbent transpired in three well-defined stages, each represented by a distinct linear plot (as shown
in Fig. 12d). The rate constant ki for each of these stages was directly determined from the slope of regression line, as listed in Table 7.
The first stage corresponds to the diffusion of 2-NP molecules from the bulk solution to the external surface of the HC-210-5 adsor-
bent. The subsequent stage represents intra-particle diffusion, where the 2-NP molecules diffuse along the adsorbent's pores to reach
the internal surface of the hydrochar. The third stage was ascribed to the attachment of 2-NP onto internal surfaces and the saturation
of adsorption sites upon reaching adsorption equilibrium phase. The linearity observed in the plots presented in Fig. 12d, along with
the significant R2 values, underscores the considerable role played by intraparticle diffusion in the adsorption of 2-NP by the HC-210-
5. This strongly suggests that the rate-limiting step is the intraparticle diffusion process (Ma et al., 2019).
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3.4.2. Adsorption isotherms
To investigate the influence of the initial 2-NP concentration on adsorption efficiency and to gain a deeper insight into the adsorp-

tion behavior, adsorption experiments were conducted by varying the initial 2-NP concentration from 5 to 50 ppm. In this experi-
ment, the adsorbent dosage and contact time were held constant at 2 g/L (i.e., 100 mg of HC-210-5 in 50 mL of 2-NP solution) and
90 min, respectively. The impact of 2-NP concentration on the removal efficiency (%) and adsorption capacity (mg/g) under the spec-
ified operating conditions is illustrated in Fig. 13a. Various models, including Langmuir and Freundlich isotherms (Akkari et al.,
2023c), were utilized to fit the experimental data and provide an accurate description of the interaction between 2-NP and the HC-
210-5 adsorbent at equilibrium. The linear and non-linear equation forms of these isotherm models are given in the ESI.

Fig. 13a depicts that the adsorption capacity rises from 1.3 to 7.7 mg/g as the initial 2-NP concentration increases from 5 to
50 ppm. However, the removal efficiency of 2-NP considerably decreases with the increasing initial micropollutant concentration. A
higher 2-NP concentration amplifies the driving force for mass transfer from the bulk solution to the adsorbent surface, facilitating a
more rapid sorbent uptake and greater adsorption capacity (Allen et al., 2005; Arasteh et al., 2010). Conversely, as 2-NP concentra-
tion increases, adsorption sites become increasingly occupied, leading to a decline in removal efficiency. Through a visual analysis of
the plots in Fig. 13b and c, and considering the high R2 (Table 8), a reasonable conclusion can be drawn that the Freundlich model
provides a better description of the isotherm data for HC-210-5 adsorbent. This confirms that the adsorption of 2-NP onto the hy-
drochar adsorbent entails a multi-layer adsorption process on a heterogeneous surface.

3.5. Adsorbents comparison and proposed mechanism
Numerous adsorbents have been explored for the removal of 2-NP from aqueous solutions (Allen et al., 2005; Arasteh et al., 2010;

Kupeta et al., 2018; Li et al., 2019; Pauletto et al., 2021) (see Table 8). In Table 9, HC-210-5 adsorbent, demonstrated competitive ad-
sorption ability and affinity for 2-NP compared to other reported materials. Notably, this study highlights the superior performance of
the Cu-rich hydrochar, particularly at lower 2-NP concentrations. Furthermore, the developed adsorbent is novel, cost-effective, and
represents a sustainable approach, derived from heavy metal-contaminated biomass resulting from biosorption and phytoremediation
processes (Akbari et al., 2023a; Islam et al., 2022). These features enhance the scalability and viability of the proposed disposal solu-

Fig. 13. (a) influence of initial 2-NP concentration on the R (%) and qe (mg/g); linear regression plots of (b) Langmuir and (c) Freundlich.

Table 8
Isotherm parameters for 2-NP adsorption on the HC-210-5.

Isotherm models Parameters

Langmuir qmax (mg/g) 12.57 ± 0.02
kL (L/mg) 0.042
RL 0.3 to 0.8
R2 0.86
RMSE 0.132

Freundlich kF 0.78
n 1.54
R2 0.97
RMSE 0.011

Table 9
Adsorption capacities of various materials for 2-nitrophenol removal.

Adsorbents C0 (mg/L) T (°C) qmax (mg/g) Refs

Activated carbon from water hyacinth 160 28 47.62 Isichei and Okieimen (2014)
Hydrochar from Cu-SG biomass 50 25 12.57 This study
Polyurethane cross-linked pinecone biomass 100 25 41.17 Kupeta et al. (2018)
Bentonite treated with HDMTA 100 25 18.64 Navarro et al. (2009)
Multi-wall carbon nanotubes MWNTs 310 25 476.19 Arasteh et al. (2010)
MWNTs-COOH 310 25 256.41
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Scheme 1. Possible mechanism of 2-NP adsorption onto HC-210-5 hydrochar adsorbent.

tion, both economically and ecologically, while also opening new avenues for enhancing the efficacy of the produced hydrochar,
specifically in effectively removing low concentrations of 2-NP from wastewater.

The adsorption mechanism of a contaminant onto an adsorbent relies on several factors, including the properties of the adsorbent,
the nature of the adsorbate, and potential interactions between the adsorbate and adsorbent (Li et al., 2019). Aromatic compounds
and carbonyl functional groups on the hydrochar surface from Cu-SG biomass, as confirmed by FTIR analysis, may contribute to the
adsorption of 2-NP. The nitro group (NO2) demonstrates pronounced electronegativity, causing a displacement of π-electrons from
the aromatic ring (Allen et al., 2005; Arasteh et al., 2010), facilitating interaction with the π-electrons on HC-210-5 hydrochar. A pro-
posed scheme illustrates the 2-NP adsorption mechanism (Scheme 1). Considering the abundance of copper in the hydrochar, it is ad-
vantageous for the nitro group to interact with Cu through surface complexation (İnci and Aydın, 2017), as reported for the nitroaro-
matic compounds on graphene materials (Chen and Chen, 2015).

4. Conclusion
The study highlighted a new hydrochar, derived from copper-rich switchgrass through hydrothermal carbonization, as a cost-

effective adsorbent for the removal of 2-NP from synthetic aqueous media. The optimization of the HTC process, utilizing response
surface methodology, revealed that the optimal operating conditions are 210 °C for 5 h, and a water-to-biomass ratio of 15:1. Within
the temperature range of 180–220 °C and a duration of 2–6 h, approximately 71%–95% of copper is concentrated in the solid phase.
The prepared hydrochars are mesoporous materials, with a specific surface area ranging from 5.2 to 21.8 m2/g. In addition, STEM
analysis revealed that the changes in Cu morphology within the hydrochars were observed as the hydrothermal temperature in-
creased. Consequently, the performance of the hydrochar was assessed in a batch adsorption process for 2-NP. The maximum Lang-
muir adsorption for 2-NP on HC-210-5 was 12.57 mg/g. Furthermore, the adsorption process of HC-210-5 hydrochar for 2-NP was
more effectively elucidated by the pseudo-2nd-order kinetic and Freundlich isotherm models. These findings indicate that the adsorp-
tion process involves a combination of physisorption (electrostatic interaction, hydrogen bonding) and chemisorption (surface com-
plexation). The approach presented in this work facilitates the transformation of heavy-metal-contaminated biomass derived from
bioremediation processes into metal-rich hydrochar. This material holds promise as an effective adsorbent for various adsorption ap-
plications.
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