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Abstract
Pinewood biochar was prepared and modified with KOH and used for the immobilization of CuO for efficient adsorption and degradation of model pharmaceutical compounds including ciprofloxacin and carbamazepine from polluted waters. Techniques used were X-ray diffraction, Scanning electron microscopy, Fourier transmission infrared spectroscopy, and Brunauer–Emmett–Teller surface area and porosity analysis, which indicated that the specific surface area of K-BC was ten-times higher than that of the pristine BC. More functional groups, such as C-N, COO-, and C=C were present onto the surface of the modified BC, which facilitated the adsorption of the pollutants and promoted the degradation reactions. K-BC-CuO showed complete degradation for the studied pharmaceuticals in the presence of persulfate (PS). Employing the response surface methodology revealed that the effects of various operating parameters on the degradation of CBZ can be ordered as follows: temperature > PS concentration > initial CBZ concentration > K-BC-CuO dosage > pH. The degradation mechanisms were also investigated to prove that singlet oxygen is the dominant species for CIP and CBZ degradation. This research provides new insights into the fabrication and application of sustainable and green materials for the removal of emerging wastewater contaminants.
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1. Introduction

     Pharmaceutical and personal care products (PPCPs) are considered among the contaminants of emerging concern (CECs) in wastewater due to their high environmental risks caused by their stability, difficult degradability, and potential toxicity for living organisms [1,2]. Majority of the biological treatment technologies (such as activated sludge and anaerobic digestion) are not efficient to remove such compounds from wastewater, and most of these pollutants can be detected in receiving water bodies and ground water [3,4]. To address this issue, various types of physicochemical treatment technologies including membrane separation [5] and advanced oxidation processes (AOPs) [6,7] have been attempted. Among the AOPs, the activation of novel oxidation agents such as persulfate (PS) with efficient and low-cost catalysts has progressed rapidly for the decomposition of a wide range of organic compounds. Such systems can provide relatively high reaction rates for the treatment of effluents over a wide pH range [8]. For the generation of oxidative agents from the decomposition of PS, there is a need to employ an external source of energy (such as heat [9], UV irradiation [10], ultrasonic irradiation [11], microwave [12]) or an efficient catalyst [13,14]. Among such methods, the application of low-cost and efficient catalysts is of high interest due to the simplicity of the involved processes as well as diminishing the need for an external source of energy for the activation of PS. However, there is still a gap in the literature for sustainable catalysts with the potential for rapid commercialization.
Biochar (BC) is a biomass waste valorization product that offers possibilities for low-cost and efficient treatment of effluents from various industrial and nonindustrial resources. BC can be produced from abundant biomass feedstocks such as woody materials [15,16] or agricultural wastes [17], or sludge [18] via pyrolysis in an oxygen-free environment. It was reported that properties of BC (such as specific surface area (SSA) and porosity, carbon content, and surface functional groups) can be controlled by manipulation of the BC feedstock materials as well as the pyrolysis process conditions (including the peak temperature and the residence time) [19]. BC has been proved to be an efficient adsorption material for various organic and inorganic pollutants, which can be  involved in catalytic degradation of organic pollutants when loaded with appropriate catalytic materials. According to the literature, there is a possibility of PS activation by BC through a radical pathway (such as SO4·-, ·OH, O2·-) or a nonradical pathway (such as 1O2, charge transfer) to degrade various types of organic contaminants [20,21]. The adsorption of pollutants initiates such reactions at the surface of the catalytic materials [22–24]. This process is followed by surface reactions between the pollutants and the oxidative agents formed by the activation of PS. However, in most cases, the pristine BC represents a limited adsorption capacity due to the low SSA as well as the inadequacy of surface functional groups. Hence, it is necessary to apply appropriate modifications to tailor the surface properties of BC-based materials. This strategy can be coupled with the attachment of appropriate metals or metal oxides to the surface of BC to optimize its performance for the removal of various types of pollutants [25,26]. 
Copper oxide (CuO), which is  nontoxic, inexpensive and highly efficient [27] has been widely explored for the activation of various oxidative agents. Inspired by this, the combination of surface-modified BC and CuO would be an ideal alternative to activate PS to reach high degradation of CECs, especially pharmaceutical compounds. In this study, a novel nanocomposite was fabricated by surface modification of BC with KOH followed by the loading of CuO to enhance the catalytic properties of BC using a facile and eco-friendly precipitation method. The composite was then investigated for the simultaneous adsorption and degradation of ciprofloxacin (CIP) and carbamazepine (CBZ) in the presence of PS. The optimization of CBZ degradation was done using the response surface methodology (RSM) as well as elucidating the mechanisms involved in the degradation of emerging and widely used CIP and CBZ pharmaceuticals. This work provided a new insights for the development of various biochar based materials to function as efficient heterogeneous catalysts for the removal of CBZ, as one of the recalcitrant contaminants of emerging concern.
2. Materials and methods

2.1 Chemicals
Carbamazepine (CBZ, C15H12N2O, analytical grade, ≥98%) and ciprofloxacin (CIP, C₁₇H₁₈FN₃O₃, analytical grade, ≥98%) were purchased from Sigma–Aldrich (Germany). Sodium hydroxide (NaOH, analytical grade, ≥98%) and copper sulfate (CuSO4, analytical grade, ≥98%) were obtained from Acros Organics (Belgium). Potassium hydroxide (KOH, ≥85%) and sodium persulfate (Na2S2O8, analytical grade, ≥98%) were obtained from Carl-Roth and Avantor (Belgium). HPLC grade acetonitrile (ACN) was obtained from Fisher Chemical (UK), while formic acid (FA, HPLC grade) and ammonium formate (analytical grade, ≥98%) were obtained from Honeywell (Germany) and Acros Organics (Belgium), respectively.

2.2 Preparation and characterization of the composite nanomaterial
    BC was prepared using pinewood as the feedstock through a continuous pyrolysis system (auger reactor), with the details provided in our previous paper [28]. The BC was then modified by a facile chemical method. In a typical process, 2 g BC was added to 100 mL of 1 M KOH solution. Subsequently, the mixture was stirred at 60 °C for 2 h. The filtered BC was washed with distilled water more than three times and then dried in an oven at 60 °C overnight. The modified BC was denoted as K-BC.
For the synthesis of K-BC-CuO, 4.39 g CuSO4 and 1 g K-BC were dispersed in 200 mL water to form solution A. Solution B was prepared by dissolving 5 g of NaOH in 100 ml distilled water. Solution A was stirred and subjected to ultrasonic irradiation for 15 min at 60°C. Then, solution B was added dropwise to solution A and stirred for 30 min at 60°C under ultrasonic irradiation. Finally, the resulting black powder was washed and dried at 60°C overnight and was named K-BC-CuO. BC-CuO was obtained through the same method, only using BC to replace K-BC.
Characterization of the materials prepared was performed using various advanced techniques. The composition and crystalline structure of the powder materials were investigated by X-ray diffraction (XRD, Panalytical X'Pert PRO 3, Netherlands). A scanning electron microscope (SEM, Hitachi SU-70, Japan) was also employed to study the morphology and elemental composition of the materials. The Brunauer–Emmett–Teller (BET) method was used to obtain N2 gas adsorption/desorption isotherms using Micromeritics Gemini V2 (USA) equipment to determine the SSA porosity of the materials. Fourier transform infrared spectroscopy was also employed for the detection of the surface functional groups with an attenuated total reflection (ATR) diamond accessory (FTIE-ATR, Bruker).
2.3. Removal of the pollutants
2.3.1 Adsorption experiments
Adsorption experiments were conducted in a 250 mL flask containing 0.2 g nanomaterials and 200 mL of a 20 mg/L CIP solution, which was fully stirred using a magnetic stirrer at room temperature. The samples were collected and filtered at a fixed time interval (i.e., 0, 5, 10, 20, 30, 60 min). The effect of pH on CIP adsorption was investigated for the initial pH values of 3, 7 and 10, adjusted by 0.1 M HCl or NaOH. The quantity of the adsorbed pollutant (Q) was calculated according to Eq. 1 [29].
Q = [image: image1.png]V (Ca= Cp)
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where Ca and Cb (mg/L) are the initial and equilibrium CIP concentrations, respectively, V (L) is the initial solution volume, and m is the dosage of materials (g).
    Mathematical models were used to simulate the adsorption kinetics of CIP as described below [30]:
Pseudo-first-order: ln (qe-qt) = lnqt- k1t                                                                                                     (2)

Pseudo-second-order: [image: image2.png]
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                                                                                                            (3) Intraparticle diffusion: qt = kit0.5+ c                                                                                                             (4)

where qe (mg/g) and qt (mg/g) are the adsorption amounts of CIP at equilibrium and time t, respectively. k1 (min-1) and k2 (g·mg-1·min-1) are the rate constants of the pseudo-first-order and pseudo-second-order models, respectively. ki (mg⋅g-1⋅min0.5) is the rate constant of intraparticle diffusion.

2.3.2 Degradation experiments

The CIP degradation tests were carried out in a 250 mL flask under continuous stirring at room temperature. The catalyst (1 g/L) and PS (1 mM) were added to 200 mL of 20 mg/L CIP solution. The initial pH was adjusted to 7. At each sampling interval, 1.5 mL of solution was collected and filtered through a 0.45 μm filter membrane and then immediately quenched by adding 0.1 M Na2S2O3 solution. The concentration of the pollutant was measured using high-performance liquid chromatography (HPLC) as described in section 2.4.
 The degradation kinetics were fitted to a pseudo-first-order model according to Eq. (5), and the rate constant (kobs) values were calculated by an integrated form of Eq. 5, as indicated in Eq. (6).
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) = - kobs t                                                                                                                                          (6)
where C0 and Ct (mg/L) are the initial pollutant concentrations and after reaction time (t), respectively.

In addition, a set of experiments were also designed by RSM (central composite design (CCD)) to optimize the operating parameters influencing the degradation of CBZ with K-BC-CuO/PS, including K-BC-CuO dosage (A), initial pH (B), initial CBZ concentration (C), PS concentration (D), and temperature (E). The experimental design was randomly generated by Design Expert® Version 12. The resulting CCD matrix is displayed in Table S1 along with the experimental and predicted values. The experimental data were fitted to a quadratic polynomial equation, as described in Eq. (7).
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where Y is the predicated removal rate and [image: image12.png]Bo. Bi» Bii» Bij



 are the coefficients of constant, linear, quadratic, and interaction, respectively. [image: image13.png]
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 are also the coded values of the independent factors. Furthermore, K and [image: image15.png]


 are the number of independent factors and the random error, respectively. Analysis of variance (ANOVA) was applied to evaluate the significance of the mathematical model and the contribution of each factor to the degradation of CBZ.
2.4 Analytical methods
    The concentrations of CIP and CBZ were analyzed by an Agilent 1100 HPLC system (Agilent Technologies, Germany). For the analysis of CIP concentration, a C18 column (Zorbax Eclipse Plus, 4.6 x 100 mm, particle size (dp): 3.5 μm) was used at 30°C, and a UV detector was set at 280 nm. Then, 10 mM ammonium formate was dissolved in water, and the pH was adjusted to 2.8 with FA to form solution A. This solution, together with ACN (solution B), was used as the mobile phase. The analysis method consists of a gradient, starting from 10% B and linearly increasing to 15% B within 15 minutes. Subsequently, the column was reconditioned for 5 min under the initial conditions. The flow rate was set at 1.0 ml/min, and the injection volume was 3 μL. For CBZ, a C18 column (Agilent Eclipse Plus, 4.6 × 250 mm, dp= 5 μm) was used at 30°C. The mobile phase consisted of water and ACN with a ratio of 60:40 (v/v), and the UV detector was set at 284 nm. The sample injection volume was 30 μL. The total organic carbon (TOC) concentration was tested using a TOC-L analyzer (Shimadzu).

3. Results and discussion

3.1 Characterization of nanomaterials
The X-ray diffraction patterns of the prepared materials are presented in Fig. 1. The reflection peaks of the prepared materials were indexed using JCPDS cards. According to this figure, the pristine BC displays a broad peak at approximately 23°, which can be ascribed to the (002) crystal plane of the amorphous carbon structure with randomly oriented aromatic carbon sheets in BC [31]. After KOH modification, the intensity of this peak increased, revealing that KOH can remove impurities from BC and lead to the formation of more ordered carbon structures [32]. By introducing CuO, new diffraction peaks at 32.4°, 35.5°, 38.7°, 48.7°, 58.2°, 61.5°, 66.2°, and 68.0° appeared in the X-ray diffraction pattern, which matched well with the (110), (002), (111), ([image: image16.png]
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11), and (220) crystal planes of monoclinic CuO (JCPDS card no. 41-0254) [33]. BC, BC-CuO, and K-BC-CuO demonstrate similar characteristic peaks, implying that BC-CuO and K-BC-CuO were successfully synthesized.
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Fig. 1
X-ray diffraction pattern of the prepared materials.
The FTIR spectra of pristine BC, K-BC, BC-CuO, and K-BC-CuO are illustrated in Fig. 2. The broad peak at 742-876 cm-1 can be related to the C-H bending of the aromatic structures [34]. The peaks at 1194 cm-1 and 1360 cm-1 are caused by C-N stretching and COO- vibrations, respectively [35,36]. Additionally, the peak at 1572 cm-1 originates from C=C vibrations in the aromatic ring [37]. The broad peak at approximately 3400 cm-1 can be ascribed to the –OH stretching vibrations. Notably, K-BC displays an increased intensity at 1194, 1360, and 1572 cm-1 compared with pristine BC, revealing that K-BC has more functional groups of C-N, COO-, and C=C. This is attributed to the fact that KOH can not only increase the content of oxygen-containing surface functional groups, but also remove some of the impurities from BC by the alkaline etching, which results in the appearance of more surface functional groups covered with impurities. There are supporting reports in the literature. For instance, Jin et al. [38] found that KOH modification can increase the number of surface functional groups (e.g., phenolic hydroxyl groups and carboxylic groups) of municipal solid waste biochar. Such functional groups play key roles in the adsorption of pollutants such as As(V) [38] and Pb2+ [39]. In addition, the presence of Cu-O stretching is confirmed by the peaks at 479 and 600 cm-1, indicating that CuO was successfully synthesized [40]. BC-CuO and K-BC-CuO show the characteristic peaks of BC and CuO, thus confirming the presence of both BC and CuO in the composite.
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Fig. 2
 FTIR spectrum of the prepared materials.
The morphologies of the prepared materials were characterized by SEM, as shown in Fig. 3. The BC represents an irregular morphology with a smooth surface (Fig. 3a), while the K-BC represents a porous structure (Fig. 3b). This can be attributed to the fact that KOH can remove impurities from BC (such as mineral impurities, CaCO3, CaSO4), as well as open micropores and deform nanopores to meso- and macropores [41]. From Fig. 3c-d, it can be seen that the CuO nanomaterials with a leaf-like structure are attached to the surface of BC. Similarly, the morphologies of K-BC-CuO also demonstrate that CuO nanomaterials are dispersed on the surface of K-BC (Fig. 3e-f). The mapping images of K-BC-CuO (Fig. 3g) also confirm the presence of the main elements, including C, Cu, and O, in the prepared material's composition. Furthermore, EDS spectra of K-BC-CuO (Fig. S1) represent the characteristic peaks of C, Cu and O, revealing that the K-BC-CuO composite was successfully prepared.
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Fig. 3.

SEM of the prepared materials with different magnifications, BC (a), K-BC (b), BC-CuO (c, d), and K-BC-CuO (e, f), and mapping images of K-BC-CuO (g).
According the adsorption desorption hysteresis curves presented in Fig. 4, all the prepared nanomaterials display a typical type IV isotherm with an H3 hysteresis loop according to the IUPAC classification, confirming the mesoporous structure of the materials [42]. In addition,  Table S2 presents the values obtained for the SSA, pore volume, and pore size of the prepared materials. It is evident from this table that pristine BC has a low SSA (≈ 2 m2/g) and pore volume (≈ 0.003 cm3/g). However, KOH modification resulted in BC's relatively high SSA and pore volume (24 m2/g and ≈ 0.05 cm3/g, respectively), which are approximately ten times larger than those of pristine BC. In addition, the average pore size of K-BC is two-times larger than that of pristine BC (≈ 8 nm and ≈ 4 nm, respectively), and both are larger than the molecular sizes of CIP and CBZ (< 1 nm). It is believed that the modification of pristine BC with KOH can result in opening the blocked pores by removing the impurities or creating new pores in the structure of pristine BC, as can be clearly seen in Fig. 3. There are reports published in the literature on the effects of such modifications on the morphology of biochar-based materials. For instance, Jin et al. [41] observed that biochar derived from anaerobically digested algae-dairy-manure slurry represents a larger specific surface area and porosity after being modified with KOH. The authors also discussed that providing more active sites was the main reason for increasing the Cu2+ adsorption capacity of the modified biochar from 21 mg/g to 51 mg/g. The composites of both pristine and modified BCs with CuO also present higher SSAs (24.29 m2/g, 26.70 m2/g, respectively), pore volumes (0.058 cm3/g ,0.053 cm3/g, respectively), and pore sizes (9.4 nm, 7.7 nm, respectively) than pristine BC. This can be attributed to the nanometric size of CuO, which can result in an increase in the overall SSA and porosity of the composites. Furthermore, K-BC-CuO demonstrates a slightly higher SSA and pore volume than K-BC, revealing the cumulative effects of the nanometric size of CuO and the porous structure of K-BC.
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Fig. 4.

N2 adsorption-desorption isotherms of BC(a), K-BC (b), BC-CuO (c), K-BC-CuO (d).
3.2 Adsorption kinetics
The adsorption kinetics parameters were calculated to investigate the CIP adsorption performance of the prepared materials as well as the mechanisms involved in the adsorption processes. As shown in Fig. 5a, K-BC displays a higher adsorption capacity than pristine BC under the same conditions. This can be attributed to the fact that KOH modification can increase the porosity and SSA and modify the surface properties of BC [43]. CIP molecules exist in cationic (pH <5.9), zwitterionic (5.9 <pH <8.9), and anionic (pH> 8.9) forms in solutions [44]. The pristine BC has the highest and the lowest adsorption capacities at pH 7 and 10, respectively. At high pH (pH = 10), the BC surface becomes negatively charged due to the effect of enhanced deprotonation, which leads to the electronic repulsion of BC and CIP. In addition, excessive hydroxyl ions may compete with CIP for adsorption active sites, resulting in a reduced adsorption capacity of CIP on BC [45]. At pH 7, a number of zwitterion species of CIP molecules are present in the solution, which may be beneficial to CIP adsorption on BC due to the effect of electrostatic and hydrophobic interactions [46]. Interestingly, K-BC has the highest adsorption capacity at pH 3 because the surface of KOH-modified BC has more negative charges, and more CIP can be adsorbed under acidic conditions due to electron interactions. Bashir et al. [47] also observed that KOH modification can develop negative surface charges in rice straw biochar, which results in an increase in the adsorption capacity of the materials for cations such as Cd2+. Moreover, BC-CuO and K-BC-CuO demonstrate a similar adsorption trend to that of the pristine BC at different pH values, and the maximum adsorption capacity is observed at pH 7, suggesting that BC-CuO and K-BC-CuO have a surface charge similar to that of pristine BC. BC-CuO and K-BC-CuO both show higher adsorption capacities than BC and K-BC at pH 7 (Fig. 5b), respectively, indicating that CuO deposited onto the surface of BC can improve the adsorption capacity of CIP, due to the increase in SSA and pore volume.
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Fig. 5 
Adsorption kinetics for CIP by different nanomaterials.
To gain further insights into the adsorption process of CIP, pseudo-first-order and pseudo-second-order models were applied to analyze the adsorption kinetic parameters. The fitting of the kinetic parameters is illustrated in Fig. S2 and Table S3. It is evident that the adsorption process of CIP on BC, K-BC, BC-CuO is better fitted with the pseudo second-order model, revealing that the chemical adsorption of electron sharing or exchange between CIP and materials is the dominant mechanism involved in the adsorption of this pollutant [48]. In addition, the adsorption behavior of CIP on K-BC-CuO can be well fitted with both the pseudo-first-order and the pseudo-second-order models, confirming the role of both physical and chemical adsorption processes in the removal of CIP using this system [49].
    Nevertheless, the above-mentioned common kinetic models cannot explain the diffusion mechanisms. Hence, the intraparticle diffusion model was also employed, as shown in Fig. S2 and Table S3. According to the results achieved, the adsorption of CIP on K-BC, BC-CuO, and K-BC-CuO follows a well-fitted two-step linear model. The first step represents boundary layer diffusion or external diffusion, and the second step demonstrates the slow intraparticle diffusion process [50]. For the three mentioned materials, the rate constant of the first step (K1) is larger than that of the second step (K2). This is because more of the active sites are available at the starting points of the adsorption process. Occupation of these sites by the pollutant can increase the intraparticle diffusion resistance in the second step. Regarding BC, the adsorption of CIP occurs mainly during the first step of the reaction, suggesting that chemical adsorption processes are the main mechanisms involved in the removal of CIP, and the intraparticle diffusion process has only a small share in the adsorption of CIP.

3.3 Advanced oxidation of the pollutants
The adsorption process can remove pollutants from the medium by loading them on the surface of the adsorbents. However, there is a need for efficient complementary oxidation steps to decompose organic compounds for their full elimination. As illustrated in Fig. 6a, the CIP removal efficiency by the catalytic activation of PS using BC, K-BC, BC-CuO, and K-BC-CuO was 12.5%, 56.1%, 83.4%, and 85.3%, respectively, with an initial pH of 7. Hence, it can be stated that pristine BC cannot efficiently activate PS to degrade CIP, while K-BC has higher removal efficiency than pristine BC. This result can be attributed to the fact that the high specific surface area of K-BC can provide more activated sites for CIP removal. In addition, the presence of functional groups such as carboxylic groups on the surface of K-BC can also activate PS to generate reactive species for CIP degradation. There is some interesting literature to support this statement. For instance, Forouzesh et al. [51] observed that acidic oxygen functional groups (e.g., carboxylic groups) of activated carbon can activate PS for the degradation of metronidazole. Notably, the CIP degradation efficiencies with BC-CuO and K-BC-CuO are significantly superior to those with BC and K-BC, confirming that CuO can efficiently activate PS for the generation of oxidative species. Furthermore, K-BC-CuO has the highest degradation rate constant of 0.037 min-1 among all the studied materials (Fig. S3). This result can be explained by (i) as discussed before, the surface functional groups of K-BC can activate PS, and the high specific surface area of K-BC can also provide more active sites for the adsorption and degradation of CIP and (ii) CuO can activate PS efficiently to degrade contaminants.

The effects of initial CIP concentrations on degradation process are presented in Fig. 6b. CIP can be completely degraded at initial concentrations of 5 mg/L and 10 mg/L, while only 85.3% of CIP can be degraded at the initial concentration of 20 mg/L. This is mainly due to more active species being required for the degradation process under high initial concentrations of CIP, and there are not enough active species to degrade 20 mg/L CIP at a fixed PS concentration [52]. To further investigate whether the K-BC-CuO/PS system is applicable for the degradation of other contaminants, CBZ was selected as another widely used anticonvulsant pharmaceutical. K-BC-CuO with PS can only degrade 45.7% CBZ, revealing that CBZ is more recalcitrant than CIP under the same conditions. Hence, the objective was to enhance the degradation efficiency of CBZ by optimizing the operating conditions.
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Fig. 6 
Oxidative degradation of CIP by different nanomaterials (a) (conditions: 1 g/L nanomaterials, intimal pH =7, 1 mM PS, 20 mg/L CIP, room temperature) and oxidative degradation of CIP and CBZ by K-BC-CuO (b) (conditions: 1 g/L nanomaterials, intimal pH =7, 1 mM PS, room temperature).
The effects of five operating conditions including K-BC-CuO dosage (A), initial pH (B), initial CBZ concentration (C), PS concentration (D), and temperature (E), on the CBZ degradation were explored by designing experiments using the RSM. The results are presented in Table S4 and Fig. 7. The calculated F value and p value of the model are 21.27 and < 0.0001, respectively, indicating that the model is statistically significant. The R² value (0.9748) and adjusted R² value (0.9290) are very close, signifying the high correlation between the actual and predicted values [53]. Additionally, the ‘lack of fit’ is not significant based on the respective F- and p values (2.82 and 0.1373, respectively). This implies that the model fits well with the experimental results achieved. Thus, the regression equation between the removal rate of CBZ and the degradation factors could be expressed by Eq. (8):
Removal rate (%) = 57.38 + 7.65 A - 2.51 B - 9.13 C + 11.64 D + 15.61 E - 0.5695 A*A - 1.23 B*B + 3.01 C*C+ 2.51 D*D + 4.18 E*E + 4.67 A*B + 1.55 A*C - 0.3928 A*D - 6.88 A*E + 0.9767 B*C + 2.51 B*D- 2.38 B*E + 4.50 C*D - 1.42 C*E + 6.20 D*E                                                                                 (8)
    The positive values in the equation indicate the synergistic effect of the factors, while the negative values represent the antagonistic effects on the removal rate. Furthermore, the p value was calculated to be below 0.0500, indicating that the factor is significant; hence, it can be concluded that the factors A, C, D, E, AB, AE, CD, DE, C2, D2, and E2 are significant for the CBZ removal rate, while the factors B, AC, AD, BC, BD, BE, CE, A2, and B2 are not significant for the CBZ removal rate. According to the parameters of the regression equation and F value, the effect of each factor on the CBZ removal rate follows the order E (temperature)>D (PS concentration)>C (initial CBZ concentration)>A (K-BC-CuO dosage)>B (initial pH).
    Furthermore, diagnostic plots were employed to validate the adequacy of the model, and the results are presented in Fig. 7. Figure 7a shows the relationship between the predicted and experimental values for the CBZ removal rate catalyzed by K-BC-CuO. The predicted and experimental values are all located close to the straight line, revealing that the predicted values for the CBZ removal rate are satisfactory. Fig. 7b displays that all data points are close to a straight line in the normal probability plot, which indicates that residuals are extremely consistent with the normal distribution. The residual versus predicted response plot provides an indication of the independence of the residual from the response value, which is expected to be randomly scattered. If the displayed plot has a funnel shape, the residuals are assumed to be related to the mean of the responses [54]. The “residuals versus predicted” plot (Fig. 7c) demonstrates a random distribution, implying that the model has a perfect prediction. Fig. 7d represents the internally studentized plot for all 32 experimental runs, and it can be seen that the residuals are randomly distributed in all experiments and the residual magnitudes are within the limits. In particular, almost all the experimental data are in the range of -2 to +2, suggesting a 95% confidence level [55]. Based on the above analysis, the developed model can be considered accurate and reliable. The perturbation plot was used to study the influence of different factors on the CBZ degradation rate. As shown in Fig. 7e, factors E (temperature), D (PS concentration), and C (initial CBZ concentration) with a sharp curvature indicate that these three factors are highly sensitive to the CBZ degradation rate, especially factor E (CBZ solution temperature), which has the highest sensitivity. However, the flatter curvature for factor B (initial pH) reveals that the factor has less effect on the CBZ degradation rate. Therefore, the influence of different factors on the CBZ degradation rate is consistent with the results of regression equation (8).
[image: image30.emf](e)

(a)

(c)

(d)

(b)


Fig. 7 
Plot of the relationship between the predicted and actual values of CBZ removal rate (a), normal probability plot of residuals (b), the plot of residuals versus predicted (c), internally studentized plot versus run plot (d), perturbation plots for CBZ removal rate (A: dosage, B: initial pH, C: initial concentration, D: PS concentration, E: temperature)
The three-dimensional surface and contour plots for the interactions between the five factors on the degradation rate of CBZ are demonstrated in Fig. S4. According to Fig. S4 (a), (b), (c), and (d), the CBZ degradation rate increased significantly with increasing dosage of K-BC-CuO, regardless of the initial CBZ concentration, solution pH, PS concentration, and operating temperature. The results indicate that the higher the K-BC-CuO dosage is, the higher the degradation efficiency. This is mainly due to the availability of more active sites on the catalyst surface, which can produce more active species for the degradation of CBZ. Similar results have been reported on the degradation of ofloxacin by Cu–Ce tire carbon catalysts and PS processes, and the ofloxacin degradation and TOC removal rates reached 95.8% and 87.6%, respectively [56]. Fig. S4 (a), (e), (f), and (g) present the interactions between the initial pH and the K-BC-CuO dosage, the initial CBZ concentration, the PS concentration, and the operating temperature. The degradation rate increased slightly with decreasing pH, suggesting that the initial pH has less of an effect on the CBZ degradation efficiency. This is mainly because by the addition of PS, a drop occurs in the solution pH. The interactions between the initial CBZ concentration and other factors are displayed in Fig. S4 (b), (e), (h), and (i). It is obvious that removal rate decreased with increasing initial CBZ concentration, which indicated that the amount of active species generated in the medium was not adequate to decompose all the CBZ molecules present in the medium. A similar trend was observed for the degradation of imidacloprid through the activation of PS by nanoscale zero-valent iron. Additionally, the imidacloprid degradation efficiency decreased from 81% to 25% as the initial concentration increased from 30 ppm to 60 ppm [57]. From Fig. S4 (c), (f), (h), and (j), the CBZ degradation rate increased considerably when the PS concentration increased, suggesting that the PS concentration plays a key role in the degradation process. Any increase in the PS concentration would result in the generation of more activated species, hence improving the CBZ degradation rate [58]. As shown in Fig. S4 (d), (g), (i), and (j), it is evident that the CBZ removal rate increased sharply with the increase in the operating temperature, revealing that the temperature is of high importance for the CBZ degradation process, which is consistent with the results of perturbation plots (Fig. 7e). This result can be attributed to the fact that more PS molecules can be activated at higher temperatures, resulting in more activated species and hence a higher degradation performance of the system [59].
3.4 Degradation mechanism

According to the literature, both radical and nonradical pathways are involved in the degradation of pollutants when PS is activated by the appropriate catalysts [60]. Therefore, methanol (MeOH) and tert-butyl-alcohol (TBA) were first employed to quench the SO4·- and ·OH radicals. In general, MeOH is efficient for quenching SO4·- and ·OH since it has a high reaction rate constant with both SO4·- and ·OH (kSO4·- = 1.1 × 107 M−1s−1, k·OH =9.7× 108 M−1s−1). TBA only shows quenching performance for hydroxyl radicals because TBA is more reactive to ·OH than SO4·- (kSO4·- =4× 105 M−1s−1, k·OH =6× 108 M−1s−1) [61]. As shown in Fig. 8a and Fig. S5a, TBA has a negligible effect on the CIP removal rate, while it slightly decreased in the presence of MeOH. This indicates that SO4·- participates in the degradation of CIP. In addition, benzoquinone (BQ) was used to quench O2·-. According to the results, there was no significant change in the CIP degradation rate after the addition of BQ, suggesting that in that case, O2·- is not significantly generated in the reaction medium. It can be concluded that activated radicals such as SO4·-, ·OH, and O2·- have limited effects on the CIP degradation process. Therefore, it can be proposed that nonradical pathways are responsible for the degradation of CIP in this process. As an important species in nonradical pathway processes, singlet oxygen (1O2) is usually generated by the oxidation and recombination of O2 and can be quenched by furfuryl alcohol (FFA). The addition of FFA exhibited obvious inhibition in the degradation of CIP, revealing that 1O2 plays an important role in this process. In addition, the inhibitory effect of FFA is more significant than that of MeOH, revealing that 1O2 is the dominant oxidative species in this typical degradation process. However, 1O2 is may not generated by the oxidation and recombination of O2·- in the present manuscript because there is little O2·- in the degradation process. 
Relevant studies in the literature also stated that 1O2 can be generated through various pathways, such as the excitation of oxygen molecules from unsaturated active carbon atoms (O3) and the reaction between PS and specific functional groups (such as ketonic groups) present on the surface of the materials [62,63]. In addition, it has been reported that surface-bound radicals play a crucial role in the degradation of pollutants using nanomaterial/PS systems. Such radicals cannot be quenched by hydrophilic scavengers. Hence, KI was applied to quench the surface-bound radicals [64]. Interestingly, the degradation performance was improved by the addition of KI, suggesting that the surface-bound radicals do not affect the degradation process. This effect can be explained by the following reasons. Since KI can react with excess PS to produce I2 and SO42- (S2O82- + 2I- → 2 SO42- + I2) [65], the reaction between KI and PS may accelerate the movement of electrons to produce more SO4·- (S2O82- + e- → SO42- + SO4·-). Additionally, it was been confirmed that pollutants can capture the electrons directly that are reductively removed [66]. In conclusion, the CIP degradation process was dominated by the nonradical pathway, and 1O2 in the reaction medium played a major role in the degradation of CIP using the studied system. Based on the analysis above, the degradation pathway of CIP is shown in Fig. 8c. Briefly, K-BC-CuO can activate PS to generate SO4·- radicals through Eq. (9). Furthermore, the surface functional groups of K-BC-CuO (such as C=O) may react with PS to generate 1O2. The abundant SO4·- radicals and 1O2 in the reaction medium can decompose CIP into small molecules, H2O, and CO2 (Eq. 10).
S2O82- +Cu2+→SO42-+ SO4·-+Cu3+                                                                                                               (9)

SO4·-,1O2+CIP→intermediates, H2O, CO2                                                                                                (10)

The effect of different scavengers on CBZ degradation performance is displayed in Fig. 8b and Fig. S5b. The removal rates are very close in the presence of MeOH and TBA, indicating that the generation of SO4·- and ·OH is limited in the CBZ degradation process. BQ shows a small inhibitory effect on CBZ degradation, suggesting that O2·- participates in the CBZ degradation process. In addition, there are several ways to produce O2·- in systems involving PS (e.g., 2 S2O82-+ 2H2O →3SO42- + SO4·- + O2·- + 4H+). However, the generation of SO4·- and ·OH is not significant for the K-BC-CuO/PS system. Hence, O2·- is most likely to be generated by Eq. (11). In addition, the CBZ degradation rate is markedly decreased after the addition of FFA, implying that 1O2 is crucial for CBZ degradation. However, a limited amount of O2·- but a large amount of 1O2 are produced in the reaction. Hence, different pathways are responsible for the generation of 1O2. First, a limited amount of 1O2 is generated from O2·- through the effect of oxidation and recombination (2O2·- + 2H2O → H2O2 + 2OH- +1O2) [67]. Second, most of the 1O2 is generated through a nonradical pathway, which is similar to the CIP degradation process. The CBZ removal rate is markedly inhibited in the presence of KI, revealing that surface-bound radicals play important roles in the degradation process. Therefore, it can be concluded that CBZ can be degraded via a surface catalytic process by reaction with 1O2 in the K-BC-CuO/PS system (Fig. 8d). Finally, CBZ is broken down into smaller molecules, as well as the final degradation products, including H2O and CO2 (Eq. 12).
O2+e-→ O2·-                                                                                                                                                 (11)

O2·-,1O2+CBZ→intermediates, H2O, CO2                                                                                                (12)
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Fig. 8
Effects of MeOH, TBA, FFA, BQ, and KI on CIP (a, conditions: 1 g/L nanomaterials, intimal pH =7, 1 mM PS, room temperature) and CBZ (b, conditions: 1 g/L nanomaterials, intimal pH =7, 1 mM PS, 60 °C) degradation, schematic diagram of degradation CIP (c) and CBZ (d).
3.5 Simultaneous degradation of CIP and CBZ
    The experiments for simultaneous degradation of CIP and CBZ using K-BC-CuO/PS system were also included to further evaluate the performance of the catalyst in real conditions when multiple pollutants are present. As shown in Fig. S6, the degradation efficiency of CIP and CBZ (separately) is approximately 100% with 1 mM PS. However, in the simultaneous degradation experiments with 1 mM PS, the removal efficiency of CIP remained 100%, while the removal efficiency of CBZ dropped to 81.3%, revealing that the addition of CBZ does not affect the degradation performance of CIP. The reduction in CBZ degradation performance can also be attributed to the fact that insufficient activation species are available in the system for the complete degradation of both pollutants simultaneously. Additionally, there may be a competitive reaction between CIP and CBZ. Considering that CBZ is a more recalcitrant compound with a more complex molecular structure, the activated species are more effective for the degradation of CIP than CBZ [68]. However, by providing more reactive species ([PS]=2 mM), complete degradations were achieved for both pollutants. Furthermore, the TOC results demonstrated only 24.4% and 34.72% TOC removal for CIP and CBZ in the individual systems, revealing that large amounts of intermediates are generated in the degradation process. Although CIP is more easily degraded than CBZ, CBZ has a higher mineralization rate (TOC). For the mixture, the TOC removals are 28.89% (1 mM PS) and 40.27% (2 mM PS), indicating that the increase in PS concentration can improve the mineralization rate, and the complete mineralization rate takes a longer time compared with the degradation rate.
4. Conclusions

In this research, BC and KOH-modified BC (K-BC) were successfully synthesized and used for loading CuO for the efficient adsorption and degradation of model pharmaceutical compounds including CIP and CBZ. The characterization results demonstrated that K-BC has a larger SSA than pristine biochar (23 m2/g > 2 m2/g), with more abundant surface functional groups (e.g., C-N, COO-, and C=C) than pristine BC. The K-BC showed a higher adsorption capacity for CIP than pristine BC (9.8 mg/g > 3.8 mg/g), although none of them was able to effectively activate persulfate to degrade contaminants. K-BC-CuO displayed the highest degradation performance for CIP (0.037 min-1). This can be attributed to the fact that large surface area of K-BC provides more active sites for CIP removal, and the functional groups of K-BC and CuO can efficiently activate PS to generate activated species. RSM was used to study the effects of various operating parameters on the degradation of CBZ using the K-BC-CuO/PS system. The results confirmed the order of the effect of each factor on CBZ degradation rate as: (temperature)> (PS concentration)> (initial CBZ concentration)> (K-BC-CuO dosage)> (initial pH). Moreover, the scavenging experiments proved that singlet oxygen plays a key role in the degradation of CIP and CBZ using this system. K-BC-CuO also showed excellent performance for the simultaneous degradation of CIP and CBZ, as well as a relatively high TOC removal rate. Since BC is a low-cost and sustainable carbonaceous material, the modification method and integration of CuO would provide a sustainable approach for enhancing the adsorption and degradation of various environmental pollutants, including contaminants of emerging concern.
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