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Abstract
The booming global market for tea and new-style tea beverages has inevitably generated enormous quantities of waste 
tea residues, posing an urgent waste management challenge. Herein, spent tea leaves generated from tea beverage factory 
were employed as the precursor to synthesis N-doped magnetic biochar (NMTB) via one-step hydrothermal carbonization 
method with the modification by urea and FeCl3. The adsorption performance of hexavalent chromium (Cr(VI)) of NMTB 
was better than pristine tea waste biochar. Furthermore, response surface methodology indicated that the best preparation 
temperature and time of NMTB were 200 °C and 4 h, respectively. The prepared NMTBs were characterized by SEM, 
BET, XRD, FTIR and XPS, showing the successful doping of N and Fe. Additionally, NMTB exhibited excellent Cr(VI) 
removal of 96.90%, with a maximum adsorption capacity of 63.03 mg/g. The adsorption process followed the Langmuir 
and pseudo-second-order models, suggesting that monolayer sorption and chemisorption dominated the adsorption pro-
cess. Reusability performance demonstrated that the removal efficiency of NMTB remained at 84.49% after five times 
reuse, while the removal efficiency in real water sample test reached 96.55%. Moreover, mechanistic studies including 
FTIR and XPS investigation, zeta potential analysis, quantitative chromium speciation and density functional theory 
calculations demonstrated that the adsorption is dominated by electrostatic attraction, surface reduction and subsequent 
surface complexation. The study demonstrated that tea waste-derived magnetic biochar is an effective and regenerable 
material for Cr(VI) remediation. Moreover, it provides a sustainable strategy for upcycling waste tea residues from the 
rapidly expanding tea beverage industry, exemplifying a promising value-added approach for environmental remediation.
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1  Introduction

Heavy metals are non-biodegradable and can persist for 
extended periods in soil, water and sediments for several 
decades [1]. These heavy metals are intensively used in 
human activities, such as industrial emissions of wastewater 
and waste residues from mining, smelting and electroplat-
ing; agricultural practices involving low-quality fertilizers 
and sewage irrigation; as well as certain hazardous house-
hold waste [2]. Through bio-accumulation and bio-magni-
fication, heavy metals can be absorbed by human bodies, 
where their toxicity can cause damage to multiple organs, 
lead to neurological disorders and induce cancers [3]. 
Hexavalent chromium (Cr(VI)), primarily originating from 
industrial activities, exhibits high mobility and can create 
inflammation, cancer, and even death [4]. Currently, adsorp-
tion, ion exchange, membrane separation and several other 
technologies have been reported for treating heavy metal 
contamination [5, 6]. Adsorption is a promising strategy for 
wastewater treatment due to its cost-effectiveness, environ-
mental friendliness and high efficiency. Therefore, afford-
able and renewable adsorbent is intended to be identify for 
Cr pollution control.

Biochar is a carbonaceous adsorbent with the advantages 
including low cost, readily available feedstocks and good 
adsorption, hence it has attracted much attention. Generally, 
biochar differs in specific surface area, pore distribution 
and other physicochemical properties because the different 
preparation conditions, such as the method of the prepara-
tion, the time and temperature of the reaction, and the addi-
tives used in the reaction [7, 8]. Hydrothermal carbonization 
(HTC) is a preparation method that converts the biomass 
into biochar at a lower temperature (180–280 °C) in compar-
ison to pyrolysis. Moreover, HTC method does not require 
the raw materials to be pre-dried, which can save intensive 
energy when treating high-moisture feedstocks and has been 
widely applied for value-added utilization of waste, such as 
algal biomass [9]. Study was investigated about the prop-
erties of biochars derived from sycamore tree produced by 
HTC and slow pyrolysis (SP), respectively [10]. The results 
demonstrated that the yield of biochar by HTC is higher 
than by SP, and that it has a superior adsorption capability 
of Cr(VI). Besides, Li and Jin [11] compared the HTC and 
SP methods for the biochar production, and found that HTC 
produced biochar with a minimum price compared to SP 
process, holding a 71.8% probability of being the preferred 
option. Recently, Fe (iron) loaded modified biochar has 
been applied for heavy metal removal, showing excellent 
adsorption capability of Cr(VI) [12]. For example, magnetic 
biochar was synthesized by loading FeCl3 onto agar bio-
mass, and it contributes to elevate the removal performance 
of Cr(VI) [13]. Biochar produced from raspberry stalks 

and modified by Fe and urea showed higher efficiency of 
removal of Cr(VI) than original biochar [14]. Thus, an ideal 
strategy of modifying biochar with Fe and N to improve the 
adsorption of Cr(VI) warrants consideration. However, the 
existing literature on biochars still presents several critical 
deficiencies that limit their practical application for Cr(VI) 
removal. For instance, most studies rarely compared bio-
chars under different preparation temperature and time, 
neglecting their effects on the resulting material properties. 
Besides, the synergistic co-doping of Fe and N combined 
with one-step HTC has rarely been investigated, despite its 
potential to introduce multifunctional active sites. This lack 
of correlation analysis between processes and performance 
significantly motivated the design and targeted optimization 
of tea waste-derived adsorbents.

Tea, a prevalent beverage all over the world, has long 
been associated with various health benefits. The Chinese 
tea market has generated nearly 107 billion U.S. dollars 
in 2023, and are expected to arrive at 179.4 billion U.S. 
dollars in 2029 (https://www.statista.com). Recently, the 
new-style tea beverages, which are typically prepared by 
blending raw tea leaves or infusions with fruits, vegetables, 
dairy, and other functional ingredients to meet contempo-
rary consumer demands for flavor, health, and novelty, have 
become a regular indulgence for many consumers [15]. It is 
estimated that by 2028, the new-style tea beverage market 
size in China alone will exceed 400 billion yuan. However, 
this rapid expansion has inevitably been accompanied by 
the massive generation of spent tea leaves (STL), includ-
ing those discarded from tea beverage extraction, instant 
tea manufacture, and household consumption. These huge 
amounts of organic agricultural waste can lead to secondary 
pollution and resource loss. From a solid waste value-added 
perspective, STL represent a promising carbonaceous pre-
cursor owing to their abundance, low cost, and inherently 
porous structure. Converting STL into biochar for heavy 
metal removal has therefore attracted increasing research 
attention. Several studies have demonstrated the feasibility 
of using tea waste-derived biochars to adsorb heavy metals 
from aqueous solutions [5, 16, 17]. Nevertheless, the Fe-N 
co-doping into tea waste-derived biochar and its targeted 
application for Cr(VI) alleviation has rarely been reported. 
Herein, we propose a strategy that directly valorizes STL 
into a Fe-N co-doped magnetic biochar (NMTB) via a one-
step HTC route. Specifically, we optimized the HTC tem-
perature and time through response surface methodology 
(RSM), and also overcame the limitation of single modifica-
tion methods by introducing simultaneous Fe and N doping. 
Moreover, the Cr(VI) removal mechanism was elucidated 
by combining kinetic, isotherm, spectroscopic analyses, 
quantitative detection of Cr species and density functional 
theory (DFT). The selection of STL as the precursor not 

https://www.statista.com
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only contributes to mitigating tea waste burden, but also 
embodies a circular economy concept. This work will pro-
vide a simple and efficient method of preparing adsorbents 
for Cr(VI), while also offering a promising approach to 
address the issue of tea residue waste.

2  Materials and methods

2.1  Materials

Tea waste used as the raw material of the biochar in this 
study were kindly supplied by a tea beverage manufacturer 
in Xinyang City, Henan Province, China (August, 2025). 
Specifically, after undergone the extraction and filtration 
processes at the beverage factory, the mixture of spent green 
and black tea leaves were collected as the raw material. The 
as-received wet STL were washed with deionized water to 
remove dust and surface impurities, and then air-dried under 
ambient conditions for 48 h to remove excess free water and 
facilitate grinding. The drained STL were subsequently 
ground into a fine powder (40 mesh) and used in the HTC 
process. Additionally, the farmland surface water sample 
was collected from Xinyang City, Henan Province (32°15′ 
N, 114°12′ E). All the chemical reagents including ferric 
chloride hexahydrate (FeCl3), urea, zinc chloride (ZnCl2), 
potassium dichromate (K2Cr2O7), 1,5-diphenylcarbazide 
(DPC), acetone, hydrochloric acid (HCl), and sodium 
hydroxide (NaOH) were all at analytically pure grade (Sin-
opharm Chemical Reagent Co., Ltd., Shanghai, China) and 
used as received. Besides, the preparation of Cr(VI) stan-
dard solutions, chromogenic agents and pH regulators were 
provided in Text S1.

2.2  Preparation and modification of tea waste 
biochars

One-step HTC method was employed to prepare STL-
derived biochars (TB). In brief, the 150 mL deionized water 
was mainly mixed with 5 g STL powder and 5 g zinc chlo-
ride (ZnCl2, for pore-forming) to obtain pristine TB (pTB). 
For nitrogen (N)-doped TB (NTB) preparation, 150 mL 5% 
urea solution was used to replace the deionized water. Fur-
thermore, 5 g STL powder, 5 g FeCl3 and 5 g ZnCl2 were 
added into 150 mL urea solution (5%) to perform N and Fe 
co-doped TB (N-doped magnetic TB, NMTB). That is, the 
STL powder was blended with ZnCl2, urea and/or FeCl3 at 
a 1:1 ratio, which is based on a review of previous reports 
and is a standardized parameter to maintain methodologi-
cal consistency [18–20]. These mixtures were thoroughly 
stirred to dissolved and ultrasonicated for 30 min to disperse 
the powder homogeneously in the solution. Afterwards, the 

suspension was transferred into the reaction vessel, heated 
at 200 °C for 12 h. Subsequently, the reactor was cooled to 
ambient temperature, and the production was filtrated and 
washed to neutral with deionized water. These biochars 
were finally obtained after dried at 60 °C in the oven, and 
collected for further analysis.

Moreover, RSM experiment was designed to investigate 
the HTC preparation method of NMTB production. Cen-
tral composite design (CCD) was employed as the tool for 
RSM design to obtain proper parameters of preparation of 
NMTBs. Temperature and time of preparation were cho-
sen as independent parameters, and the design response 
values were expressed as the specific surface area and the 
percentage of Cr(VI) removal. Ranges of factors are cho-
sen by taking into account prior relevant efforts. The reac-
tion temperature was designed in the range of 180–220 °C, 
while retention time was varied at 4–18 h. The face-centered 
design element was chosen. The total number of the experi-
ment is 11, which consists of 2 independent process vari-
ables, 4 factorial points, 4 axial points, and 3 replicates at 
the central points.

2.3  Batch adsorption of Cr(VI) by biochars

The batch adsorption experiment was carried out to evalu-
ate the adsorption capacity of tea waste biochars for Cr(VI) 
under the effects of biochar dosage, initial concentration 
of Cr(VI), contact time and pH of Cr(VI) solution. Briefly, 
0.05 g biochar was added into 50 mL, 50 mg/L Cr(VI) solu-
tion at pH = 2. Batch adsorption conditions were as fol-
lowed: the biochar dosage was in the range of 0.02–0.5 g, 
the initial concentration of Cr(VI) was 10–200 mg/L, the 
contact time was 0.5–12 h, while the pH of Cr(VI) solution 
was adjusted from 2 to 7 by 0.1 mol/L HCl or NaOH solu-
tion. The mixture was shaken with a constant speed of 200 r/
min for 6 h at the temperature of 303 K. After that, the solu-
tion was collected through 0.22 μm filtration membrane, and 
its concentration was determined by colorimetric method 
[6]. The standard curve was shown in Fig. S1. The adsorp-
tion capacity and removal efficiency were calculated by the 
formulas below (Eq. (1) and Eq. (2)): 

qe = (C0 − Ce) × V

m
� (1)

R = C0 − Ce

C0
× 100� (2)

Where C0 and Ce are the initial and equilibrium concen-
trations (mg/L) of the solution, V (L) is the volume of the 
solution, m (g) is the mass of the biochar, qe (mg/g) is the 
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equilibrium adsorbed amount, and R (%) represents the 
removal efficiency.

The isotherm data were fitted to the nonlinear Langmuir 
(Eq. (3)) and Freundlich (Eq. (4)) models. 

qe = qmKLCe

1 + KLCe
� (3)

qe = KF C1/n
e � (4)

Where KL (L/mg) is the Langmuir constant, qm is the maxi-
mum adsorption capacity, KF and n are the Freundlich con-
stants, respectively.

The kinetic data were fitted to the nonlinear forms of the 
pseudo‑first‑order (PFO, Eq. (5)) and pseudo‑second‑order 
(PSO, Eq. (6)) models. 

qt = qe

(
1 − e−k1t

)
� (5)

qt = k2q2
et

1 + k2qet
� (6)

Where, qt (mg/g) is the adsorbed amounts at time t, while k1 
and k2 are the rate constants of PFO and PSO, respectively.

All the nonlinear regressions were performed using the 
Levenberg–Marquardt iteration algorithm in Origin (ver-
sion 2024). The goodness of fit was evaluated using the 
adjusted coefficient of determination (R2

adj), the residual 
sum of squares (SSE) and the chisquare (χ2).

2.4  Characterization of tea waste biochars

Biochars were characterized by N2 adsorption/desorption 
isotherms to determine the Brunauer-Emmett-Teller (BET) 
specific surface area (SSA), total pore volume and aver-
age pore diameter with a MicrotracBEL-BELSORP MAX 
II analyzer (Japan). The surface morphology was analyzed 
with a scanning electron microscopy (SEM, ZEISS-Gem-
iniSEM 360, Germany). Elemental composition of the 
biochars was analyzed using an energy-dispersive X-ray 
spectroscopy (EDS) detector (Oxford UltimMax40, Brit-
ish). The crystalline phases were estimated by X-ray diffrac-
tion (XRD) analysis (Bruker D8 Advance, Germany). The 
surface functional groups were probed by Fourier Trans-
form Infrared Spectroscopy (FTIR, SHIMADZU-IRTracer 
100, Japan), and the chemical composition was quantified 
by X-ray Photoelectron Spectroscopy (XPS) measurement 
(Thermo Fisher-ESCALAB 250Xi, USA). The concentra-
tion of total Cr in the solutions after adsorption and the Fe 
leaching contents were determined by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES, Agilent 
5800, USA).

3  Results and discussion

3.1  Comparative analysis of pTB, NTB and NMTB

3.1.1  Characterization of pTB, NTB and NMTB

The morphology of pTB, NTB and NMTB detected by SEM 
were displayed in Fig. 1a. Obviously, rare significant pore 
structure can be found in pTB and its surface is relatively 
dense and smooth, suggesting that cellulose structure of STL 
has been preserved. However, the SEM images of NTB and 
NMTB showed significant porous structure, roughness sur-
face and plentiful biochar spheres, which could be attributed 
to the modification of urea and FeCl3. The decomposition of 
urea and FeCl3 with biomass materials under thermal condi-
tion produced gases and hence promoted the formation of 
pores. Besides, large amounts of iron oxide particles were 
loaded onto the surface of the biochars, which is in favor 
of the SSA of biochars [21]. It can be seen from the BET 
specific surface area results (Table 1) that pTB enlarged 
the SSA to 7.185 m2/g from 4.880 m2/g (raw material). Fur-
thermore, NTB and NMTB all improved the SSA to 21.811 
and 21.335 m2/g, which prominently exceeded that of pTB. 
Meanwhile, total pore volume increased to 0.086 (NTB) 
and 0.074 cm3/g (NMTB) compared to 0.031 cm3/g (pTB). 
These results revealed that urea and FeCl3 modifications are 
valid means for improving the pores’ physical properties of 
biochar [22].

XRD is mainly used to explore the crystal structure and 
phase analysis of the material. The biochar samples were 
tested and analyzed by XRD, as shown in Fig. 1b. Both pTB 
and NTB possessed two broad peaks at 2θ around 22.6° and 
43°, corresponding to the (002) and (100) crystal planes, 
which illustrated that both biochars had an amorphous 
structure. The two peaks of NTB have shifted due to the N 
doping. In addition, the XRD analysis of NMTB revealed 
that diffraction peaks at 2θ around 18.1°, 30.2° 35.5°, 
42.7°, 46.7° and 62.9° can be assigned to Fe3O4 (Magnetite, 
PDF#75-0449), while the peaks at 24.9° and 32.4° can be 
ascribed to Fe2O3 (Hematite, PDF#33-0664) [23]. This also 
confirms that Fe had been successfully introduced on the tea 
waste biochar.

FITR spectra presented in Fig. 1c revealed similar 
characteristic peaks of three biochars on their surface. 
The broad peak at around 3320–3340 cm−1 represented 
the O–H stretching of the biochars can be observed in all 
three biochars [24]. The strong double peaks appearing at 
2920 cm−1 and 2850 cm−1 characterized the antisymmetric 
and symmetric stretching vibrations of the C–H bonds in 
saturated alkyl group (methylene group, –CH2–), indicating 
the incompletely carbonized aliphatic side chains remain in 
the HTC products [25]. Meanwhile, the peak at 1580 cm−1 
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corresponded to C = O/C = C stretching vibration and slight 
shifting toward the lower frequency band occurred in NTB 
and NMTB compared to pTB may attributed to the doping 
of N and Fe. Furthermore, the peak at 1060 cm−1 ascribed to 
the C–N stretching vibration had greater intensity in NTB 
than pTB, suggesting the successful introduction of N [26]. 

Obviously, a strong adsorption peak at around 546 cm−1 
found only in NMTB was corresponded to the Fe–O stretch-
ing vibration, which implying that FeCl3 modification 
mainly supplied the formation of Fe–O group for NMTB 
[27]. FTIR analysis revealed the successful doping of Fe 
and N elements onto the surface of the biochars.

The XPS technique elucidated the surface elements 
variations of tea waste biochars in Fig. 1d. As can be found 
clearly from the XPS spectra, peaks at around 285, 401 and 
532 eV represented C, N, and O, respectively on the bio-
chars surface, while peak at around 710 eV represented Fe 
on the surface of NMTB. In addition, the modification of 
urea and FeCl3 brought the change of element content on 
the biochars surface. The surface N content of NMTB (6.33 
at.%) was highest, followed by NTB (5.88 at.%) and pTB 

Table 1  The pore structure parameters of tea waste biochars
Sample Specific surface 

area
(m2/g)

Total pore 
volume
(cm3/g)

Average 
pore 
diameter
(nm)

Raw material 4.880 0.017 9.299
pTB 7.185 0.031 17.069
NTB 21.811 0.086 15.683
NMTB 21.335 0.074 8.012

Fig. 1  SEM images (a), XRD (b), FTIR (c), XPS survey (d) and Cr(VI) adsorption performance (e) of different tea waste biochars. Different low-
ercase letters in (e) indicate statistically significant differences (p < 0.05) among tea waste biochars
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(4.85 at.%), suggesting the successful doping of N after urea 
modification. Meanwhile, the Fe content of NMTB was 3.4 
at.%, while its C content decreased and O content increased 
compared to pTB. This implied that the modification intro-
duced Fe and increased O-containing functional groups in 
NMTB. Therefore, N and iron had been loaded on the sur-
face of tea waste biochar, indicated the successful incorpo-
ration of N and Fe into the carbon skeleton [28].

3.1.2  Adsorption performance of pTB, NTB and NMTB

The adsorption performance of pTB, NTB and NMTB for Cr 
(VI) were analyzed with 0.1 g adsorbent adding into 50 mL 
Cr(VI) solution (50 mg/L, pH = 2) for 24 h. The results in 
Fig. 1edemonstrated that the pTB, NTB and NMTB showed 
significant differences (p < 0.05) of adsorption amounts 
and removal efficiencies, suggesting their different adsorp-
tion performance of Cr(VI). Both the adsorption amounts 
and removal efficiencies followed the order NMTB > NTB 
>pTB. pTB possessed the lowest adsorption amounts at 
19.44 ± 0.16 mg/g. Comparatively, NMTB showed the high-
est adsorption amounts of 22.13 ± 0.21 mg/g, representing 
an increase of 30.38%. The removal efficiencies increased 
from 68.83% (pTB) to 93.11% (NMTB), suggesting that 
the successful modification of pTB with N and Fe signifi-
cantly enhanced its Cr(VI) adsorption ability. Comparable 
enhancements in Cr(VI) removal efficiency after magnetic 
modification have been reported for biochars derived from 
other agricultural residues [29]. Generally, the substantially 
improved adsorption performance of NMTB indicated that 
Fe and N dual doping offers greater advantages in the modi-
fication of tea waste biochar. Therefore, a more detailed 
study of NMTB was conducted subsequently.

3.2  RSM optimization for HTC preparation process 
of NMTBs

HTC preparation temperature and time can affect the prop-
erties and adsorption performance of NMTBs. Table S1 
showed the outcomes of the preparation parameters optimi-
zation of NMTBs by RSM, while the analysis of variance 
(ANOVA) listed in Table S2 and S3 tested the significance 
of the fitted equations of SSA and removal efficiency, 
respectively. It can be seen that both two models exhibited 
very high level of significance (Model F-value were 37.85 
and 32.94, respectively; p < 0.01), while the “Lack of fit 
F-value” were not significant (p > 0.05). Additionally, the 
difference between coefficient of determination (R2 = 0.9743 
and 0.9705, respectively) and R2

adj (0.9485 and 0.9411, 
respectively) were less than 0.2 (R2-R2

adj < 0.2), which veri-
fied that both of the models were reliable. According to Fig. 
S2 and the F-value, the effect of the preparation temperature 

was more significant than the preparation time to both SSA 
and Cr(VI) removal efficiency. Therefore, preparation tem-
perature is crucial important to the improvement of SSA, 
and also plays a key role in enhancing the removal efficiency 
of Cr(VI). Subsequent analysis of physicochemical proper-
ties and Cr(VI) adsorption performance in this study mainly 
focused on NMTBs with different HTC temperature at 4 h, 
and their labels were simplified as NMTB-180, NMTB-200 
and NMTB-220. Furthermore, it should be noted that the 
present RSM optimization focused on the reaction condi-
tions (temperature and time) during HTC process, while the 
dosages of FeCl3, urea, and ZnCl2 were fixed based on pre-
vious literature. Future studies will incorporate these vari-
ables into a more comprehensive multivariate optimization 
to further refine the material properties and performance.

3.3  Physicochemical properties of NMTBs

The specific surface area is one of the most crucial proper-
ties affecting the adsorption ability of biochar. NMTB-200 
owned the highest SSA (25.177 m2/g), followed by NMTB-
180 (18.110 m2/g) and NMTB-220 (14.591 m2/g). The 
results demonstrated that increasing HTC temperature from 
180 °C to 200 °C contributed to the improvement of SSA. 
However, further elevated HTC temperature may cause the 
collapse of pores, reducing the numbers of micropores and 
leading to the decrease of SSA [30, 31].

Furthermore, the SEM images displayed in Fig. 2a–c 
showed the surface morphology properties of magnetic bio-
chars. NMTB-180 exhibited a typical fibrous structure of 
plant and limited pores and cracks (Fig. 2a). Comparably, 
NMTB-200 presented more, larger or deeper pores than 
NMTB-180, with the disappearance of the plant fibrous 
structure (Fig. 2b). The morphological changes can be well 
explained by the increase of HTC temperature from 180 
°C to 200 °C. The framework of the STL was destroyed 
through the heating process, and the volatile compounds 
were released [32]. The roughness architecture is in favor 
of the improved SSA and the adsorption ability. However, 
at higher HTC temperature (220 °C), the collapse carbon 
skeleton of the biomass significantly blocks some pores, 
leading to a reduction in porous structure (Fig. 2c), hence 
resulted in the lower SSA of NMTB-220. Besides, the 
rough and irregular porous structures with numerous par-
ticles on the surface of magnetic biochars can be observed, 
representing that Fe particles have successfully adhered to 
the surface of the NMTBs materials [33]. The results sug-
gested that the volatile compounds in biomass gradually 
leach out with the increase of HTC temperature, forming 
microporous and mesoporous structures of biochars, and 
leading to the increase of SSA. Fig. 2d–f presented the EDS 
elemental mapping results of NMTB-180, NMTB-200 and 
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NMTB-220. It illustrated that both Fe and N showed highly 
homogeneous distribution across the scanned area. No obvi-
ous iron‑rich agglomerates or nitrogen‑depleted regions are 
observed, confirming that the one‑step HTC process suc-
cessfully incorporates Fe and N species uniformly into the 
carbon matrix. The corresponding EDS elemental composi-
tion (Fig. S3a) further confirmed the presence of Fe and N 
with atomic contents of approximately 4.03–5.62 at.% and 
4.95–5.37 at.%, respectively. In addition, approximately 
2.63–3.38 at.% of Zn was detected on NMTBs (Fig. S3b), 
which may attribute to the residual ZnCl2 poreforming 
agent used during HTC synthesis. Despite thorough wash-
ing, trace Zn may be retained due to complexation with sur-
face functional groups or encapsulation within the carbon 
matrix.

The XRD analysis of magnetic biochars were depicted in 
Fig. 2g. From the XRD patterns of three magnetic biochars, 
the diffraction peaks emerged at around 2θ = 18.1°, 29.9°, 
35.2°, 42.8°, 53.6°, 56.7° and 62.1° indexing to the (111), 
(220), (311), (400), (422), (511) and (440) lattice planes of 
Fe3O4, while the peaks at 24.9° and 32.4° were assigned to 
(012) and (104) crystalline planes of Fe2O3. It can be con-
firmed from these characteristic peaks that Fe was success-
fully doped onto the biochars surface with the formation of 
iron oxide. According to the diffraction files of Fe3O4 and 
Fe2O3, these diffraction peaks shifted to the left (towards 
lower angles), indicating an increase in the interplanar spac-
ing. This increase may attribute to the doping of heteroatom 
(such as N atom in this study) onto the lattice [22]. Besides, 

the typical broad peaks which were attributed to graphite 
carbon were not observed from three magnetic biochars, 
suggesting that the cellulose of the pristine material might 
decomposed during the HTC process [34]. This phenom-
enon is benefit for the doping of Fe or N atoms by supplying 
a large amount of defect sites.

The vibrating scanning microscope (VSM) was per-
formed to investigate the magnetic properties of NMTBs, 
with a field sweeping from − 10,000 to + 10,000 Oe. As 
illustrated in Fig. S4, the magnetic saturation (Ms) values of 
NMTB-180, NMTB-200 and NMTB-220 were 1.78, 2.98 
and 5.95 emu/g, respectively, suggesting that the increasing 
HTC temperature is beneficial to the improvement of Ms. 
Additionally, the low Ms values of NMTBs possibly owing 
to the low crystallinity or the small crystal size of magnetite 
Fe3O4 generated during the magnetization of biochar [35].

3.4  Cr(VI) adsorption performance of NMTBs

3.4.1  Effect of biochar dosage on Cr(VI) adsorption

The effects of NMTB dosage, initial concentration of Cr 
(VI), the contact time of adsorption and pH values have been 
studied respectively and shown in Fig. 3. It can be observed 
in Fig. 3athat when the biochar dose increased from 0.02 g 
to 0.1 g, the removal percentages of Cr(VI) improved 
from 35.71%, 38.67% and 30.14% to 86.73%, 96.90% 
and 77.77% by NMTB-180, NMTB-200 and NMTB-220, 
respectively. With the further increase of biochar dose (to 

Fig. 2  SEM images of NMTB-180 (a), NMTB-200 (b) and NMTB-220 (c) At different magnifications, EDS mapping of Fe, C, O and N elements 
in NMTB-180 (d), NMTB-200 (e) and NMTB-220 (f), and XRD patterns (g) of NMTBs
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0.5 g), the removal rates were all decreased. Meanwhile, 
the adsorption capacities were notably declined from 
44.64, 48.33 and 37.68 mg/g to 2.18, 3.51 and 3.23 mg/g 
by NMTB-180, NMTB-200 and NMTB-220, respectively. 
This phenomenon is mainly because that when the biochars 
dosage is low, the surface functional groups supplied by 
magnetic biochars are relative less, and the Cr ions binding 
with the functional groups is more complete, resulting in the 
high adsorbent utilization and consequently high adsorption 
capacity. However, the initial Cr(VI) concentration is high 
(50 mg/L), the low dosage provides insufficient adsorbent 
sites in the adsorption system, leading to a low removal 
rate [36]. When the dosage of adsorbent is excessive, the 
dispersibility of the adsorbent in the solution is impaired, 
which illustrated that the total specific surface area of the 
adsorbent is increased. This leads to an incomplete adsorp-
tion by individual adsorbent particles. Consequently, the 
utilization rate of the adsorbent decreases, causing the rise 
of removal rate, while the adsorption capacity declines [37]. 
To facilitate a unified study of the adsorption behavior of the 
three magnetic biochars, 0.05 g was selected as the adsor-
bent dosages for subsequent research.

3.4.2  Effect of initial concentrations on Cr(VI) adsorption

The effect of different initial concentrations on Cr (VI) 
adsorption performance was analyzed in Fig. 3b. It was 
described that the initial concentration increased from 10 
to 200 mg/L, the adsorption capacity enhanced from 9.23, 
9.60 and 9.37 mg/g to 54.79, 60.53 and 48.01 mg/g by 

NMTB-180, NMTB-200 and NMTB-220, respectively. 
Meanwhile, the removal rates were declined remarkably. At 
low initial Cr(VI) concentrations, the adsorption sites on the 
magnetic biochars are plentiful, so the adsorption has not 
yet reached saturation. Therefore, the removal rates were 
high, but the actual adsorbed amounts remained low. As 
the concentrations elevates, the abundance of Cr ions rises, 
occupying a great number of the adsorption sites, resulting 
in the increase of adsorption capacity. However, the adsorp-
tion capacity will reach equilibrium when the adsorption 
sites are completely saturated, rather than continuing to 
increase, as the initial Cr(VI) concentration rises [38].

3.4.3  Effect of adsorption time on Cr(VI) removal

The adsorption capacities and removal rates at different 
adsorption time were investigated in Fig. 3c to describe 
the effect of contact time of NMTBs on Cr(VI). It can be 
seen that at the early period of the adsorption, the adsorp-
tion capacities and removal rates of three magnetic biochars 
were all at lower stage. As the reaction time increased, both 
removal efficiencies and adsorption capacities exhibited 
rapid growth. After 6 hours of adsorption, the increasing 
rate gradually leveled off as equilibrium was approached. It 
can be speculated that the biochar surface possesses numer-
ous active adsorption sites at the initial adsorption stage, 
which enable the rapid and substantial uptake of Cr ions 
from the solution. As time progresses, an increasing num-
ber of adsorption sites become occupied by the Cr ions, 
resulting in the reducing number of available active sites. 

Fig. 3  The effects of biochar dosage (a), initial concentration of Cr(VI) (b), contact time (c) and initial solution pH (d) On Cr(VI) adsorption 
performance by NMTBs
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Hence, the adsorption rate gradually slows down, eventu-
ally approaches equilibrium. Moreover, during the initial 
adsorption stage, the high concentration of Cr(VI) in the 
solution creates a significant adsorption driving force, leads 
to a rapid adsorption rate of Cr(VI). Nevertheless, as the 
adsorption proceeds, Cr ions compete for the remaining 
adsorption sites, causing the decrease of absorption amount 
[39].

3.4.4  Effect of pH on Cr(VI) adsorption

The pH of the solution is a pivotal parameter that affect the 
adsorption efficacy of biochar. As can be seen in Fig. 3d, it 
is evident that all NMTBs exhibits a decrease adsorption 
capacity and removal efficiency with the increase of pH 
value from 2 to 7. The maximum Cr(VI) uptake of NMTB-
180 (34.38 mg/g), NMTB-200 (40.21 mg/g) and NMTB-
220 (31.11 mg/g) achieved at pH = 2, corresponded with the 
highest removal efficiency of 68.75%, 80.42% and 62.22%, 
respectively. At mildly acidic conditions (pH 4–5), NMTBs 
still retained approximately 60% of its maximum capacity. 
Notably, a significant decrease of adsorption performance 
occurred as the solution pH increased to 6 and 7. This may 
be because, under acidic conditions, Cr(VI) exists primarily 
as HCrO4

− and Cr2O7
−, whereas as the pH increases, Cr(VI) 

exists primarily as CrO4
2−. As reported previously, HCrO4

− 
has a higher adsorption free energy than CrO4

2−, therefore 
is more readily adsorbed [40]. Besides, the concentration 

of OH− in the solution gradually increases as the pH rises, 
leading to competitive adsorption with CrO4

2−. In contrast, 
the abundance of protons and positively charged surface 
functional groups in acidic media enhances the electrostatic 
attraction between the chromium anion and NMTBs [41]. 
As the solution’s pH increases, the number of protons and 
positively charged functional groups decreases, which may 
reduce the number of available reaction sites on the biochar 
and weaken the electrostatic attraction between the chro-
mium anion and the biochar [42].

3.5  Adsorption isotherms and kinetics models

3.5.1  Adsorption isotherms of NMTBs

The Langmuir and Freundlich models were utilized for 
adsorption isotherms analysis on Cr (VI). Figure 4a showed 
the fitting curves of the adsorption isotherms of three mag-
netic biochars. It can be observed that the experimental data 
of NMTB-180, NMTB-200 and NMTB-220 were more fit-
ted to Langmuir isotherm compared to Freundlich isotherm. 
Besides, the corresponding parameters listed in (Table S4) 
exhibited that the Langmuir R2

adj values for NMTB-180, 
NMTB-200 and NMTB-220 (0.985, 0.968 and 0.973, respec-
tively) were higher than the Freundlich R2

adj values (0.834, 
0.924 and 0.905, respectively). What’s more, the Langmuir 
model of NMTBs exhibited the smaller SSE (3.435, 10.610 
and 4.999, respectively) and χ2 (17.176, 53.046 and 24.999, 

Fig. 4  Adsorption isotherms and the fitting curves by Langmuir and Freundlich models (a), adsorption kinetics and the fitting curves by PFO and 
PSO equations (b) For Cr(VI) adsorption by NMTBs. (m = 0.05 g, V = 50 mL, C0 = 50 mg/L, pH = 2)
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respectively) values than Freundlich model’s (SSE: 7.692, 
25.138 and 17.769; χ2: 7676.629, 125.688 and 88.844, 
respectively). The above results suggested that the Lang-
muir model provides a more appropriate description of the 
Cr(VI) adsorption by NMTBs, with the monolayer sorption 
dominating the adsorption process, forming complexation 
interaction involving functional groups such as Fe–O and 
O–C = O bonds [43].

Moreover, qm value calculated from Langmuir model 
(Eq. (3)) represented the maximum theoretical adsorption 
capacity, and NMTB-200 owned the highest qm value for 
Cr(VI) (63.03 mg/g), followed by NMTB-180 (54.06 mg/g) 
and NMTB-220 (48.74 mg/g). The adsorption capacities of 
NMTB demonstrated that the magnetic biochars derived 
from STL possessed good adsorption for Cr(VI), while 
NMTB-200 shows the best adsorption ability in accordance 
with its SSA result. Previous studies have obtained various 
tea waste-based biochars with different Cr(VI) adsorption 
capacities, including 34.59 mg/g of used green tea leaves 
after consumption [44] and 38.62 mg/g of tea waste biochar 
[37], as well as biochars made from other pristine materi-
als, such as the 21.3 mg/g of Eucalyptus globulus bark [45], 
20.05 mg/g of cotton stalk [46] and 43.12 mg/g of sugar-
cane bagasse [47]. Certainly, numerous biochars reported 
before also contained higher Cr(VI) adsorption amounts 
[48]. Therefore, further modification on our tea waste-based 
magnetic biochars can be explored to enlarge their adsorp-
tion ability.

Additionally, RL parameter obtained from the Langmuir 
model can be used to determine whether the adsorption of 
biochar is thermodynamically favorable, thereby character-
izing its adsorption properties. Generally, RL = 0 indicates 
irreversible adsorption, while 0 < RL < 1 suggests the adsorp-
tion process proceeds relatively easily and RL > 1 expresses 
unfavorable adsorption [49]. As shown in Table S4, RL of 
three NMTB were in the range of 0–1, demonstrating favor-
able adsorption of Cr(VI) by the magnetic biochars. Con-
sequently, the N-doped magnetic biochars of STL prepared 
by HTC method can effectively adsorb Cr(VI), representing 
a low-cost, high-efficiency and environmentally friendly 
adsorbent material with significant application value.

3.5.2  Adsorption kinetics of NMTBs

Adsorption kinetics can describe the speed of the adsorp-
tion, and PFO and PSO models are the primary kinetics. The 
fitting results were showed in Fig. 4b and Table S5. Accord-
ing to the coefficient, the PSO R2

adj values of NMTB-180, 
NMTB-200 and NMTB-220 were 0.996, 0.993 and 0.999, 
respectively. This is compared to the PFO R2

adj values of 
0.979, 0.980, and 0.993, suggesting that the PSO model fit-
ted the experimental Cr(VI) adsorption data comparatively 

better than the PFO model. The error function analysis (SSE 
and χ2 values) further supports the model selection. The 
PSO model yields lower SSE and χ2 values compared with 
the PFO model among NMTBs, confirming its better fitting 
accuracy and indicating that the overall adsorption rate is 
controlled by chemisorption. It has been reported that the 
PFO model usually describes the initial stage of adsorption 
well, and is often associated with a physisorption‑domi-
nated process, whereas the PSO model usually implies that 
the overall rate is limited by sites of chemisorption [50, 
51]. Nevertheless, although the PSO model better fits the 
adsorption process of NMTBs, it cannot conclusively prove 
chemisorption. Therefore, additional characterization and 
theoretical analyses are required to establish the underlying 
mechanism, which are discussed in detail in Sect. 3.7.

Moreover, the qe of Cr(VI) adsorption calculated from the 
PSO model were 47.91, 49.42 and 46.81 mg/g of NMTB-
180, NMTB-200 and NMTB-220, respectively, which were 
closer to the experimental data than the qe values from the 
PFO model (40.76, 43.41 and 39.23 mg/g, respectively). 
Among them, NMTB-200 has the best Cr(VI) adsorption 
performance than NMTB-180 and NMTB-220. Based on 
the adsorption curves, NMTB-200 exhibits a faster increase 
in Cr(VI) adsorption capacity compared to NMTB-180 and 
NMTB-220. Therefore, NMTB-200 offers the advantages of 
possessing a higher Cr(VI) adsorption capacity and achiev-
ing adsorption equilibrium faster than NMTB-180 and 
NMTB-220, making it a promising candidate adsorbent for 
removing Cr(VI) while also addressing the issue of wasting 
tea residue resources.

3.6  Reusability, environmental remediation 
potential and performance comparison analysis

In order to verify the adsorbent recyclability and reusabil-
ity performance, 0.1 g NMTB-200 was used for 50 mg/L 
Cr (VI) solution (50 mL) adsorption for 24 h, and then was 
desorbed by 0.1 mol/L NaOH solution for 2 h. The recycle 
was conducted for five times and each of the removal per-
formance was displayed in Fig. 5a. As can be seen, after five 
adsorption-desorption cycles, the removal rates of NMTB-
200 decreased from 99.95% to 84.49%, suggesting a low 
reduction in the efficiency of Cr (VI) removal. The results 
indicate that NMTB possesses excellent reusability and is a 
highly promising and cost-effective adsorbent for Cr(VI). 
Besides, ICP-OES was applied for the concentration of Fe 
leaching. The results showed in Fig. 5b indicated that the 
dissolved Fe concentrations in all five cycles were low (less 
than 1.32 mg/g), indicating that NMTB-200 effectively sup-
pressed Fe leaching and enhanced structural stability. More-
over, the Fe concentrations in the desorption solutions were 
decreased from 1.32 to 0.07 mg/L, which may illustrate that 
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Fig. 5  The effects of cycle number on Cr(VI) adsorption performance 
by NMTB-200 (a), leaching concentration of Fe in different cycles 
of desorption solutions (b), FTIR (c) and XPS (d) spectra of NMTBs 
before and after adsorption, Cr2p spectra of NMTBs after adsorption 

(e), zeta potential plots and pHPZC of NMTBs (f), and Cr(VI), Cr(III), 
total Cr and CrADS concentrations of NMTBs. CrADS represented con-
centration of adsorbed Cr on the solid phase, which was calculated by 
50 (mg/L) minus total Cr (mg/L)
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a small fraction of weakly bound or surface‑exposed iron 
species was removed during the first desorption, while the 
iron deeply embedded in the carbon matrix remains tightly 
anchored and resistant to further leaching. The consistently 
low iron release demonstrates that the Fe species are tightly 
anchored within the carbon matrix, likely due to the encap-
sulation by the hydrothermal carbon layer and the formation 
of stable Fe–N and Fe–O bonds, which prevent significant 
dissolution even under the alkaline desorption conditions 
[52].

In addition, 0.1 g NMTB-200 was also tested to adsorb 
real surface water sample from the farmland. The water 
sample was collected from an agricultural drainage ditch 
where low Cr(VI) contamination risk has been previously 
detected, reflecting realistic field exposure levels in soil-
water systems. The Cr(VI) concentration of the collected 
sample was 0.0454 mg/L, which falls between the Class I 
(<0.01 mg/L) and Class II (<0.05 mg/L) water quality stan-
dard values. After 24 h adsorption, the Cr(VI) concentration 
decreased to 0.0016 mg/L from the original concentration. 
The removal efficiency was 96.55%, demonstrated that 
NMTB-200 performs well in practical application. Besides, 
considering the complexity of actual environmental water, 
future studies should evaluate the adsorption performance 
in wastewater with higher Cr(VI) concentrations and com-
peting ions.

Table 2 compared the Cr(VI) adsorption capacity of 
NMTB with other biochars derived from tea residues and 
various agricultural/forestry wastes reported in recent litera-
ture. Despite the relatively low BET surface area of NMTB, 

it exhibited a competitive or superior adsorption capacity 
compared with most listed adsorbents. Compared with tea 
residue biochars prepared by conventional high‑temper-
ature pyrolysis, NMTB obtained by HTC achieved com-
parable removal efficiency (96.9%), with the additional 
advantages of lower synthesis temperature, no need for 
feedstock pre‑drying, and simultaneous magnetization. This 
highlights the suitability of the hydrothermal route for pro-
cessing wet tea waste. Moreover, waste tea residues have 
become a massively generated byproduct of the booming 
tea beverage industry, the selection of STL as the precur-
sor provides a sustainable strategy about turning waste into 
adsorbent. It is both cost‑effective and environmentally 
significant, which embodies the circular economy concept. 
It should be noted that the comparison is limited by differ-
ences in experimental conditions. Nevertheless, the overall 
trend demonstrates that NMTB stands out as a promising 
candidate for Cr(VI) removal, combining facile synthesis 
and competitive adsorption performance.

3.7  Adsorption mechanism investigation

3.7.1  FTIR and XPS analysis after adsorption

FTIR was employed to analyze the surface functional groups 
of magnetic biochars before and after adsorption, and the 
results were showed in Fig. 5c. It revealed that N and Fe 
elements were successfully doped onto the surface of all the 
NMTB samples, according to the peaks at 1060 cm−1 and 
546 cm−1 representing C–N and Fe–O groups. Moreover, 

Table 2  Comparative adsorption performance of Cr(VI) using various biochars
Biochar type Preparation method SBET 

(m2/g)
Adsorption 
condition

Adsorption 
capacity 
(mg/g)

Removal 
efficiency 
(%)

Refer-
ence

pH Initial Cr(VI) 
concentration 
(mg/L)

Eucalyptus globulus bark Pyrolysis, 2 h, 500 °C 265 2 20–40 21.3 / [45]
Sugarcane bagasse Pyrolysis, 2 h, 600 °C, magnetic biochar 

derived from steel pickling
29.918 4.63 / 43.122 / [47]

Rice straw 33.850 33.227 /
Peanut shells 36.791 13.579 /
Herb residue 36.812 11.726 /
Sugarcane bagasse Hydrothermal carbonization, 12 h, 220 

°C, HCl-activated
7.146 1 150 236.51 99.61% [53]

Passion fruit peel Hydrothermally treated, 7 h, 180 °C 12.08 2 175 35.68 / [54]
Rice husk Pyrolysis, 2 h, 500 °C, Fe-Zn-modified 134.6 2 10 9.97 / [29]
Acacia falcata leaf powder Hydrothermal carbonization, 15 h, 473 

K, Fe-modified
6.83 2 40 36.15 / [55]

Tea waste Pyrolysis, 2 h, 450 °C / 5.2 120 197.5 99.3% [37]
Rice husk / 195.24 96.8%
Tea waste Pyrolysis, 2 h, 450 °C, microwave 

post-modified
/ 5.2 120 38.16 99.9% [56]

Dried tea stalk Pyrolysis, 2 h, 600 °C, Fe-modified 305.256 2 50 / 99.89% [57]
Spent tea leaves Hydrothermal carbonization, 4 h, 200 

°C, Fe-N co-doped
21.335 2 50 63.03 96.9% This 

work
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after the adsorption of Cr(VI), the C = C/C = O and C–N 
vibrations of all three NMTB samples showed similar shift 
wavelengths, this may due to a redox reaction with Cr(VI), 
resulting in the reduction of Cr(VI) to Cr(III) and the sub-
sequent formation of a precipitate [58]. The intensity of the 
characteristic peak at 546 cm−1 became weaker after adsorp-
tion, demonstrated that Fe–O group on the NMTBs surface 
participated the adsorption reaction. FTIR results indicated 
that the Cr(VI) adsorption process by NMTB involves both 
electrostatic attraction and chemical adsorption.

The surface composition and functional groups before 
and after adsorption were conducted by XPS analysis. It 
can be found from the wide scan of XPS spectrum (Fig. 5d) 
that the surface N and Fe contents were increased from 5.38 
at.% and 2.77 at.% to 6.17 at.% and 3.47 at.%, respectively 
with the HTC temperature increased from 180 °C to 200 °C. 
Besides, a slight decrease of the surface N and Fe contents 
occurred when the HTC temperature increased from 200 °C 
to 220 °C, suggesting that the co-doped of N and Fe can 
enrich the surface functional groups of the biochars under 
appropriate HTC temperature [59, 60]. After adsorption, 
Cr2p peak can be observed on the surface of NMTBs, indi-
cated that NMTBs had adsorbed a large amount of Cr (VI). 
The high resolution of Cr2p of NMTBs after adsorption pre-
sented in Fig. 5e. The peaks at around 577 eV and 586 eV are 
the characteristic peaks of Cr(III), which may resulting from 
the formation of Cr2O3, FeCr2O4, and Cr(OH)3. Meanwhile, 
the peaks at around 579 eV and 588 eV are the characteristic 
peaks of Cr(VI) [61]. Based on the peak areas, it can be 
inferred that the Cr adsorbed on the NMTBs surface primar-
ily exists in the form of Cr(III). The coexistence of Cr(VI) 
and Cr(III) on the NMTBs surface indicates that the valence 
state of surface Cr changes during the adsorption process; 
part of the Cr(VI) was reduced by the reducing agent to less 
toxic Cr(III) and adsorbed onto the biochars surface [62]. 
It can therefore be inferred that the removal mechanism of 
NMTBs for Cr(VI) primarily involves reduction and com-
plexation, consistent with the results of FTIR analysis. The 
Fe2p spectrum (Fig. S5) of NMTBs exhibited that each 
sample can be separated into six divided peaks with the 
binding energy at around 711 and 724 eV were ascribed to 
Fe(II)2p3/2 and Fe(II)2p1/2, while peaks at around 713 and 
726 eV that corresponded to Fe(III)2p3/2 and Fe(III)2p1/2, as 
well as their satellite peaks at 719 and 733 eV, respectively 
[22]. The Fe2p spectrum of NMTB presented the typical 
Fe(II) and Fe(III) spectrum, demonstrated the successful 
introduction of Fe into the biochars matrix. After adsorp-
tion, Fe(II) peaks area were increased suggested that Fe ion 
was involved in the adsorption reaction. This increase may 
be attributed to Cr coordinating with Fe–O active sites on 
the NMTB surface or to surface structural rearrangement, 
leading to a redistribution of electrons between Fe(II) and 

Fe(III). Therefore, XPS results supported that a chemical 
redox mechanism rather than pure physical adsorption of 
the Cr(VI) adsorption by NMTBs.

3.7.2  Zeta potential and point of zero charge analysis

Zeta potential measurements were conducted to evaluate the 
surface charge properties of NMTBs. As illustrated in Fig. 
5f, the results demonstrated that with the increase of HTC 
temperature, NMTBs exhibited a slight increase of positive 
surface zeta potentials under acidic to neutral pH condi-
tions (pH 3–7). Besides, the point of zero charge (pHPZC) of 
NMTBs was slightly shifted from 4.41 (NMTB-180) to 5.31 
(NMTB-220), which demonstrated the presence of metal 
oxide species and protonatable functional groups onto the 
biochar surface.

The initial pH of Cr(VI) solution can influence the poten-
tial charges of active sites present on the adsorbent. At low 
pH (when pH < pHPZC), the surface of NMTBs is proton-
ated and positively charged, favoring the electrostatic accu-
mulation of anionic Cr(VI) species (such as HCrO4

− and 
Cr2O7

2−). Simultaneously, the reduction of Cr(VI) to Cr(III) 
is facilitated by the abundant H+ ions, and the Fe dopant 
sites in NMTB serve as efficient electron donors under 
acidic conditions. With increasing pH, the surface charge 
changes, repelling the Cr(VI) anions, and the reduction 
reaction is kinetically inhibited, resulting in lower adsorp-
tion capacity (pH > 5). The observed trend of pH affection 
is consistent with the dominant mechanisms of electrostatic 
attraction and surface reduction.

In addition, by comparing the N1s spectrum before 
and after reaction (Fig. S6), the peaks of N species shift 
towards higher binding energy, suggesting the possibility 
of the coordination reaction between the doped N and Cr. 
The peak areas of graphite N increased, while those of pyr-
rolic N and pyridinic N decreased, which may due to the 
stronger coordination ability of pyrrolic N and pyridinic N 
with Cr(VI) ions. Therefore, the type of doped nitrogen is 
an important factor influencing the adsorption performance 
of Fe-NMBC These changes suggest the formation of coor-
dination reaction between doped N and Cr [63]. The N-con-
taining groups on NMTB undergo protonation at low pH, 
thus generate positively charged sites, which electrostati-
cally attract the anionic Cr(VI) species (HCrO4

−/Cr2O7
2−). 

As can be seen from the reaction, the subsequent reduction 
of Cr(VI) to Cr(III) consumes a large number of protons, 
promoting the removal of Cr(VI). The consumption of pro-
tons causes the solution pH to rise gradually as the reduction 
proceeds, which in turn lowers the redox potential of Cr(VI) 
and eventually limits further reduction. This is consistent 
with the high removal efficiency observed at acidic pH and 
the efficiency declined with the increase of pH. Generally, 
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these findings confirm that electrostatic interaction plays an 
essential role in the initial accumulation of Cr(VI) on the 
NMTB surface prior to reduction and complexation.

3.7.3  Cr(VI)/Cr(III) distribution analysis during adsorption

To quantify the extent of Cr(VI) reduction, the distribution 
of Cr(VI) and Cr(III) in the solution after adsorption was 
analyzed. Specifically, the total Cr concentration was mea-
sured by ICP-OES, while the residual Cr(VI) concentration 
was determined by the spectrophotometric method. The 
Cr(III) concentration was then calculated as the difference 
between concentrations of total Cr and Cr(VI). Besides, the 
concentration of adsorbed Cr (CrADS) on the solid phase can 
be calculated by subtracting the total Cr concentration in 
the solution after adsorption from the initial Cr concentra-
tion (50 mg/L). The results shown in Fig. 5g illustrated that 
total Cr concentrations was 20.65, 12.76 and 27.78 mg/L 
of NMTB-180, NMTB-200 and NMTB-220, respectively. 
Meanwhile, the Cr(VI) concentration decreased from an ini-
tial level of 50 mg/L to 12.92, 5.04 and 19.84 mg/L, respec-
tively. Thus, Cr(III) concentrations were 7.73, 7.72 and 
7.86 mg/L, respectively. It can be estimated that NMTB-
180, NMTB-200 and NMTB-220 retained 29.35, 37.24 
and 22.23 mg/L of CrADS on the solid phase, respectively. 
NMTB-200 exhibited highest removal of Cr, with a minor 

fraction of the reduced Cr(III) released back into the solution 
(approximately 20%). It demonstrated that most of Cr(VI) 
was reduced to Cr(III) and subsequently immobilized on the 
NMTB surface, consistent with the findings of XPS analysis 
that Cr(III) are the dominant form of Cr2p. Together, these 
quantitative results confirmed that Cr(VI) removal proceeds 
predominantly by reduction and surface complexation of 
Cr(III) on the NMTB surface. Moreover, the applicability 
of the PSO kinetic model and the Langmuir model also indi-
cated that the adsorption process is monolayer adsorption, 
in which chemical adsorption is the primary mechanism.

3.7.4  DFT calculation

In order to explore the adsorption mechanism theoretically, 
DFT calculations were performed to clarify the adsorption 
behavior of Cr (VI) on NMTB. According to the character-
ization results, the structure of Fe and N co-doped biochar 
(represent NMTB) was constructed using VASP 5.4.4 soft-
ware, along with the original carbon structure substrate (rep-
resent pTB) for comparison (Fig. 6a). The computational 
details are described in Text S2 in Supplementary Material. 
Furthermore, the views of Cr adsorption on pTB and NMTB 
and their adsorption energies were presented in Fig. 6b. It 
can be seen from the absolute values perspective that the 
adsorption energy of Fe and N sites in NMTB was 3.409 eV, 

Fig. 6  The geometry structures of pTB and NMTB (a), diagram of the 
adsorption system and the adsorption energy of pTB and NMTB (b), 
top view and side view of the charge density difference of Cr adsorbed 
on pTB (c) and NMTB (d), and the adsorption mechanisms of Cr(VI) 

removal by NMTB (e). The different adsorption sites are referred to 
graphitic-N, pyrrolic-N, pyridine-N and Fe sites in (b-d). The cyan 
areas indicate electron-deficient regions and yellow areas indicate 
electron-concentrated regions in (c-d)
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which was superior to that of the corresponding sites in pTB 
(3.201 eV). This indicated that the synergistic effect of Fe 
and N in NMTB improved the adsorption performance of 
Cr, which is align with the adsorption capacity detected 
above. It has been reported that chemical adsorption is char-
acterized by a relatively high absolute value of adsorption 
energy (>0.5 eV), which is typically negative [64]. In this 
work, the adsorption energy of NMTB (−3.409 eV) indi-
cated that the adsorption of Cr by NMTB is dominated by 
a chemical adsorption process that significantly reduces the 
system’s energy through the formation of chemical bonds. 
Figure 6c-d showed the top and side views of the charge 
density difference upon Cr adsorption of pTB and NMTB, 
respectively. The cyan areas in the Fig. 6c–d represent 
charge dissipation, while the yellow areas represent charge 
accumulation. It showed a clear charge transfer between 
Cr and the substrate, and this charge transfer is more pro-
nounced in NMTB. Charge exchange also occurred between 
Fe and the substrate, resulting in increased substrate polar-
ity and, consequently, increased adsorption energy between 
Cr and the substrate. There is a significant redistribution of 
charge density at the adsorption sites doped with Fe and N, 
suggested chemical adsorption of NMTB for Cr [65]. The 
DFT calculation demonstrated that chemical adsorption is 
the predominant adsorption mechanism and Fe and N dop-
ants contribute to optimized the adsorption performance.

Based on the evidence presented above, the possible 
Cr (VI) removal mechanism by NMTB can be schemati-
cally illustrated in Fig. 6e. There are three main steps of 
the adsorption: (i) Electrostatic attraction. At the optimal pH 
of 2 (well below the pHPZC of NMTB), negatively charged 
Cr(VI) species (such as HCrO4

− and Cr2O7
2−) are electro-

static attracted and accumulated on the surface of the bio-
char by the positive charge protonated on the surface of the 
biochar, as confirmed by zeta potential and pHPZC analysis. 
(ii) Surface reduction. Once accumulated, Cr(VI) is reduced 
to Cr(III) by electron transfer from the active sites such as 
Fe and N dopant sites. This is supported by XPS detection of 
Cr(III) on the spent adsorbent surface, the quantitative dis-
tribution measurement that only a minor fraction of reduced 
Cr(III) released back into solution, and DFT calculation 
demonstrating a highly negative adsorption energy and 
direct electron transfer from the Fe dopant to Cr(VI). (iii) 
Surface complexation. The reduced Cr(III) is subsequently 
immobilized on the NMTB surface via complexation with 
functional groups, as evidenced by the shifts of N1s peaks in 
XPS and the changes in FTIR bands. The synergistic adsorp-
tion mechanism enables NMTB to effectively enrich Cr(VI) 
near the active sites and subsequently drive the reduction 
and complexation processes that reduced Cr(VI) to Cr(III), 
thus explain the high Cr(VI) uptake of NMTB despite its 
moderate surface area.

4  Conclusion

N-doped magnetic biochar derived from STL has been suc-
cessfully produced through one-step HTC method with the 
modification of urea and FeCl3. The results showed that the 
doping of N and Fe to the biochar significantly increased 
the specific surface area and Cr(VI) removal compared to 
pristine biochar. Moreover, optimization of the preparation 
process unveiled the highest removal efficiency of 96.90% 
under optimal preparation temperature and time of 200 
°C and 4 h. NMTBs exhibited required suitable properties 
for Cr(VI) removal and the maximum adsorption capacity 
reached 63.03 mg/g by NMTB-200. Furthermore, mono-
layer sorption and chemisorption were the main adsorption 
process of NMTB. Reusability performance resulted in a 
removal efficiency of 84.49% after adsorption for five times, 
while removal rate in practical application was 96.55%. 
The removal mechanism demonstrated that electrostatic 
attraction is the initial driving force, where the surface is 
positively charged and hence facilitates the accumulation of 
anionic Cr(VI) species. Surface reduction plays the domi-
nant role, which can be confirmed from the formation and 
quantitative of Cr(III) and DFT calculations. Shifts in XPS 
spectra and changes in FTIR bands suggested that surface 
complexation further immobilizes the reduced Cr(III). 
Overall, NMTB offers distinct advantages, including lower 
synthesis temperature, no need for feedstock pre-drying, 
one-step co-doping, and competitive adsorption efficiency. 
The valorization of STL from the rapidly expanding tea 
beverage industry is an effective, low-cost, and eco-friendly 
strategy for treating Cr(VI)-contaminated wastewater and 
aligns with circular economy principles.
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