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a b s t r a c t

Eliminating heavy metals from industrial high-salinity wastewater is imperative for sustainable indus-

trial development and environmental protection. Herein, a citrate-modified biochar that demonstrated

robust anti-salt interference was developed. The sorbent achieved an adsorption capacity of 252.14mg/g

in 4.1mol/L NaCl solution and 232.55mg/g in 1.4mol/L Na2SO4 solution, maintaining efficient Cu(II) ad-

sorption over four cycles. It retained an adsorption capacity of 236.89mg/g in real waste salt-derived

brine. Adsorption followed pseudo-first-order kinetics (k=0.0901min-1) and conformed to the Lang-

muir isotherm (qmax =251.21mg/g) model, indicating that physical adsorption on a homogeneous sur-

face primarily governs the adsorption mechanisms. Thermodynamic analysis revealed that the adsorp-

tion is spontaneous and endothermic, with enhanced affinity for Cu(II) at higher temperatures. Oxygen-

containing groups, especially the hydroxyl group, drove adsorption via surface precipitation/complexation,

ultimately generating posnjakite (Cu4(SO4)(OH)6·2H2O). Cost analysis showed that the total expenditure

for treating 1000 L of wastewater (300 mgCu/L) was $28.89 ($0.0963/gCu(II)) and the treatment capacity

using fixed-bed columns was 120 L/kg. These findings offer a viable and cost-effective strategy for Cu(II)

elimination from high-salinity wastewater.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heavy metals (HMs) are extensively applied across numerous

industrial enterprises, including traditional sectors like textile man-

ufacturing, tannery, and printing/dyeing [1,2], as well as emerg-

ing energy industries typified by lithium-ion battery (LIB) produc-

tion, where copper accounts for 7.3 %−16.6% of battery mass as the

current collector in anode materials [3–5]. Improper discharge of

copper-laden wastewater threatens aquatic ecosystems and human

health due to their inherent toxicity and non-biodegradable prop-

erties [6]. This concern has prompted the U.S. EPA to establish a

strict 1.3mg/L effluent limit for copper [1].

High-salinity industrial wastewater and waste salts often con-

tain HMs [6–9]. Current recycling techniques for high-salinity

wastewater primarily rely on advanced membrane methods, such

as nanofiltration, electroosmosis, and capacitive deionization [10].

However, the presence of HMs in these solutions can cause severe

membrane fouling, which increases energy consumption and re-
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duces recycling efficiency [11]. Therefore, there is an urgent need

to develop efficient and scalable technologies for removing HMs

from both industrial wastewater and waste salt brine, enabling sus-

tainable resource recycling and utilization.

Adsorption is preferred over other heavy metal remediation

techniques, particularly for biochar-based sorbents, which stand

out for their renewable feedstocks, facile fabrication, and cost-

effectiveness [12–15]. For instance, Elgarahy et al. [12] developed

a multifunctional eco-friendly sorbent derived from marine brown

algae and bivalve shells, achieving a Cu(II) adsorption capacity

of 6.94mmol/g. Radenković et al. [13] utilized a renewable and

locally available sunflower waste to fabricate a highly microp-

orous adsorbent for copper removal from heavily polluted min-

ing drainage water, emphasizing its alignment with the principles

of green chemistry and circular economy. Zhao et al. [14] synthe-

sized pomelo peel biochar via a facile low-temperature one-step

approach, yielding 137.4mg/g Ag(I) and 88.7mg/g Pb(II) adsorption

capacities. Biswal and Balasubramanian [15] conducted a compara-

tive analysis of heavy metal removal techniques, concluding that

adsorption-based remediation is both efficient and cost-effective

https://doi.org/10.1016/j.cclet.2025.111914
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Fig. 1. The optimal fitting pattern for (a) the pseudo-first-order kinetic model and

(b) Langmuir isotherm model in describing Cu(II) adsorption using CBC sorbent. The

initial Cu(II) concentration in kinetic assay was 250mg/L, whereas for the isotherm

assays, a series of initial concentrations, including 0, 50, 100, 150, 200, 250, 300,

350mg/L were employed.

for practical applications. Additionally, the citrate-modified rice

straw biochar was developed to address the issues of silicon de-

ficiency and HMs pollution in farmland soil, achieving Cu(II) ad-

sorption capacity of 271.73mg/g [16].

However, high salinity may significantly influence sorbent’s per-

formance in adsorbing HMs. Wang et al. [17] proposed that ele-

vated salinity can reduce Cu(II) adsorption capacity because Na+

competes for cation-exchange sites, weakening the electrostatic in-

teractions with target HMs. Conversely, Chen et al. [18] demon-

strated that Cl- binding on sorbent surfaces enhanced Cu2+ attrac-

tion by counteracting electrostatic repulsion. Li et al. [19] incor-

porated zeolitic imidazolate framework-8 into membranes, achiev-

ing a nickel adsorption capacity of 219.09mg/g in synthetic high-

salinity ([Na+]=15,000mg/L) wastewater. Chen et al. [20] reported

a Cu(II) adsorption capacity of 81.91mg/g using magnetic biochar

derived from pomelo peel, which remained relatively stable in up

to 1.0mol/L Na+ solution. Bogusz et al. [21] demonstrated 87%

Cu(II) removal in a 2.0mol/L Cl- solution using pyrolyzed biochar

derived from S. hermaphrodita biomass. Babeker et al. [22] fabri-

cated a chelating agent-modified biochar to enable effective Cu(II)

adsorption, achieving a capacity of 196.68mg/g in 500mmol/L Na+

solution. Despite these advancements, enhancing sorbents’ anti-

salt capacity and validating their performance in real brines re-

mains a critical research priority.

This work preliminarily fabricated a biochar composite via a

straightforward and eco-friendly pyrolysis method (Fig. S1a in Sup-

porting information) to address Cu(II) removal in high-salinity

wastewater. Physicochemical properties of the biochar were char-

acterized and its adsorption performance under different condi-

tions was analyzed, particularly in terms of anti-salt interference

and effectiveness in real waste salt brine. Investigations into the

underlying mechanisms of Cu(II) adsorption focused on the po-

tential functional groups, crystalline phases, and surface chemical

compositions of both pristine CBC and Cu(II)-adsorbed CBC in salt-

free and salt-saturated conditions.

After evaluating five common biomass precursors, camphor

bark was selected to fabricate a biochar sorbent via eco-friendly

pyrolysis. The raw biochar achieved an adsorption capacity of

76.59mg/g for Cu(II) (Fig. S1b in Supporting information). Among

various modification strategies, citrate modification significantly

enhanced adsorption capacity to 220.50mg/g (Fig. S1c in Sup-

porting information), representing a 2.88-fold improvement com-

pared to raw biochar. The adsorption kinetics of Cu(II) onto citrate-

modified biochar (CBC) sorbent were investigated at initial con-

centrations of 50mg/L and 250mg/L to assess the adsorption rate.

The pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich,

and intra-particle diffusion models were employed to fit the ex-

perimental data. As shown in Fig. 1a and Table S2 (Supporting

information), the PFO model provided the best fit (R2 =0.9869

and 0.9835) and the theoretical capacities (qt =50.29mg/g and

225.81mg/g) closely matched the experimental data (qmax of

50mg/g and 232.54mg/g). Equilibrium was reached after 30min

for the 50mg/L solution (Fig. S5a in Supporting information) and

40min for the 250mg/L solution (Fig. 1a). This observation indi-

cates that rapid surface physisorption dominates the adsorption

process, with rates governed by adsorbate diffusion kinetics [23],

and supports the hypothesis that Cu(II) uptake occurs primarily

via outer-surface physisorption [24]. Meanwhile, the kinetic con-

stant for the lower Cu(II) concentration (50mg/L, k1 =0.0901) was

2.26 times higher than that of the higher concentration (250mg/L,

k1 =0.0399), implying enhanced physical adsorption efficiency un-

der lower concentration conditions. Nevertheless, comparable R2

values for both PFO and PSO models also imply potential syn-

ergistic contributions from both physisorption and chemisorption

mechanisms, corroborating findings reported by Vikrant et al. [25].

Figs. S5b and c (Supporting information) depict the profiles of

the intraparticle diffusion model at initial Cu(II) concentrations of

50 and 250mg/L. Intra-particle diffusion analysis revealed three

kinetic phases with a better fit for experimental data, including

rapid surface complexation (k1 =9.85–50.95mg g-1 min-1/2), rate-

limiting pore diffusion (k2 =6.07–26.15mg g-1 min-1/2), and equi-

librium (k3 =1.45–13.08mg g-1 min-1/2) (Table S2 in Supporting in-

formation). The higher k1 values indicates rapid Cu(II) adsorp-

tion via surface functional group complexation at external surface,

while the reduced k2 at higher concentrations implies saturation

of active sites, likely governed by membrane and intra-particle dif-

fusion [26]. Collectively, these results indicate that Cu(II) adsorp-

tion on the CBC sorbent involves multifaceted mechanisms, pre-

dominantly driven by physical processes. The superiority of the

PFO model suggests that adsorbate diffusion dynamics govern the

rate-limiting step, while the comparable PSO model also implies a

potential contribution of chemisorption.

Adsorption isotherms of Cu(II) on CBC sorbent were evalu-

ated at 298.15, 308.15, and 318.15K. The evaluation utilized several

models, including Langmuir, Freundlich, Temkin, Redlich-Peterson,

and D-R. As shown in Fig. 1b and Fig. S6 (Supporting information),

and Table S3 (Supporting information), the Langmuir isotherm

model provided a better fit than Freundlich model, based on the

correlation coefficients (R2). The calculated qL values (251.21mg/g

at 298.15K, 231.86mg/g at 308.15K, and 239.03mg/g at 318.15K)

closely matched experimental qmax values (239.43, 251.23, and

248.72mg/g), indicating that monolayer adsorption occurred on

homogeneous surfaces with equivalent adsorption sites [27]. The

Langmuir constant (KL) increased with temperature, reflecting en-

hanced Cu(II) affinity [28]. The calculated RL values (0.0018–

0.0390) confirmed favorable adsorption (Fig. S7 in Supporting in-

formation) [29–31]. The decreasing RL with increasing temperature

and initial concentration further indicated temperature-dependent

endothermic behavior [18,27]. Freundlich model showed n<1.0

and higher KF values, indicating that Cu(II) adsorption is favorable

on heterogeneous biochar surfaces [32]. Temkin isotherm model

revealed a sorption energy (bTem ∼100 J/mol) consistent with phys-

ical interactions (<8kJ/mol). The lower sorption energy results

from weak van der Waals forces and weak sorbent-sorbate interac-

tions, suggesting that Cu(II) adsorption on the CBC is characterized

by physical adsorption mechanisms, such as electrostatic attraction

on the surface or interface [33,34]. D-R model-derived mean free

energy (E=0.8588–2.2445kJ/mol) further supported physical inter-

actions that predominantly governed the adsorption [34]. Redlich-

Peterson model with β values approaching 1.0 validated monolayer

adsorption on homogeneous sites [34]. Collectively, these results

indicate that Cu(II) adsorption on CBC sorbent is primarily gov-

erned by physical mechanisms, including electrostatic interactions

and surface complexation, with monolayer coverage favored at el-

evated temperatures.

The thermodynamic parameters, including standard enthalpy

change (�H0), free energy change (�G0), and entropy change
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Fig. 2. The (a) screening of eluents for Cu(II) desorption from spent CBC sorbent

and (b) recycling performance of CBC sorbent in Cu(II) adsorption after elution by

EDTA-2Na. M=mol/L.

(�S0), were analyzed to elucidate the energetics and spontaneity

of Cu(II) adsorption onto CBC sorbent. As shown in Fig. S8 and Ta-

ble S4 (Supporting information), the negative �G0 values across all

examined temperatures confirmed the favorable and spontaneous

nature of Cu(II) adsorption. Furthermore, the increasing �G0 with

rising temperature suggested that elevated temperatures enhance

adsorption spontaneity, which is consistent with the observed im-

provements in adsorption efficiency under higher thermal condi-

tions. The positive �H0 value of 45.74 kJ/mol indicated the en-

dothermic nature of Cu(II) adsorption, aligning with previous re-

ports by Salem et al. [35]. Additionally, the positive �S0 value of

239.25 J mol-1 K-1 indicates a higher level of disorder at the solid-

liquid interface during adsorption, likely due to structural rear-

rangements in both adsorbate and adsorbent phases that created

a more disordered interfacial system [18].

The regeneration of CBC sorbent was evaluated using sev-

eral eluents, including EDTA-2Na, CH3COOH, CH3COONa, HCl, and

NaOH. As depicted in Fig. 2a, EDTA-2Na outperformed other elu-

ents, achieving a remarkable re-adsorption capacity of 240.69mg/g

for Cu(II). This represents a 329.42% improvement over 1.0mol/L

HCl regeneration treatment (56.05mg/g). To ensure adsorption sat-

uration during the re-adsorption assay, the initial Cu(II) concentra-

tion was slightly above the theoretical capacity. Notably, sodium

carbonate formed during citrate-modified biomass pyrolysis may

serve as an adsorption site for Cu(II). However, acidic eluents could

potentially damage these sites, thereby impairing sorbent regener-

ation. In contrast, EDTA-2Na acts as an effective chelating agent by

forming soluble complexes with surface-adsorbed Cu(II) [36], fa-

cilitating HMs removal and preserving the sorbent’s structural in-

tegrity for subsequent reutilization. Reusability tests revealed that

the sorbent regenerated with EDTA-2Na retained a Cu(II) capac-

ity of 182.88mg/g after four cycles (Fig. 2b), which is 26.85%

lower than the maximum capacity observed during the first cy-

cle (240.69mg/g). Despite this decrease, the retained capacity sur-

passes most reported biochar sorbents, highlighting CBC’s potential

for practical applications [31,37,38].

CBC sorbent’s Cu(II) adsorption performance was further eval-

uated in high-salinity environments, including Na2SO4, NaCl solu-

tions, and a real waste salt brine. Fig. 3a shows that the adsorp-

tion capacities were maintained around 227.33±4.15mg/g across

Na2SO4 concentrations (0.1–0.5mol/L). Notably, even when the

salt strength was abruptly increased to a near-saturated level

(1.4mol/L, 20 °C), the adsorption capacity remained robust at

232.55±6.36mg/g. Concurrently, NaCl concentration effects were

investigated (Fig. 3b), revealing that Cu(II) adsorption capacities in

NaCl solutions (254.98±13.18mg/g) remained comparable to those

in the salt-free condition (255.99±16.07mg/g). Similarly, the ad-

sorption performance remained substantial at 252.14±1.09mg/g

even at abruptly elevated NaCl concentrations (4.1mol/L). These

observations align with Chen et al. [18], who proposed that back-

ground electrolytes neutralize biochar surface positive charges, en-

abling Cl- to bind to the biochar sorbent and effectively attract

Cu(II). In contrast to Wang et al. [17], who observed reduced

Fig. 3. The effect of (a) Na2SO4 and (b) NaCl salt strength on Cu(II) adsorption ca-

pacity. (c) A comparative analysis of Cu(II) adsorption performances under various

saline conditions as reported in the literature, and (d) the Cu(II) adsorption capacity

of CBC sorbent in a real waste salt brine, compared with the synthetic Na2SO4 and

NaCl solutions.

heavy metal adsorption on microplastics (polystyrene/polyethylene

terephthalate) with increasing salinity due to competitive Na+

cation exchange, the CBC sorbent exhibited little effect on Cu(II)

adsorption under elevated NaCl concentrations. This divergence

suggests that electrostatic attraction may not be the dominant

mechanism for Cu(II) adsorption. Fig. 3c and Table S5 (Supporting

information) compared CBC and other reported sorbents, demon-

strating CBC’s superior salt tolerance and efficient Cu(II) adsorp-

tion. Furthermore, the test using a real waste salt brine achieved

a Cu(II) adsorption capacity of 236.89±6.36mg/g, validating its

practical applicability (Fig. 3d). Consequently, these results high-

light the CBC sorbent’s ability to maintain consistently high ad-

sorption performance across various high-salinity conditions, ef-

fectively addressing challenges associated with recycling real high-

salinity wastewater.

X-ray diffraction (XRD) analysis was performed to character-

ize CBC materials before and after Cu(II) adsorption. Fig. 4a shows

sodium carbonate (Na2CO3, PDF #08–0448 and PDF #19–1130) as

the primary crystalline phase, which formed through thermal de-

composition of sodium citrate during pyrolysis (Eq. 1), consistent

with Liu et al. [16]. Additionally, calcium carbonate (CaCO3, PDF

#47–1743) was also detected, possibly originating from the inher-

ent calcium content of raw camphor bark biomass.

2Na3C6H5O7 →3Na2CO3 +9C+5H2O (1)

Post-adsorption XRD patterns under salt-free and salt-

saturated conditions both revealed the presence of posnjakite

(Cu4(SO4)(OH)6·2H2O, PDF #43–0670), which is a basic copper

sulphate mineral, implying that mineral precipitation mediated

by the carbonates in biochar and sulfate in solution represents

a primary mechanism for Cu(II) capture. This observation aligns

with Liu et al. [16], who observed Cu2(OH)3Cl formation in citrate-

modified biochar. Previous studies indicated that the Cu(OH)2 can

be formed via carbonate replacement and hydrolysis [39], while

Bakhtiari and Darezereshki [40] proposed that Cu4(SO4)(OH)6
could form from the reaction between CuSO4 and Na2CO3. Gao et

al. [41] similarly identified posnjakite (001) peak at approximately

12.6° in Cu-BC350, further supporting the precipitation mecha-

nisms involved with calcite and Cu2+ (such as CuSO4) species.

Additionally, the high-salinity environment does not influence the

posnjakite formation. Instead, the elevated ionic strength may
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Fig. 4. The patterns of (a) XRD, (b) FTIR, (c) survey XPS and the high-resolution spectra for (d) C 1s, (e) O 1s, and (f) Cu 2p of the pristine CBC sorbent, as well as the

Cu(II)-adsorbed CBC sorbent in salt-free and salt-saturated conditions.

enhance the mobility of ions in the solution, potentially accelerat-

ing reaction rates between Cu(II), sulfate, and carbonate species.

The continuous supply of carbonate ions from the biochar-borne

Na2CO3 and CaCO3 ensures a steady-state availability of reactants

for posnjakite formation, even in the presence of competing ions in

the saline solution. This resilience of the precipitation mechanism

under high-salinity conditions highlights the advantage of using

CBC as a sorbent for Cu(II) removal from complex wastewater

matrices.

Fourier-transform infrared (FTIR) analysis characterized the

changes in surface chemistry of CBC before and after Cu(II) ad-

sorption (Fig. 4b). The pristine CBC displays distinctive spectral

features compared to the Cu(II)-adsorbed CBC. Pristine CBC ex-

hibits a 1380 cm-1 peak from CO3
2- asymmetric stretching [42],

while Cu-adsorbed samples show a new peak at 1065 cm-1 corre-

sponding to asymmetric stretching vibrations of the S−O bond in

the SO4
2- group [42,43]. This result also confirmed the posnjakite

(Cu4(SO4)(OH)6·2H2O) formation, which is consistent with XRD.

Additionally, notable spectral variations between the pristine and

Cu(II)-adsorbed CBC were observed in the 550–1000 cm-1 range.

Peaks at 873 and 790 cm-1 are assigned to the bending vibrations

of the Cu–OH group with differing hydrogen bond configurations

[43], while a peak at 597 cm-1 corresponds to Cu(II)–O [40,44], in-

dicating that Cu(II) coordinates with oxygen-containing functional

groups on the surface of the CBC may also contribute to the Cu(II)

adsorption process. A broad peak observed at around 3433 cm-1,

assigned to –OH group, displays a blue shift after adsorbing Cu(II)

[37,45], implying the possible formation of inner-sphere surface

complexes [45]. However, an additional peak at around 3253 cm-1

was observed, which differs from previous reports. This peak is

attributed to H-bonding within the product, possibly originating

from the structural hydroxyl groups in Cu4(SO4)(OH)6 [46]. There-

fore, the presence of this peak highlights the structural integra-

tion of water molecules into the precipitated phase. This aligns

with the findings of Bakhtiari and Darezereshki [40], who charac-

terized Cu4(SO4)(OH)6 and identified vibration frequencies at 426,

487, 511, 601, 735, 780, 875, 943, 988, 1088, 1126, 1431, 3275,

and 3391 cm-1. Besides, the range of 480–585 cm-1 may corre-

spond to Cu(II)–O. Therefore, these collective findings strongly con-

firm posnjakite (Cu4(SO4)(OH)6·2H2O) as the dominant copper-

containing phase. Additionally, the peak near 1650 cm-1, associ-

ated with C=C stretching vibrations [18,47], narrowed significantly

after Cu(II) adsorption. This emphasizes the biochar’s aromatic

structure and implies the occurrence of π-π interactions [47,48],

along with potential π-electron coordination with heavy metal

ions [49].

The X-ray photoelectron spectroscopy (XPS) analysis was fur-

ther conducted to gain insights into the underlying mechanisms

of Cu(II) adsorption onto CBC, and the parameters are summa-

rized in Table S7 (Supporting information). The survey spectra con-

firmed the presence of new copper peaks in both salt-free and salt-

saturated samples, confirming Cu(II) adsorption successfully (Fig.

4c). High-resolution C 1s spectra of pristine CBC were deconvo-

luted into C–C/C–H (284.8 eV), C–O (285.53 eV), O–C=O (287.15 eV),

and CO3
2- (289.61 eV) (Fig. 4d). Notably, the peak at 289.61 eV was

absent in the adsorbed samples, indicating that carbonates played

a role in the adsorption process, likely via hydrolysis. This hy-

drolysis released OH-, elevating local pH and promoting Cu(OH)2
formation, which then reacted with SO4

2- to form posnjakite, as

confirmed by XRD. Meanwhile, O 1s XPS spectra of pristine CBC

showed a peak at 536.08 eV attributed to Na KLL Auger electrons,

confirming the formation of sodium carbonate via pyrolysis of

citrate-impregnated biomass at 650 °C [50]. Post-adsorption spec-

tra revealed significant decreases in CO3
2- and Na+ atomic per-

centages, further indicating the involvement of Na2CO3 in Cu(II)

removal. Different from previous studies that reported CO3
2- can

form complexes and/or coprecipitate with Cu(II) to generate CuCO3

[28], this study did not detect CuCO3 through XRD analysis. In-

stead, the slight shifts in C–O and O–C=O peaks after adsorption

suggest that Cu(II) coordinated with oxygen lone pairs, lowering

electron density around the C atom and increasing C binding en-

ergy [51].

O 1s XPS spectra of pristine CBC were deconvoluted into three

distinct peaks located at 531.36 eV (–OH), 534.19 eV (O–C=O), and

536.08 eV (Na KLL) (Fig. 4e), confirming Na2CO3 formation via cit-

rate pyrolysis [50]. Post-adsorption spectra showed significant de-

creases in Na KLL intensity, further indicating the involvement of

Na2CO3 in Cu(II) removal. This observation aligns with the find-

4
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ings from Gao et al. [41] and Wei et al. [52], who observed effi-

cient Cu(II) adsorption by biochar, resulting in posnjakite forma-

tion and a notable decrease in C–O groups in C 1s spectra of Cu-

BC350/550. Similarly, Yan et al. [45] observed a C–O content re-

duction from 32.02% to 21.87% after Cu(II) adsorption, alongside

increased C=O content, suggesting surface complexation between

Cu(II) and oxygen-containing functional groups may contribute to

adsorption. The –OH peak shifted 0.52–0.64 eV to a higher binding

energy, indicating the presence of primary adsorption sites arising

from the hydrolysis of Na2CO3. Besides, the peak at 531.36 eV may

also overlap with contributions from SO4
2- and/or OH− derived

from Cu4(SO4)(OH)6·2H2O [53]. The relative content (%) of the peak

at 534.19 eV increased after Cu(II) adsorption under both salt-free

and salt-saturated conditions, likely reflecting bound water in the

posnjakite structure [54,55]. As shown in Fig. 4f, the peaks for Cu

2p3/2 and Cu 2p1/2 were observed at binding energies of 935.32

and 954.96 eV (�metal =19.64 eV) in the salt-free condition, and at

935.38 and 955.06 eV (�metal =19.68 eV) in the salt-saturated con-

dition, respectively. Satellite peaks at 943.68 Hongand 963.12 eV

(7–10 eV from the main peaks) confirmed the successful adsorp-

tion of Cu(II) ions by the CBC sorbent [56], with the end product

being Cu4(SO4)(OH)6·2H2O.

During adsorption, the hydroxyl group may serve as the pri-

mary adsorption site for Cu(II), while oxygen-containing func-

tional groups are likely engaged in surface complexation. In a

previous study, the displacement of carbonate ions by Cu(OH)2
intermediates may also lead to the formation of basic copper

carbonate precipitates, which maintained stability across salin-

ity conditions [39]. Similarly, the underlying adsorption mecha-

nisms (Fig. S15 in Supporting information) in this work involve

sodium carbonate formation during citrate pyrolysis. This min-

eral phase undergoes hydrolysis, releasing hydroxide ions within

biochar micropores and creating an alkaline microenvironment

that facilitates the formation of Cu(OH)2 intermediates. In the salt-

containing solution, these intermediates further react with SO4
2-

to form posnjakite (Cu4(SO4)(OH)6·2H2O), reinforcing the role of

coupled hydrolysis and precipitation mechanisms in immobiliz-

ing Cu(II) ions on the CBC surface. These mechanisms further

contribute to the negligible decline in Cu(II) adsorption capacity

under salt-containing conditions by enabling continuous genera-

tion of hydroxide ions via carbonate hydrolysis, thereby ensuring

efficient Cu(II) removal and robust anti-salt interferences. Addi-

tionally, surface complexation with oxygen-containing groups pro-

vides supplementary adsorption, though non-dominant. Although

the complexation between copper and oxygen-containing groups

on the biochar persisted in saline conditions, this process was

slightly affected by the salt and remains non-dominant in Cu(II)

adsorption.

This work fabricated a sorbent for Cu(II) adsorption with ex-

cellent ability for anti-salt interference and a remarkable adsorp-

tion capacity of 251.21mg/g. The sorbent exhibited recyclability,

achieving four adsorption cycles. Moreover, it displayed superior

Cu(II) removal performance in a real waste salt brine, attaining a qe
of 236.89mg/g. Adsorption behavior may be dominated by phys-

ical and monolayer adsorption on a homogeneous surface, with

spontaneous and endothermic characteristics. Oxygen-containing

groups, particularly hydroxyl group (–OH), were pivotal in Cu(II)

adsorption. The primary mechanisms involved surface precipita-

tion and complexation, contributing to the formation of posnjakite

(Cu4(SO4)(OH)6·2H2O).
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