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Abstract


Waste textiles may contain heavy metals, which can originate from dyes, mordants, or other chemical treatments used during manufacturing. To explore the impact of heavy metals on the adsorption properties of activated carbon derived from discarded textiles through pyrolysis and to mitigate heavy metal migration, this study investigated the adsorption behavior of copper-impregnated pyrolytic carbon toward typical pollutants—methylene blue and lead—in simulated dyeing wastewater. Aqueous copper nitrate was used to impregnate the waste pure cotton textiles (WPCTs) to introduce copper species as precursors for creating additional active sites. The study systematically examined adsorption mechanisms, single and binary adsorption systems, adsorption kinetics, adsorption isotherms, adsorption thermodynamics, and the influence of pH. Key findings and conclusions are as follows: Under optimal conditions, the copper-containing biochar (Cu-BC) demonstrated maximum adsorption capacities of 36.70 ± 1.54 mg/g for Pb(II) and 104.93 ± 8.71 mg/g for methylene blue. In a binary adsorption system, when the contaminant concentration reached 80 mg/L, the adsorption capacity of Cu-BC for Pb(II) was significantly enhanced, with the adsorption amount increasing by over 26%. However, when the Pb(II) concentration reached 40 mg/L, it inhibited the adsorption of contaminants, reducing the adsorption amount by 20%. SEM, XRD, Cu LMM, FTIR and XPS result analysis proves that the adsorption mechanism of methylene blue involves π–π interactions, hydrogen bonding, electrostatic interactions, and pore filling. For Pb(II) ions, the adsorption likely occurs via electrostatic interactions, complexation with functional groups, and pore filling. This study supplements the research content on the copper adsorption mechanism supported by biochar for heavy metal adsorption research and broadens the application scope of biochar in the field of heavy metal adsorption.
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1. Introduction


Heavy metals are ubiquitous in industrial production, and the discharge of effluent containing these pollutants into the natural environment leads to severe heavy metal contamination, particularly lead, posing significant risks to both human health and ecological safety due to its persistence. Among them, lead is widely present in the textile printing and dyeing industry, with notably high concentrations in associated wastewater. Due to its strong migration capacity and resistance to natural degradation, lead pollution exhibits broad spatial distribution and long-term persistence. Moreover, lead is highly toxic: ingestion of lead-contaminated plants or animals can cause damage to the heart, kidneys, nervous system, and immune system [1,2]. Therefore, effective treatment of lead pollution is of great importance. Dyes have been used across various industries since ancient times. While they add color to daily life, their high toxicity and persistence cannot be overlooked. Methylene blue, one of the most widely used dyes, impairs the self-purification capacity of aquatic ecosystems. Human exposure to this dye can lead to skin diseases, respiratory and neurological disorders, and even cancer. The risk is further amplified when methylene blue coexists with Pb(II) ions in water [3]. Allowing such pollutants to be released into the environment would have irreversible consequences for ecosystems and human populations.



The activated carbon adsorption method is widely used in water treatment due to its adaptability to various precursor materials, simple preparation, low cost, recyclability, and high removal efficiency, making it particularly suitable for treating printing and dyeing wastewater containing mixed pollutants [4]. In preliminary experiments, we evaluated the adsorption performance of unimpregnated cotton biochar toward Pb(II) and methylene blue, with results indicating limited adsorption capacity: the maximum adsorption capacity for Pb(II) was 14.97 mg/g, and for methylene blue it was 55.88 mg/g. Studies have demonstrated that copper-containing carbon compounds are effective in removing methylene blue and lead ions. For example, Salah Ud Din et al. [5] developed a zero-valent copper-biochar composite for lead adsorption, achieving a capacity of 29.57 mg/g. The study indicates that copper species (CuO, Cu2O) can undergo cation exchange with Pb(II) or form surface precipitates. Similarly, Shu et al. [6] prepared a copper-containing activated carbon via microwave heating of copper nitrate, which exhibited a methylene blue adsorption capacity of 373 mg/g, confirming its effectiveness as a dye adsorbent. The study indicates that the introduction of copper can increase surface charge, alter oxygen-containing functional groups, or provide specific coordination sites.



The annual generation of approximately 22 million tons of waste textiles in China poses severe environmental challenges. Conventional disposal methods like landfilling and incineration cause soil, water, and air pollution, while mechanical recycling yields low-value products. Although chemical recycling can convert waste into high-quality raw materials, it has not been industrialized due to high costs and technical complexities. Therefore, developing efficient and eco-friendly recycling technologies is scientifically critical to mitigate environmental impacts and achieve resource circularity. In our previous study [7], we investigated catalytic hydrogen production from waste cotton textiles and copper passivation in solid products. Optimal conditions were established for simultaneously enhancing hydrogen production and passivation efficiency, yielding copper-containing biochar in the process. The study also examined copper speciation in the biochar, revealing that the pyrolysis process facilitates the transformation of copper from a weak acid-extractable state to a residual state. This transition enhances copper fixation within the pyrolytic carbon matrix and reduces its potential ecotoxicity. However, excessive pyrolysis temperatures may inhibit the conversion of copper into more stable forms, potentially leading to copper leaching. The study also systematically evaluated the leaching behavior of copper. TCLP results indicate that the leached copper concentrations of all materials are below the limit value (100 mg/L) specified in the Hazardous Waste Identification Standard—Leaching Toxicity Identification (GB 5085.3—2007) [8], posing no environmental risk. Additionally, the study also found that a pyrolysis temperature of ~700 °C combined with 0.25 wt% Cu(NO3)2 solution maximizes hydrogen yield while minimizing copper leaching (50.32 ± 2.95 mg/L)—thus providing a scientific basis for material preparation in this work. Under these conditions, the resulting copper-containing biochar from waste textiles demonstrates significant potential as an adsorbent for lead and methylene blue removal. In comparison with previous studies, the material developed in this work demonstrates a unique combination of advantages: it adheres to circular economy principles by valorizing waste, requires minimal pretreatment (only cutting into small pieces), is low-cost, and features highly dispersed copper species.



Based on these findings, this study systematically evaluated the adsorption performance of copper-containing waste cotton textile pyrolysis carbon on methylene blue and lead ions in monomer and binary systems through kinetics, isotherms, and thermodynamic analysis, and elucidated their adsorption mechanisms. The results confirm that, while optimizing hydrogen production and reducing environmental risks, copper-containing waste cotton textile pyrolysis carbon serves as an effective adsorbent for methylene blue and lead, providing a broader prospect for the resource utilization of waste textile pyrolysis products.




2. Materials and Methods


2.1. Materials and Instruments


The primary pharmaceuticals and instruments utilized in this experiment are shown in Table 1 and Table 2, respectively.




2.2. Preparation


The waste pure cotton textiles (WPCT) used in this study were obtained from a spinning facility in Nantong, Jiangsu Province, China. The fabric type is woven, with an areal density of 80 g/m2 and a yarn linear density of 15 tex. The fabric was cut into 5 × 5 mm pieces and impregnated by immersing in a 0.25 wt% Cu(NO3)2 solution for 24 h at 25 °C. After immersion, the samples were dried overnight at 60 °C in an oven, and the resulting material was designated as 0.25−WPCT. Subsequently, approximately 1 g of 0.25−WPCT was accurately weighed and placed in a quartz boat, which was then positioned in the central zone of a tubular furnace equipped with a transparent quartz tube (inner diameter: 60 mm; length: 1000 mm). Prior to pyrolysis, the system was purged with high-purity nitrogen (99.999%) for 15 min at a flow rate of 200 mL/min to ensure an oxygen-free environment. The pyrolysis process was carried out under a continuous N2 flow of 100 mL/min. The furnace was heated from ambient temperature to 700 °C [7] at a rate of 10 °C/min, held at the target temperature for 30 min, and then allowed to cool naturally to room temperature under N2 atmosphere, resulting in a total heating duration of approximately 120 min. The solid product obtained after pyrolysis was labeled as Cu-BC.




2.3. Adsorption Experimental Methods


2.3.1. Standard Curve for Methylene Blue Solution


The concentration of methylene blue (MB) solution was determined using an ultraviolet spectrophotometer at a detection wavelength of 664 nm. A standard calibration curve was established by performing linear regression on the absorbance values measured for a series of MB solutions with known concentrations. For each concentration level, three independent samples were prepared and measured, and the average absorbance value was used for the construction of the calibration curve.



Figure 1 depicts the standard curve of methylene blue solution, and the standard curve equation obtained from fitting is y = 0.1712x + 0.1589, R2 = 0.9991 ± 0.001.




2.3.2. Impact of Initial Solution pH on Adsorption


The influence of initial solution pH on adsorption performance was investigated. Due to the tendency of Pb(II) to hydrolyze and precipitate as lead hydroxide at near-neutral pH, the experiments were conducted under acidic conditions. Specifically, Pb(II) solutions were tested at pH 2.0, 3.0, 4.0, 5.0, and 6.0. For MB, a stable dye across a wide pH range, tests were conducted from pH 2.0 to 10.0 to cover conditions from strong acid to strong alkali, the latter being relevant to some textile effluents [9]. The adsorption experiments were conducted by adding 0.4 g/L of pyrolytic carbon to each solution, followed by shaking at 150 rpm for 12 h in a temperature-controlled shaker maintained at 25 °C. After shaking, withdraw the solution from the conical flask using a syringe, then filter the withdrawn solution through a 0.45 μm pore size membrane filter. After filtration, the residual MB concentration was analyzed using a UV spectrophotometer, and the remaining Pb(II) concentration was determined by atomic absorption spectrometry. All experiments were performed in triplicate, and the reported data represent the average values. The point of zero charge (pHzpc) of the pyrolytic carbon was determined using the acid-base titration method [10]. The adsorption capacity for each pollutant was calculated according to Equation (1).


  q =       C e  −  C 0    × V  m    



(1)







In this equation, q (mg/g) represents the adsorption capacity of the pyrolytic carbon at equilibrium; C0 (mg/L) denotes the initial concentration of the pollutant before adsorption; Ce (mg/L) is the residual concentration of the pollutant at adsorption equilibrium; V (L) refers to the initial volume of the pollutant solution; and m (g) indicates the mass of pyrolytic carbon used in the adsorption experiment.




2.3.3. Adsorption Kinetics


The following are the experimental procedures for determining the adsorption kinetics of Pb(II) ions and methylene blue by pyrolytic carbon in a single system: A conical flask was filled with 100 mL of methylene blue solution and a Pb(II) ion solution at a specific concentration. The solution was then brought to the ideal pH and 40 mg of pyrolytic carbon was added using a precision balance. The conical flask was then placed in a thermostatic gas-bath shaker and oscillated for a day. The temperature was preset at 25 °C, and the rotational rate was established at 150 r/min. The solution in the conical flask was rapidly drained with a syringe during the adsorption period by taking different time points in the range of 1 to 1440 min. Three models—the pseudo-first-order kinetic model (PFO), pseudo-second-order kinetic model (PSO), and intraparticle diffusion model (IPD)—were used to match the adsorption data from the adsorption kinetics experiment in order to gain a better understanding of the adsorption process of pyrolytic carbon. The three models’ mathematical formulas were as follows (Equations (2)–(4)) [11,12]:



PFO:


   q t  =  q e    1 −  e  −  k 1  t      



(2)







PSO:


   q t  =  k 2   q e 2  t /  k 2   q e  t + 1  



(3)







IPD:


   q t  =  k  i , d    t  0.5   + C  



(4)







The adsorbed amount at adsorption equilibrium is indicated by qe (mg/g); the adsorption capacity at time point t is represented by qt (mg/g); the adsorption experiment’s time scale is t (min); the rate constants for the proposed primary and secondary kinetic models are k1 (min−1); k2 (g mg−1 min−1) and ki,d (mgg−1 min1/2) separately; and C is the intercept with respect to the thickness of the boundary layer.




2.3.4. Adsorption Isotherm


The adsorption mechanism was investigated by isothermal adsorption experiments. 20 mg of pyrolytic charcoal were added to conical flasks that held 50 mL of methylene blue solution and 50 mL of Pb(II) ion solution, respectively. Methylene blue solution concentrations varied from 5 to 100 mg/L, whereas Pb(II) ion solution concentrations differed from 5 to 40 mg/L. These initial pollutant concentrations were altered while the pH was adjusted to the optimal level. The conical flasks were placed into a constant temperature gas-bath oscillator for oscillatory adsorption at 25 °C, 35 °C, and 45 °C. The oscillator speed was set to 150 r/min, and the adsorption time was 24 h. The solution was extracted from the conical flasks using a syringe and filtered through a membrane with 0.45 μm holes after oscillation. The absorbance of the filtrate was measured. The adsorption isotherm models adopted in this paper are the Langmuir model (Equation (5)), the Freundlich model (Equation (6)), and the Temkin model (Equation (7)) [13]. The mathematical formulas of the three isotherm models are as follows:



Langmuir model:


   C e  =   1   q m   K L     +     C e     q m      



(5)







Freundlich model:


  ln  q e  = ln  K F  +   1 n   ln  C e   



(6)







Temkin model:


   q e  =  K T  ln f +  K T  ln  C e   



(7)







The residual concentration of methylene blue solution and Pb(II) ion solution at equilibrium adsorption is expressed by Ce (mg/L) in these models; the adsorption capacity of pyrolytic carbon for methylene blue and Pb(II) ion at equilibrium adsorption is represented by qe (mg/g); qm (mg/g) represents the maximum adsorption capacity of pyrolytic carbon for methylene blue and Pb(II) ions obtained from fitting. KL is the Langmuir model’s equilibrium constant; the equilibrium constant and adsorption strength characteristic parameter of the Freundlich model is KF and n; and the pertinent characteristic constants of the Temkin model are KT and f.



In the Langmuir model, the ease of the adsorption procedure can be assessed by calculating the separation factor RL [14], which is calculated as follows (Equation (8)):


   R L  = 1 /   1 +  C 0   K L     



(8)




where C0 represents the initial concentration of methylene blue solution and Pb(II) ion solution. When RL = 0, the adsorption procedure is nonreversible; When RL is between 0 and 1, the adsorption procedure is easy; When RL = 1, the adsorption procedure is linear; When RL > 1, the adsorption procedure is difficult. The related thermodynamic mathematical Equations (9) and (10) are shown below [13,15,16]:


  Δ G ° = − R T ln  K C   



(9)






  ln  K C  = −    Δ H °   R T    +    Δ S °  R    



(10)




where ∆G° (kJ/mol) is the Gibbs free energy of the adsorption procedure; ∆H° (kJ/mol) is the enthalpy change of the adsorption procedure; ∆S° (kJ/(K mol)) is the entropy change of the adsorption procedure; R (8.314 J/(K mol)) is the ideal gas constant; T (K) is the temperature of the adsorption process; and KC is the dimensionless thermodynamic equilibrium constant.




2.3.5. Co-Adsorption Experiments


Pyrolytic charcoal’s adsorption performance in a binary system may differ from that in a single system; hence, it is essential to conduct a co-adsorption experiment with pyrolytic charcoal in a binary system including methylene blue and Pb(II). The binary co-adsorption experiments proceeded as follows: the initial pH value of the binary system was set to 6.0, the initial concentration of methylene blue was set at 5 mg/L to 100 mg/L, and the concentrations of Pb(II) ions in the binary system were adjusted to 10 mg/L, 20 mg/L, and 40 mg/L, respectively. The methylene blue concentrations in the binary system were adjusted to 10 mg/L, 40 mg/L, and 80 mg/L, respectively, while the initial concentration of Pb(II) ions was set between 5 and 35 mg/L. In accordance with the adsorption experimental procedures in a single system, the adsorption tests were conducted on pyrolytic charcoal in a binary system. Each experiment was repeated three times, and the average of the three sets of parallel data was taken.






3. Results and Discussion


3.1. Impact of pH on Adsorption


Figure 2 illustrates how the Cu-BC adsorption performance for methylene blue and Pb(II) ions is influenced by the initial pH value of the solution. The starting concentration of the methylene blue solution is 100 mg/L, while the concentration of the Pb(II) ion solution is 40 mg/L. Figure 2 shows that the efficiency of Cu-BC in adsorbing Pb(II) ions progressively improves as pH rises. When the pH increases from 2.0 to 6.0, Cu-BC’s adsorption capacity for Pb(II) ions increases from 2.46 mg/g to 31.52 mg/g. In the meantime, the adsorption capacity of Cu-BC for methylene blue rose from 8.65 mg/g to 102.89 mg/g as the pH rose from 2 to 10, indicating that the adsorption performance of Cu-BC for methylene blue also increased gradually as the pH rose. As a result, Cu-BC’s ability to adsorb MB and Pb(II) ions depends on pH.



As illustrated in Figure 3, when the pH of the solution falls below 5.93, the Cu-BC surface in the solution exhibits a positive charge. This may be attributed to the protonation of surface functional groups under low pH conditions, resulting in the acquisition of a positive charge [17]. The positively charged Pb(II) ion will experience electrostatic repulsion with MB and Cu-BC when the pH of the solution is less than 5.93 [18], which will affect the adsorption performance of Cu-BC. As the pH rises, the Cu-BC surface’s negative charge increases, facilitating the electrostatic adsorption of MB and positively charged Pb(II) ions. Therefore, the adsorption of Pb(II) ions and methylene blue by Cu-BC was enhanced with the increase in pH, and this trend indicates the inclusion of electrostatic interactions in the adsorption process.




3.2. Adsorption Kinetics


Further fitting of the pseudo-first-order kinetic model, the pseudo-second-order kinetic model, and the intraparticle diffusion kinetic model was performed on the adsorption data of methylene blue and Pb(II) ions. Figure 4 displays the fitting findings, while Table 3 and Table 4 provide a summary of the kinetic parameters of the relevant models. According to Figure 4a,c, Pb(II) ions and methylene blue on Cu-BC were adsorbed rapidly during the first 15 and 30 min, indicating that the active site on the Cu-BC surface was rapidly bound to MB and Pb(II) ions in a short time. From 120 to 180 min, the adsorption of Pb(II) ions and MB by Cu-BC increased gradually. After 200 min, it tended towards equilibrium. This indicates that the contaminant’s binding is gradually saturated, and the limited binding site on Cu-BC is gradually occupied. The adsorption capacity of Cu-BC, however, rose when the concentration of Pb(II) ionic solution and MB solution increased, according to the kinetic data at various initial concentrations. The adsorption capacity of MB increased from 79.89 ± 1.54 mg/g to 101.44 ± 2.33 mg/g, and the adsorption capacity of Pb(II) increased from 11.26 ± 0.69 mg/g to 31.26 ± 0.52 mg/g. However, with the continuously increasing concentration, the adsorption capacity will eventually reach an upper limit because the binding site of Cu-BC is limited.



According to Table 3 and Table 4, the PSO of Cu-BC adsorption of methylene blue and Pb(II) ions has higher R2 values compared to the first-order kinetic model. This implies that Cu-BC’s adsorption behavior is more in line with the PSO and that chemical interaction regulates the adsorption rate [19]. The intraparticle diffusion model fitting results (C ≠ 0, with the regression line not going through the origin) indicate that while chemisorption contributes to the adsorption process, it is not the sole governing mechanism, while diffusion mechanisms are also operating simultaneously [20,21]. The adsorption data are divided into three straight lines, indicating that there are three different stages in the adsorption process of MB and Pb(II) ions by Cu-BC. In the first stage, MB and Pb(II) ions diffuse from the liquid phase to the outer surface of Cu-BC. The maximum k1 value indicates that the rate of this process is the fastest [22,23]. In the second stage, impurities from the exterior spread within Cu-BC’s pores and into its inside. The k3 value of the third stage is quite minimal, indicating that at this time, the adsorption operation has basically established the equilibrium. This sequential progression demonstrates that while chemisorption dominates the overall mechanism, the adsorption rate is jointly influenced by both surface reaction kinetics and mass transport limitations [24].




3.3. Adsorption Isotherm


The adsorption data at 25 °C, 35 °C, and 45 °C were analyzed using an isotherm technique in order to further forecast the adsorption of MB and Pb(II) ions on Cu-BC. The Langmuir model can prove the occurrence of mono-layer adsorption, while the Freundlich model can be employed to assess whether the adsorption process is multi-layer, and the Temkin model can identify whether the adsorption process is chemisorbed [25].



Figure 5 displays the isotherm’s fitting findings, and Table 5 and Table 6 provide a summary of the corresponding values for the three models. Among the three models, the Langmuir model has the highest R2, and the Langmuir model most closely matches the adsorption data, exhibiting that the adsorbed MB and Pb(II) ions are monolayers on the Cu-BC surface, as well as even adsorption sites on the surface [26]. As the temperature rose, Cu-BC’s adsorption efficiency for Pb(II) and methylene blue (MB) ions increased. At 25 °C, 35 °C, and 45 °C, the highest adsorption capacities (qm) were measured at 94.43, 106.72, and 113.64 mg/g for MB, and 35.79, 36.06, and 38.24 mg/g for Pb(II), respectively, demonstrating improved adsorption efficiency with increasing temperature [2,27]. The RL values of MB were 0.0746, 0.617, 0.04305, 0.3765, and 0.032, 0.3982, respectively, and the RL values of Pb(II) ions were 0.046, 0.056, 0.322, 0.0245, 0.167, 0.0672 and 0.017, 0.1218, indicating that their adsorption process on Cu-BC was easy [28]. The R2 value of the Temkin model is second only to the Langmuir model, which works very well, indicating that the adsorption process involves electrostatic interaction [23,29].



The thermodynamic parameters (∆G°, ∆H°, and ∆S°) derived from the temperature-dependent Langmuir isotherm fits are shown in Table 7, the regression results of which are graphically displayed in Figure 6. At 25 °C–45 °C, the ∆G° of Pb(II) ions and MB are negative, indicating that their adsorption on Cu-BC is a spontaneous process [30]. The key is that a positive ∆H° value indicates that these spontaneous processes are essentially endothermic [31]. This phenomenon—the coexistence of spontaneity and endothermic properties—reveals a key physical and chemical essence: the driving force of this adsorption process is not energy release, but entropy increase. A positive ∆H° indicates the need to absorb energy to overcome certain energy barriers, which is likely related to the dehydration process of adsorbate ions or solute molecules before adsorption [32,33]. Therefore, the spontaneity of the entire process (∆G° is negative) is achieved by favorable entropy increase (∆S° is positive), which offsets unfavorable enthalpy terms. Additionally, as the temperature rises, their ∆G° value decreases, indicating that the temperature pushes Cu-BC adsorption, specifically the Cu-BC adsorption capacity of MB and Pb(II) ions, enhancing with the temperature.



The maximal adsorption capacities (qm) of several adsorbents for Pb(II) and MB in aqueous solutions are shown in Table 8. It is clear that Cu-BC has a beneficial effect on Pb(II) and MB, two water pollutants.




3.4. Adsorption Properties Under the Binary System


Dye and heavy metals usually coexist in dyeing effluents. The MB and Pb(II) coexistence system was examined with the aim of looking into the adsorption capabilities of Cu-BC on dye effluent. The potential interaction between MB and Pb(II) ions may alter Cu-BC’s adsorption ability when they coexist. To assess competitive adsorption behavior, co-adsorption studies were systematically conducted in binary-component systems. The outcomes of the simultaneous adsorption of Cu-BC under a binary system are displayed in Figure 7. The addition of Pb(II) ions hindered Cu-BC’s adsorption capacity on MB (Figure 7a), resulting in a maximum adsorption capacity drop of 20%. The mechanisms of site competition and electrostatic repulsion between the positively charged species (MB and Pb(II)) work together to produce this inhibitory effect [3]. Interestingly, the ability of Cu-BC to absorb Pb(II) ions after the addition of MB was initially inhibited, but later improved as the concentration of MB continued to increase (Figure 7b). This is because MB adsorbed on Cu-BC has nitrogen-containing groups that can complex Pb(II) ions, thus providing a new site for adsorption [38]. Overall, in binary systems, methylene blue inhibits the adsorption of Pb(II) ions at low concentrations but promotes it at high concentrations, whereas Pb(II) ions inhibit the adsorption of methylene blue on Cu-BC [39,40].




3.5. Adsorption Mechanism


MB and Pb(II) ion adsorption on Cu-BC is a complicated process. As shown in the SEM image (Figure 8), a large number of small white balls are evenly dispersed on the surface of Cu-BC. According to the XRD results (Figure 9) and Cu LMM results (Figure 10), these small white balls are various forms of copper (metal Cu0, Cu2O, and CuO), which may promote the photocatalytic degradation of MB [6,41], thus enhancing the removal of MB. However, the narrow and winding gaps and large holes of the Cu-BC surface indicate that physical adsorption, such as pore filling and surface diffusion, may be one of the most vital adsorption mechanisms of Cu-BC. According to the results of adsorption dynamics, the adsorption process of MB and Pb(II) ions on Cu-BC is dominated by chemisorption. The effect of pH value shows that there is electrostatic interaction between Cu-BC and the contaminant, which is also proved by the result of pH zero point potential (pHPZC) of Cu-BC, and the fitting of the Temkin isotherm model shows that electrostatic interaction is one of the most important forms.



Surface functional groups of Cu-BC before and after adsorption of MB and Pb(II) ions were analyzed via FTIR (Thermo Fischer, Nicolet is5, Waltham, MA, USA, resolution 4 cm−1, 32 scans, covering wavenumber range 400 cm−1 to 4000 cm−1) to monitor changes in peak intensity and position, which reflect vibrational modifications of surface functional groups, thereby elucidating their role in the adsorption process. As shown in Figure 11, the Cu-BC surface is characterized by functional groups exhibiting peaks at 3473 cm−1 (O–H stretching), 1640 cm−1 (C=O stretching), and 1070 cm−1 (C–O symmetric stretching) [42]. After Pb(II) adsorption, the C=O stretch red-shifts from 1640 cm−1 to 1590 cm−1, indicating coordination between Pb(II) and carbonyl oxygen atoms. Concurrently, the C–O stretching vibration shifts from 1070 cm−1 to 1140 cm−1. This shift to a higher wavenumber is attributed to the formation of a stable C–O–Pb coordination bond, which increases the bond force constant [43]. The broad O–H peak shifting to 3460 cm−1 further indicates potential involvement of hydroxyl groups in metal complexation [44]. Following MB adsorption, the C=O peak shifts to 1560 cm−1, and the C–O peak shifts to 1040 cm−1. The decrease in wavenumber for the C–O stretch implies a different interaction mechanism, possibly involving π–π interactions or hydrogen bonding with the MB molecule [45]. The appearance of a new, distinct peak at 1380 cm−1, assigned to the C–N= stretching vibration of the dye’s aromatic structure [46], provides direct evidence for the successful loading of MB. The shift of the O–H peak to 3440 cm−1 also indicates the formation of hydrogen bonds between MB and surface hydroxyls [47].



To investigate the adsorption mechanism, XPS was used to further evaluate the chemical properties of Cu-BC during the adsorption of Pb(II) and methylene blue ions. As can be seen in Figure 12a, the full spectrum of 284.66 eV, 531.82 eV, 932.43 eV, and 952.10 eV correspond to C1s, O1s, and Cu 2 p, separately. Peaks close to the binding energy of 138 eV and 143 eV, which correspond to Pb 4f7/2 and Pb 4f5/2, respectively, are seen following the adsorption of Pb(II) ions [48], while after the adsorption of methylene blue, a new peak of S2p at 165.2 eV and a binding energy of 400.1 eV at N1s appeared on the full spectrum of the XPS scan. The appearance of these new peaks proves that the Pb(II) ions and methylene blue are successfully adsorbed on the Cu-BC surface. For O1s (Figure 12b), the peak with binding energy at 530.66 eV on Cu-BC corresponds to OH (18.88%), the peak with binding energy at 531.82 eV corresponds to CO (40.00%), while the peak at 533.27 eV corresponds to O=C–O (40.12%) [49]. Following adsorption, the OH group’s peaks were moved to 530.94 eV and 531.98 eV, with their relative abundances increasing to 23.00% and 32.50%, respectively; the CO group’s peaks were moved to 532.06 eV and 532.26 eV, with their relative abundances increasing to 46.83% and 41.95%, respectively; and the O=C–O group’s peaks were moved to 533.05 eV and 533.47 eV, with their relative abundances increasing to 30.17% and 25.55%, respectively. These changes indicate that these groups may form hydrogen bonds [50] or have π–π interaction [51], and may complex with Pb(II) ions [52]. This phenomenon is consistent with the FTIR analysis’s conclusions.





4. Conclusions and Perspectives


4.1. Conclusions


This study demonstrates that Cu-BC, derived from copper-containing waste cotton textiles, serves as an effective adsorbent for both methylene blue (MB) and Pb(II) ions in aqueous solutions. Its maximum adsorption capacities (104.93 ± 8.71 mg/g for MB and 36.70 ± 1.54 mg/g for Pb(II)) are competitive with other reported biochar-based adsorbents. The adsorption process was determined to be endothermic and monolayer-based, primarily governed by chemisorption. While this work highlights the potential of Cu-BC for resource recovery and wastewater treatment, the study is limited to laboratory-scale experiments using synthetic wastewater. Future research should focus on adsorbent regeneration and performance validation in complex, real-world effluents to assess its practical applicability.




4.2. Future Perspectives


This study has several limitations, such as: it did not use actual dye wastewater for research; no regeneration tests were conducted; and the incomplete comparative characterization of the raw biochar. To bridge the gap between laboratory research and practical application, the following aspects are proposed for future work:




	(i)

	
Performance in real matrices: Evaluating the adsorbent’s selectivity and capacity in authentic industrial wastewater (e.g., from dyeing or metal-plating processes) is crucial to assess its efficiency in the presence of competing ions, organic matter, and complex backgrounds.




	(ii)

	
Long-term stability and regeneration: Investigating the long-term stability of the adsorbent under realistic dynamic flow conditions, along with developing and optimizing robust regeneration protocols (e.g., using acidic or chelating eluents), is essential for economic viability and reducing secondary waste.




	(iii)

	
Techno-economic and environmental assessment: Conducting preliminary techno-economic analysis (TEA) and life cycle assessment (LCA) will be necessary to evaluate the overall cost-effectiveness and environmental footprint of the proposed adsorption process at a larger scale, guiding its potential industrial implementation.




	(iv)

	
Detailed comparative characterization directly correlates XPS, FTIR, SEM, and other characterization results (e.g., detection of copper species, new functional groups, successful copper loading) with improvements in adsorption performance—quantitatively or qualitatively—to further elucidate the respective contributions of the carbon matrix and copper species to the adsorption process.
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Figure 1. Standard curve of methylene blue solution. 
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Figure 2. Influence of initial pH on MB and Pb(II) sorption. 






Figure 2. Influence of initial pH on MB and Pb(II) sorption.



[image: Textiles 06 00012 g002]







[image: Textiles 06 00012 g003] 





Figure 3. Point of zero charge (pHpzc) of Cu-BC. 
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Figure 4. Pseudo-first-order and pseudo-second-order (a), intra-particle diffusion (b) model fitting of Cu-BC for MB; pseudo-first-order and pseudo-second-order (c), intra-particle diffusion (d) model fitting of Cu-BC for Pb(II). 
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Figure 5. Langmuir (a), Freundlich (b) and Temkin (c) model fitting of Cu-BC for MB; Langmuir (d), Freundlich (e) and Temkin (f) model fitting of Cu-BC for Pb(II). 
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Figure 6. Thermodynamic fitting of Cu-BC for MB and Pb(II) adsorption. 
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Figure 7. The effect on Cu-BC for MB adsorption by Pb(II) (a); for Pb(II) adsorption by MB (b). 
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Figure 8. Surface morphological characteristics of Cu-BC-700. 
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Figure 9. XRD patterns of biochar pyrolysis. 






Figure 9. XRD patterns of biochar pyrolysis.



[image: Textiles 06 00012 g009]







[image: Textiles 06 00012 g010] 





Figure 10. High-resolution XPS spectra of sample Cu LMM AES spectra. 
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Figure 11. The FTIR spectra analysis of Cu-BC before and after adsorption of MB and Pb(II). 
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Figure 12. XPS survey spectra (a) and high-resolution O1s spectra (b) of Cu-BC before and after MB and Pb(II) adsorption. 
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Table 1. List of experimental chemical reagents.
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	Chemical Reagents
	Molecular Formula
	Specifications
	Manufacturer





	Trihydrate methylene blue
	C16H18ClN3S·3H2O
	biological stain
	Shanghai National Pharmaceutical Group, Shanghai, China



	lead nitrate
	Pb(NO3)2
	AR
	Shanghai National Pharmaceutical Group, Shanghai, China



	hydrochloric acid
	HCl
	AR
	Shanghai National Pharmaceutical Group, Shanghai, China



	nitric acid
	HNO3
	AR
	Shanghai National Pharmaceutical Group, Shanghai, China



	sodium hydroxide
	NaOH
	AR
	Shanghai National Pharmaceutical Group, Shanghai, China










 





Table 2. List of experimental equipment.
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	Equipment Name
	Equipment Model
	Equipment Manufacturer





	pH Meter
	PHS−3E
	Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China



	Precision Balance
	ATY244
	Shimadzu Corporation, Kyoto,

Japan



	Electric constant temperature blast drying oven
	DHG−9240A
	Shanghai Sanfa Scientific Instrument Co., Ltd., Shanghai, China



	UV–Visible spectrophotometer
	UV−5500PC
	Shanghai Yuanxi Instrument Co., Ltd., Shanghai, China



	Atomic Flame Absorption Spectrometer
	NOVAA−800
	Jena Analytical Instruments GmbH, Jena, Germany



	Pure water analyzer
	ASKL−10
	Chengdu Eco Technology Co., Ltd., Chengdu, China



	Digital cryogenic gas bath oscillator
	SHZ−221282AB
	Changzhou Ronghua Instrument Manufacturing Co., Ltd., Changzhou, China



	Ultrasonic cleaning machine
	CJ−100S
	Shenzhen Chaojie Technology, Shenzhen, China










 





Table 3. Kinetic model parameters for MB adsorption onto Cu-BC.
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Kinetic Model

	
Parameters

	
Values




	
50 mg/L

	
80 mg/L

	
100 mg/L






	
Pseudo-first-order

	
qe (mg/g)

	
78.987

	
89.392

	
98.152




	
K1 (min−1)

	
0.05646

	
0.0841

	
0.05924




	
R2

	
0.9909

	
0.9928

	
0.9866




	
Pseudo-second-order

	
qe (mg/g)

	
84.514

	
95.189

	
105.554




	
k2 (g mg−1 min−1)

	
0.00094

	
0.00122

	
0.00076




	
R2

	
0.9929

	
0.9945

	
0.9939




	
Intra-particle diffusion

	
ki,1 (mgg−1 min1/2)

	
12.0524

	
16.2457

	
16.0198




	
C

	
−3.9444

	
−5.6793

	
−7.961




	
R2

	
0.9985

	
0.9692

	
0.9658




	
ki,2 (mgg−1 min1/2)

	
3.0072

	
2.6341

	
4.2314




	
C

	
47.802

	
62.5362

	
51.751




	
R2

	
0.9050

	
0.9882

	
0.9631




	
ki,3 (mgg−1 min1/2)

	
0.1025

	
0.2177

	
0.1494




	
C

	
77.876

	
87.314

	
97.561




	
R2

	
0.8193

	
0.8647

	
0.8466











 





Table 4. Kinetic model parameters for Pb(II) adsorption over Cu-BC.
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Kinetic Model

	
Parameters

	
Values




	
5 mg/L

	
10 mg/L

	
20 mg/L






	
Pseudo-first-order

	
qe (mg/g)

	
10.7163

	
21.9065

	
30.0921




	
k1 (min−1)

	
0.2489

	
0.2184

	
0.1185




	
R2

	
0.9317

	
0.9577

	
0.9906




	
Pseudo-second-order

	
qe (mg/g)

	
11.2721

	
23.1011

	
31.9469




	
k2 (g mg−1 min−1)

	
0.03273

	
0.01365

	
0.00528




	
R2

	
0.9936

	
0.9869

	
0.994




	
Intra-particle diffusion

	
ki,1 (mgg−1 min1/2)

	
2.7176

	
4.8452

	
7.088




	
C

	
0.8835

	
1.906

	
−2.5401




	
R2

	
0.9815

	
0.9588

	
0.9925




	
ki,2 (mgg−1 min1/2)

	
0.4958

	
0.6507

	
1.2716




	
C

	
7.1476

	
16.7955

	
19.9655




	
R2

	
0.9735

	
0.9996

	
0.9598




	
ki,3 (mgg−1 min1/2)

	
0.013

	
0.1398

	
0.1119




	
C

	
10.9869

	
20.5881

	
28.855




	
R2

	
0.8954

	
0.8479

	
0.9623











 





Table 5. Parameters of the isotherm models for MB adsorption onto Cu-BC.
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Models

	
Parameters

	
Values




	
298K

	
308K

	
318K






	
Langmuir

	
qm

	
94.4287

	
106.7236

	
113.6364




	
KL

	
0.1241

	
0.2197

	
0.3022




	
RL

	
0.0746–0.617

	
0.0435–0.4765

	
0.032–0.3982




	
R2

	
0.9998

	
0.9972

	
0.9977




	
Freundlich

	
KF

	
17.5663

	
26.7981

	
37.694




	
n

	
2.3118

	
2.6447

	
3.2436




	
R2

	
0.9681

	
0.9495

	
0.9715




	
Temkin

	
KT

	
20.726

	
23.014

	
21.233




	
f

	
1.215

	
1.9679

	
4.4217




	
R2

	
0.9979

	
0.9874

	
0.9926











 





Table 6. Parameters of the isotherm models for Pb(II) adsorption onto Cu-BC.
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Models

	
Parameters

	
Values




	
298K

	
308K

	
318K






	
Langmuir

	
qm

	
35.791

	
36.075

	
38.2409




	
KL

	
0.4212

	
0.9964

	
1.4424




	
RL

	
0.056–0.322

	
0.0245–0.1672

	
0.017–0.1218




	
R2

	
0.9979

	
0.9985

	
0.9996




	
Freundlich

	
KF

	
19.3192

	
23.9697

	
27.3783




	
n

	
5.8052

	
8.3717

	
9.4563




	
R2

	
0.8354

	
0.9544

	
0.985




	
Temkin

	
KT

	
3.5676

	
3.6863

	
3.568




	
f

	
354.1114

	
534.9911

	
1824.8475




	
R2

	
0.9745

	
0.9621

	
0.9866











 





Table 7. Results of thermodynamics model for MB and Pb(II) adsorption onto Cu-BC.
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T (K)

	
△H° (kJ/mol)

	
△S° (kJ/(K mol))

	
△G° (kJ/mol)






	
MB

	
298

	
42.472

	
0.220

	
−23.221




	
308

	
−25.771




	
318

	
−27.611




	
Pb(II)

	
298

	
51.269

	
0.252

	
−23.892




	
308

	
−26.862




	
318

	
−28.862











 





Table 8. Comparison of maximum adsorption capacities of various biochars.






Table 8. Comparison of maximum adsorption capacities of various biochars.





	
Adsorbents

	
qm (mg/g)

	
Ref.




	
MB

	
Pb(II)






	
Straw biochar activated with ZnCl2

	
186.65

	

	
[27]




	
Sludge biochar activated with ZnCl2

	
79.97

	

	
[27]




	
goat dung biochar activated with KOH

	
24.81

	

	
[34]




	
Coconut Shells biochar doped with Fe2O3

	

	
11.9

	
[35]




	
bagasse biochar

	

	
12.741

	
[36]




	
corn straw biochar

	

	
28.99

	
[37]




	
Cu-BC

	
113.64

	
38.24

	
This study
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