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Abstract

Integrating adsorption with heterogeneous persulfate activation represents a promising strategy for the
removal of persistent organic pollutants (POPs) from aqueous systems. Nonetheless, the facile synthesis
of bifunctional materials that simultaneously exhibit high adsorption capacity and strong catalytic activity
remains challenging. In this study, Cu-incorporated micro/mesoporous biochar was synthesized via CO2-
assisted thermochemical treatment of Cu-impregnated wood chips (WC). Characterization confirmed the
formation of a hierarchical micro/mesoporous structure and the presence of abundant Cu active sites in
biochar (CuWCB (COz)). Performance evaluation demonstrated that CaWCB (COz2) achieved a higher
bisphenol A (BPA) adsorption efficiency (90.8%) than its Na-derived counterpart (15.2%). Upon
peroxydisulfate addition, the residual BPA was completely degraded, achieving >99% removal. In

addition to its water treatment performance, the COz-assisted thermochemical treatment enhanced syngas



production. This study demonstrates an integrated strategy that couples bifunctional material synthesis

with thermochemical energy recovery.



Introduction

Persistent organic pollutants (POPs) released into aquatic environments during industrialization pose
serious threats to aquatic ecosystems and human health !. Adsorption has been widely employed for the
removal of POPs due to its operational simplicity, broad applicability, and economic viability > 3.
Nevertheless, the removal efficiency of POPs by adsorption is often limited by the finite number of
available surface sites on the adsorbent . In addition, as adsorption progresses, the concentration of
pollutants in the aqueous phase decreases, thereby reducing the mass-transfer driving force for further
adsorption °. Consequently, the system gradually approaches adsorption-desorption equilibrium, leaving
residual pollutants in the treated water °. Thus, adsorption alone is insufficient to achieve complete
pollutant removal, thereby necessitating a complementary treatment step to eliminate the remaining
contaminants.

Advanced oxidation processes (AOPs) are promising technologies for water treatment because they
degrade POPs through the generation of reactive oxidizing species . Among AOPs, heterogeneous
persulfate (PS) activation is attractive for adsorption-oxidation coupled systems because it can be readily
integrated with the adsorption process, where the adsorbent also serves as a catalyst for PS activation ®.
The accumulation of pollutants on the catalyst surface also expedites removal kinetics through interfacial
reactions between pollutants and oxidants °. Compared with conventional heterogeneous PS activation,
the adsorption-oxidation process can accumulate more BPA on the catalyst surface, thereby accelerating
the reaction kinetics and improving oxidant utilization '°. As such, developing dual-function materials
capable of pollutant adsorption and PS activation is of great importance.

Indeed, metal-carbon composites have attracted attention as promising materials for adsorption-
oxidation integrated systems !'!. In these composites, the metal species act as active sites for PS activation,

while the carbon framework provides adsorption sites for pollutant uptake '2. In addition, the well-defined



carbon matrix promotes the dispersion of active metal species, thereby improving the accessibility of
pollutants to the catalytic sites !*. Nevertheless, the rational synthesis of metal-carbon composites remains
challenging because it requires simultaneous control of carbon structure and metal dispersion ',

Thermochemical treatment of metal-impregnated biomass offers a one-step approach for metal-carbon
composite synthesis '°. During thermochemical treatment, a carbonaceous biochar framework is formed,
while the introduced metal species are deposited on the biochar surface '®. Furthermore, metal species act
as in situ catalysts that promote C-C/C-H bond scission in biomass-derived intermediates, thereby
facilitating etching of the carbon matrix !7. This etching process promotes the porous structure formation
favorable for the transport and uptake of organic pollutants '3, Thus, optimization of thermochemical
treatment conditions is essential for engineering metal-carbon composites with accessible adsorption sites
and catalytically active metal species '°.

COr-assisted thermochemical treatment offers an alternative route to conventional treatment under an
inert gas condition 2. In this process, CO2 acts as an oxidizing agent that accelerates gasification of
biomass carbon, thereby enhancing pore development 2!. The development of micro- and mesopores
enhances the adsorption of pollutants by increasing the number of accessible adsorption sites and
facilitating intraparticle mass transfer by diffusion 2. Despite these advantages, studies on biochar carbon
formation during COz-assisted thermochemical treatment remain underexplored. In particular, the
synergistic effects of CO2 and metal species have not been systematically investigated.

Cu-catalyzed, COz-assisted thermochemical treatment provides benefits for the resulting pyrogenic
products: (i) enhanced carbon etching promotes pore development in biochar; (ii) Cu active sites are
stabilized within the porous carbon framework; and (iii) Cu species catalyze reactions between CO2 and
bio-oil intermediates, redirecting the thermochemical pathway toward syngas production. In this study,
Cu-impregnated wood chip (WC) was thermochemically treated under a CO2 atmosphere to synthesize a

bifunctional Cu-incorporated biochar (CuWCB (COz)). The structural, textural, and surface chemical



properties of the CuWCB (CO2) were characterized. The adsorption and peroxydisulfate (PDS) activation
performance of CuWCB (CO2) was evaluated using bisphenol A (BPA) as a model organic pollutant. The
mechanistic role of Cu during PDS activation was further investigated using multiple analyses. The gas
products generated during the thermochemical treatment of Cu-impregnated WC were also monitored by
time-resolved gas evolution measurements. In addition, the composition of the bio-oil fraction was
analyzed to clarify the mechanistic pathways responsible for enhanced syngas (CO and H2) production

during COz-assisted thermochemical treatment.



Results

Characterization of biochars

The morphologies of WCB and CuWCB and the lattice fringes of Cu species were characterized using
TEM and HRTEM. Compared with WCBs (Fig. 1(a,b,e,f)), CuWCBs exhibited Cu-containing
nanoparticles dispersed on the carbon matrix (Fig. 1(c,d,g,h)). EDS elemental mapping of CuWCB (CO2)
showed the overlapping distributions of Cu and O, suggesting the presence of oxidized Cu species (Fig.
1(1)). The enriched N species in CuWCB (CO2) likely originated from the nitrate in the Cu salt. CuWCB
(CO2) exhibited a mesoporous carbon structure, suggesting that Cu impregnation during CO:2
thermochemical treatment promoted pore development. The average particle size of CutWCB (CO2) was
50.4 nm, which was larger than that of CuWCB (N2) (26.0 nm). This result suggests that CO2 promotes
the growth of Cu species via carbon etching, which reduces support integrity and facilitated Cu
aggregation 2*2*, HRTEM images of CuWCB (N2) and CuWCB (CO:) showed an identical lattice spacing

of 0.21 nm (Fig. 1(j,k)), which is assigned to the Cu (111) crystal plane >°.
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Fig. 1 TEM, STEM, EDS, and HRTEM of WCBs and CuWCBs. TEM images of (a,e) WCB (N2),
(b,f) WCB (CO»), (c,g) CuWCB (N2) and (d,h) CuWCB (COz). (i) STEM and corresponding EDS
elemental mapping (C, O, Cu, N) of CuWCB (COz2). HRTEM images of (j) CuWCB (N2) and (k)

CuWCB (CO2).

The pore structure and surface area of WCBs and CuWCBs were characterized using N2 adsorption-
desorption isotherms and pore size distribution analyses. As shown in Fig. 2(a), CaWCB (COz2) exhibited
a higher N2 uptake than the other biochars over the entire relative pressure range, indicating the presence

of the most developed and accessible porosity. This result is consistent with previous studies showing that



pore development under CO2 conditions is promoted in the presence of Cu species 2°. The pore size
distributions (Fig. 2(b,c)) revealed that CuWCB (CO2) possessed abundant micropores centered at 1.0 nm.
In addition, mesopores extending to 10 nm were also observed, indicating the presence of a hierarchical
micro/mesoporous framework. Quantitative results (Fig. 2(d)) demonstrated that Cu impregnation led to
increases in BET surface area, BJH pore volume, and micropore volume under a CO2 atmosphere. The
pore structure was dominated by micropores, with a micropore volume (Vmp) of 0.24 cm® g!, indicating
that micropores constituted the majority of the accessible pore space. Meanwhile, the mesopore volume
obtained from BJH analysis (Veu = 0.08 cm? g!) indicated the existence of diffusion pathways that can
facilitate mass transfer of pollutants into the microporous regions . In contrast, Cu™WCB (N2) showed
lower surface area and pore volume than WCB (N2), suggesting that Cu impregnation under N2 conditions
was insufficient to develop accessible porosity. This result can be attributed to the absence of an oxidizing
atmosphere and the partial blockage of pores by Cu species. Collectively, these findings indicate that pore
development was governed by the synergistic effect of Cu and CO2, which promoted structural

rearrangement and the formation of a more accessible hierarchical pore network.
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Fig. 2 Surface area and pore structure of WCBs and CuWCBs. (a) N2 adsorption-desorption
isotherms, (b) BJH pore size distributions, (¢) micropore size distributions, and (d) pore volume
contributions derived from BET, BJH, and micropore analyses with the BET surface areas of WCBs and

CuWCB:s.

As shown in Fig. 3(a), the XRD patterns verified the presence of metallic Cu phases in CuWCBs, as
evidenced by the characteristic reflections at 20 = 43.3, 50.5, and 74.1° (JCPDS No. 01-085-1326) 2%. The
FT-IR spectra (Fig. 3(b)) showed that CuWCB (CO2) retains oxygen-containing functional groups, which
may facilitate BPA adsorption by providing polar interaction sites and increasing surface affinity 2°. The
surface chemical states of Cu and O in the CuWCBs were characterized by XPS (Fig. 3(c-e)). The Cu
2p3n2 spectra were deconvoluted into components corresponding to Cu’/Cu®, Cu**, and Cu(OH): *°.

Because Cu’ and Cu" exhibit overlapping binding energies in the Cu 2p region, the Cu LMM Auger



spectra were analyzed to differentiate these Cu states *!. The results showed that CuWCB (CO2) contained
a higher fraction of oxidized Cu species (Cu®*), whereas CuWCB (N2) showed a greater contribution from
Cu’/Cu’. Consistent with this trend, the O 1s spectra revealed a higher proportion of lattice oxygen species

(Cu-0) at 530.5 eV in CuWCB (CO2) than in CuWCB (N2) *.
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Fig. 3 Crystal structure and surface chemical properties of WCBs and CuWCBs. (a) XRD
patterns and (b) FT-IR spectra of WCBs and CuWCBs. (¢) Cu 2p32 XPS spectra, (d) Cu 2p LMM XPS

spectra, (¢) O 1s XPS spectra of CuWCB (N2) and CuWCB (COy).



Adsorption and degradation performance of BPA

Fig. 4(a) presents the BPA removal performance during an initial adsorption stage (0-40 min), followed
by PDS oxidation (40-70 min). During the adsorption stage, CutWCB (CO2) showed the highest BPA
removal (90.8%), exceeding that of WCB (N2) (13.6%), WCB (CO2) (61.2%), and CaWCB (N2) (15.2%).
These observations were closely associated with the hierarchical pore structure of CaWCB (COz2). The
microporous framework provides a large number of accessible internal adsorption sites for BPA 32,
Moreover, the mesoporous channels facilitate BPA diffusion within the biochar matrix and improve
transport to these internal adsorption sites **. After the adsorption stage, PDS addition removed most of
the residual BPA, resulting in more than 99% removal during the oxidation stage. Assessment of BPA
transformation products can provide insight into the environmental safety of the treatment process. To
identify the catalytic sites responsible for PDS activation, SCN~ was introduced during the PDS oxidation
stage as a blocker of metal active sites (Fig. 4(b)) **. The addition of SCN~ markedly suppressed BPA
degradation, reducing the removal efficiency to a level comparable to that of adsorption alone. This result
indicates that PDS activation mainly occurred at Cu sites rather than on the biochar matrix *°. The roles
of reactive oxygen species in BPA degradation during the oxidation stage were further examined using
scavenger tests (Fig. 4(c)). The scavenger concentrations were selected based on previous studies 3¢ 3738,
The addition of MeOH, CF, and SA did not decrease BPA removal during PDS oxidation, suggesting that
*OH/ SO4+~, O2+,and '02 played a minor role in the degradation of BPA *°. Consistent with the scavenger
test results, EPR analysis showed no distinct signal corresponding to 'O2. Moreover, the low conversion

efficiency of BA to 4-HBA (n4nsa= 0.48%), compared with that reported for *OH-dominant systems (>

5%), indicates that *OH did not play a major role in BPA degradation “°.
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Fig. 4 BPA removal performance of WCBs and CuWCBs and mechanistic evaluation of PDS
oxidation over CuWCB (CQO3). (a) BPA removal test of WCBs and CuWCBs including adsorption and
PDS oxidation. (b) Effect of SCN™ (1 mM) and (c) scavengers (MeOH = 100 mM, CF, and SA = 1 mM)

on BPA degradation during PDS oxidation over CuWCB (CO2) (catalyst dose = 0.4 g/L, [BPA]o =70

uM, [PDS]o = 1 mM).



Catalytic mechanism for PDS activation
Electrochemical impedance spectroscopy (EIS) was employed to compare the interfacial charge-
transfer resistance of WCBs and CuWCBs (Fig. 5(a)). Cu incorporation decreased the imaginary

41 The smaller semicircle

impedance component (-Z"), suggesting reduced interfacial polarization
observed in the high-frequency region for the CO:z-derived biochars indicates lower charge-transfer
resistance at the catalyst-electrolyte interface *>. Among biochars, CuWCB (CO2) exhibited the smallest
semicircle diameter, consistent with the lowest charge-transfer resistance and more favorable interfacial
electron-transfer kinetics **. This improved electrochemical response is consistent with its hierarchical
micro-mesoporous structure, which promotes electrolyte diffusion into the porous framework.

Open circuit potential (OCP) and chronoamperometry (CA) were conducted to elucidate the interfacial
behavior of PDS on the CuWCB (CO2) surface. As shown in Fig. 5(b), the OCP increased to 0.8 V (vs
Ag/AgCl) following PDS addition, indicating oxidative polarization of the catalyst surface and the
formation of a surface-bound CuWCB (CO2)/PDS complex **. Upon subsequent BPA addition, the OCP
decreased, consistent with interfacial electron donation from the BPA to the activated CuWCB(CO2)/PDS
complex 4. This result suggests that electron transfer driven by the interfacial redox potential facilitated
PDS decomposition and initiated the oxidation of BPA. Density functional theory (DFT) calculations can
be included in a follow-up study to elucidate the electronic interactions between Cu sites and PDS during
activation. This interpretation was further supported by CA (Fig. 5(c)). Upon PDS addition, the cathodic
current increased in magnitude, reflecting electron density redistribution associated with PDS
adsorption/activation “¢. This indicates the formation of surface-bound Cu/PDS complex and oxidation of

Cu species. Subsequent BPA addition induced a current transient, suggesting accelerated interfacial

electron transfer accompanied by consumption of the activated oxidant complex during BPA oxidation */.
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Fig. 5 Electrochemical properties of WCBs and CuWCBs. (a) Electrochemical impedance
spectroscopy (EIS) of WCBs and CuWCBs. (b) Open circuit potential (OCP) and (c)
chronoamperometry (CA) measurements of CitWCB (CO2) upon PDS and BPA addition ([BPA]o = 25

uM, [PDS]o = 500 uM).

The Cu 2p32 and Cu LMM Auger XPS spectra of CuWCB (CO2) were analyzed before and after
reaction to elucidate the evolution of surface Cu species during oxidant activation. In the Cu 2p3/2 region,
CuWCB (COy) after reaction exhibited an increased contribution from Cu(Il) accompanied by a decreased
Cu’/Cu* fraction, suggesting oxidation of Cu species during PDS activation (Fig. 6(a)). The Cu LMM
Auger spectra showed a shift in the Cu speciation from a Cu’-rich surface toward a Cu*-dominated state
(Fig. 6(b)), indicating the oxidation of surface Cu during the reaction. This result indicates that Cu active

sites served as the primary sites for PDS activation through electron donation. Based on the mechanistic



investigations, the adsorption and PDS activation mechanisms for BPA removal over CuWCB (CO3) are
illustrated in Fig. 7 % 4% 50, BPA removal was governed by adsorption on the CuWCB (CO2) and oxidation

through the Cu/PDS complex.
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Fig. 6 Cu XPS analysis of CatWCB (CQO») before and after reaction. (a) Cu 2p3.2 and (b) Cu LMM

Auger XPS spectra of CuWCB (COz) before and after reaction.
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Catalyst durability and matrix tolerance

To evaluate the reusability of the catalyst, cyclic BPA removal tests were conducted >!. CuWCB (CO2)
maintained high BPA removal performance over the first three cycles, but its removal efficiency decreased
in the fourth cycle (Fig. S2). This decrease was likely associated with the accumulation of adsorbed BPA
on the catalyst surface, which hinders the access of dissolved BPA and PDS to the active Cu sites. To
examine the structural stability of the catalyst after repeated use, the spent catalyst was characterized by
XRD and XPS analyses. The XRD patterns showed that the characteristic diffraction peaks of Cu® were
preserved after five cycles (Fig. S3). XPS analysis of the Cu 2p32 region showed that no new peaks
emerged after the 5-cycle test (Fig. S4). Changes were observed only in the relative fractions of the
components. The O 1s and C 1s spectra also showed no significant changes in the identified components,
except for variations in their relative fractions. The negligible leaching of Cu ions into the reaction
solution supports the structural stability of the catalyst during repeated use (Fig. S5).

The effects of background constituents (humic acid, ClI-, and HCOs") on BPA removal were
investigated. During the adsorption stage, the presence of background constituents caused a slight
decrease in BPA adsorption. After the addition of PDS, BPA was completely removed within 10 min under

all conditions. These results suggest the robustness of CuWCB (COz2) in complex water matrices.



Thermochemical treatment of WC

The thermogravimetric behavior of WC and CuWC was evaluated under N2 and CO2 atmospheres
using TG and DTG analyses (Fig. 8). Pristine WC exhibited two major mass-loss events at 285 °C and
355 °C, which can be attributed to the thermal decomposition of hemicellulose and cellulose, respectively
52, Under a CO2 atmosphere, WC showed an additional high-temperature mass-loss feature above 650 °C
relative to N2. This mass loss is ascribed to COz-carbon gasification via the Boudouard reaction (CO2 +
C — 2CO0), indicating a heterogeneous gas-solid reaction between CO2 and the carbonaceous matrix.
Notably, Cu impregnation lowered the onset temperature of this gasification feature to ~620 °C,

suggesting that Cu promotes biochar carbon gasification.
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Fig. 8 Thermal decomposition behavior of WC and CuWC. TGA and DTG profiles of WC and

CuWC under (a) N2 and (b) COz atmospheres.

Time-resolved concentration profiles of the gaseous products (CO, Hz, CH4, and C2-hydrocarbons (C2
HC:s)) generated during thermochemical processing under N2 and CO2 atmospheres are presented in Fig.
9. The N2 and CO: atmospheres exhibited no significant differences in CO and H2 evolution at
temperatures below 550 °C. In contrast, CO formation under CO2 increased markedly above 550 °C,

accompanied by a simultaneous decrease in H2 concentration. This inverse relationship indicates the



occurrence of the reverse water-gas shift reaction (CO2 + H2 — CO + H20), in which H2 is consumed to
promote CO formation under COz atmosphere 3. Notably, the CO increase exceeded the decrease in Hz,
suggesting additional CO formation via homogeneous CO2-volatile reactions 2!. Moreover, CO generation
accelerated above 650 °C via the Boudouard reaction, consistent with the trends observed in the
TGA/DTG profiles. After Cu impregnation, the CO yield increased under CO2 and the onset temperature
for CO evolution decreased, indicating Cu-catalyzed gasification of biochar carbon. The increased CO
production indicates more extensive carbon etching in CuWCB (COz2), which is consistent with the
enhanced pore development. In the 200-550 °C range, formation of CH4 and C> HCs was suppressed,
whereas H2 evolution was enhanced, implying that Cu promotes dehydration/condensation of volatile
intermediates during primary devolatilization and favors their incorporation into the solid carbon matrix
54, This interpretation is supported by TGA results, which show a higher char residue for CuWC (37.3%)

than for pristine WC (24.9%) at 550 °C under a CO2 atmosphere.
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Fig. 9 Gas evolution profiles during the thermochemical process. Time-resolved concentration
profiles of gaseous products during the pristine/Cu-doped WC thermochemical process under N2/CO2

atmosphere: (a) CO, (b) Haz, (c) CH4, and (d) C2 HCs.

The corresponding mass distribution of gas, liquid, and solid products is presented in Fig. 10 (a). Under
COz2 atmosphere, Cu impregnation increased the gas yield from 35% to 49%. Cumulative gas yield during
the temperature-ramping and isothermal stages was calculated to quantitatively compare gas evolution
(Fig. 10(b-d)). After Cu impregnation, the yields of CH4 and C2 HCs decreased by 19% and 43%,
respectively, whereas the Hz yield increased by 35% during the temperature-ramping stage. Moreover,
CO production increased by 31%, indicating enhanced in situ syngas upgrading catalyzed by Cu. As a

result, during the temperature-ramping stage of CuWC, CO and H2 production reached 35.1 and 16.1



mmol, respectively, under COz. During the isothermal stage under CO: atmosphere, CO production
increased from 50.1 to 101.8 mmol after Cu impregnation, corresponding to a 2.03-fold increase.
Consequently, CO and Hz together accounted for 94% of the total gas products during the overall CO»-
assisted thermochemical process, which was higher than the corresponding values for WC (N2) (77%),

CuWC (N2) (85%), and WC (CO2) (88%).
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Fig. 10 Product distribution and cumulative gas yield. (a) Mass distribution of gas, liquid, and solid
products. Cumulative gas yield during the (b) temperature-ramping, (c) isothermal stages, and (d)

overall thermochemical process.

Thermochemical process mechanism
The liquid products from the WC thermochemical process were analyzed using a GC-MS. The

chromatograms of WC and CuWC under N2 and COz are presented in Fig. 11(a). The identification results



and peak areas of bio-oil compounds were summarized across the different conditions (Table S1). Relative
to pristine WC, Cu impregnation markedly attenuated the intensities of the major compounds. This
indicates that Cu catalyzed the conversion of condensable oxygenated intermediates into gas products,
consistent with the decrease in liquid yield from 46% to 25% (Fig. 10(a)).

Identified oxygenated compounds in the bio-oil were categorized into five groups: acids, ketones,
furans, phenolics, and others, and the corresponding cumulative peak areas are presented in Fig. 11(b).
These oxygenated species originate from lignocellulosic thermolysis: acids, ketones, and furans are

primarily generated from (hemi)cellulose decomposition >

, whereas phenolics originate from lignin
degradation due to its complex aromatic structure *°. Switching from N2 to CO> reduced the cumulative
peak areas for all compound classes, and Cu impregnation further amplified this reduction. Specifically,
the total peak areas of oxygenated compounds under CO:z in the presence of Cu decreased by 62% relative
to pristine WC. Because the oxygen-rich and chemically complex composition of bio-oils limits their
direct use as fuels °’, converting these intermediates to syngas enables more efficient energy utilization.

Overall, the Cu-catalyzed COrz-assisted thermochemical processing redirects reaction pathways toward

syngas production and depletes oxygenated intermediates.
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Fig. 11 Chemical composition of bio-oil. (a) GC-MS chromatograms and (b) cumulative peak areas
of oxygenated compounds in bio-oil products obtained from thermochemical process of WC/CuWC

under N2/COz atmospheres.



Discussion

In this study, Cu-impregnated WC was thermochemically treated under a CO2 atmosphere to synthesize
a Cu-biochar composite for adsorption-oxidation applications. The Cu-CO: synergy during
thermochemical treatment led to the formation of a hierarchical micro/mesoporous structure in CuWCB
(CO2), thereby enhancing BPA adsorption (90.8 % of BPA removed). The residual BPA after adsorption
was subsequently removed through PDS activation by Cu active species, resulting in a total removal
efficiency of >99%. Beyond catalytic performance, the Cu-catalyzed COz-assisted thermochemical
treatment redirected WC decomposition toward syngas formation while suppressing the formation of
oxygenated liquid intermediates. The CO yield reached 136.9 mmol, and syngas (CO + Hz) accounted for
94% of the total gas products, exceeding the corresponding values for CuWC (N2) (85%) and WC (CO»)
(88%). These results provide a mechanistic basis for understanding the role of transition metal species in
pyrogenic product evolution during COz-assisted thermochemical treatment. Overall, this study
demonstrates a practical approach that integrates COz-assisted thermochemical energy recovery with the

synthesis of functional materials for water treatment systems.



Methods

Materials and chemicals

WC was purchased from a landscaping supplier in South Korea. Bisphenol A (BPA, CisHi602, > 99%),
potassium bromide (KBr, > 99%), sodium thiocyanate (NaSCN, > 98%), and sodium azide (SA, NaN3, >
99.5%) were supplied by Sigma-Aldrich (USA). Copper(Il) nitrate trihydrate (Cu(NOs3)2:3H20,
guaranteed reagent grade) and sodium peroxydisulfate (Na2S20s) were obtained from Junsei Chemical
(Japan). Acetonitrile (ACN, CH3CN, HPLC grade), chloroform (CF, CHCI3, HPLC grade), methanol
(MeOH, CH3OH, HPLC grade), and dichloromethane (DCM, CH2Clz, > 99.9%) were purchased from
Daejung Chemicals & Metals (South Korea). A certified calibration gas standard containing N2, COz2, Ha,
CO, CHa4, C2Hg, C2H4, and C2H2 was provided by RIGAS (South Korea). Ultra-high-purity N2 and CO2

gases were supplied by Green Gas (South Korea).

Biochar synthesis

WC was dried in oven (95 °C) for 24 h to eliminate residual water content, then ground and sieved to
collect < 600 um particle fractions. Cu-impregnated WC was prepared using wet impregnation by
targeting a Cu loading of 5.00 wt.% based on the dry biomass. Briefly, WC (60.00 g) was suspended with
copper(Il) nitrate trihydrate (Cu(NO3)2:3H20; 11.41g) in deionized water (300 mL). The resulting slurry
was agitated at 500 rpm for 1 h, followed by oven-drying (95 °C) for 72 h. For a comparison, pristine WC
was prepared by the same procedure in the absence of the Cu. Thermochemical treatment was performed
in a quartz tubular reactor (22 mm inner diameter, 25 mm outer diameter, 1000 mm length) and an
electrically heated cylindrical furnace. The reactor was fastened at both ends using hermetically tight
connections (SS-4-UT-6-600, Swagelok, USA). A fixed mass (10.00 + 0.01 g) of WC or Cu-impregnated

WC was placed in the reactor at the middle of the heating area. The temperature of the heating area was



increased up to 700 °C from 100 °C at 10 °C min™' and held at 700 °C for 1 h. The total gas flow rate of

800 mL min! was fixed throughout the experiment. Under N2 conditions, N2 was supplied at 800 mL
min~!, whereas under CO: the mixed gas stream composed of 640 mL min~' COz and 160 mL min~' N2
was supplied. The resulting biochars were denoted as WCB (N2), WCB (COz2), CuWCB (N2), and CuWCB

(CO»), respectively. The recovered biochars were subsequently ball-milled prior to further experiments.

Recovery and analysis of bio-oil compounds and gases

During thermochemical treatment of WC, liquid, and gaseous products were obtained. The
condensable fraction was recovered as bio-oil using a condensation system with a coolant maintained at
-40 °C. The collected bio-oil was diluted with a methanol/dichloromethane mixture (150 mL each) prior
to analysis and characterized by gas chromatography-mass spectrometry (GC-MS; 8890-5997B, Agilent,
USA) fitted with a DB-WAX capillary column (30 m X 250 um % 0.25 um). Non-condensable gaseous
products were continuously withdrawn from the reactor outlet and analyzed online using a micro-gas
chromatography (micro-GC; INFICON 3000A, Switzerland) equipped with a molecular sieve 5SA packed
column (10 m x 320 um x 30 pum) and a PLOT U capillary column (8 m x 320 um x 30 pum). The
concentrations of gaseous species, including H2, CO, CH4, C2Hz2, C2H4, and C2Hs, were quantified to

assess the evolution of product gas composition and the extent of syngas generation.

Characterizations of WC and biochars

The morphologies of WCBs and CuWCBs samples were examined using transmission electron
microscopy (TEM, JEM-2100F, JEOL, Japan). Surface functional groups were identified using Fourier-
transform infrared (FT-IR) spectroscopy (Cary 630, Agilent, USA) over 650-4000 cm™'. Surface chemical

states of the catalysts were characterized by X-ray photoelectron spectroscopy (XPS; K-Alpha+, Thermo



Scientific, UK) using a monochromated X-ray source. Binding energy scale was corrected by referencing
the C 1s signal to 284.6 eV. Crystalline phases were characterized by X-ray diffraction (XRD) using an
X-ray diffractometer (Empyrean, PANalytical, Netherlands) equipped with a 4 kW X-ray generator and
Cu Ka radiation. Diffraction patterns were acquired in the 26 range of 5-90° with a 0.026° step. N2
adsorption-desorption isotherm measurements were performed using a Brunauer-Emmett-Teller (BET)
surface area analyzer (Belsorp-max II, MicrotracBEL, Japan). Prior to analysis, all biochars were
degassed under vacuum at 250 °C for 2 h to remove adsorbed moisture and gases. Pore size distributions
were derived using the Barrett-Joyner-Halenda (BJH) method from the adsorption branch. Micropore
volume (Vmr) was determined using the t-plot method. Thermogravimetric analysis (TGA) of WC and
Cu-impregnated WC was evaluated using a thermogravimetric analyzer (STA 449 F5 Jupiter, Netzsch,
Germany). 10.0 = 0.1 mg of samples were loaded into an alumina crucible and heated from 40 to 900 °C
at a heating rate of 10 °C min~!. Measurements were conducted under N2 and CO> with a total gas flow
rate of 100 mL min~!. For the CO2 atmosphere, CO2 was supplied at a flow rate of 80 mL min~!, with N2
(20 mL min') used as a safety purge gas. Electron paramagnetic resonance (EPR) spectrum was recorded
using an EPR spectrometer (EMXplus, Bruker, USA). TEMP (2,2,6,6-tetramethylpiperidine, 20 mM) was

used as a spin-trapping agent, and the samples were collected 3 min after PDS addition.

Adsorption and PDS activation experiments

The adsorption performance and PDS-activation capability of WCBs and CuWCBs were evaluated by
BPA removal efficiency. Each run comprised an adsorption stage (0-40 min) followed by a PDS oxidation
stage (40-70 min). PDS (1 mM) was added to 40 mL of the catalyst suspension (0.4 g L") containing BPA
(70 uM). Reaction aliquots were collected every 10 min over a 70 min period, filtered, and then analyzed

for BPA concentration. Scavenger tests were performed by adding MeOH (100 mM), CF (1 mM), or SA



(1 mM). The involvement of Cu sites in PDS activation was probed using sodium thiocyanate (NaSCN,

1 mM) as a complexing agent.

Analytical methods

BPA concentrations were quantified using high-performance liquid chromatography (HPLC, Agilent
1200 Series) equipped with a quaternary pump (G1311A), vacuum degasser (G1322A), autosampler
(G1329A), column oven (G1316A), and variable-wavelength detector (G1314B). BPA was separated on
a reversed-phase C18 column using an isocratic elution with a DI water/ACN (55:45, v/v) mobile phase
at 1.0 mL min~'. The column was thermostated at 35 °C, and a 5 pL aliquot was injected. BPA was
monitored at 230 nm. The concentration of benzoic acid (BA) and 4-hydroxybenzoic acid (4-HBA) was
quantified at isocratic mobile phase of water containing 0.1% formic acid/acetonitrile (80:20, v/v) with
UV detection at 254 nm. The Cu concentration in the solution was quantified by inductively coupled

plasma optical emission spectrometry (ICP-OES; 5800, Agilent, USA).

Electrochemical analysis

Electrochemical measurements were conducted using a potentiostat (CompactStat, [vium) with a three-
electrode setup consisting of a biochar-coated FTO working electrode, a platinum wire counter electrode,
and an Ag/AgCl (saturated KCl) reference electrode. All measurements were performed in 40 mL of 0.5
M NaxSOs aqueous electrolyte (pH 6.5). The working electrode ink was prepared by dispersing 4 mg of
biochar in 1 mL of an ethanol/DI water mixture (2:3, v/v) containing Nafion (10 pL) and sonicated for 30
min to obtain a homogeneous ink. 150 pL of the ink was coated onto a pre-cleaned fluorine-doped tin
oxide glass substrate (1.0 cm x 2.0 cm) and dried at 75 °C. Open-circuit potential (OCP) measurements
were recorded after 2 min of baseline, followed by the addition of 200 pL of PDS (100 mM). After

stabilization of the OCP (+ 1 mV min!), 1 mL of BPA solution (I mM) was introduced.



Chronoamperometry (CA) measurements were performed following the identical dosing sequence as the
OCP measurement. Electrochemical impedance spectroscopy (EIS) measurements were performed over

0.1-10° Hz.
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