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Abstract: Extracting Cr(VI), a heavy metal known for its carcinogenic properties, from water
poses a significant challenge. This research involved synthesizing nitrogen-infused starch-
derived hydrothermal carbon (NS-HCS) from starch using a dual-phase hydrothermal
method, aimed at removing Cr(VI) from industrial wastewater. N-doping increased the N
content from 0.27% to 3.64%, providing active sites for enhanced Cr(VI) adsorption and
reduction. Experimental data demonstrated 149.21 mg/g contaminant uptake capacity with
49.74% removal efficiency under specified conditions. Analysis of the kinetic and isotherm
models revealed that the adsorption mechanism was characterized primarily by multilayer
adsorption. Furthermore, after six cycles of use, NS-HCS demonstrated good reusability,
with its Cr(VI) adsorption capacity remaining at approximately 79.05%. Additionally,
NS-HCS exhibited strong resistance to interference in complex aqueous environments. This
study provides new insights into the use of green and sustainable adsorbents, offering an
economical and efficient solution for treating Cr(VI)-contaminated wastewater.

Keywords: starch-based hydrothermal carbon; nitrogen doping; Cr(VI) removal; adsorption
performance; regeneration

1. Introduction
Accelerated industrial growth and urban development have drastically intensified

metallic pollutant release into hydrological systems, creating severe ecological and public
health hazards. These heavy metal pollutants primarily originate from various industrial
activities, such as mining, leather processing, textile manufacturing, electroplating, and
metal processing [1–3]. Compared to other industrial wastewater sources, electroplating
effluent shows substantially elevated Cr(VI) concentrations [4–7], even exceeding Chinese
discharge standards by tens of thousands of times [8,9]. Aquatic Cr(VI) speciation primarily
involves trivalent and hexavalent states, the latter demonstrating extreme toxicity through
teratogenic, carcinogenic, and mutagenic effects. Cr(VI) compounds exhibit exceptional
hydrophilicity and environmental mobility, enabling trophic transfer and eventual human
ingestion pathways [10–13]. Therefore, it is critically important to conduct thorough
research on the treatment of Cr(VI)-contaminated wastewater.

Presently, various techniques are employed to remove Cr(VI) from water [14–17].
Among these, adsorption stands out due to its wide usage. Traditional adsorbents have
limited adsorption capacity, are expensive, and are nonrenewable [18–20]. To achieve
environmentally friendly, efficient, and economical removal effects, there is an increasing
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demand for new, cost-effective, and ecofriendly adsorbents. Carbon materials have become
a research hotspot in recent years. Hydrothermal carbons—a biochar derivative—enhance
sorptive performance through surface oxygen group augmentation [21–24]. Starch, as
a high-quality biomass, is widely available, low-cost, and easy to process. Therefore,
converting starch into hydrothermal carbon through hydrothermal treatment to improve
its adsorption performance is a viable solution [25–27].

The single hydrothermal treatment of carbon materials is still insufficient for treat-
ing high-concentration Cr(VI) wastewater [15,28]. The presence of these nitrogen-based
functional groups enhances the surface behavior of carbon and improves its absorption
capacity [29–32]. Therefore, preparing nitrogen-doped hydrothermal carbon from starch
through a two-step hydrothermal process, which combines oxygen and nitrogen active
sites, is expected to efficiently treat Cr(VI)-contaminated wastewater.

This research involved the creation of nitrogen-infused starch-derived hydrothermal
carbon (NS-HCS) from starch through a dual-stage hydrothermal process. Structural char-
acterization incorporated electron microscopy imaging coupled with multiple spectroscopic
analyses. Systematic batch experiments evaluated pH dependence, temporal adsorption
patterns, and thermal influences on Cr(VI) sequestration performance. Experiments involv-
ing regeneration and competitive adsorption were conducted to assess the reusability and
resistance of NS-HCS to interference. Various kinetic and isotherm models were employed
to examine the adsorption properties of NS-HCS for Cr(VI). The developed material demon-
strates cost-effective production, ecological compatibility, and scalable implementation
potential for Cr(VI)-laden wastewater purification applications.

2. Materials and Methods
2.1. Materials

National Pharmaceutical Group Chemical Reagent Co., Ltd. supplied the starch and
urea utilized in this study (Hefei, China).

2.2. Synthesis of Starch-Based Two-Step Hydrothermal Carbon

A total of 15 g of starch underwent homogenization with 150 mL ultrapure water
through continuous agitation. This suspension was loaded into a 250 mL hydrothermal
vessel for carbonization under 200 ◦C thermal treatment lasting 360 min, with mechanical
rotation sustained at 500 rpm. Post-reaction separation employed 0.22 µm microfiltration
membranes, succeeded by triple rinsing cycles using 95% ethanol and ultrapure water.
Resultant precipitates were thermally dehydrated in 60–80 ◦C drying chambers over 6 h to
yield starch-derived hydrothermal carbonaceous substrates (SHCSs).

In the subsequent phase, 3 g of the SHCS and urea each were mixed into 150 mL of
ultrapure water and agitated until a consistent mixture was achieved. The blend was then
transferred to hydrothermal reactor and exposed to identical hydrothermal conditions as
the initial phase. The final product, nitrogen-doped starch-based hydrothermal carbon
(NS-HCS), was obtained after filtration, washing, and drying.

2.3. Characterization of Hydrothermal Carbon

The synthesized SHCS and NS-HCS were characterized using various physicochemi-
cal methods. Elemental analysis was performed using an Elementar UNICUBE (Germany).
Zeta potential measurements were conducted with a Malvern Zetasizer Pro instrument
(UK). Molecular vibration profiling occurred through Japanese IRTracer 100 Fourier-
transform infrared spectrometers. Chemical state analyses implemented American K-
Alpha X-ray photoelectron spectrometers. Morphological examinations leveraged German-
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origin sigma500 scanning electron microscopes (All the instruments were purchased in
Hefei, China).

2.4. Adsorption Experiments

Cr(VI) solutions were synthesized from potassium dichromate precursors. Precisely
measured 0.4 g/L NS-HCS quantities were introduced into 100 mL centrifugal containers,
subsequently charged with 50 mL Cr(VI) solutions. The pH regulation occurred through
0.1 mol/L HCl and NaOH titrations. Reaction vessels underwent thermo-regulated orbital
agitation at specified oscillation frequencies. Post-equilibrium suspensions underwent
0.22 µm membrane filtration, with residual Cr(VI) concentrations analyzed via ultraviolet-
visible spectroscopy. The research investigated how the pH of the solution, the initial
concentration of Cr(VI), the length of adsorption, and temperature influence its adsorption
capacity. Experiments involving kinetics, isotherm modeling (Supplementary Materials),
competitive ion modeling, and regeneration were also conducted. The equilibrium adsorp-
tion quantity was calculated using the following expression:

qe =
(ρ1 − ρ2)V

m
(1)

In the mathematical expression, qe represents equilibrium adsorption capacity (mg/g),
ρ1 denotes initial solute concentration (mg/L), ρ2 signifies equilibrium solute concentration
(mg/L), V corresponds to solution volume (L), and m indicates adsorbent quantity (g).

2.5. Adsorption Regeneration

NS-HCS reusability underwent evaluation across six sequential adsorption–regeneration
cycles under the following standardized parameters: 0.4 g/L material loading, 50 mg/L
initial Cr(VI) concentration, pH 2.0 environment, 25 ◦C ambient temperature, and 24 h
equilibrium period with constant agitation. Post-sorption suspensions underwent filtration
via 0.22 µm hydrophilic membranes. Retrieved adsorbents underwent 60 ◦C thermal
dehydration for four hours prior to alkaline elution using 1 M NaOH (24 h immersion).
The regenerated NS-HCS was re-filtered (0.22 µm), dried (60 ◦C, 4 h), and reused for
subsequent cycles.

3. Results and Discussion
3.1. Microstructure and Elemental Distribution
3.1.1. Surface Morphology

The morphological characterization of starch-derived hydrothermal carbon spheres
(SHCSs) and nitrogen-enriched counterparts (NS-HCS) utilized scanning electron mi-
croscopy (SEM) for a comprehensive structural evaluation. High-resolution imaging re-
vealed significant architectural modifications in starch morphology during hydrothermal
carbonization processing. The primary product of the first hydrothermal step, SHCSs,
exhibited a spherical structure with sizes ranging from submicron to several microns
(Figure 1a,b). The surface of these carbon spheres appeared relatively smooth, indicating
a homogeneous nucleation process during hydrothermal synthesis. This smooth surface
morphology suggests that the reaction conditions were consistent throughout the process,
leading to uniform carbon sphere formation.

Upon closer inspection (Figure 1c), it was observed that the carbon spheres had
a slightly roughened surface, which could be attributed to the inherent texture of the
carbonized starch. The size variation among the spheres is likely due to differences in
the hydrolysis rates of the starch during the carbonization process. Spheres that formed
earlier had more time to grow, resulting in larger diameters, while those that nucleated



Sustainability 2025, 17, 4982 4 of 14

later remained smaller. This phenomenon is consistent with the behavior of glucose during
hydrothermal carbonization, as starch is a polymer of glucose.

 

Figure 1. Surface morphology and elemental distribution of S-HCS and NS-HCS: (a–c) SEM images
of S-HCS; (d–f) SEM images of NS-HCS; (g) SEM-EDS spectrum of NS-HCS.

In the second hydrothermal step, the introduction of urea led to the formation of NS-
HCS. The SEM images of NS-HCS (Figure 1d,e) showed that the carbon spheres retained
their spherical shape but exhibited a more irregular surface compared to SHCSs. This
roughness is attributed to the deposition of nitrogen-containing compounds derived from
the thermal decomposition of urea. Nitrogen doping not only altered the surface texture but
also introduced new functional groups, improving the material’s adsorption capabilities.

Elemental dispersion patterns across NS-HCS matrices underwent detailed spatial
analysis through energy-dispersive X-ray spectroscopy (EDS) (Figure 1f). EDS mapping
analysis revealed an even distribution of carbon (C), nitrogen (N), and oxygen (O) com-
ponents across the NS-HCS surface. The presence of nitrogen confirmed the successful
doping of urea-derived nitrogen into the carbon matrix, which is crucial for enhancing the
adsorption capacity for Cr(VI).

3.1.2. Elemental Composition and Chemical Structure

The elemental makeup of the materials was ascertained using an organic elemental
analyzer (Table 1). Findings showed carbon (C) as the primary component in both SHCSs
and NS-HCS, constituting about 67–68% of the total. The hydrogen (H) and oxygen (O)
contents were similar in both materials, with H accounting for 4.26% in SHCSs and 4.42%
in NS-HCS and O accounting for 22.94% in SHCSs and 21.05% in NS-HCS. Elevated oxygen
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levels in both substances suggested the presence of numerous oxygen-rich functional
groups, which are beneficial for capturing and reducing Cr(VI) [18,33]. The nitrogen
content increased from 0.27% in SHCSs to 3.64% in NS-HCS after the second hydrothermal
step, confirming the successful incorporation of nitrogen from urea, which provides active
sites conducive to Cr(VI) adsorption and reduction.

Table 1. Elemental composition of material.

Material C (%) H (%) O (%) N (%)

S-HCS 67.25 4.26 22.94 0.27
NS-HCS 68.31 4.42 21.05 3.64

The chemical composition analysis of SHCSs and NS-HCS employed Fourier-
transform infrared spectroscopy (FT-IR) coupled with X-ray photoelectron spectroscopy
(XPS). FT-IR absorption bands (Figure 2) identified characteristic oxygenated and carbona-
ceous functional moieties, including hydroxyl stretching (ν-OH), aliphatic C-H bonds,
carbonyl groups (C=O), aromatic ring vibrations (ν-C=C), phenolic C-OH linkages, ether C-
O-C bonds, and hydroxyl deformation modes (δ-OH). Secondary hydrothermal treatment-
induced the attenuation of ν-OH, C-H, C=O, ν-C=C, and C-OH signatures, attributable to
nitrogen incorporation. This structural modification’s impact on sorptive performance was
quantitatively assessed through concurrent XPS analysis.

 

Figure 2. FTIR spectra of the materials.

XPS analysis revealed that the C1s and O1s peaks in NS-HCS were similar to those
in SHCSs, while the N1s peak was more pronounced, consistent with the elemental anal-
ysis results (Figure 3a). Deconvoluted C1s spectra revealed three principal carbon states,
namely C-C/C=C/CHx (284.57 eV), C-OR/C=N (285.62 eV), and -COOR (288.55 eV)
(Figure 3b) [34–36]. O1s spectral resolution delineated two distinct oxygen states—C=O
(531.82 eV) and -C-O- (533.20 eV) (Figure 3c) [35,36]. The N1s peak exhibited a character-
istic peak for pyridinic-N (399.32 eV) (Figure 3d) [37]. Existing research correlates these
functional motifs with enhanced Cr(VI) adsorption capacities through synergistic redox
interactions, potentially explaining NS-HCS’s superior performance [22].
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(a)  (b) 

   
(c)  (d) 

Figure 3. Compositional characterization of synthesized materials: (a) total XPS spectrum of the
material; (b) C1s peak of NS-HCS; (c) O1s peak of NS-HCS; (d) N1s peak of NS-HCS.

3.2. Effects of Environmental Conditions on Cr(VI) Adsorption by NS-HCS

Surface electrochemical characteristics of NS-HCS exhibited pronounced pH depen-
dency, with optimal Cr(VI) removal efficiency (149.21 mg/g) achieved at pH 2.0 (Figure 4a).
This is because Cr(VI) primarily exists as HCrO4

− and Cr2O7
2− ions within this pH range,

and these ions show a strong attraction to the oxygen-rich functional groups on the NS-
HCS surface, facilitating their removal from the solution [38,39]. Surface charge potential
measurements corroborated Cr(VI) adsorption trends across pH gradients, revealing a
point of zero charge at pH 3.4. Protonated surfaces below this threshold facilitated the
electrostatic attraction of anionic Cr(VI) complexes, with intensified adsorption observed
under progressively acidic conditions. Conversely, when the pH exceeded 3.4, the surface
of NS-HCS carried a negative charge, leading to a weakened or repulsive adsorption of
Cr(VI) ions.

Thermally modulated Cr(VI) adsorption behavior of NS-HCS revealed progressive
capacity enhancement with rising thermal energy inputs, attributed to intensified molecular
thermal agitation promoting adsorbate–adsorbent collisions [16]. Experiments were con-
ducted at 298, 308, and 318 K, with a Cr(VI) concentration of 300 mg/L, to examine the effect
of temperature on the adsorption capacity of NS-HCS. NS-HCS showed enhanced Cr(VI)
adsorption capacity at elevated temperatures, achieving 149.21 mg/g at 318 K compared
to 116.49 mg/g at 298 K. (Figure 4b). Comparative analysis against existing adsorbent
technologies (Table 2) confirmed NS-HCS’s superior Cr(VI) uptake capacities, highlighting
its temperature-responsive performance advantages [40–43].



Sustainability 2025, 17, 4982 7 of 14

 

 

(a)   

   
(b)  (c) 

Figure 4. Cr(VI) sorptive characteristics of NS-HCS: (a) pH-dependent Cr(VI) sequestration (0.4 g/L
adsorbent loading, pH 1.5–7 range, 50 mg/L Cr(VI) solutions, 24 h thermo-regulated agitation);
(b) thermal effects on adsorption efficacy (0.4 g/L material dosage, pH 2 environment, 50 mg/L
Cr(VI) concentration, 24 h equilibration); (c) concentration-dependent adsorption profiles (0.4 g/L NS-
HCS loading, pH 2 conditions, variable Cr(VI) concentrations, 24 h constant-temperature oscillation).

Table 2. Theoretical maximum Cr(VI) adsorption capacities of various adsorbents.

Hydrothermal Carbon qmax-Cr(VI) (mg/g) Ref.

Tectona grandis tree using ZnCl2 127.00 [40]
microalgae (Chlorococcum sp.) using NH3 95.70 [41]

peanut hulls using HDA 142.86 [42]
Eucalyptus sawdust using KOH 45.88 [43]

NS-HCS 149.21 This study

Cr(VI) adsorption dynamics exhibited concentration-dependent escalation patterns,
with NS-HCS demonstrating augmented sorptive performance at elevated Cr(VI) con-
centrations. This phenomenon arises from amplified interfacial collision probabilities
between Cr(VI) oxyanions and active adsorption sites under higher solute loading con-
ditions [44,45]. The electrochemical potential gradients between free Cr(VI) ions in bulk
solution and surface-bound species enhanced interfacial accumulation kinetics [28]. Ex-
perimental protocols employed tripartite concentration gradients (50–200 mg/L) to assess
NS-HCS’s concentration responsiveness. Quantitative analysis revealed a progressive
capacity intensification from 22.86 mg/g (50 mg/L) to 85.26 mg/g (200 mg/L), which
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confirmed concentration-modulated adsorption efficacy (Figure 4c). This suggests that
higher concentrations of the Cr(VI) solution are more favorable for the adsorption process
by NS-HCS, as the greater potential energy difference between the solution and NS-HCS
promotes the contact and capture of Cr(VI) by NS-HCS. Using identical concentration, the
research further investigated how the duration of adsorption affects the adsorption capac-
ity of NS-HCS. Typically, over time, the adsorption mechanism of the Cr(VI) adsorbent
stabilizes. Before reaching equilibrium, the adsorption potential of the adsorbent remains
underutilized. Therefore, identifying the point at which the adsorption process stabilizes is
crucial for achieving peak capacity [16,29]. The findings revealed an increase in NS-HCS’s
ability to adsorb Cr(VI) over time, with the process continuing up to 1080 min, highlighting
the importance of maintaining the interaction duration between NS-HCS and Cr(VI) at
1080 min for peak capacity.

3.3. Kinetic Models

Kinetic curves effectively reflect the adsorption performance and physicochemical
interaction processes of adsorbents. This investigation employed PFO (pseudo-first-order)
and PSO (pseudo-second-order) kinetic models to interpret Cr(VI)) uptake data across
0.5–24 h durations. Concentration-dependent kinetic trajectories (50–200 mg/L Cr(VI))
were analyzed to elucidate NS-HCS’s Cr(VI) sequestration pathways and predict oper-
ational efficiency [37]. Results from the kinetic fitting revealed nearly identical kinetic
curves across various concentrations, implying that concentration did not significantly
affect the adsorption and equilibrium patterns of NS-HCS. NS-HCS’s ability to adsorb
Cr(VI) showed a rapid increase during the initial 120 min, followed by a gradual deceler-
ation until it stabilized after 1080 min. This biphasic behavior originates from abundant
surface binding sites, and initial Cr(VI) concentration gradients accelerated interfacial
accumulation. Progressive site saturation and intraparticle diffusion requirements through
porous matrices subsequently reduced adsorption rates. Concurrently, given the dynamic
nature of adsorption-desorption, a segment of Cr(VI) is likely to be re-released once equi-
librium is achieved (Figure 5a–c) [27]. Comparative model fitting demonstrated PSO
superiority (R2 = 0.961/0.978/0.978) over PFO (R2 = 0.929/0.928/0.923), with PSO-derived
equilibrium capacities aligning closely with experimental values. This suggests that the ad-
sorption mechanism of NS-HCS for Cr(VI) is better described by the pseudo-second-order
kinetic model, which assumes chemical adsorption as the controlling factor. This implies
that the adsorption process is primarily influenced by the chemical interaction between
NS-HCS and Cr(VI).

   

(a)  (b) 

   
(c)  (d) 

 

 

(e)   

Figure 5. Cont.
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(e)   

Figure 5. Cr(VI) sorption kinetic modeling for NS-HCS under varying concentrations (0.4 g/L
adsorbent, pH 2): (a) 100 mg/L Cr(VI) solution; (b) 200 mg/L Cr(VI) solution; (c) 300 mg/L Cr(VI)
solution; (d) isothermal equilibrium profiles; (e) post-sorption X-ray photoelectron spectroscopic
analysis of Cr(VI)-laden NS-HCS.

3.4. Isotherms and Thermodynamics

The isothermal adsorption technique was employed to more effectively confirm NS-
HCS’s adsorption efficacy for Cr(VI), examining the chemical interaction between NS-HCS
and Cr(VI). Analytical frameworks incorporating Langmuir (monolayer sorption) and
Freundlich (multi-layered sorption) isotherm models were applied to interpret Cr(VI)
distribution patterns [46]. Experimental protocols involved Cr(VI) solutions (from 20 to
300 mg/L) interacting with NS-HCS under thermal gradients (298, 308, and 318 K) during
24 h equilibrium periods. Freundlich model regression demonstrated enhanced correlation
coefficients compared to Langmuir approximations, confirming multi-layered sorption pre-
dominance (Figure 5d). Post-adsorption XPS analysis of Cr(VI)-loaded NS-HCS revealed
the predominant presence of Cr(III) over Cr(VI) on the material surface (Figure 5e). This
observation suggests that nitrogen doping facilitated the reduction of Cr(VI) to Cr(III),
followed by subsequent adsorption of the reduced Cr(III) species. The multilayer adsorp-
tion behavior likely involves a sequential process of Cr(VI) adsorption, reduction, and
Cr(III) adsorption. This phenomenon can be attributed to the nitrogen functional groups
(particularly pyridinic-N) introduced through the urea-assisted secondary hydrothermal
treatment, which created active sites for both Cr(VI) adsorption and reduction.

Thermodynamic evaluations elucidate energetic transformations inherent in Cr(VI) ad-
sorption mechanisms. Experimental determinations quantified Gibbs free energy (∆G◦), en-
thalpy (∆H◦), and entropy (∆S◦) variations across thermal gradients (Table 3). The findings
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revealed negative values for both ∆G◦ and ∆H◦ at three different temperatures, with a ∆H◦

of −7.43 kJ/mol, suggesting that the adsorption mechanism operates on exothermic princi-
ples. The presence of negative ∆G◦ values indicates that the adsorption occurs naturally,
without the need for external energy [47]. The ∆S◦ positivity reflects enhanced molecular
disorder at sorption interfaces, aligning with entropy-governed adsorption pathways.

Table 3. Thermodynamic parameters of adsorption of Cr(VI) by NS-HCS.

T (K) ∆G◦ (kJ/mol) ∆H◦ (kJ/mol) ∆S◦ (kJ/(K/mol))

298 −10.97
308 −9.64 −7.43 0.01
318 −11.24

3.5. Ion Competition and Regeneration

During the real-world use of Cr(VI) for treating wastewater, various ions in the mixture
often compete with Cr(VI) for absorption sites. This research used K+, Ca2+, Mg2+, PO4

3−,
CO3

2−, SO4
2−, and Cl− as experimental ions that were present alongside Cr(VI). The

adsorption experiments were conducted using NS-HCS at a temperature of 25 ◦C over a
24 h period, maintaining a Cr(VI) solution at a concentration of 50 mg/L. The findings
revealed that the presence of K+, Ca2+, Mg2+, and Cl− had minimal impact on Cr(VI)
adsorption, suggesting that the active sites for Cr(VI) adsorption on NS-HCS surfaces do
not interact with these ions. Under acidic conditions, Cr(VI) primarily exists as HCrO4

−

ions (Figure 6a). When the pH is below 3.4, the surface of NS-HCS carries a positive charge,
allowing for electrostatic adsorption with Cr(VI) [35,38,39]. Nonetheless, the presence of
PO4

3−, CO3
2−, and SO4

2− hindered the binding of Cr(VI) to the active sites on NS-HCS.
However, in these cases, NS-HCS’s ability to adsorb Cr(VI) remained above 50%, indicating
its specific affinity for Cr(VI) adsorption.

 
 

(a)  (b) 

Figure 6. Evaluation of the application potential of NS-HCS (dosage: 0.4 g/L, pH = 2, Cr(VI)
concentration: 50 mg/L): (a) multi-ionic interference simulation; (b) cyclic adsorption–regeneration
durability testing.

The ability of an adsorbent to regenerate is vital, as it directly impacts its economic
value and ecological benefits. The changes in the adsorption performance of NS-HCS were
recorded over multiple cycles of use. After the first four cycles, a reduction in NS-HCS’s
adsorption capacity was observed, possibly due to alterations in its physical composition or
chemical properties during these cycles [48–50]. However, after the fourth cycle, NS-HCS
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maintained an adsorption capacity of approximately 79.05% for Cr(VI), indicating that it
continued to show remarkable stability and the ability to regenerate Cr(VI) adsorption,
even after an initial decline in performance (Figure 6b) [51]. In summary, NS-HCS showed
an effective adsorption of Cr(VI) in wastewater, sustaining its adsorption efficiency even
after multiple uses, underscoring its practical applicability.

3.6. Actual Water Treatment Experiment

A real-world applicability assessment of NS-HCS employed Chaohu Lake water, Fei
River samples, precipitation runoff, and municipal tap water as adsorption matrices, each
spiked with 50 mg L−1 Cr(VI) [33]. Adsorption trials conducted under controlled condi-
tions (25 ◦C, 24 h equilibrium) with 0.4 g L−1 NS-HCS dosage demonstrated exceptional
Cr(VI) retention across all aqueous matrices. Comparative analysis against ultrapure wa-
ter references revealed sustained adsorption efficiencies exceeding 90% retention rates
(Figure 7).

 

Figure 7. Practical implementation assessment of NS-HCS (0.4 g/L material loading, pH 2 environ-
ment, 50 mg/L Cr(VI) solutions): natural aqueous matrix performance validation.

These empirical findings validate ion competition experimental conclusions while
demonstrating viability for practical wastewater remediation applications. This discovery
offers a novel strategy for designing high-performance adsorbents with dual advantages of
efficiency and environmental sustainability.

4. Conclusions
This study successfully synthesized nitrogen-doped starch-based hydrothermal car-

bon (NS-HCS) from starch using a two-step hydrothermal method, effectively enhancing its
adsorption capacity for Cr(VI) in wastewater. The findings indicated that NS-HCS demon-
strated superior adsorption capabilities, reaching 149.21 mg/g. In-depth analysis revealed
that NS-HCS possesses an extensive specific surface area and numerous oxygen-rich func-
tional groups. After nitrogen doping and secondary hydrothermal treatment, significant
changes were observed in ν-OH, C-H, C=O, ν-C=C, and C-OH, indicating that nitrogen
doping affected these functional groups, which, in turn, enhanced the adsorption capacity
for Cr(VI). Experiments involving recycling and competitive adsorption revealed that
NS-HCS exhibits effective regeneration and resistance to interference, making it suitable
for real-world applications. To summarize, NS-HCS stands out as a potent and ecofriendly
material for extracting Cr(VI) from aqueous solutions, offering a feasible alternative to
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conventional adsorbents, particularly in industrial settings with significant Cr(VI) con-
tamination. The research introduces an innovative, ecofriendly method for addressing
Cr(VI)-polluted industrial wastewater.
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