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Naphthenic acids (NAs) present in oil sands process water (OSPW) have brought increasing environmental
concerns due to their potential risk to aquatic and mammalian species. In this study, sustainable biochar zinc
oxide (BC/ZnO) composites were synthesized using wood waste with different ZnO content and applied under
simulated solar light for the photocatalytic degradation of different NAs for the first time. The best experimental
conditions were determined as 0.5 g/L BC/30%ZnO and 4 h of simulated solar irradiation time, achieving 93.7 %
degradation of cyclohexanecarboxylic acid (CHA) following the pseudo-first order kinetics. BC, with a porous
structure and roughened surface, acted as an excellent platform for ZnO particles and an electron reservoir to
inhibit the recombination of photogenerated electron-hole pairs. Hydroxyl radicals ("OH) were identified to play
the dominant role in CHA degradation, and the enhanced photocatalytic performance of the BC/30%ZnO
composite was proved by more *OH species detected compared to synthesized ZnO. The composite showed good
reusability and stability after 4 successive cycles of use, still achieving 92.9 % degradation of CHA. Moreover,
this is the first study applying BC/30%ZnO composite for the simultaneous degradation of a complex mixture of
eight NAs with significantly different chemical structures. The competition kinetics were observed among
different NAs in the mixture, resulted in over 95 % degradation of total NAs after 6 h treatment. By applying
wood waste-based BC/ZnO composite with excellent photocatalytic performance in combination with solar light
as green energy source, this research highlights a promising sustainable approach for real OSPW remediation.

1. Introduction NAs can be represented by the general formula C,Ha;,Ox, where “n”
indicates the carbon number (7 < n < 26), “z” means the hydrogen
deficiency due to the ring or double bond in the chemical structure of the

acids (even integer, 0 < -Z < 18), and “x” the oxygen number (typically

Naphthenic acids (NAs) are recognized as a family of saturated
aliphatic and alicyclic carboxylic acids that are naturally present in the

oil sands in northern Alberta and other oil reserves [1,2]. During the
bitumen extraction process, approximately every 1 m® of oil sand con-
sumes about 2 to 3 m> of fresh water, leading to a large amount of
production of oil sands process water with solubilized NAs. OSPW is
stored in on-site tailings ponds, presenting challenges due to its
continuous accumulation and potential environmental risks and
requiring the development of new treatment alternatives to achieve its
reclamation [1,3-5]. In fact, NAs in OSPW have brought environmental
concerns since several studies have reported that these compounds
could cause acute and chronic toxicity to aquatic and mammalian spe-
cies [6-10].
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2 <x < 6)[11]). Classical NAs could be typically characterized with an
oxygen number equal to 2, and the oxidized NAs (Oxy-NAs) have an
oxygen number ranging from 3 to 6. Furthermore, heteroatomic NAs
could be represented as C,Hop,SOx and C,Hop,NOx [11]. In general,
most studies have focused on the removal of classical NAs and oxy-NAs
from OSPW; however, studying the degradation of heteroatomic NAs is
also important and worth further investigation [12].

Conventionally, passive treatment methods for OSPW such as end pit
lakes and constructed treatment wetlands require protracted hydraulic
retention times and volumes to address the recalcitrance of NAs to
achieve the remediation [13,14]. Advanced oxidation processes (AOPs)
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are promising treatment methods for the remediation of various
matrices, including OSPW. Different AOPs have been applied for the
degradation of natural and synthetic NAs, such as ozonation [15,16],
sulfate radical-based processes [17], Fenton and Fenton-like systems
[18,19], UV-based processes [20], among others. The degradation
mechanism of these AOPs is based on the generation of highly reactive
radicals, mainly hydroxyl (*OH), sulfate (SO%"), and superoxide (0%)
radicals, which can oxidize organic matter into shorter chain by-
products. However, drawbacks such as the use of oxidizing agents and
the high energy demand required for their operation have limited the
application of these AOPs [21,22].

Semiconductor-assisted photocatalysis has emerged as a sustainable
AOP due to its potential to generate radical and non-radical species in
combination with solar energy [23,24]. Besides, solar-based photo-
catalysis has shown promise to be applied in combination with estab-
lished OSPW treatment to achieve efficient and effective removal of
NAs, for instance, solar photocatalytic reactors were recognized as a
hybrid component with great potential in constructed wetland treat-
ment systems [13]. Due to its effectiveness and low cost, zinc oxide
(Zn0) has been proposed as a promising photocatalyst for water treat-
ment; however, its relatively wide band gap (3.37 eV) and high exciton
binding energy (60 meV) hinder its excitation under visible light [25].
Furthermore, the photocorrosion effect and the high recombination rate
of photogenerated electron-hole (¢-h™) pairs are commonly reported as
further disadvantages of ZnO [24,26].

Recently, biochar-supported photocatalysis has emerged as a new
strategy to overcome the limitations of individual photocatalytic mate-
rials [27]. Loaded photocatalysts on biochar (BC) surfaces can produce
composites with greater adsorption capacities, higher chemical stability,
and enhanced photocatalytic degradation compared to bare semi-
conductor photocatalysts [27]. Cai et al. [25] prepared a novel BC/ZnO
composite photocatalyst using pine as the carbon source and achieved
effective degradation of metronidazole under visible light irradiation.
Gongalves et al. [28] synthesized BC/ZnO composites using biowaste
from brewed coffee and chitosan. In that study, the photocatalytic per-
formance of the composite for degrading solutions containing phenol
was superior to that of pristine ZnO. Chen et al. [29] and Yang et al. [24]
also reported that composites are beneficial to obtain better photo-
catalytic performance by muti-scale fine structures and excellent char-
acteristics, more reactive sites, and the inhibition ability of the
recombination rate of the photoinduced e-h™ pairs.

Although recent studies have proved the great potential of BC/ZnO
composite as a photocatalyst, there remains a research gap in assessing
the effectiveness and feasibility of this material for the solar degradation
of OSPW-related NAs. Furthermore, despite OSPW typically containing
hundreds (if not thousands) of NAs with diverse chemical structures,
most of the studies have focused on the degradation of a single model or
several NAs separately [12,30,31], lacking investigations into the cor-
relation between the chemical structure of these compounds and the
performance of the treatment. Herein, investigating the photocatalytic
performance of the BC/ZnO composite in the degradation of a complex
mixture simultaneously containing several NAs is valuable and essential
to evaluate its potential application in real OSPW remediation.

Moreover, large amounts of wood waste are generated annually by
forestry, agricultural, and energy/food industries [32]. Despite the po-
tential for reuse as valuable biomass, much of this waste is disposed of in
landfills, leading to wasted land resources and increased greenhouse gas
emissions [33]. However, wood waste can serve as a low-cost raw ma-
terial for producing biochar, offering a promising method for processing
residual biomass from forestry [34].

This study aimed to develop sustainable wood-waste-based BC/ZnO
composites and use them in combination with solar light for the effective
photocatalytic degradation of several models of NAs. The photocatalytic
performance of prepared BC/ZnO composites was expected to be
enhanced compared to ZnO only, which was thoroughly studied
through: 1) the effect of the ZnO content and the dosage of the composite
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on the degradation of a single model NA (cyclohexanecarboxylic acid,
CHA), 2) the kinetics of the degradation of CHA, 3) the investigation of
the main reactive oxygen species (ROS) generated during the photo-
catalytic process, and 4) the assessment of the reusability of the BC/ZnO
composite in the best experimental conditions. Moreover, for the first
time in the literature, the composite with the best ZnO content was
applied to treat a complex mixture containing NAs with significant
differences in their chemical structures, which could provide important
insights into the potential treatment of real OSPW in future studies using
this approach.

2. Materials and methods
2.1. Materials and reagents

Hardwood forestry wastes (Aspen wood) were used as biomass to
prepare the pristine and BC/ZnO composites. The samples were pro-
vided by Inno Tech Alberta. The following chemicals were used without
any further purification: zinc nitrate hexahydrate (Zn(NO3)y 6H50;
Sigma Aldrich), anhydrous sodium carbonate (NayCOs; Fisher Scienti-
fic), 5,5-dimethyl-1-pyrroline N-oxide (DMPO; Dojindo Laboratories), 5-
tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO; Dojindo
Laboratories), 2,2,6,6-tetramethylpiperidine (TEMP; Fisher Scientific),
and NAs models (cyclohexanecarboxylic acid (CHA), isonipecotic acid
(IA), tetrahydro-2H-thiopyran-4-carboxylic  acid  (T-2H-T4CA),
tetrahydropyran-4-carboxylic acid (T4CA), cyclohexanepentanoic acid
(CHPA), hexanoic acid (HA), 4-methylheptanoic acid (4-MHA), and
decanoic acid (DA); Sigma Aldrich). To simulate a pH similar to real
OSPW (around 8.5), all NAs solutions were prepared in buffer using 5
mM sodium bicarbonate (NaHCOs; Fisher Scientific). Ultrapure water
(Millipore Synergy UV, p > 18.2 MQ cm) was used to prepare all
solutions.

2.2. Experimental methods

2.2.1. Synthesis of BC and BC/ZnO composites

First, hardwood wastes were dried in an oven at 105 °C overnight to
remove the water content. Then, the dried raw material was submitted
to pyrolysis using a muffle furnace (Lindberg/Blue M BF51894C-1,
Thermo Scientific) at 600 °C (10 °C/min heating rate) for 2 h under
Ny atmosphere. The obtained material was cooled to room temperature
and rinsed three times with ultrapure water, followed by a drying step at
105 °C. The product was finally sieved evenly and stored in dark glass
bottles for future use. In this work, pristine biochar is referred to as BC.

The composites, i.e., BC/ZnO, were synthesized by impregnation
method with the designed ZnO contents as 10, 20, 30, and 50% wt [35].
A certain amount of BC was dispersed in a certain volume of ultrapure
water. Subsequently, a corresponding volume of Zn(NOs)s stock solu-
tion (0.5 M) was added to the previous dispersion under continuous
stirring. After 5 min, a certain volume of NayCOj3 stock solution (1 M)
was added to the solution dropwisely under constant stirring. The final
dispersion should reach 30 mL and the solution was stirred at room
temperature for 1 h for the precipitation of zinc carbonate. Next, the
solution was transferred to 50 mL Flacon tubes, and the solid products
were separated by centrifugation (Centrifuge 5810 R, Eppendorf) at
5000 rpm for 5 min, washed with ultrapure water, and dried overnight
at 80 °C. Finally, the dried material was calcined at 600 °C for 2 h (in Ny
environment) to yield the biochar/ZnO. For comparison, synthesized
ZnO without biochar (Syn-ZnO) was produced by the same method
without adding biochar. A scheme of the steps involved in the fabrica-
tion of the BC/ZnO composites can be seen in Fig. S1.

2.2.2. Characterization of the BC/ZnO

Various techniques were employed to characterize the best BC/ZnO
composite: 1) the morphology and the chemical composition of the
composite catalyst were investigated by scanning electron microscopy
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and energy-dispersive X-ray spectroscopy (SEM-EDX, Zeiss Sigma 300
VP-FESEM equipped with a Bruker EDX system); 2) the phase compo-
sition was identified by X-ray diffraction spectroscopy (XRD, Ultima IV,
Rigaku, from 5° to 90°, CuKa; 1.5406 10\, CuKoagy 1.5444, CuKp 1.3922);
3) the surface chemical composition and chemical stats analysis were
conducted by X-ray photoelectron spectroscopy (XPS, Kratos AXIS 165,
Kratos Analytical); 4) the elemental analysis was performed by induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES,
iCAP6300 Duo, Thermo); 5) the band gap and optical properties were
analyzed by UV-Vis diffuse reflectance spectra (UV-VIS-NIR Cary 5000
with a DRA-CA-50 M accessory, Agilent) and the photoluminescence
(PL) spectra (Fluorimeter QM-8075-11, HORIBA-PTI).

In addition, the point of zero charge (PZC) of the BC/ZnO composite
was determined by the salt addition method previously reported in
detail by Nguyen et al. [36] and Jang et al. [37]. In brief, the pH of a
0.01 M NaCl solution was adjusted to the pH range from 2 to 10 (initial
pH = pHp) using 0.1 M HCl or 0.1 M NaOH solutions. Next, 5 mg of the
BC/ZnO composite was added to falcon tubes containing 25 mL of the
pH-adjusted 0.01 M NaCl solution. To minimize the CO; effect, the tube
was filled with nitrogen gas in the headspace and sealed, then, placed on
a platform shaker at 150 rpm for 48 h. After the agitation period was
completed, the equilibrium pH (final pH = pHf) was measured and
recorded. For each tube, the difference between the pH (ApH) values
was calculated by the subtraction of pHy to the pH¢. Then, ApH vs. pHy
was plotted, and PZC of the composite was determined when ApH = 0.

2.3. Photocatalytic degradation experiments

The photocatalytic performance of the BC/ZnO composites with
different ZnO content was first investigated for the degradation of CHA
(25 mg/L), a classical NA. 0.5 g/L of BC/ZnO composite was added to a
cylindrical glass reactor containing a 60 mL solution of the targeted NA.
Before irradiation, the suspension was stirred steadily at dark condition
for 60 min to reach the adsorption-equilibrium process. Subsequently,
the system was exposed to simulated solar irradiation (SS200AAA,
Photon Emission Tech; 1000 W ozone-free arc lamp) under continuous
stirring. A fixed irradiance of 100 mW/cm? was used for all the exper-
iments. At certain intervals, samples were withdrawn from the reacting
solution and filtered using 0.2 pm Nylon filters (Thermo Scientific). The
filtered samples were stored in the fridge at 4 °C until further analyses.
All experiments were conducted in duplicate. The setup used in the
photocatalytic experiments is shown in Fig. S2.

2.4. ROS and reusability test

Electron paramagnetic resonance (EPR) analyses were employed to
identify the main ROS that drive the degradation of CHA by the BC/ZnO
composite. The analyses were conducted using an EPR spectrometer
(ELEXSYS-II, Bruker E-500) with a center field and resonance frequency
of 3897 G and 9.81 GHz, respectively. The EPR spectra were collected
based on the set-up of magnetic field modulation, amplitude, microwave
power as 100 kHz, 1.0 G, and 20 mW, with a sweep time of 60 s. The EPR
experiments were performed in a 5 mL reactor using a 1 mL solution
following the same experimental setup mentioned in Section 2.3. To
load the sample into the EPR assembly for analysis, a 200 uL aliquot was
withdrawn from the system and transferred to a Suprasil quartz tube
with one end sealed and placed in a tripe tube cell. DMPO (50 mM) and
BMPO (3 mM) were used as spin-trap reagents to detect *OH and O3
species, while TEMP (200 mM) was employed to detect the presence of
singlet oxygen (10s).

The stability and reusability of the BC/ZnO composite was investi-
gated for the best ZnO content. For that, photocatalytic experiments for
the degradation of CHA were repeated for four cycles. After each cycle,
the used photocatalyst was separated from the treated solution by vac-
uum filtration. Then, the material was washed with ultrapure water
three times and dried at 60 °C overnight for next cycle use.
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2.5. Photocatalytic performance of the BC/ZnO composite in the
degradation of a mixture of NAs

The photocatalytic degradation performance of the best BC/ZnO
composite was investigated for the simultaneous degradation of eight
NAs model compounds with significant differences in their chemical
structures. The general properties of the NAs compounds are listed in
Table 1. Based on previous studies working with real OSPW samples, the
initial total NAs concentration was selected to be 40 mg/L (i.e., 5 mg/L
of each NA in 5 mM NaHCOj buffer) [38,39]. To our knowledge, this is
the first work to evaluate the degradation efficiency and the competition
kinetics toward NAs mixture using a BC/ZnO composite with simulated
solar irradiation, which could give an essential insight into the
complicated relationship between the structure and the preferential
degradation phenomenon of NAs. Considering the complex composition
of NAs in real OSPW, the outcomes of this experiment would serve as
proof of concept for the potential implementation of this composite
material in the remediation of OSPW in the future.

Finally, the acute toxicity of both the untreated and treated NAs
mixture solution was assessed using a Microtox® screening bioassay, a
widely used method for evaluating acute toxicity with Vibrio fischeri (V.
fischeri), a luminescent marine bacteria [38,40]. The V. fischeri suspen-
sion was exposed to the samples, with pH adjusted to 6.5-7.0, at 15 °C
for 15 min. The luminescence intensity of the bacteria in 2 % NaCl in
deionized water and in phenol solution was used as negative and posi-
tive controls, respectively. Luminescence intensity readings were taken
at 0, 5, and 15 min using a microplate reader (BioTek Synergy H1
microplate) and the inhibition effect (%) was determined using the
following equations:

Iy
R =% 1
=, (@]
Gt—.\ = M_ 1 (2)
I
Inhibition effect (%) = —C= x 100% &)
) (G + 1) ’

Where R, is the correction factor, Iy.p is the luminescence intensity of the
negative control without bacteria, Irp is the luminescence intensity
value of the negative control with bacteria at time of exposure t, and G¢.g
is the Gamma factor for the positive control and the investigated sam-
ples, considering their luminescence intensities at the time of exposure t.

2.6. Analytical methods

The concentration of CHA during the photocatalytic experiments was
monitored by an ultra-high-performance liquid chromatography
(UHPLG; Acquity H Class, Waters) coupled to a single quadrupole mass
spectrometry (SQ Detector 2; Waters). Since the concentration of the
NAs in the mixture was in a lower range, the concentration of each NA
was measured by ultra-high-performance liquid chromatography
(UHPLG; Agilent 1290 Infinity II) coupled to a triple quadrupole mass
spectrometer (QQQMS; Agilent 6495). Further details of both analysis
methods can be found in the Supplementary Information (see Text S1
and Tables S1 and S2).

3. Results and discussion
3.1. Characterization of BC/ZnO

3.1.1. SEM and EDX analyses

SEM and EDX analyses were performed to evaluate the morphology
and the elemental composition of the BC/ZnO composite. Fig. 1 shows
the SEM images and also EDX results of the synthesized BC/30%ZnO
composite. It can be seen in Fig. 1 (a), a porous structure and roughened
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Table 1
NAs models investigated in this study.
Chemical structure Abbreviation Name Formula M.W. (g/mol) pKa
CHA Cyclohexanecarboxylic acid C7H;1202 128.17 4.82*
OH
(0]
HN 1A Isonipecotic acid CeH11NO> 129.16 pKa;: 3.73; pKay:10.72
OH
o
(@] T-2 H-T4CA Tetrahydro-2 H-thiopyran-4-carboxylic acid CeH1002S 146.21 3.5
OH
S
O T4CA Tetrahydropyran-4-carboxylic acid CeH1003 130.14 4.43%
OH
o
O CHPA Cyclohexanepentanoic acid C11H2002 184.27 4.8*
O/\/\)L OH
\/\/\H/OH HA n-caproic acid/ Hexanoic acid CeH1202 116.16 4.88
(0]
HO 4-MHA 4-methylheptanoic acid CgH1602 144.21 5.23%
o
WM(OH DA Decanoic acid C10H2002 172.26 4.79*
O

* Values predicted.

surface of the biochar material. Additionally, Fig. 1 (b) to d showcased
that the ZnO particles are irregular spherical shapes, and most of them
were in the form of aggregates on the biochar. The inhomogeneous
structural properties of biochar prove its ability to be a good platform for
the ZnO particles to disperse and attach. The presence of Zn was also
confirmed from the EDX mapping results shown in Fig. 1 (i). In addition,
other elements were detected, such as K and Ca, which should be
considered plant ingredients. Similar results were reported for other
biomass-based BC/ZnO composites. For instance, Kamal et al. [41]
observed the existence of C, O, Ca, Si, K, Mg, Na, P, and Zn elements for
the maize straw-based BC/ZnO composite. Pang et al. [35] also reported
the presence of K in their coconut shells-derived BC/ZnO composite.

3.1.2. XRD and XPS analyses

Fig. S3 shows the XRD pattern of the Syn-ZnO and the BC/ZnO
composite. According to the PDF pattern 04-003-2106 (Zincite, ZnO),
the XRD peaks of the Syn-ZnO and BC/ZnO composite were well
matched with the characteristic peaks of the hexagonal ZnO system,
where the angles of strong and sharp peaks were 31.78°, 34.44°, 36.27°,
47.54°, 56.61°, 62.89°, 66.41°, 67.99°, 69.13°, and 72.59°, indicating
good crystallinity and purity, and the biochar did not influence the
structure of the ZnO particles [24,42,43]. Besides, the broad peaks at
11.33, 18.14, and 22.64 were recognized as the amorphous phase in the
composite, which were attributed to the carbon structure of biochar.
These results confirmed the successful synthesis of Syn-ZnO and the BC/

ZnO composite.

Figs. S4 and 2 show the XPS spectra of the Syn-ZnO and the BC/30%
ZnO composite, respectively. For the Syn-ZnO sample, the survey scan
confirmed the presence of oxygen (O 1 s) and Zn as major components
(Fig. S4 a). As shown in Fig. S4 (b), the binding energy of O 1 s is
resolved into two peaks, where the one at 528.3 eV could be assigned to
chemisorbed oxygen species (03) in the Zn-O bonding of the ZnO
wurtzite structure and the other at 530.8 eV could be associated with
oxygen-deficient regions (O"and O2 ions) in the sample matrix
[44,45]. Besides, the Zn 2p spectra shown in Fig. S4 (c) shows the Zn
2ps3/2 and Zn 2p; /5 peaks at 1018.9 eV and 1042.0 eV, respectively. The
binding energy separation between the two peaks is 23.1 eV, which also
matched the reference value of ZnO wurtzite. Compared to Syn-ZnO, the
survey scan results of the BC/ZnO composite shown in Fig. 2 (a) revealed
the existence of carbon (C 1 s) in addition to oxygen (O 1 s) and Zn as
major constituents. Furthermore, high-resolution spectraof C1s,0 15,
and Zn 2p were performed to obtain more information. Fig. 2 (b) showed
the C 1 s spectra and the three prominent peaks at 284.8 eV, 286.2 eV,
and 287.4 eV were attributed to C-C/C = C, C-O, and C = O, respectively
[25,46]. According to Fig. 2 (c), the O 1 s peak could be decomposed into
two peaks at 531.4 eV and 532.7 eV. The peak with a lower binding
energy phase corresponded to the oxygen lattice (Oy), which could be
attributed to the Zn-O bond in the ZnO networks. The 532.7 eV peak
indicated the oxygen vacancies (Oy) on the surface of the BC/ZnO
composite, usually related to surface hydroxyl groups (-OH) [47,48].
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Fig. 1. SEM-EDX results of the BC/30%ZnO composite.

Moreover, the Oy can serve as active sites that trigger the adsorption of
O, on the surface of the composite, while the adsorbed or chemisorbed
0O, Hy0, or C-O-Zn bond could cause the peak at 532.7 eV [49,50]. In
addition, two symmetric peaks were detected at 1022.7 eV and 1045.8
eV in the Zn 2p spectra shown in Fig. 2 (d), which were associated with
the Zn 2p3,2 and Zn 2py /o, respectively. The binding energy separation
between the two peaks is 23.1 eV, which confirmed the presence of the
normal Zn?" valence state in the synthesized BC/ZnO composite by
showing highly coincident with the reference value of ZnO wurtzite
(~23.0 eV) [25,29,48]. Therefore, all the results from the XPS analysis
confirmed the formation of ZnO on the surface of the hard wood-based
biochar.

3.1.3. Optical properties

Photoluminescence spectroscopy (PL) was employed to study the
optical properties of the BC/30%ZnO composite. The PL spectrum could
provides useful information regarding the charge carriers transfer at
interfaces and photogenerated e -h" efficiency, which is related to the
photocatalytic performance of the photocatalyst [42]. A decrease in PL
intensity indicates a lower recombination rate of photogenerated e-h"
[51]. Fig. 3 (a) shows the PL spectra of the BC/30%ZnO composite and

Syn-ZnO. It can be seen that the composite showed lower fluorescence
intensity compared to Syn-ZnO, which means that the biochar inhibited
the recombination of photoinduced e™-h" pairs from ZnO and improved
the photocatalytic performance.

Moreover, Fig. 3 (b) shows the UV-vis DRA reflectance spectra of the
BC/30%Zn0O composite and Syn-ZnO. From the spectra, both the com-
posite and Syn-ZnO showed a characteristic peak at the wavelength of
372 nm. The band gap is the distance between the valence band and the
lowest empty conduction band, which could determine the amount of
photon energy needed to be absorbed by the semiconductor to cause
photo-generation of e-h™ [52]. Based on the Tauc method, the band gap
of the composite and Syn-ZnO was calculated from the UV-vis DRA
reflectance spectra. The Tauc method has the assumption that the
energy-dependent absorption coefficient o can be expressed by Eq. (4),
where h is the Plank constant, v is the photon’s frequency, Eg is the band
gap energy, and B is a constant. Furthermore, combined with the
Kubelka-Munk function (Eq. (5), the Tauc equation could be trans-
formed into Eq. (6), where R, is the reflectance obtained from the
UV-vis reflectance spectra, and K and S are the absorption and scattering
coefficients, respectively. According to Eq. (5), the absorbance response
could be calculated from the reflectance, and the results are presented in
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Fig. 2. (a) XPS survey scan spectrum of the BC/30%ZnO and high-resolution XPS spectra of (b) C1s (c) O 1 s, and (d) Zn 2p.

Fig. 3 (c). It is obvious that both BC/30%Zn0O composite and Syn-ZnO
had strong responses below 400 nm, which mainly assigned to the
intrinsic band absorption of ZnO as a semiconductor [47]. In addition,
the composite showed stronger responses to visible light than Syn-ZnO.
Yang et al. [24] reported similar UV-vis DRS results, where the ZnO@C
composite showed a stronger response to visible light than synthesized
ZnO.

In general, the y factor in Eq. (6) is equal to 1/2 or 2 for the direct and
indirect transition band gaps, respectively [53]. As shown in Fig. 3 (d)
and (e), using the Tauc method, the band gap of BC/30%ZnO and Syn-
ZnO were determined as 3.21 eV and 3.26 eV, respectively. Several
studies have observed similar results in the slightly decreased band gap
of the BC/ZnO composite compared to pure ZnO. This could be
explained by the electronic interaction between carbon and metal oxide,
which could absorb more photons and be utilized in photocatalytic re-
actions, resulting in a higher photocatalytic activity than pure ZnO
[24,25]. Furthermore, Mankomal and Kaur [50] explained that the
narrowed band gap of the composite is possibly caused by the formation
of the Zn-O-C bond, which allowed the electrons to transfer from ZnO to
the surface of the biochar.

(a0 )" = B(hv — E,) @
K _(1-R.)

F(R.) = ST oR. 5)

(F(Ry,) ® )" = B(hv — E,) (6)

3.2. Effects of ZnO content and catalyst dosage on CHA degradation

As a cyclic aliphatic carboxylic acid, CHA is one of the typical clas-
sical NAs used to study the degradation of model NAs [12,54]. In this
study, CHA was selected to evaluate the photocatalytic performance of
BC/ZnO composites under simulated solar light. 25 mg/L CHA was
prepared with carbonate buffer to keep the pH stable around 8.5. Before
the photocatalytic experiments, control experiments were conducted at
dark conditions using BC, Syn-ZnO, and BC/30%ZnO to evaluate the
adsorption capacity of the individual materials and the prepared com-
posite. Experiments using only CHA under simulated solar irradiation
were also performed (photolysis control). Fig. S5 (a-c) showed that no
removal of CHA was found by adsorption under dark conditions in 120
min. In addition, Fig. S5 (d) indicates that in the absence of the com-
posite, simulated solar light did not result in any CHA removal, even
after 360 min of irradiation time.

To understand the effect of ZnO content on the photocatalytic per-
formance of the composite, different composites with 10, 20, 30, and 50
wt% of ZnO were designed and synthesized. Fig. 4 (a) describes the
photocatalytic degradation profile of CHA using different BC/ZnO
composites with the same dosage (0.5 mg/L). According to Fig. 4 (b), in
4 h of simulated solar irradiation, the total degradation efficiency of
CHA was 61.2 % and 85.4 % using BC/10%ZnO and BC/20%ZnO,
respectively. However, a 93.7 % CHA degradation efficiency was found
when the composite with 30 wt% ZnO was tested. With increasing the
ZnO content to 50 wt%, there was a slight decreasing effect on the
degradation of CHA. He et al. [49] also observed similar results in the
photocatalytic degradation of methylene blue by BC/ZnO under
UV-visible light, reporting a moderate decrease in the degradation



Z. An et al. Chemical Engineering Journal 489 (2024) 151308
60
——BC30%20 —— BC/30%2n0 —— BC/30%Zn0
= Syn-ZnO Syn-ZnO 8yn-ZnQ
50
40
@
2z g
= - S
& & 30+ €
= 8
<
20+
10|
T T T T 0 T T T T T T T T T T T T
350 400 450 500 550 600 300 400 500 600 700 200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(a) (b) (c)
4 0 BC/30%Zn0O g O S8yn-ZnO
2000 100000
80000 -
~_ 10000 @ . g’
:E ¢ g 60000 - @
g
4 4 n:‘ ®
g L 40000 q?
5000 ®
20000 | b4
1
1 321eV 0 1
0 i 1 3.26 eV
T = T T I
3 % 3 4
Energy (eV) Energy (eV)

(d)

(e)

Fig. 3. (a) PL spectrum, (b) UV-vis DRA reflectance, and (c) absorbance response plot spectrum of the BC/30%Zn0O composite and Syn-ZnO. Tauc plot of (d) BC/30%
ZnO composite and (e) Syn-ZnO were obtained with diffusion reflectance spectroscopy.

1.2 -
5 O BC/10%ZnO
: O BC/20%Zn0O
1o{s & _ A BC/30%Zn0
: & v BC/50%Zn0
0 =]
. . g
Q 064 : o]
o ' 5]
E o
0.4 : g @
; [}
0.2 :
; 4 o}
Dark  Solar R
0.0 : : : r -
-1 0 1 2 3 4
Time (h)

(a)

120
100 1 93.7 90.9
2 85.4
>
2 80
g
8 61.2
=
@ 60
c
S
3
B 40
=}
o
[a]
20
0
BC/10%ZnO  BC/20%ZnO  BC/30%ZnO  BC/50%Zn0

[ After 4h solar irradiation

(b)

Fig. 4. CHA degradation using different BC/ZnO composites under simulated solar irradiation: (a) C/Cy vs. Time; (b) Degradation efficiencies using composites with

different content of ZnO.

efficiency (98.7 % to 83.0 %) while increasing the BC/ZnO molar ratio
from 1:0.5 to 1:2. This is probably associated with the higher generation
of radical species, which can result in a faster rate of recombination
reactions and a decrease in the performance of the degradation process.

Based on the results described above, the BC/30%ZnO composite was
selected as the best material for the following experiments in this study.

Fig. 5 shows the effect of different BC/30%ZnO dosages (0.1, 0.25,
0.5, 1.0, and 2.0 g/L) and simulated solar irradiation times on CHA
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degradation. The degradation of CHA by BC/30%ZnO followed a
pseudo-first order (PFO) kinetics model, and the rate constants were
summarized in Table 2. The degradation efficiency of CHA showed a
rapid increase in the kinetic constants (kppo) from 0.179 to 0.132 h!
when the composite dose increased from 0.1 g/L to 0.5 g/L. Then, the
increase slowed down with the composite dosage from 0.5 g/L to 2 g/L.
While increasing the concentration of the composite, more photo-
catalytic active sites are available to absorb photons and generate more
reactive species that could quickly degrade the target contaminant [12].
However, increasing the composite dosage above the optimum con-
centration could lead to the occurrence of the scattering effect and a
reduction in simulated solar light penetration depth, resulting in less
increase in the degradation efficiency of CHA [28,55]. Moreover, Fig. 5
(b) shows no significant differences in the degradation percentage,
increasing the irradiation time from 4 to 6 h. Considering the cost and
effectiveness, the best experimental conditions for the following exper-
iments were 0.5 g/L BC/30%ZnO and 4 h of simulated solar irradiation.
To demonstrate the better photocatalytic performance of the prepared
BC/30%ZnO composite, Syn-ZnO was applied using the same amount of
ZnO present in 0.5 g/L BC/30%ZnO composite, resulting in a degrada-
tion efficiency of 48.3 % in 6 h of treatment (see Fig. S6). Therefore, the
photocatalytic performance of the BC/30%ZnO composite has been
enhanced to approximately two-fold that the pure Syn-ZnO.

3.3. ROS and possible mechanism of BC/ZnO under simulated solar
irradiation

EPR analysis was conducted with different probe chemicals to
identify the main ROS involved in the degradation mechanism of CHA.
DMPO and BMPO were used to identify *OH and O3 species, respec-
tively. As shown in the EPR spectra (Fig. 6 a), no signal of DMPO-derived
adduct was detected using the composite at dark conditions. However,
after 5 min under simulated solar light, the peaks of the adduct
DMPO-*OH were identified for both the BC/30%Zn0O composite and
Syn-ZnO, showing typical pattern signals with an approximate intensity
ratio of 1:2:2:1 [56,57]. Although the results confirmed that the BC/30%
ZnO composite and syn-ZnO generated *OH, the DMPO-*OH peaks were
much more intense using the BC/30%ZnO system. This may suggest that

Table 2

PFO kinetics parameters of the BC/30%Zn0O composite at different dosages.
Dosage of BC/30%ZnO (g/L) kpro (K1) R?
0.1 0.179 0.980
0.25 0.530 0.988
0.5 0.732 0.997
1 0.807 0.980
2 0.830 0.985

loading ZnO on the BC surface results in a higher generation of *OH
species during the CHA photodegradation process, i.e., better photo-
catalytic properties.

The formation of O3 species was also investigated by EPR mea-
surements using BMPO as trapping agent. EPR spectra was collected in
2.5 min of simulated solar irradiation using the composite. The
appearance of strong peaks for BMPO-*OH spin adducts is shown in
Fig. 6 (b), which complements the results obtained with DMPO. Addi-
tionally, the formation of four low-intensity peaks next to the BMPO-
eOH peaks was also found. Antonopoulou et al. [58] obtained similar
peaks by EPR spectra with BMPO, and the four tiny peaks could be
attributed to the BMPO adducts with O3". In this sense, the observed
signals prove the simultaneous generation of both *OH and O3 species.
In addition, TEMP was applied as another probe chemical to identify the
presence of 10,. According to the EPR spectra shown in Fig. 6 (c), no
signals of 10, were detected. Considering all the observations from EPR
spectra, it appears that *OH species play an important role in the
degradation mechanism of CHA, while O3 may have a low contribution.

Combined with the results from EPR analysis and the characteristics
of the composite, the degradation mechanism of the BC/30%ZnO
composite under simulated solar light is illustrated in Fig. 7, which is
similar to the results reported by other published studies [49,50,59,60].
With narrow band gaps, by acquiring photon energy from simulated
solar radiation, the photogenerated e~ transferred from the gap band
phase to the conduction phase while h™ were generated on the surface of
BC/30%ZnO composite, and the biochar inhibited the recombination of
the e™-h™ pairs (Eqgs. (7) to (9). The production of *OH species could be
mainly attributed to the reaction of the generated h* with water mole-
cules and hydroxyl groups (Egs. (10) and (11). Besides, e-h" could react
with oxygen and generate O3, which could directly attend to the
degradation process of CHA. On the other hand, O3 could also convert
to *OH by reactions shown in Egs. (12) to (15). With *OH playing the
dominant role, the CHA is eventually degraded with high efficiency
using the BC/30%ZnO composite under simulated solar light.

ZnO(e”) + BC—BC(e™) + ZnO )
BC/30%Zn0 + hv—BC/30%ZnO(h* + ) (€))
27Zn0 + hv—ZnO(h™) +ZnO(e™) (©)]
ZnO(h") + Hy0—~Zn0 + *OH (10)
ZnO(h™) + OH =ZnO + *OH + H* an
BC(e™) + 0,—~BC + 05~ 12)

05 + H,0— *HO, + OH 13)
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Fig. 7. Schematic representation of photocatalytic mechanism for the degradation of NAs using the BC/30%ZnO composite under simulated solar irradiation.

*HO, + *HO,—~H,0, + O, (14) 3.4. Reusability of BC/30%ZnO composite

H,0, + BC(e”) + ZnO(e”) —» BC/ZnO + eOH 15) The reusability and stability of photocatalysts are critical consider-
ations that could affect the practical application of these materials.
Therefore, the photocatalytic performance of the BC/30%ZnO com-
posite was investigated through successive cycles of use. The
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degradation efficiency was calculated after each cycle and shown in the
bar chart in Fig. 8. After 4 cycles of use, the efficiency of the composite
for CHA degradation was still up to 92.9 %, which clearly indicated that
the composite showed good stability and reusability. In addition, after 4
times use, SEM images of the BC/30%Zn0O composite were captured to
identify possible changes in the morphology of the material. Comparing
the SEM images of the composite before and after use (see Fig. S7), no
significant differences were observed for the porous structure biochar
platform and the attached ZnO particles. Some studies have reported
similar reusability results, however, applying shorter treatment times.
For instance, Chen et al. [29] developed a BC/ZnO composite from jute
fibers for the photodegradation of methylene blue dye, achieving almost
100 % degradation efficiency in the 1st cycle under 1 h UV irradiation,
and over 80 % for the 7th run. Jahani et al. [61] applied a milkvetch-
derived BC/Zn-Ce oxide nanocomposite for the decontamination of
reactive blue 19 containing solutions, decreasing the degradation effi-
ciency by roughly 6 % in the 5th compared to the 1st cycle (under LED
irradiation for 1 h with 1 mL of Hy05). Therefore, the BC/30%ZnO
composite proposed in our study performed high photocatalytic degra-
dation while maintaining notable chemical and physical stability over
repeated cycles.

3.5. Degradation performance towards NAs mixture

To further evaluate the photocatalytic performance of the BC/30%
ZnO composite, a complex mixture containing eight different NAs (5
mg/L each) was used as the target contaminated solution. Considering
the increased initial total concentration of the target contaminant (40
mg/L), the simulated solar irradiation time was increased to 6 h
accordingly, with 0.5 g/L of BC/30%ZnO composite results obtained for
the CHA. Before the simulated solar irradiation started, the photo-
degradation and dark adsorption control were conducted for the mixture
solution. No degradation of all NAs was found without the presence of
composite at dark conditions (Fig. S8), which confirmed the degradation
of the target NAs was due to the simultaneous presence of the composite
and the simulated solar light.

To complement this result, the determination of the point of zero
charge (PZC) of the material was carried out using the salt addition
method [36,37]. In addition, the experimental and predicted pKa values
for all NAs were also provided in Table 1. From our observation, the PZC
of the material was found to be 7.74 (see Fig. S9), which is lower than
the pH of the mixture (8.50). In this case, it is possible to assume that the
surface of BC/30%ZnO is negatively charged in solution. As the pKa of
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Fig. 8. Reusability tests for the BC/30%ZnO composite.
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all NAs is also lower than the pH of the matrix (see values in Table 1), the
NAs are primarily in their anionic form, and the interaction between
them and the material is predominantly repulsive, explaining the
negligible degree of adsorption described above. In this sense, it is
reasonable to assume that the differences in the degradation kinetics of
some NAs are mainly associated with the distinct functional groups in
their structure that can provide different levels of reactivity to *OH
species, which, despite non-selective, have specific kinetic reactions
depending on the nature of the organic molecule.

Considering this, the degradation process of each NAs in the mixture
is represented in Fig. 9 (a-b). All NAs achieved an efficient degradation
rate by the composite under simulated solar irradiation, while different
degradation efficiencies were observed. For example, the T-2H-T4CA
was fully degraded by BC/30%ZnO composite in 2 h, but only after 4 h
of irradiation most of the NAs in the mixture reached nearly 100 %
degradation, including CHA (99.7 %), CHPA (>99 %), HA (98.8 %), 4-
MHA (99.68 %), and DA (>99 %). In contrast, the degradation per-
centage of IA and T4CA was lower than that of other NAs after 4 h of
irradiation; however, within 6 h of treatment, they reached a final
degradation of over 80 %. Consequently, the total degradation efficiency
of the 8 NAs in the mixture reached 95.5 % using the composite under 6
h of simulated solar light.

The degradation process of the different NAs all fitted with PFO ki-
netics, and the corresponding degradation rates are shown in Fig. 9 (c).
T-2H-T4CA had the fastest degradation rate (2.90 hH among all NAs,
which was 2.90 times the reaction rate of CHA in the mixture. This could
be due to the structure of T-2H-T4CA, where the non-bonding electrons
of S atoms could enhance its overall reactivity towards oxidizing species.
de Oliveira Livera et al. [62] investigated the structure-reactivity rela-
tionship of NAs in the photocatalytic degradation process using 0.5 g/L
TiO4 as photocatalyst under UV irradiation and it was reported that the
degradation rate for T-2H-T4CA was 2.67 times of that for CHA.

In the mixture, the degradation rate for the eight model NAs follows
the order: T-2H-T4CA > CHPA > CHA > 4-MHA > DA > HA > T4CA >
IA. According to these results, the NAs with saturated rings such as
CHPA and CHA showed higher reaction rates than the linear chain
structured NAs (4-MHA, DA, and HA), indicating that the single satu-
rated ring could increase the reactivity of the compound. A similar
tendency was also proved by de Oliveira Livera et al. [62], where the
degradation rate of 4-pentylcyclohexanoic acid (4pnCHA) was 1.38
times the rate of linear dodecanoic acid (DDA). Besides, Afzal et al. [63]
found that compared to small, linear, and acyclic NAs, reactivity favored
large, branched, and cyclic NAs, leading to a better oxidization perfor-
mance by the UV/H,05 process, in which *OH also have the main role in
the degradation mechanism. The preferential degradation observed in
our study also supported this finding. Compared to CHA, CHPA has a
longer branch attached to the saturated ring and showed a faster
degradation rate. In addition, among the linear chain structured NAs in
the mixture, DA has a carbon number of 10, and the reaction rate was
1.18 times the rate of HA, which has a carbon number of 6. Furthermore,
4-MHA showcased a faster reaction rate with less carbon number
compared to DA, which could be attributed to the introduction of the
tertiary carbon by the alkyl branching-point. The tertiary carbon-
centered radicals have higher stability than primary and secondary
radicals, which could increase the oxidation rate [63]. Moreover, Meng
et al. [12] evaluated the photocatalytic activity of Bi;WOg (1 g/L) with
simulated solar light by applying 4 different NAs (individually) as the
target pollutants, and the degradation rates were reported in the
following order: T-2H-T4CA > CHA > IA > T4CA. Compared to that
work, in our study, the BC/30%ZnO composite showed better photo-
catalytic degradation performance for the IA and T4CA degradation,
even using a more complex matrix.

Moreover, the acute toxicity of NAs in both the untreated matrix and
the treated solution using BC/30%ZnO under 6 h of simulated solar
irradiation was assessed based on the inhibition of bioluminescence in V.
fischeri bacteria. As shown in Fig. S10, the V. fischeri inhibition decreased
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from 68.2 % to 41.4 % after 5 min of exposure to the treated matrix, and
from 66.5 % to 44.0 % after 15 min, i.e., attaining a reduction of over
39.3 % and 33.8 %, respectively. This reduction in the acute toxicity of
the NAs in the mixture after 6 h of treatment using the BC/30%ZnO
composite suggests that the by-products formed during the degradation
process of the NAs are, at least in general, less toxic than the parent
compounds.

3.6. Leaching test

A leaching test was conducted to investigate the potential release of
Zn from the composite material into the solution. For that, 0.5 g/L of the
BC/30%ZnO composite were dispersed into 60 mL of buffer solution (5
mM NaHCOj3) and mixed continuously for 24 h under dark conditions.
Then, samples were collected, filtered by a 0.2 pm filter, and analyzed by
ICP-OES. After 24 h of mixing, a low concentration of Zn of 38 ug/L was
measured in the sample, meaning that approximately 0.05 % of the total
content of Zn in the composite was released into the solution. This
confirms the good stability of the composite material, even after 24 h of
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Fig. 9. Simultaneous degradation of a mixture of eight NAs using the BC/30%ZnO composite under simulated solar irradiation.

contact with the solution. Jusoh et al. [64] developed mesostructured
silica nanoparticles loaded with ZnO (ZnO/MSN) as photocatalyst, and
they reported 2.97 % (equivalent to 148.5 pg/L) of Zn leaching after 8 h
UV irradiation using 1 g/L of ZnO/MSN. The United States Environ-
mental Protection Agency (US EPA) published an acute and chronic
criterion of 120 pg/L as the limit of Zn for the protection of freshwater
aquatic life [65]. Therefore, the measured leached Zn concentration in
our study is lower than the recommended limit, suggesting the envi-
ronmental compatibility of the proposed treatment.

4. Conclusions and future perspectives

This work successfully incorporated ZnO particles into a porous and
roughened platform derived from a sustainable BC source. BC played an
important role as an electron reservoir that could reduce the recombi-
nation rate of photogenerated e-h" in the BC/30%ZnO composite.
Based on the degradation of CHA, the best experimental conditions were
determined as 0.5 g/L BC/30%ZnO and 4 h of simulated solar irradia-
tion time, achieving 93.7 % degradation efficiency following a PFO
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kinetic. *OH species detected by EPR measurements were found to have
an important role in CHA degradation, and the composite showed good
reusability and stability after 4 successive cycles of use. The BC/30%
ZnO compound was also successfully tested, for the first time, for the
simultaneous degradation of a complex mixture of eight NAs with
significantly different structures, achieving a total degradation effi-
ciency of more than 95.5 % in 6 h of simulated solar irradiation, while
decreasing the acute toxicity of the solution by about 45 % towards
V. fischeri. The degradation rate following the order T-2H-T4CA > CHPA
> CHA > 4-MHA > DA > HA > T4CA > IA.

Considering the excellent photocatalytic performance of the BC/30%
ZnO composite for NAs degradation, as well as its good reusability and
stability, this photocatalyst is a sustainable approach for the treatment
of real OSPW. In future studies, exploring the effect of different synthesis
temperatures on the photocatalytic reactivity of BC/ZnO composites
toward degrading NAs would be valuable. Additionally, in scale-up
applications, reducing the catalyst dosage and utilizing solar natural
light as the irradiation source could be considered. Moreover, inte-
grating BC/ZnO composites with solar light into established OSPW
treatment methods, such as wetlands, holds promise. By combining
wood waste-based biochar with low ZnO content, solar radiation as a
green energy source, and employing low composite dosage, this research
offers an eco-friendly and cost-effective approach to removing NAs from
water.
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