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Abstract: In this study, novel walnut shell biochar-nano zero-valent iron 27 

nanocomposites (WSBC-nZVI) were synthesized using a combined pyrolysis/reduction 28 

process. WSBC-nZVI displayed a high removal efficiency (86%) for carbamazepine (CBZ) 29 

compared with walnut shell biochar (70%) and nano zero-valent iron (76%) in the 30 

presence of persulfate (PS) (0.5 g/L catalyst, 10 mg/L CBZ, 1 mM persulfate). 31 

Subsequently, WSBC-nZVI was applied for the fabrication of the membrane using a phase 32 

inversion method. The membrane demonstrated an excellent removal efficiency of 91% 33 

for CBZ in a dead-end system (2 mg/L CBZ, 1 mM persulfate). In addition, the effect of 34 

various operating conditions on the degradation efficiency in the membrane/persulfate 35 

system was investigated. The optimum pH was close to neutral, and an increase in CBZ 36 

concentration from 1 mg/L to 10 mg/L led to a drop in removal efficiency from 100% to 37 

24%. The degradation mechanisms indicated that oxidative species, including 1O2, ·OH, 38 

SO4
·−, and O2

·−, all contribute to the degradation of CBZ, while the role of 1O2 is highlighted. The 39 

CBZ degradation products were also investigated, and the possible pathways and the 40 

predicted toxicity of intermediates were proposed. Furthermore, the practical use of the 41 

membrane was validated by the treatment of real wastewater. 42 

Keywords: walnut shell biochar; nano zero-valent iron; catalytic membrane; persulfate; 43 

mechanisms. 44 
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1. Introduction 51 

    Carbamazepine (CBZ), as a typical anticonvulsant drug, is widely used to cure mental illnesses 52 

such as epilepsy (Roy and Moholkar, 2021; Zybina et al., 2018). CBZ is a polar molecule and 53 

relatively stable, has a low degree of volatility, and will hence accumulate in various water bodies 54 

(i.e., surface water, drinking water, and ground water) because of the ineffectiveness of 55 

conventional wastewater treatment methods (e.g., activated sludge process) to remove this 56 

pharmaceutically active compound (Fan et al., 2020; H. Zhou et al., 2020). According to the 57 

literature, CBZ can cause short-term and long-term toxic effects to living organisms, such as 58 

endocrine disruption and teratogenicity (Su et al., 2022). To address these issues, various 59 

physicochemical methods have been developed for the treatment of CBZ-containing wastewater. 60 

Some cost-effective methods, such as adsorption, have already demonstrated acceptable removal 61 

efficiencies for CBZ (e.g., a high adsorption capacity of 664 mg/g with Zn-MOF-derived 62 

nanoporous carbons (Yu et al., 2022)). However, the treatment of spent adsorbents is a 63 

challenging issue and may cause secondary pollution (Wen et al., 2019). Various advanced 64 

oxidation processes have been considered for the removal of CBZ. Among these methods, 65 

electrochemical methods are able to generate strong oxidation species for the degradation of 66 

contaminants but require expensive facilities and large amounts of energy input, which can limit 67 

their commercialization for real applications (Tang et al., 2019). Activation of oxidation agents 68 

such as hydrogen peroxide, persulfate, and iodine is another way of dealing with such recalcitrant 69 

pollutants by generating powerful oxidative species in the medium. In this regard, sulfate radicals 70 

with a high oxidation potential (2.5-3.1 V), and long half-life period (30-40 μs) (Luo et al., 2018) 71 

have recently received great attention, leading to the development of various homogeneous (e.g., 72 

using microwaves (Qi et al., 2014), heating (Liu et al., 2023), and ultrasound (Monteagudo et al., 73 

2018)) and heterogeneous (e.g., using catalysts) persulfate activation techniques. Among them, 74 

heterogeneous catalytic systems using transition metals have been considered good candidates 75 

for the activation of PS due to their high degradation efficiency and high feasibility. In particular, 76 
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nano zero-valent iron (nZVI) has been widely applied for the activation of PS, mainly because of 77 

its effective redox chemistry properties and non-toxic nature (Chen et al., 2018). However, nZVI 78 

suffers from aggregation and passivation, which cause the loss of effective surface area and reduce 79 

its efficiency for the degradation of pollutants, resulting in restricted application for the treatment 80 

of real wastewater (Shan et al., 2021). Several methods have been developed to overcome this 81 

barrier, including the addition of surfactants (e.g., sodium dodecyl) (Wang et al., 2021), second 82 

metal doping (Wu et al., 2022), and using a support to stabilize the iron particles (Fan et al., 2022). 83 

Among these methods, the use of carbonaceous materials to support nZVI has received huge 84 

attention because they provide abundant surface functional groups, high porosity and high 85 

specific surface area at relatively low costs, which meet economic and environmental 86 

requirements (Xue et al., 2023). In addition, carbonaceous material-supported nZVI displays 87 

high stability and excellent degradation performance for a wide range of pollutants. For instance, 88 

Li et al. (Li et al., 2022) synthesized nZVI/N-doped biochar for the degradation of bisphenol A 89 

(BPA) in the presence of peroxydisulfate, and the composites displayed a high degradation 90 

efficiency of 95% in 120 min. Biochar (BC), as a typical carbonaceous material, is generally 91 

produced through the pyrolysis of biomass feedstocks under oxygen-limited conditions (Li et al., 92 

2021). BC is considered an effective support material for the immobilization of nZVI, especially 93 

when it has a high specific surface area and porosity resulting from the optimum pyrolysis process 94 

(Xu et al., 2018). Nevertheless, the rapid agglomeration and issues related to the recycling of spent 95 

composite nanomaterials are challenging aspects related to their industrial application (Xue et al., 96 

2022b). To overcome these issues, catalytic membrane processes for the treatment of wastewater 97 

have been studied and developed rapidly in recent years. In such advanced systems, the 98 

membrane not only separates suspended solids but also degrades organic pollutants using 99 

immobilized nanomaterials. For instance, Liu et al. (Liu et al., 2021) fabricated a 100 

CuO@CuS/PVDF composite membrane for the degradation of tetracycline, resulting in a high 101 

removal efficiency of 87% within 3 h in the presence of persulfate. Inspired by this, the 102 
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construction of a BC-nZVI membrane represents some advantages, including strong stability, 103 

easy recovery, environmental friendliness, and high efficiency. 104 

    In the present manuscript, walnut shell biochar (WSBC)-supported nZVI was synthesized 105 

through a combined pyrolysis/reduction process. Subsequently, a WSBC-nZVI membrane was 106 

fabricated via phase inversion for the activation of PS. To the best of our knowledge, there is no 107 

report in the literature about the fabrication of a walnut shell biochar-nano zero-valent iron 108 

(WSBC-nZVI) membrane and its use for the activation of PS. In addition, the effect of different 109 

operating conditions (such as PS concentration, solution pH, and CBZ concentration) on CBZ 110 

degradation in the WSBC-nZVI membrane/PS system was determined, and optimal conditions 111 

were defined. The involved mechanisms were investigated by scavenging experiments, and the 112 

feasibility of this system was examined for the treatment of real wastewater. Furthermore, the 113 

degradation products and proposed degradation pathways of CBZ were studied. Finally, the 114 

stability of the membrane was evaluated. 115 

2. Materials and method 116 

2.1 Chemicals 117 

Chemicals including iron(II)-sulfate heptahydrate (FeSO4•7H2O, ACS reagent, >99,5%, Carl Roth, 118 

Germany), sodium borohydride (NaBH4, ACS reagent, 98%, Fischer Scientific, Germany), sodium 119 

persulfate (Na2S2O8, ACS reagent, Belgium), polyethylene glycol (PEG 2000, Fischer Scientific, 120 

Germany), polyethersulfone (PES, 6020p, western union, China), N,N-dimethylformamide (DMF, 121 

C3H7NO, ACS reagent, >= 99,8%, Thermo Scientific, Turkey), carbamazepine (C15H12N2O, Sigma-122 

Aldrich, Germany), acetonitrile (ACN, HPLC grade, Fisher Chemical, UK), and formic acid (FA, 123 

HPLC grade, Honeywell, Germany) were used during the experiments. 124 

2.2 Synthesis of nanomaterials 125 

Walnut shell particulate material was obtained from Matthys bvba (Belgium) with a particle 126 

size ranging from 450 μm to 800 μm. For the preparation of walnut shell biochar, 20 g of walnut 127 
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shell was impregnated with 100 mL of H3PO4 (0.6 M) at 90 °C for 3 h and then dried at 80 °C 128 

overnight. This pre-treatment step enhances the porosity of the fabricated materials, as previously 129 

reported by Chen et al. (Chen et al., 2022). Subsequently, the obtained material was pyrolysed at 130 

520 °C with a heating rate of 10 °C/min and held at 520 °C for 2 h. The pyrolysis process was 131 

carried out under a nitrogen atmosphere. The prepared biochar was collected and labelled WSBC 132 

for further characterization and use. 133 

WSBC-nZVI was synthesized using a liquid phase reduction process. WSBC (0.4 g) and 134 

FeSO4·7H2O (6 g) were dispersed in 400 mL distilled water under stirring and a nitrogen 135 

atmosphere for 30 min. Then, 200 mL NaBH4 solution with a concentration of 20 g/L was added 136 

dropwise into the mixture with flowing nitrogen. After 1 h of reaction, the WSBC-nZVI powder 137 

was collected and washed with distilled water three times. Finally, the WSBC-nZVI was dried at 138 

60 °C overnight under a nitrogen atmosphere. nZVI was also synthesized through the same 139 

method without WSBC. 140 

2.3 Fabrication of WSBC-nZVI membrane 141 

   The WSBC-nZVI membrane was fabricated through a phase inversion method. The WSBC-nZVI 142 

nanomaterial (2%) was dispersed into a DMF solution (70%) and then distributed uniformly 143 

under ultrasound conditions for 30 min. Subsequently, PES (16%) and PEG (12%) were added to 144 

the above solution. The mixture was heated at 60 °C for 6 h under continuous stirring. The 145 

obtained homogenous solution was degassed by ultrasound for 30 min to remove any bubbles 146 

from the solution. Then, the solution was evenly spread onto a glass plate using a casting knife 147 

(Elcometer 3580, Netherlands) to set a wet membrane thickness of 200 μm. Thereafter, the glass 148 

plate was immediately immersed in a distilled water bath at room temperature until the 149 

membrane spontaneously detached from the glass plate. The membrane was stored in distilled 150 

water under a N2 atmosphere to remove the residual organic solvent. 151 
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2.4 Characterization 152 

    The composition and crystalline structure of the prepared nanomaterials were studied by using 153 

X-ray diffraction analysis (XRD, Panalytical X'Pert PRO 3, Netherlands). The surface functional 154 

groups of the prepared nanomaterials and membrane were also identified via Fourier transform 155 

infrared spectroscopy (FTIR) using an attenuated total reflection (ATR) diamond accessory 156 

(FTIR-ATR, Bruker). In addition, the morphology and elemental composition of the prepared 157 

nanomaterials and membrane were also characterized by using scanning electron microscopy 158 

(SEM) with energy dispersive spectroscopy (EDS) (VEGA3 TESCAN). Nitrogen adsorption-159 

desorption isotherms were obtained using a Micromeritics Gemini V2 (USA) to identify the 160 

specific surface area and pore size distribution of the prepared materials. 161 

2.5 Degradation of CBZ 162 

CBZ degradation experiments with the prepared nanomaterials were carried out in a beaker at 163 

room temperature. Typically, 0.5 g/L nanomaterials and 1 mM PS were added to 200 mL CBZ 164 

solution (10 mg/L) under continuous stirring. At fixed time intervals, approximately 1.5 mL of 165 

suspension was sampled, filtered by a 0.45 μm filter and quenched by Na2S2O3 solution. The 166 

concentrations of CBZ were measured by high-performance liquid chromatography (HPLC). A 167 

C18 column (Agilent Eclipse Plus, 4.6 × 250 mm, dp= 5 μm) was used at 30 °C. The mobile phase 168 

consisted of water and ACN with a ratio of 60:40 (v/v), and the UV detector was set at 284 nm. 169 

The sample injection volume was 30 μL. The degradation efficiency and degradation reaction rate 170 

constant of CBZ were calculated according to Equations (1) and (2). 171 

Degradation efficiency ሺ%ሻ ൌ 100 ൈ ሺ𝐶଴  െ 𝐶௧  ሻ 𝐶଴⁄                                                                             (1) 172 

𝑙𝑛 ሺ𝐶௧ 𝐶଴ሻ⁄ ൌ െ𝐾௢௕௦ ൈ  𝑡                                                                                                     (2) 173 

where C0 is the initial CBZ concentration (mg/L) and Ct is the CBZ concentration at reaction time 174 

(t). Kobs is the pseudo-first-order reaction rate constant (min−1). 175 

The WSBC-nZVI catalytic membrane performance for CBZ degradation was investigated in a 176 

dead-end filtration setup (Memtester, Switzerland). A fresh membrane (storage time less than 24 177 
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h) with an effective area of 28 cm2 was placed in a stirred cell. Subsequently, 200 mL of CBZ 178 

solution and 1 mM PS were mixed in the filtration cell with a total volume of 300 mL under 179 

continuous stirring (air not evacuated). Then, a constant pressure of 0.5 bar was provided by a 180 

nitrogen gas bottle. At pre-determined time intervals, a 1.5 mL sample of the permeate aqueous 181 

solution was collected and quenched by the Na2S2O3 solution to stop the oxidation reactions. The 182 

pH of the solution was adjusted by 0.1 M HNO3 or 0.1 M NaOH if needed. The concentration of 183 

CBZ was measured using the method described in section 2.5. In addition, the water permeability 184 

of the membrane was calculated using Equation (3) (Zheng et al., 2022). 185 

Water permeability ൌ 𝑉 ሺ𝐴 ∙ 𝑡 ∙⁄ 𝑃ሻ                                                                                                             (3) 186 

where V (L) is the volume of the permeated solution, A (m2) is the effective area of the membrane, 187 

t (h) is the filtration time, and P (bar) is the operating pressure. Moreover, the catalytic 188 

performance of the membrane for real wastewater was studied in the same way, using real 189 

wastewater instead of Milli-Q water. The reuse experiment was also carried out with the spent 190 

membrane and by feeding the system CBZ-polluted water and PS. 191 

The degradation products of CBZ were identified by an Agilent Infinity II 1290 UHPLC/DAD 192 

instrument coupled to a quadrupole time-of-flight mass spectrometer (Q-TOF MS) (Agilent 6530, 193 

Waldbronn, Germany). Two Acquity UPLC BEH C18 columns (2.1 × 100 mm, dp 1.7 μm, Waters, 194 

Milford, USA) were connected in series and operated at a flow rate of 0.25 mL/min. The mobile 195 

phases included 0.1% FA in water (A) and 0.1% FA in acetonitrile (B). A gradient elution method 196 

was carried out as follows: 10% B to 31.25% B in 0-5 min, 31.25% B to 95% B in 5-30 min, kept for 197 

2 min, 95% B to 10% B in 32-33 min, reconditioned for 12 min at 10% B. Positive electrospray 198 

ionization mode (ESI+) was used. The gas temperature, sheath gas temperature, sheath gas flow, 199 

drying gas flow, and capillary voltage were 315 °C, 350 °C, 660 L/h, 480 L/h, and 3.5 kV, 200 

respectively. The mass scan range was from m/z 50 to m/z 1700. Agilent Profinder software 201 

(version 10.0) was utilized to analyse the data. 202 
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3. Results and discussion 203 

3.1 Characterization of the nanomaterials and membrane 204 

    The crystal structure of the prepared materials was analysed by XRD, and Fig. 1 presents the 205 

results obtained. WSBC displays an obvious peak at approximately 24°, which can be attributed 206 

to the amorphous structure of carbon (X. Zhou et al., 2020). The characteristic peak at 44.7 ° of 207 

nZVI matches well with the standard patterns of Fe0 (JCPDS 06-0696) (Li et al., 2020). In 208 

addition, the small peak at approximately 35° of nZVI is related to the partial oxidation of nZVI. 209 

The intensity of this peak decreased obviously in WSBC-nZVI, revealing that WSBC protects nZVI 210 

particles from further oxidation. This may be because a portion of nZVI can be synthesized in the 211 

pores of BC; hence, BC may mechanically prevent nZVI from interacting with air (Han et al., 2015). 212 

Similar results have been reported by Gu et al. (Gu et al., 2021). They found that the presence of 213 

BC and graphene in a composite prevents the oxidation of nZVI. In addition, WSBC-nZVI exhibits 214 

the characteristic peaks of nZVI, while the amorphous peak of WSBC at 24° disappears after the 215 

addition of nZVI.  216 

 217 

Fig. 1 218 
XRD patterns of WSBC, nZVI, and WSBC-nZVI. 219 

The surface functional groups of the prepared nanomaterials and membranes were also 220 

identified using FTIR spectroscopy. The characteristic peaks of WSBC at 2103 cm-1, 1692 cm-1, 221 

1550 cm-1, 1090 cm-1, 680 cm-1, and 462 cm-1 shown in Fig. 2a are related to the vibrations of C≡C, 222 
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-COOH vibration, bending vibration of N-H, stretching vibration of C-O, C-H deformation, and 223 

bending and symmetrical vibration of Si-O-Si, respectively (Boguta et al., 2019; Soria et al., 2020; 224 

Xiao et al., 2020; Yang et al., 2022). In addition, WSBC-nZVI retains the original characteristic 225 

peaks of WSBC, indicating that the WSBC-nZVI nanocomposite has been successfully synthesized. 226 

It has been reported that the abundant surface functional groups of nanomaterials play a key role 227 

in the adsorption and degradation of contaminants (Ahmad et al., 2020). For instance, Silvestri 228 

et al. (Silvestri et al., 2021) found that surface functional groups such as carbonyl groups can boost 229 

the activation of PS for the degradation of contaminants, which can be attributed to the fact that 230 

carbonyl groups, as the main active sites of BC, contribute to electron transfer between pollutants 231 

and PS. The characteristic peaks of PES at 1578 cm-1, 1486 cm-1, 1236, and 1103 cm-1 (Fig. 2b) are 232 

associated with C=C aromatic ring vibration, C‒C stretching, aromatic phenylene ether stretching, 233 

and C‒O stretching, respectively (Heng et al., 2021). Additionally, PEG presents several 234 

characteristic peaks, such as 2870 cm-1 and 1104 cm-1, which can be attributed to CH2 asymmetric 235 

stretching and -C-O- vibrations, respectively (Dilshad et al., 2019). Moreover, the WSBC-nZVI 236 

membrane demonstrates several characteristic peaks for PES (e.g., 1578 cm-1) and PEG (e.g., 2870 237 

cm-1), but no obvious characteristic peaks of WSBC-nZVI are observed. This can be attributed to 238 

the fact that the high-intensity peaks of PES and PEG (e.g., 1578 cm-1, 1236 cm-1, 1103 cm-1) affect 239 

the characteristic peaks of nanomaterials (e.g., 1090 cm-1, 680 cm-1) in the same region, resulting 240 

in the characteristic peaks of WSBC-nZVI being undistinguishable. 241 
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 242 

Fig. 2 243 
FTIR spectra of the prepared WSBC, nZVI, and WSBC-nZVI nanomaterials (a), PES, PEG, and WSBC-nZVI membrane 244 
(b). 245 

The morphology and elemental composition of the prepared nanomaterials and the membrane 246 

were analysed using SEM and mapping techniques. Fig. 3a demonstrates the vesicle-type 247 

morphology of WSBC with a porous structure. nZVI presents as agglomerated spherical particles. 248 

The aggregation of nanosized particles is due to the van der Waals interactions between nanosized 249 

magnetic particles (Li et al., 2019). Mandal et al. (Mandal et al., 2020) also observed that nZVI 250 

had non-uniform and agglomerated spherical structure shapes. In Fig. 3d-e, the morphology of 251 

WSBC-nZVI clearly confirms that the nZVI particles are well dispersed at the surface and pores 252 

of WSBC. In addition, the mapping of WSBC-nZVI proves the presence of C, O, and Fe in the 253 

materials, as indicated in Fig. 3e-i. Furthermore, the presence of WSBC-nZVI particles on the 254 

surface of the membrane is evident from Fig. 3j. The cross-sectional images of the membrane (Fig. 255 

3 k-m) also reveal its porous and spongy morphology. The formation of porous structures is due 256 

to the use of PEG as a pore-forming agent in the membrane fabrication process. In addition, the 257 

presence of hydrophilic oxygen-containing groups (such as -COOH and C-O, Fig. 2) on the surface 258 

of WSBC-nZVI nanoparticles can improve the diffusion rate of water into the membrane during 259 

the fabrication process of the membrane, which results in the formation and development of pores. 260 

Similar results have been reported by He et al. (He et al., 2017). They concluded that the presence 261 



  12

of BC can considerably enhance the porosity of the membrane compared to the pristine 262 

membrane without BC (79%>75%). 263 

 264 

Fig. 3 265 
SEM images of WSBC (a-b), nZVI (c), WSBC-nZVI nanocomposite (d-e), mapping (f-i) of WSBC-nZVI nanocomposite, 266 
surface (j), and cross-section (k, l, m) of the WSBC-nZVI membrane. 267 

The N2 adsorption/desorption isotherms and pore size distribution curves of the prepared 268 

nanomaterials and membrane are shown in Fig. 4. Additionally, the values related to the BET 269 

surface area and pore volume are presented in Table S1. As shown in Fig. 4, all the N2 270 

adsorption/desorption isotherms of the prepared nanomaterials exhibit Type IV patterns with an 271 

H3 hysteresis loop according to the IUPAC classification, indicating the mesoporous structure of 272 

the prepared materials (Li et al., 2018). In addition, WSBC demonstrates a relatively low specific 273 

surface area (2.7 m2/g) and pore volume (0.003 cm3/g). However, the specific surface area and 274 
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pore volume of WSBC-nZVI displayed a significant increase (38.1 m2/g, 0.039 cm3/g), suggesting 275 

that nZVI with a higher specific surface area was successfully coated on the surface of WSBC. In 276 

general, the high specific surface area and porosity of nanomaterials provide more active sites for 277 

the adsorption and degradation of contaminants on the surface of the prepared materials and 278 

membrane. Similar results have been observed by Sun et al. (Sun et al., 2020). They implemented 279 

a CO2-activated BC with a relatively high specific area for the simultaneous adsorption and 280 

degradation of phenolic pollutants in the presence of PS. Furthermore, the WSBC-nZVI 281 

membrane displayed a small average pore size of 5.13 nm, indicating that this membrane was an 282 

ultrafiltration membrane. 283 

 284 

 285 

Fig. 4. 286 

N2 adsorption/desorption isotherms and pore size distribution curves of WSBC (a), nZVI (b), WSBC-nZVI (c), and 287 

WSBC-nZVI membrane (d). 288 
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3.2 Degradation of CBZ 289 

The prepared nanomaterials were used for the simultaneous adsorption and degradation of 290 

CBZ as a recalcitrant pharmaceutically active compound. Fig. 5a indicates that WSBC exhibits the 291 

highest adsorption capacity for CBZ (75%) among the studied materials, which can be attributed 292 

to the presence of surface functional groups such as -COOH and -N-H on the surface of WSBC, 293 

which can provide more active sites for the adsorption of pollutants and may also promote the 294 

formation of hydrogen bonds between the adsorbent and the contaminant. This statement is 295 

supported in the recent literature. For instance, Guo et al. (Guo et al., 2021) observed that the 296 

surface functional groups (e.g., -COOH, -OH) of BC can provide more immobilization sites for 297 

Cr(III) in the adsorption process. As another example, Tran et al. (Tran et al., 2020) confirmed 298 

that the hydrogen bonds between oxygen-containing groups (e.g., -OH) of spherical biochar and 299 

paracetamol played an important role in the adsorption mechanism. In addition, both WSBC-300 

nZVI and nZVI had low CBZ adsorption capacities (<10%). The addition of PS had no significant 301 

effect on the removal of CBZ with WSBC (Fig. 5b). In this situation, competitive adsorption occurs 302 

between CBZ and PS, and some of the adsorption sites of WSBC are occupied by PS. On the other 303 

hand, WSBC cannot efficiently activate PS to degrade CBZ. A similar phenomenon was found by 304 

Ding et al. (Ding et al., 2021). They observed that the removal efficiency of 17β-estradiol decreased 305 

from 96% to 76% by nZVI/porous graphitized BC in the presence of PS. However, as indicated in 306 

Fig. 5,b, both nZVI and WSBC-nZVI demonstrated high CBZ degradation efficiencies of 76% and 307 

86%, respectively, indicating that these nanomaterials can efficiently activate PS for the 308 

degradation of CBZ. In addition, WSBC-nZVI exhibits a higher degradation efficiency than nZVI, 309 

which can be attributed to the high surface area, high porosity, and abundant functional groups 310 

of WSBC-nZVI. A large surface area and high porosity of nanomaterials provide more active sites 311 

for the activation of PS, resulting in more active species generated in the medium for the 312 

degradation of contaminants (Ren et al., 2021). As an example, Cai et al. (Cai et al., 2021) 313 
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demonstrated that the high surface area of manganese-doped iron-carbon composites remarkably 314 

improved the activation efficiency of PS, resulting in accelerated degradation of rhodamine B. 315 

 316 

Fig. 5 317 
 Adsorption (a) and degradation (b) kinetics of CBZ by different nanomaterials (conditions: 0.5 g/L catalyst, 10 mg/L 318 
CBZ, 1 mM PS). 319 

The effects of different parameters on CBZ degradation were also studied in the WSBC-nZVI 320 

membrane/PS system. In Fig. S1a, the removal efficiency of CBZ is only approximately 10% in the 321 

absence of PS, indicating that the membrane has a low adsorption capacity and that CBZ can pass 322 

through the membrane pores due to the relatively large pore size of the membrane. As discussed 323 

before, the pore size of the membrane is approximately 5.13 nm, and the molecular size of CBZ is 324 

less than 1 nm. Hence, this membrane cannot efficiently filter CBZ molecules. In addition, as the 325 

PS concentration increases from 0 mM to 1.5 mM, the degradation efficiency of CBZ increases 326 

from 12% to 60%, which is mainly because more PS can drive the formation of more active species, 327 

resulting in an improvement in the degradation efficiency of CBZ. Similar results have been 328 

reported previously in the literature. For instance, Yao et al. (Yao et al., 2022) demonstrated that 329 

the degradation efficiency of levofloxacin increased from 47% to 88% as the PS concentration 330 

increased from 0 mM to 4.2 mM in the MgFe2O4/biochar/PS system. 331 

In addition, the effects of different CBZ concentrations on the degradation efficiency of the 332 

system were investigated, as indicated in Fig. S1b. The degradation efficiency of CBZ increased 333 

from 24% to 100% as the CBZ concentration decreased from 10 mg/L to 1 mg/L. This can be 334 
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because the production of active species remains constant at a certain dosage of PS. Hence, it can 335 

be concluded that under higher concentrations of CBZ, more active species are required to 336 

degrade this compound. Similar results have been reported by Bai et al. (Bai et al., 2021), who 337 

found that the degradation efficiency of bisphenol A dropped from 80% to 37% by increasing the 338 

bisphenol A concentration from 2 mg/L to 15 mg/L under a sludge-derived biochar/PS system. 339 

The influence of the initial solution pH on the CBZ degradation efficiency is also illustrated in 340 

Fig. S1 c-d. The WSBC-nZVI membrane/PS system demonstrated a high degradation efficiency 341 

over a wide pH range (3-9), and the highest degradation efficiency was obtained at pH 6.4. CBZ 342 

has two pKa values (pKa1 = 2.5/pKa2 = 13.9) (Cortés-Arriagada et al., 2023). Hence, a weaker 343 

repulsion effect between the membrane and CBZ molecules can be expected under near-neutral 344 

pH values. Under such conditions, CBZ molecules can easily reach the surface of the membrane 345 

at pH 6.5, resulting in the efficient degradation of CBZ. Additionally, iron ions play a key role in 346 

the activation process of PS. Under acidic conditions, the release of iron ions from the membrane 347 

is accelerated by their dissolution, resulting in the deformation of the membrane surface (Shao et 348 

al., 2020). Hence, the degradation efficiency of CBZ decreased slightly at pH 3 (0.067 min-1). 349 

However, the degradation efficiency dramatically decreases under alkaline conditions (pH 11). 350 

This can be due to the precipitation of iron ions in the form of less efficient iron hydroxide at high 351 

pH (Ogawa and Kawase, 2021). Under these conditions, fewer iron ions are available for the 352 

activation of PS. Furthermore, under alkaline conditions, SO4
·− can react readily with OH− to 353 

generate ·OH and further convert into H2O (SO4
·− + OH- → SO4

2- + ·OH) (Yan et al., 2021). Some 354 

previous papers support this hypothesis. For instance, He et al. (He et al., 2021) observed that the 355 

degradation efficiency of tetracycline decreased from 65% to 50% as the solution pH increased 356 

from 7 to 11. They also claimed that alkaline conditions are not beneficial for the activation of PS, 357 

and excess OH− quenches SO4
·− present in the medium. 358 
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3.3 Degradation mechanisms 359 

The mechanisms involved in the degradation of CBZ using the WSBC-nZVI membrane/PS 360 

system were further investigated with scavenging experiments to identify the related active 361 

species such as ·OH, SO4
·−, and 1O2 generated in the medium. According to previous studies, 362 

methyl alcohol (MeOH) acts as a scavenger for ·OH and SO4
·− simultaneously, while tert-butyl-363 

alcohol (TBA), benzoquinone (BQ), and furfuryl alcohol (FFA) are scavengers for ·OH, 364 

O2
·− and 1O2, respectively (Xue et al., 2022a). As shown in Fig. 6a-b, obvious inhibition effects 365 

were observed by the addition of TBA and especially MeOH (Fig. S2), revealing that both ·OH and 366 

SO4
·− are generated and contribute to CBZ degradation. In addition, the degradation efficiency 367 

decreased with the addition of BQ, confirming that O2
·− also participates in CBZ degradation. 368 

Furthermore, only 20% CBZ degradation was observed in the presence of FFA, indicating that 1O2 369 

is also produced in the degradation process. Additionally, the degradation efficiency of CBZ was 370 

the lowest with the addition of FFA among all the scavengers (Fig. S2), suggesting that 1O2 plays a 371 

key role in the degradation of CBZ. Similar results have also been reported by Ma et al. (Ma et al., 372 

2021), who confirmed that 1O2 is the primary active species responsible for the degradation of 373 

reactive black 5 in the mesoporous carbon-nZVI/PS system. 374 

 375 
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 376 

Fig. 6 377 
The degradation efficiency of CBZ by the WSBC-nZVI membrane/PS system under different quenching conditions, 378 
MeOH (a), TBA (b), BQ (c), and FFA (d). 379 

Fig. 7 illustrates the reaction mechanism for the WSBC-nZVI membrane/PS system proposed 380 

according to the results achieved by the scavenging experiments. The Fe species (Fe2+) is quickly 381 

generated from WSBC-nZVI via different routes, such as the direct reaction of Fe0 with PS 382 

(Equation 4), indirect reaction of Fe0 with oxygen (Equation 5), and indirect reaction of Fe0 with 383 

water molecules (Equation 6). (Al-Shamsi and Thomson, 2013). Subsequently, Fe2+ reacts with 384 

PS to produce Fe3+ and SO4
·− (Equation 7). A portion of SO4

·− is converted into SO4
2- and ·OH by 385 

the reaction of H2O or OH- (Eq. 8-9). Diao et al. (Diao et al., 2021) also observed that ·OH can be 386 

produced based on this reaction in the BC-nZVI/peroxymonosulfate system. In addition, O2
·− can 387 

be produced from two routes, including the reaction between Fe2+ and O2 (Equation 10) and the 388 

reaction between O2 and electrons (Equation 11). 1O2 can also be generated from the reaction 389 

between O2
·− and water (or H+) (Equations 12-13). Meanwhile, Fe3+ can be reduced into Fe2+ 390 

through the reaction of Fe0 and Fe3+ (Equation 14), which is a key reaction for the degradation of 391 

CBZ (Kim et al., 2018). In addition, WSBC as a support not only prevents the agglomeration of 392 

nZVI but also promotes the conversion of Fe3+ to Fe2+ by supplying electrons (Equation 15) (Jiang 393 

et al., 2021). Moreover, the abundant functional groups (such as -COOH and C-O) of WSBC 394 

improve the adsorption capacity for CBZ and boost the activation efficiency of PS for the 395 

degradation of organic pollutants. In conclusion, CBZ is first adsorbed on the surface of the 396 
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membrane and then decomposed in the presence of active species (e.g., ·OH, SO4·−, O2
·−, 1O2). 397 

Finally, CBZ can be further oxidized into small molecular intermediates, CO2, and H2O (equation 398 

16). 399 

Fe0 + S2O8
2- → Fe2+ + 2SO4

2-                                                                                                                         (4) 400 

2Fe0 + O2 + 2H2O →2Fe2+ +4OH-                                                                                                                    (5) 401 

Fe0 +2H2O →Fe2+ + 2OH- +H2
                                                                                                                         (6) 402 

Fe2+ + S2O8
2-  → Fe3+ + SO4

·− + SO4
2-                                                                                                    (7) 403 

SO4
·− + H2O → SO4

2- +H+ +·OH                                                                                                            (8) 404 

SO4
·− + OH- → SO4

2- + ·OH                                                                                                                    (9) 405 

Fe2+ +O2 → Fe3+ + O2
·−                                                                                                                              (10) 406 

O2 + e- → O2
·−                                                                                                                                            (11) 407 

2O2
·− + 2H+ → 1O2 + H2O2                                                                                                                                 (12) 408 

O2
·− + H2O → 1O2 + OH-                                                                                                                          (13) 409 

Fe0 + 2Fe3+ → 3Fe2+                                                                                                                                       (14) 410 

Fe3+ + e- → Fe2+                                                                                                                                                     (15) 411 

·OH, SO4
·−, O2

·−, 1O2 + CBZ → intermediates            (16) 412 

 413 

Fig. 7. 414 
Possible reaction mechanism for the degradation of CBZ by the WSBC-nZVI membrane. 415 
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3.4 Degradation pathways of CBZ 416 

The formation of intermediate degradation products of CBZ was explored by UPLC-MS. The 417 

detailed molecular weight values and the chemical structures of the identified intermediates are 418 

listed in Table S2. Fig. 8 demonstrates the possible degradation pathways. According to pathway 419 

Ⅰ, the aliphatic double bond was attacked by the active species to obtain P1, which was further 420 

hydroxylated to generate intermediate P5. P1 was also converted into P2 by a deamination step. 421 

In pathway ⅠⅠ, P4 was produced by the hydration of CBZ, which was further transformed into a 422 

heterocyclic radical to obtain P5. Then, P6 was obtained from P5 by the formation of a heterocycle. 423 

Lai et al. (Lai et al., 2021) observed similar degradation pathways of CBZ based on the identified 424 

intermediates and a Fukui function calculation in the V-Fe concentrate ore/PS system. In pathway 425 

ⅠⅠⅠ, P7 was produced by the oxidation of CBZ, and then P8 was obtained from P7 through a further 426 

aldehyde oxidation process. Moreover, P8 was transformed into P6 by closed-loop and 427 

dehydration reactions. Subsequently, P3 was produced from P6 by losing an amidogen group. P10 428 

was generated through the deketonization of P3, and then P11 was obtained by further oxidation 429 

of P10. In addition, P6 could be oxidized to the produced carboxylic acid product of P9. Then, P11 430 

was also obtained from P9 by losing the acrylamide and carboxylic acid groups. Finally, P10 and 431 

P11 were converted into small molecules of P12 and P13 through ring cleavage reactions. A similar 432 

ring cleavage degradation pathway of CBZ was found for the Bi2S3/BiVO4/MgIn2S4/visible light 433 

system (Guo et al., 2019). 434 
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 435 

 436 

Fig. 8. 437 
Proposed degradation pathways of CBZ in the membrane/PS system. 438 

The toxicity of CBZ and its intermediates in the degradation process was estimated by ECOSAR 439 

modelling. According to the Globally Harmonized System of Classification and Labelling of 440 

Chemicals, the results can be classified as very toxic, toxic, harmful, and not harmful (Xu et al., 441 

2021), as shown in Tables S3 and S4. The half lethal concentration (LC50) values of CBZ for fish 442 

and daphnids and the half effective concentration (EC50) values for green algae were 40.9 mg/L, 443 

14.1 mg/L, and 0.260 mg/L, respectively. Additionally, the chronic toxicity value (ChV) values of 444 

CBZ for fish, daphnid, and green algae were 1.05 mg/L, 1.17 mg/L, and 0.096 mg/L, respectively. 445 

These results confirmed that CBZ has high acute and chronic toxicity for aquatic organisms. 446 

Fortunately, most of the degradation products of CBZ have lower toxicity than CBZ (Fig. 9), 447 

revealing that most of the CBZ has been converted into low toxicity products in the degradation 448 

process. However, P4 is at a very toxic level for fish (chronic toxicity), suggesting that the 449 

degradation products also need to be given more attention. Overall, the WSBC-nZVI 450 

membrane/PS system can be considered an efficient technology for the treatment of CBZ-451 

containing wastewater. 452 
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 453 

Fig. 9 454 
Predicted acute (a) and chronic toxicity values (b) of CBZ and its intermediates based on ECOSAR estimation. 455 

3.5 Degradation of CBZ in real wastewater 456 

To investigate the practical viability of the WSBC-nZVI membrane/PS system in real 457 

wastewater treatment, a secondary effluent from a local municipal wastewater treatment 458 

plant (Aquafin, Mechelen-Noord, Belgium) was used to test the removal efficiency of CBZ. 459 

According to Fig. 10a, the membrane exhibits a high water permeability of 108 L/(m2·h·bar) in 460 

Milli-Q water. This can be attributed to a low mass transfer resistance by the high porosity and 461 

surface hydrophilic oxygen-containing groups of the membrane, resulting in water easily passing 462 

through the membrane. In addition, WSBC-nZVI in the membrane provides channels for water 463 

transport and improves the waster permeability of the membrane. Similar results were reported 464 

by Zhang et al. (Zhang et al., 2021). They observed that the biochar-polydopamine membrane had 465 

a higher water permeability of 32 L/(m2·h·bar) than the polydopamine membrane (18 466 

L/(m2·h·bar)). However, the water permeability of the membrane dramatically decreases to 63 467 

L/(m2·h·bar) in real wastewater. This is attributed to pore blocking by the suspended solids in real 468 

wastewater, resulting in an increase in mass transfer resistance for water to pass through the 469 

membrane. In addition, the water permeability was similar with (63.7 L/(m2·h·bar)) and without 470 

PS (62.5 L/(m2·h·bar)), mainly because the active species from the activation process of PS are 471 

not efficient for the decomposition of suspended solids; hence, the mass transfer resistance of 472 
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water is similar under such conditions. As illustrated in Fig. 10b, the initial COD value of real 473 

wastewater (50 mg/L) decreases to 40 mg/L after a separation process, which can be related to 474 

the suspended solids being rejected by the membrane due to the large size of suspended solids. In 475 

the presence of PS, the COD removal efficiency was similar to that of the separation process, 476 

suggesting that the active species cannot efficiently decompose suspended solids and organic 477 

pollutants, which is consistent with the water permeability results. This is mainly because the 478 

active species are insufficient for the degradation of all the compounds. Moreover, as illustrated 479 

in Fig. 10c, the WSBC-nZVI membrane/PS system exhibits a high degradation efficiency of 90% 480 

for CBZ in Milli-Q water. However, this system presents a low degradation efficiency for real 481 

wastewater, which can be attributed to the fact that the composition is quite complex in real 482 

wastewater due to the presence of suspended solids, inorganic ions, organic pollutants, etc. Hence, 483 

efficient treatment of such an effluent requires more active species generated in the medium. 484 

Reports available in the literature also support this statement. For instance, Rajabi et al. (Rajabi 485 

et al., 2022) demonstrated that the degradation efficiency of metronidazole decreased from 100% 486 

to 45% in real wastewater in a CuCoFe2O4@methylcellulose activated carbon/PS system. They 487 

speculated that the decomposition of impurities in real wastewater requires more active species, 488 

and some cations and anions act as scavengers for the generated oxidative species, which reduces 489 

the number of free radicals available in this system. The application of combined methods (e.g., 490 

sedimentation, separation, biodegradation, AOPs) with membrane separation can also be 491 

considered for the efficient treatment of real wastewater. 492 
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493 

 494 

Fig. 10. 495 
Water permeability (CBZ, PS) of the membrane (a), COD values of the wastewater (b), and the degradation efficiency 496 
of CBZ in real wastewater (initial pH, 1 mM PMS, 2 mg/L CBZ). 497 

3.6 Stability of the membrane 498 

The stability of the membrane was studied by reuse experiments and FTIR characterization. 499 

The membrane was used three times without any cleaning procedure. As shown in Fig. S3a, the 500 

degradation efficiency of CBZ remained at approximately 90% after three runs, but the 501 

degradation reaction rate constant of CBZ decreased slightly from 0.08 min-1 to 0.06 min-1. This 502 

can be attributed to the fact that some of the active sites in the membrane are occupied by the 503 

degradation intermediates of the previous runs, preventing the formation of sufficient active 504 

species for CBZ degradation. Nevertheless, the degradation efficiency of CBZ was still acceptable 505 

after three reuse experiments. In addition, the water permeability of the membrane remained 506 

quasi stable after three reuse experiments (108 L/(m2·h·bar), 96 L/(m2·h·bar), 101 L/(m2·h·bar)) 507 

(Fig. S3b), revealing that the pores of the membrane structure with an average pore size 508 
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distribution of 5.13 nm are not blocked by CBZ and its degradation products due to the small size 509 

of CBZ (less than 1 nm) and large pore size of the membrane. Moreover, the FTIR spectra (Fig. 510 

S3c) of the fresh membrane and the spent membrane are similar, suggesting no serious 511 

deformation in the membrane structure because of the formation of active species generated in 512 

the medium. In conclusion, the prepared WSBC-nZVI membrane is very stable. 513 

4. Conclusions 514 

In this research, walnut shell biochar (WSBC), nano zero-valent iron (nZVI), and walnut shell 515 

biochar-nano zero-valent iron (WSBC-nZVI) were synthesized for the degradation of 516 

carbamazepine (CBZ) in the presence of persulfate (PS). WSBC-nZVI displayed the highest 517 

removal efficiency of 86% for CBZ among the prepared nanomaterials (70% for WSBC, 76% for 518 

nZVI, 0.5 g/L catalyst, 10 mg/L CBZ, 1 mM persulfate). When applying the WBC-nZVI membrane 519 

in a dead-end configuration, the results showed that for a CBZ concentration of 2 mg/L and a 520 

persulfate concentration of 1 mM, 91% of the compound was removed within 30 min of reaction. 521 

The degradation mechanisms were discussed based on scavenging experiments, and the results 522 

indicated that the formation of singlet oxygen is the dominant mechanism for the degradation of 523 

CBZ in this system. The degradation products were also identified by using ultrahigh-524 

performance liquid chromatography in combination with high-resolution mass spectrometry 525 

(UHPLC-QTOF-MS), and their potential ecotoxicological effects were evaluated using the 526 

ECOSAR database. The results demonstrated that most of the intermediates are of a lower toxicity 527 

level than CBZ. The feasibility of the membrane/PS system was also investigated by the treatment 528 

of real wastewater. Moreover, reuse experiments confirmed that the membrane is stable and 529 

efficient for the degradation of organic compounds. 530 
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