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A B S T R A C T

This research studied, for the first time, the effect of activating tin oxide (SnO2) under simulated solar light for 
treating real oil sands process water (OSPW). The solar/SnO2 system effectively eliminated fluorophore organic 
contaminants, classical naphthenic acids (O2-NAs), and oxidized NAs (Oxy-NAs) from OSPW. The best experi
mental conditions to remove over 90 % of O2-NAs were found to be 0.5 g/L SnO2 under 8 h of irradiation. HO•

and O2
•– species identified by electron paramagnetic resonance (EPR) analysis played an important role in the 

degradation of NAs and other contaminants in real OSPW. The initial toxic effects of untreated OSPW were 
noticeably reduced after treatment, with a reduction of approximately 50 % in acute toxicity using Microtox® 
bioassay and over 80 % in the level of bioavailable hydrocarbons. In addition, the process also demonstrated a 
significant reduction in immunotoxicity as measured using an immune cell bioassay and reduced the toxic effects 
on Staphylococcus warneri using an adapted bacterial minimal inhibitory concentration (MIC) viability assay. 
These results suggest that treated OSPW by SnO2 under solar light has high environmental compatibility, indi
cating it is safe for reuse in further applications.

1. Introduction

The extraction of bitumen from the oil sands in northern Alberta, 
Canada, results in the production of large volumes of oil sands process 
water (OSPW), an industrial effluent containing a diverse array of 
organic and inorganic compounds, most notably an abundance of 
naphthenic acids (NAs) and other organic contaminants [1–3]. The 
toxicity and potential risk of industrial process water, including OSPW, 
to human health and various organisms such as plants, fish, mammals, 
phytoplankton, zooplankton, and amphibians is one of the primary 
concerns [1,2]. This concern arises from the complex chemical compo
sition of industrial process water, which contains residual bitumen, NAs, 
polycyclic aromatic hydrocarbons (PAHs), other organic compounds, 
and inorganic salts [4–8]. In particular, NAs contribute significantly to 
the toxicity of OSPW, as they are acutely toxic to a variety of organisms, 
particularly affecting reproductive physiology and endocrine function 
[9–11]. In addition, due to their surfactant characteristics, NAs can 
penetrate the cell walls of biological membranes [12,13]. Another 

concern is the potential persistence of NAs in soil and water, with 
half-lives of 13 years or more [12,13]. Hence, treating OSPW is an 
important challenge in the oil sands industry.

Meanwhile, some treatment methods, including biodegradation, 
adsorption, and AOPs, have recently been recommended for treating 
OSPW. The low molecular weight NAs exhibit partial biodegradability 
and resistance to conventional wastewater treatment methods. More
over, the persistence of heavier branched fractions underscores the need 
for advanced water treatment solutions in the reclamation of OSPW 
stored in tailings ponds [14–19]. Among AOPs, ultraviolet (UV)/H2O2, 
ozone-based, Fenton-based, and electrochemical-based processes have 
effectively removed synthetic and natural NAs. Nevertheless, their 
widespread application remains hindered by significant challenges, 
including high energy requirements, high chemical costs, the generation 
of harmful brominated by-products, and the requirement for acidic 
operating conditions [20–24], shifting the research attention toward 
more sustainable alternatives. In particular, the most prominent novel 
approaches to greener processes include the design of solar-driven 
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catalysts to reduce energy consumption and the use of low-cost and 
recyclable materials to lower operational and maintenance costs and 
environmental footprints [25,26].

To achieve a good performance degradation under solar irradiation, 
a catalyst should have proper valence band (VB) and conduction band 
(CB) positions, as well as an energy band gap (Eg), since these factors 
govern how well it absorbs light and generate electron-hole pairs (e–/h+) 
[27–29]. Different light sources, including UVA, UVC, and solar light, 
have been implemented in studies associated with photodegradation. 
Several studies focus on applying UV light as it possesses satisfactory 
energy to generate e–/h+ pairs within catalysts, leading to the generation 
of radicals and the subsequent degradation of pollutants [30,31]. 
However, UV-driven photodegradation consumes a high amount of 
energy.

Among different photocatalysts, tin oxide (SnO2) is often charac
terized by its high oxygen vacancy capabilities, enhancing its properties 
as an n-type semiconductor to be activated under UV and visible light 
irradiation, despite having a relatively high Eg (3.6–4.0 eV) [32–34]. 
The high oxygen vacancy increases the availability of reactive sites, 
facilitates charge transfer, and reduces electron-hole recombination, 
leading to higher degradation rates [35]. Additionally, the position of 
the CB and VB of SnO2 makes it a suitable catalyst for the formation of 
highly oxidizing radicals, especially hydroxyl (HO•) and superoxide 
(O2

•–). This, coupled with its environmentally friendly and sustainable 
nature, makes this material worth investigating for OSPW treatment.

In this paper, we studied the performance of commercial SnO2 
nanoparticles activated under simulated solar radiation for the reme
diation of NAs and fluorophore organic compounds (FOCs) in real 
OSPW. While numerous studies have explored the application of solar- 
driven catalysts with different photocatalysts for degrading synthetic 
and industrial waste [36–38], as far as we know, there have been no 
previous works related to the application of SnO2 for the degradation of 
NAs.

The main objectives of this work are to (1) evaluate the effectiveness 
and kinetics of SnO2 photocatalysis in degrading NAs and FOCs in real 
OSPW, (2) identify the primary reactive oxygen species (ROS) involved 
in the degradation process, (3) evaluate the relative degradation of 
classical and oxidized NAs during the photocatalytic treatment, (4) 
study the impact of structural parameters, including carbon number and 
double bond equivalent (DBE) on the degradation of NAs, and (5) study 
the effectiveness of photocatalytic process in decreasing the toxicity of 
OSPW using different bioassays, including Microtox®, immunotoxicity 
based on inflammatory cytokine secretion levels, and bacterial viability.

2. Experimental

2.1. Chemicals and materials

OSPW utilized in the current work was sourced from a tailings pond 
in northern Alberta and stored in tightly sealed PVC containers at 4 ◦C. 
Before each use, the homogenized OSPW was filtered through an 8 μm 
PCTE filter. The properties of the used OSPW are presented in Table S1
in the supporting information file.

SnO2 nanoparticles were supplied from Sigma-Aldrich and utilized 
without further purification. Ultrapure water (Millipore Synergy® UV) 
with a resistivity of ≥ 18.2 MΩ cm was employed to prepare all solu
tions. 5,5-Dimethylpyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl
piperidine (TEMP) were employed as trapping agents for the 
identification of HO• species and singlet oxygen (1O2), respectively.

2.2. Photocatalytic degradation experiments

Experiments were performed in batch operation mode utilizing a 
100-mL borosilicate glass beaker. A solar simulator (SS200AAA, Photon 
Emission Tech; 1000 W ozone-free arc lamp) with a fixed irradiance of 
112.53 W/m2 was used in the photocatalytic experiments. The spectrum 

of the solar radiation is shown in Figure S1, and a schematic represen
tation of the experimental configuration is presented in Figure S2. In the 
photocatalysis experiment, SnO2 nanoparticles in suspension were 
added at various concentrations to 50 mL of the OSPW and then steadily 
mixed (500 rpm) for 60 min under dark conditions to attain the 
adsorption equilibrium process. Afterward, the suspension was exposed 
to simulated solar radiation to start the experiment while continuously 
mixing throughout the treatment. Samples were taken at different in
tervals, filtered through a 0.2 μm filter, and then stored at 4 ◦C for 
subsequent analyses. Control experiments, including photolysis and 
experiments at dark conditions, were also performed.

2.3. Analytical procedures

The initial performance of the processes was assessed using syn
chronous fluorescence spectroscopy (SFS), a semi-quantitative tech
nique for detecting FOCs, including certain NAs. SFS studies were 
conducted using a Varian Cary Eclipse fluorescence spectrophotometer 
with a fixed emission (218–618 nm) and excitation (200–600 nm) 
wavelength ranges. To conduct a more precise assessment of the con
centration of NAs throughout the treatment, ultra-performance liquid 
chromatography coupled with quadrupole time-of-flight mass spec
trometry (UPLC QTof-MS) was employed to monitor the changes in NAs 
concentration (the detailed analytical procedure is described in Text 
S1).

The reflectance of ultraviolet and/or visible light for the applied 
catalysts in the wavelength range of 200–800 nm was analyzed using 
UV-Vis diffuse reflectance spectra (DRS). Then, the direct and indirect Eg 
for SnO2 were determined through a Tauc plot (Figure S3). EPR analyses 
were performed to detect the main ROS generated during the activation 
of SnO2 photocatalysts under solar light (detailed information is pro
vided in Text S2).

2.4. Toxicity evaluation

The complete toxicity analysis, which includes acute toxicity using 
the Microtox® bioassay, cytokine analysis via the human macrophage 
cell line (THP-1) and the murine macrophage cell line (RAW 264.7), and 
microbial viability assay analysis using Staphylococcus warneri (S. war
neri), was performed in this work. The details are available in Text S3.

3. Results and discussion

3.1. Performance in degrading fluorophore organic compounds (FOCs)

Real OSPW contains a variety of FOCs (molecules with fluorescence 
properties) with distinct chemical and toxic properties. SFS involves the 
simultaneous detection of emission and excitation scans, with a fixed 
wavelength difference (Δλ) between the two, and the multiplication of 
these signals. The chosen Δλ determines the resulting signal, producing 
a narrow, single fluorescence band with a peak wavelength specific to 
the compound [39]. Typically, the compounds with aromatic groups and 
low-energy π→π* transitions exhibit the highest fluorescence intensity 
in SFS analysis. However, alicyclic carbonyls, aliphatic, highly conju
gated double-bond compounds, and PAHs found in OSPW can also 
exhibit fluorescence. While not providing quantitative measurements of 
these compounds, SFS analysis offers insights into the effectiveness of a 
treatment method in reducing mentioned contaminants.

First, control experiments were performed to measure their impact 
on the intensity of FOCs using simulated solar light and 0.1, 0.5, and 
1.0 g/L of SnO2 under dark conditions. In raw OSPW, the SFS signal of 
FOCs exhibits three peaks, i.e., a single-ring peak at approximately 
272 nm, a two-fused rings peak at around 310 nm, and a three-fused 
rings peak at approximately 325 nm (Fig. 1). Single-ring aromatic 
compounds are predominant over two- and three-ring compounds, 
which is consistent with the literature [40,41].
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Fig. 1a shows no significant removal rate within 8 h of irradiation 
using only the simulated solar light. This suggests that organics in un
treated OSPW exhibit a limited absorption capacity for solar radiation, 
consistent with previous works [40,42]. Other authors have demon
strated that real OSPW presents a relatively high absorption of UV light, 
particularly in the specific range (240–320 nm). This leads to the 
breaking of chemical bonds within the FOCs, decreasing the fluores
cence intensity in the SFS spectrum [41]. Moreover, a very low removal 
rate was observed under dark conditions, confirming the limited 
adsorption of organic contaminants in raw OSPW on SnO2 nano
particles. After the combination of SnO2 particles with solar irradiation 
(Fig. 1b to Fig. 1d), the intensities of all three peaks decreased (partic
ularly for two- and three-ring fused aromatic compounds), which could 
be associated with the breakage of chemical bonds in FOCs due to the 
generation of radicals resulting from the activation of SnO2 to solar light 
This selectivity is rooted in fused-ring aromatics containing sites with 
high electron density, making them prone to oxidative attack [43]. The 
significant decrease in peak intensities can primarily be ascribed to the 
effective activity of SnO2 under solar light irradiation, demonstrating 
the high potential of solar-driven SnO2 catalysts for the degradation of 
NAs in real OSPW.

The kinetics of the mentioned aromatic groups were solely evaluated 
for the SnO2 catalyst at the best condition (0.5 g/L) after 8 h by corre
lating their relative intensities. As shown in Figure S4, the findings 
reveal that the removal rate across the groups increases with the in
crease in the number of fused rings. This outcome aligns with expecta
tions from the oxidation reactions of aromatic compounds, where a 
higher number of fused rings cause a greater density of readily available 

electrons for oxidative chemical attacks [44]. HO• species are recog
nized for their ability to react with aromatic moieties through electro
philic addition reactions on the aromatic rings and hydrogen atom 
abstraction at the branches. These reactions can lead to either the loss of 
aromaticity due to aromatic ring opening or the weakening aromaticity 
due to the introduction of electron-withdrawing groups onto or near the 
aromatic rings [45].

3.2. Performance in the degradation of NAs

O2-NAs degradation was evaluated during the photocatalytic treat
ment using SnO2 nanoparticles under solar light. As depicted in Fig. 2a, 
approximately 80 % of the O2-NAs were removed after 4 h of treatment 
with 1.0 g/L of catalyst. The experiments were repeated with 0.5 g/L of 
SnO2 to adjust the initial catalyst concentration while increasing the 
irradiation time to 8 h, as illustrated in Fig. 2b. In this case, the degra
dation of O2-NAs exceeded 90 %, suggesting that the performance of the 
system can be adjusted by simply changing the SnO2 dosage and the 
irradiation of simulated solar light. Given the importance of catalyst 
dosage for large-scale applications, 0.5 g/L of SnO2 appears to be the 
most practical and effective concentration for this photocatalytic pro
cess. The main analytical analyses and toxicity evaluations were con
ducted under this condition. A dark control experiment (Fig. 2c) 
evaluated the cumulative adsorption over the same degradation period, 
showing a low contribution to classical NAs removal (approximately 
10 %). This can be due to the relatively low surface area (29.185 m2/g) 
and limited adsorption capacity of SnO2 (The BET analysis and SEM 
image of SnO2 are displayed in Table S2 and Figure S5, respectively).

Fig. 1. Effect of SnO2 photocatalyst under dark conditions and solar light on the signal of FOCs in OSPW: a) photolysis; b) 1.0 g/L of SnO2; c) 0.5 g/L of SnO2; d) 
0.1 g/L of SnO2. Experimental conditions: dark condition = 60 min; solar irradiance = 112.53 W/m2; and pH = 8.32.
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Moreover, the photolysis control experiment determined the degra
dation percentage of O2-NAs under solar radiation. The results exhibited 
no substantial change in the initial concentration of NAs. This suggests 
that natural NAs in OSPW are stable to photolysis, consistent with pre
vious reports on their high stability under solar light [46,47]. During the 
actual photocatalytic process, adsorption-based removal is anticipated 
to be minimal, as the majority of the adsorbed fraction would have 
undergone oxidation throughout the nearly complete change of NAs. 
Therefore, the principal removal mechanism for NAs would be ascribed 
to the photocatalytic activity of SnO2. The concentration of NAs was 
tabulated for both classical and oxidized (oxy-NAs; O3-, O4-, O5-, and 
O6-NAs) forms of NAs in untreated OSPW (Table S1). O2-NAs constituted 
more than half of the total NAs, with approximately 97 % associated 
with O2-, O3-, and O4-NAs. So, O3- and O4-NAs arguably deserve more 
attention than O5-NAs and O6-NAs owing to their dominant abundance. 
In this case, the process efficiency at the best conditions was also 
analyzed for O3- and O4-NAs, as shown in Fig. 3.

The photocatalysis system showed a removal efficiency of 72.1 % 
and 54.7 % for O3- and O4-NAs, respectively, which was lower compared 
to the degradation of classical NAs (91.5 %). This behavior is likely 
linked to the engaged radicals in the oxidation mechanism of O2-NAs, 
which could produce intermediates containing varied numbers of oxy
gen atoms. HO• species playing a vital role in photocatalysis could 
potentially yield hydroxylated by-products [41,48]. The behavior 
observed for oxidized NAs degradation aligns with findings from other 
AOPs such as ozonation, UV/H2O2, ferrate (VI) oxidation, UVA 
LED/PDS, and UVA LED/PMS [43,48–50]. The change in concentrations 
of oxidized NAs during the photocatalytic process is more complex to 
follow, as Oxy-NAs are simultaneously consumed and produced [22,43]. 

As confirmed in AOPs like ozonation, ferrate (VI) oxidation, and 
UV/H2O2, higher Oxy-NAs were generated from the oxidation of O2-NAs 
and lower oxidized NAs, particularly at lower oxidant doses. This sug
gests that they were produced as intermediates of the oxidation process 
[43]. The hypothetical primary reactions for oxidation via the generated 

Fig. 2. Effect of SnO2 photocatalyst under dark conditions and solar light on O2-NAs removal present in OSPW. Experimental conditions: dark condition = 60 min; 
SnO2 concentrations = 0.1, 0.5, and 1.0 g/L; solar irradiance = 112.53 W/m2; and pH = 8.32.

Fig. 3. Effect of SnO2 photocatalyst under dark conditions and solar light for 
removing O3- and O4-NAs present in real OSPW. Experimental conditions: SnO2 
concentration = 0.5 g/L; dark condition = 60 min; solar irradiance =

112.53 W/m2; pH = 8.32; and treatment time = 8 h.
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HO• are as follows in Eqs. (1), (2), (3) [50]: 

HO• + Ox − NAs→Products (1) 

HO• + O2 − NAs→Oxy − NAs (2) 

HO• + Oxy − NAs→Oxy − NAs with higher Oxygen

+ byproducts/intermediates (3) 

Thus, the involvement of HO• radicals in generating Ox+1-NAs spe
cies (where x ≥ 2) may contribute to the generation of oxidized NAs in 
the treated samples and subsequently result in their lower degradation. 
The findings of this work emphasize the significant promise of solar- 
driven SnO2 catalysis in degrading NAs in OSPW. While commercial 
TiO2 nanoparticles under simulated solar light with a fixed irradiance 
(277.92 W/m2) were employed by Suara et al. (2022) as a photocatalyst 
for treating real OSPW, their results revealed an approximate 60 % 
degradation of NAs after a 4 h reaction with a 1.0 g/L concentration of 
photocatalyst [40]. Some studies examined the effects of various 
solar-driven catalysts on degrading O2-NAs in OSPW, as presented in 
Table 1.

3.3. Relative degradation of NAs as a function of double bond equivalents 
and carbon number

As is evident from the general formula of NAs, NAs have been cate
gorized according to the degree of cyclicity quantified by DBE and the 
number of carbon atoms. Previous studies have confirmed that NAs with 
higher carbon numbers and increased cyclicity exhibit resistance to 
biodegradation, resulting in heightened environmental persistence [13, 
16]. These recalcitrant NAs are known to demonstrate elevated hydro
phobicity, leading to increased toxicity [52,53]. Furthermore, NAs with 
higher DBE values have been implicated in the estrogenic effects 
observed in raw OSPW [40,54]. Consequently, evaluating the NAs 
degradation efficacy based on DBE and carbon number is crucial. UPLC 
QTof-MS scanning of oxidized intermediates confirmed that the degra
dation process selectively targeted heavier and more cyclic NAs (com
pounds with a higher number of DBE). These compounds are the most 
environmentally persistent portions of NAs. The higher effectiveness of 
solar-driven catalysis using 0.5 g/L SnO2 after 8 h in degrading NAs with 
higher DBE and carbon number was attributed to the presence of more 
oxidation sites (Figure S6). The observed trend agreed with previous 
studies, as processes (such as photocatalysis) favorably target branch 
points in NAs and other aliphatic contaminants [46,55].

3.4. Degradation kinetics of NAs

The degradation rate constants for classical NAs were examined via a 
pseudo-first-order kinetic model. Assuming no interference with active 
catalyst sites from undesired reactants and achieving a state of dynamic 
equilibrium at the interface between the solid catalyst and the liquid 
phase, the Langmuir-Hinshelwood (LH) kinetic model typically de
scribes heterogeneous photocatalysis (Eq. 4). When integrated and 
applied at low concentrations of target reactants, this model changes to 
the pseudo-first-order form (Eq. 5). 

−
dC
dt

= krθs =
krKC

1 + KC0
(4) 

ln
(

C
C0

)

= − krKt = − kapp.t (5) 

Fig. 4 presents the degradation kinetics of O2-NAs in OSPW using 
SnO2 photocatalyst. The results confirm that the degradation of O2-NAs 
is in good agreement with a pseudo-first-order reaction rate. However, it 
is important to note that the rate constants derived from Eq. 5 may 
deviate from their true values. The kapp. values attained for classical NAs 
at concentrations of 0.5 and 1.0 g/L were 0.0055 and 0.0063 min–1, 
respectively. While these constants provide useful insights for practical 
applications, they are apparent values and do not capture the nuanced 
complexities of the reaction kinetics of NAs. Yet, the relatively high kapp 
values found in the current work underscore the efficacy of the applied 
process for organic remediation in OSPW.

3.5. Detection of ROS and their roles in the degradation of classical NAs

HO• species were detected by EPR measurements employing DMPO 
as the trapping agent. This method results in an EPR-detectable radical 
adduct (DMPO•-OH), as presented in Figure S7 [56–58]. The analysis of 
EPR spectra for the detection of HO•, O2

•− , and 1O2 species in SnO2 so
lution under solar light is depicted in Fig. 5. The EPR spectra showed two 
groups of peaks observed during the SnO2 activation: i) a group of four 
equally spaced intense peaks (*) with a rough ratio of 1:2:2:1, charac
teristic of the DMPO•-OH adduct (Fig. 5a) and ii) four peaks derived 
from of O2

•− (+) with a rough ratio of 1:1:1:1 (Fig. 5a). In this sense, the 
observed signals suggest that both HO• and O2

•− and species are involved 
in the degradation mechanism of NAs. It is worth mentioning that no 
EPR signals were detected on the SnO2 photocatalyst in dark conditions, 
confirming that the formation of ROS required light excitation.

EPR measurements also investigated the generation of the non- 
radical 1O2 by utilizing TEMP as a trapping agent. TEMP can generate 
the spin-adduct TEMP-1O2 in the presence of 1O2 species [59,60]. 
Generally, three-line signals with a rough ratio of 1:1:1 indicate 1O2 
formation on the surface of the photocatalyst under light irradiation 
[61]. As depicted in Fig. 5b, the EPR analysis of the activated photo
catalyst showed nearly comparable signal intensities in the three equi
distant peaks typical of TEMP-1O2, which were similar to those observed 
in the control experiment. This indicates that there was no substantial 
generation of 1O2 during the activation of SnO2, confirming their minor 
role in the degradation process. Thus, the effective degradation of NAs 
under solar light is ascribed mainly to the presence of HO•, followed by a 
secondary role of O2

•− species.

3.6. Quantification of HO• using TA as a chemical probe

Quantifying HO• is essential for evaluating the effectiveness of AOPs. 
However, directly measuring HO• concentration is challenging owing to 
their high reactivity and short lifespan (~10− 6 s) [62]. To overcome 
this, indirect techniques like emission spectroscopy, laser-induced 
fluorescence, and chemical probes are used [63–68]. Chemical probes, 
such as terephthalic acid (TA), offer a cost-effective and relatively quick 

Table 1 
Performance of different photocatalysts in degrading O2-NAs in OSPW.

Photocatalyst Band Gap (eV) Best dose / time Total NAs (mg/L) O2-NAs (mg/L) O2-NAs degradation (%) Intensity (W/m2) Ref.

TiO2 3.2 1.0 g/L (4 hr) 65.67 36.51 59.69 277.92 [40]
ZnO 3.2 1.0 g/L (4 hr) 65.67 36.51 99.64 277.92 [40]
Bi2WO6 2.76 1.0 g/L (3 hr) 71.10 29.46 19.6 181.8 [51]
Bi2WO6/NiO 2.62 1.0 g/L (3 hr) 71.10 29.46 48.10 181.8 [51]
Bi2WO6/NiO/Ag 2.35 1.0 g/L (3 hr) 71.10 29.46 88.50 181.8 [51]
SnO2 3.7 1.0 g/L (4 hr) 17.59 10.33 79.50 112.53 This Study
SnO2 3.7 0.5 g/L (8 hr) 17.59 10.33 91.50 112.53 This Study
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method for assessing HO• radicals. In the present work, spectrophoto
metric analysis using TA as a target probe was employed to determine 
the steady-state concentrations of HO• species ([HO•]SS). First, a cali
bration curve for 2-hydroxyterephthalic acid (hTA), a stable and 
detectable hydroxylated product of TA [62,69,70], was constructed, as 
shown in Figure S8. Then, by measuring the reduction in TA concen
tration due to HO• generation, the [HO•]SS was determined for 
commonly used commercial photocatalysts and compared to the SnO2 
system, as presented in Fig. 6. This approach can be useful in under
standing why certain photocatalysts outperform others in degrading 
organic contaminants under solar light at similar experimental condi
tions. The detailed procedure to measure [HO•]SS using TA is provided 
in Text S4.

The results displayed that the concentration of HO• species followed 
the order TiO2 > SnO2 > WO3 > CeO2 > ZnO. However, the literature 
(Table 1) showed that ZnO exhibits better performance than other 
photocatalysts, including TiO2, in degrading classical NAs in OSPW. 
Based on the results provided by Suara et al. (2022) [40], the difference 
between ZnO and TiO2 was mainly attributed to the higher isoelectric 
points (IEPs) of ZnO ranging from pH 8.0–10.3, compared to IEP values 
in TiO2 at an approximate pH of 6.35. While ZnO has an Eg similar to 
anatase TiO2 of comparable particle size, its higher IEP makes it less 
likely to dissolve in a matrix like OSPW (which has a pH above 8). This 
helps ZnO remain in its solid form, making it readily available for 

photocatalytic activities. Additionally, ZnO particles suspended in real 
OSPW are likely to exhibit a net positive surface charge (since IEP > pH), 
potentially boosting the adsorption of negatively charged carboxylates 

Fig. 4. Pseudo-first-order kinetics of O2-NAs in the real OSPW; (a) 1.0 g/L and (b) 0.5 g/L of SnO2. Experimental conditions: dark condition = 60 min; solar 
irradiance = 112.53 W/m2; pH = 8.32; and treatment time = 8 h.

Fig. 5. EPR spectra of the SnO2 suspensions activated under solar irradiation with the spin trapping agent DMPO and TEMP; a) DMPO•-HO and DMPO-O2
•− adducts; 

b) TEMP-1O2 adduct.

Fig. 6. Estimated HO• concentration at steady-state conditions for commonly 
used photocatalysts.
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in real OSPW onto the particles, thereby facilitating oxidation [40]. The 
higher generation of HO• species in SnO2 compared to most of the 
studied photocatalysts (WO3, CeO2, and ZnO) can be attributed to its 
higher oxygen vacancies. Despite its wider energy band gap (Eg of 
3.6–4.0 eV), the high oxygen vacancies in SnO2 enhance photocatalytic 
activity by increasing the availability of reactive sites for electron-hole 
pair generation and subsequent reactions. Therefore, to address the 
gap in the degradation of different compounds via photocatalysis, it is 
important to thoroughly examine the influence of different physico
chemical properties of the photocatalysts, including surface area, par
ticle size, zeta potential, surface charge, IEP, and Eg, as well as the 
characteristics of the matrix [71,72].

3.7. Efficiency of solar-driven SnO2 catalysis on the toxicity of real OSPW

The change in acute toxicity was examined to explore the impacts of 
the breakdown of aromatic mixtures and NAs in real OSPW. The 
investigation into the acute toxicity of both untreated and treated OSPW 
involved assessing the inhibitory effects on luminescence in Vibrio 
fischeri (V. fischeri) by the Microtox® bioassay, recognized for its expe
ditious and straightforward assessment of OSPW acute toxicity, has been 
previously employed in studies [73,74]. As illustrated in Fig. 7, a sig
nificant shift in percentage inhibition was observed between untreated 
OSPW and treated OSPW for both the 5- and 15-minute trials. The 
outcomes indicated decreases in percentage inhibition from 26.09 % to 
7.19 % and 30.85–17.05 % after 5 and 15 min of exposing V. fischeri to 
the treated samples, respectively. Consequently, a substantial reduction 
in the average acute toxicity of OSPW was achieved, with nearly 92 % 
catalytic degradation of NAs and aromatic compounds through photo
catalysis. These findings underscore the efficacy of the treatment process 
in concurrently eliminating contaminants and reducing the toxicity of 
OSPW. The persistent toxicity observed in the treated OSPW could 
potentially be attributed to organic by-products generated during 
degradation and non-acidic components inherent to real OSPW. Similar 
observations of residual toxicity, determined through the Microtox® 
assay, have been reported in studies employing ozonation, solar-driven 
catalysis, O3/H2O2 oxidation, and biodegradation for OSPW treatment 
[40,51,73,75].

As reported in previous studies, alleviating toxic effects in OSPW is 
intricately linked to the degradation of organic components within the 
original matrix [48]. Based on Whale et al. [76] work, the toxicology of 
oily wastewater, as established through standardized bioassays, corre
lates with the concentration of bioavailable hydrocarbons assessed via 
BE-SPME [76]. In our investigation, the initial hydrocarbon concentra
tion quantified through BE-SPME analysis (described in Text S5) was 

reduced by approximately 82.0 % after the treatment (Figure S9). 
Sánchez-Montes et al. (2024) reported an 87 % reduction in bioavailable 
hydrocarbons from real OSPW using PDS (1 mM) after 60 min of irra
diation under UVA LED (0.8 mW/cm2) [48]. In another study, authors 
demonstrated removing more than 90 % of the bioavailable hydrocar
bons of OSPW within a 24-hour adsorption period using activated bio
char (2 g/L of SB-Zn) [77]. This efficacy could contribute to the 
diminished acute toxicity observed in treated OSPW, as measured by the 
Microtox® bioassay [77].

3.8. Immunotoxic and cytotoxic effects of OSPW after solar-activated 
SnO2 photocatalysis

The levels of pro-inflammatory cytokine proteins secreted by 
mammalian macrophages were measured to explore the immunotoxic 
effects of raw OSPW compared to OSPW treated with solar-activated 
SnO2 photocatalyst. Macrophage cells have previously been used to 
examine the immunotoxicity of environmental water and wastewater 
samples [78,79]. In this study, THP-1 and RAW 264.7 cell lines were 
used. As interleukin-1 beta (IL-1β), interleukin-8 (IL-8), interleukin-6 
(IL-6), and tumor necrosis factor-alpha (TNF-α) are key cytokines 
secreted by macrophage cells in response to environmental toxicants 
[80,81], their secretion levels were examined as representative inflam
matory cytokines following exposures. As demonstrated in Fig. 8, 
exposure of THP-1 cells to raw OSPW remarkably increased IL-1β and 
IL-8 secretion compared to the negative control, with levels rising from 
0.9 pg/mL to 302.9 pg/mL and 109.94–5087.3 pg/mL, respectively.

Similarly, exposure of RAW 264.7 cells to raw OSPW increased IL-6 
and TNF-α secretion levels from 0.33 pg/mL to 4668.1 pg/mL and 
23.8–287.1 pg/mL, respectively, after 24 h. Previous research studies 
have indicated that the organic portions in OSPW mainly contribute to 
its toxicity [82–84]. However, these fractions have also been shown to 
possess immunomodulatory properties, possibly inducing inflammatory 
cytokines in macrophage cells [85]. Therefore, the increased secretion of 
inflammatory cytokines observed in macrophage cells in our current 
study could be owing to the presence of the organic constituents within 
OSPW. Results of our previous studies also support our current study, 
where we exhibited that secretion levels of these four cytokines were 
induced when macrophage cells were exposed to untreated OSPW 
samples for 24 h [48,80].

Notably, solar-activated SnO2 photocatalytic treatment (at the best 
condition) of OSPW caused a notable decrease in the levels of all pro- 
inflammatory cytokines studied. The secretion of IL-1β and IL-8 in 
THP-1 cells was decreased by 99.5 % and 97.8 %, respectively, whereas 
levels of IL-6 and TNF-α in RAW 264.7 cells were reduced by 99.9 % and 
82.8 %, respectively in treated OSPW. Additionally, the cytokines levels 
did not meaningfully differ from the secretion values of the negative 
control. When assessing the four cytokines, the capacity of OSPW to 
stimulate pro-inflammatory cytokines decreased by nearly 95 % 
following treatment with solar-activated SnO2 photocatalysis. This 
reduction aligns with the targeted components from OSPW, suggesting 
that solar-activated SnO2 photocatalysis effectively reduces the immu
notoxicity of OSPW, possibly by degrading specific organic constituents 
such as NAs. Suara et al. (2022) and Paul et al. (2023) reported com
parable reductions in these cytokines in both gene and protein expres
sion levels when OSPW samples were treated with solar-activated ZnO 
photocatalysis [40,80]. Overall, our findings highlight the potential of 
photocatalytic treatment for reducing the immunotoxic effects of OSPW.

Moreover, the effect of solar-driven SnO2 catalysis treated and un
treated OSPW on the viability of S. warneri bacteria was assessed after 
22.5 h of exposure. Given that the negative control lacks any compounds 
that hinder bacterial growth, and all wells received the same concen
trations of bacteria and growth medium, the recovery of the negative 
control is confirmed to be 100 %. As shown in  Fig. 9, 22.5 h exposure of 
S. warneri to the untreated OSPW caused a significant decrease in growth 
compared to the negative control (5.38±0.45 CFU well–1 and 8.02±0.21 

Fig. 7. Microtox® toxicity analysis of untreated and treated real OSPW 
measured by Vibrio fischeri. SnO2 concentration = 0.5 g/L; dark condition =
60 min; solar irradiance = 112.53 W/m2; pH = 8.32; and treatment time = 8 h.
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CFU well–1, respectively). Though still significantly different, the growth 
of S. warneri after exposure to solar-driven SnO2 catalysis in treated 
OSPW was close to that observed in the negative control (7.61±0.19 
CFU well–1 and 8.02±0.21 CFU well–1, respectively). Growth of 
S. warneri after treatment in treated OSPW was significantly improved 
compared to the untreated OSPW (7.61±0.19 CFU well–1 and 5.38±0.45 
CFU well–1, respectively), with the untreated OSPW seeing a 2.2 Log 
(158-fold) reduction growth compared to the sample treated with SnO2 
under solar light. This significant improvement in bacterial viability 
suggests that the treatment of the OSPW via 0.5 g/L of SnO2 after 8 h of 
exposure to simulated solar light reduces the presence of constituents 
that negatively affect bacterial growth. An alternative visualization of 
this data is presented in Figure S9, illustrating a remarkable decrease in 
average Log reduction of S. warneri viability after treatment compared to 
untreated OSPW Figure S10.

3.9. Leaching test

The potential leaching of metals from metal oxide or metal sulfide 
photocatalysts, when applied in water and wastewater treatment, raises 
concerns about their applications. Thus, a leaching test was performed 
to assess the potential release of Sn from the photocatalysts into the 
solution during the treatment process, using inductively coupled plasma 
optical emission spectrometry (ICP-OES, Thermo iCAP6300 Duo). Solar- 
driven catalysis experiments were conducted with different concentra
tions of SnO2 under solar light irradiation for 4, 8, and 24 h. The Sn 
concentrations in untreated and SnO2-treated OSPW were measured and 
presented in Table S3. Sn in all samples was below 0.002 mg/L, corre
sponding to the detection limit of the equipment. Notably, no specific 

Fig. 8. Secretion levels of pro-inflammatory cytokines following exposure to untreated and treated OSPW samples on macrophage cells. After 24 h of exposure, 
cytokine secretion levels were analyzed using human and mouse multiplex assays. IL-1β (a) and IL-8 (b) represent the THP-1 cytokine secretion results, and IL-6 (c) 
and TNF-α (d) represent the RAW 264.7 cytokine secretion results. Results are denoted as mean ± SEM for three independent trials (n=3). Samples were tested for 
normal distribution using the Shapiro-Wilk test followed by a One-way ANOVA (Tukey’s multiple comparisons) test among the groups. P < 0.05 is considered as 
significant values (*** = P < 0.001, ** = P < 0.002, * = P < 0.033). SnO2 concentration = 0.5 g/L; dark condition = 60 min; solar irradiance = 112.53 W/m2; pH =
8.32; and treatment time = 8 h.

Fig. 9. Average Log growth of Staphylococcus warneri after 22.5 h of exposure 
to untreated and treated OSPW at 35 ◦C. A solution consisting of ultrapure 
water with NaCl (1.50 g/L), MgCl2 (0.35 g/L), and CaCl2 (0.06 g/L) was uti
lized as a negative control. Both OSPW samples and the control were diluted at 
90 % (V/V) with TSB and inoculated with 6.0 ± 0.5 Log CFU mL− 1 of bacteria, 
resulting in ~4.4 Log CFU well− 1 of bacteria at time 0 min (indicated by dashed 
line). After 22.5 h of exposure, samples from each well were serially diluted and 
spot-platted for enumeration. Significance levels of P < 0.05, P < 0.01, and P <
0.001 are represented by (*), (**), and (***) in the graph, respectively. SnO2 
concentrations = 0.5 g/L; dark condition = 60 min; solar irradiance =

112.53 W/m2; and pH = 8.32.

H. Mokarizadeh et al.                                                                                                                                                                                                                          Journal of Environmental Chemical Engineering 12 (2024) 114168 

8 



permissible limit is established for Sn in drinking water quality guide
lines. However, with a detected concentration of 0.002 mg/L, lower 
than the permissible limits set for the most toxic metals, this underscores 
the favorable outcome for the application of SnO2 photocatalyst in 
treating OSPW in real-world scenarios.

3.10. Potential application of solar-driven SnO2 catalysis in NAs removal 
from tailing ponds

The management of tailings ponds poses an environmental chal
lenge. Currently, these ponds occupy a considerable area in Alberta, 
spanning approximately 77 km2. Solar-driven AOPs represent a prom
ising solution with the potential to degrade complex and toxic com
pounds, including NAs [86]. According to Environment Canada data 
from 1981 to 2010, the average percentage of sunlight hours, termed % 
Sun, stands at 52 % and 50 % for the Alberta cities Calgary and 
Edmonton, respectively. Additionally, the average annual hours of 
bright sunshine were reported as 2396 for Calgary and 2345 for 
Edmonton [87]. In this sense, to assess the SnO2 performance under 
conditions mimicking those typical of several months in Alberta, 
long-term experiments involving up to 24 h of irradiation. Due to 
technical limitations, these experiments were conducted for 8 h per day 
over 3 consecutive days. To prevent any additional degradation from 
environmental light sources, samples were properly covered and stored 
when not exposed to solar light. The results, illustrated in Fig. 10, 
confirmed the excellent performance of SnO2 under solar light, with 
approximately 90 % degradation observed for both doses (0.1 and 
0.5 g/L) after 24 and 16 h, respectively. Despite these promising results, 
parameters associated with the costs of the SnO2, as well as other 
operational expenses, need to be considered in future studies for prac
tical applications.

4. Conclusions

The efficiency of SnO2 under solar light to degrade NAs and FOCs in 
real OSPW was successfully investigated. Over 91 % of classical NAs in 
the matrix were degraded using 0.5 g/L of SnO2 after 8 h of irradiation. 
HO• and O2

•– species played a crucial role in the degradation of NAs and 
the degradation of another organic contaminant in OSPW. Structural 
dependence in NAs degradation was observed, influenced by DBE and 
carbon content. The process revealed high selectivity, preferentially 
removing fluorescing aromatics with two rings and three rings and NAs 
with high carbon and DBE values, representing the most environmen
tally persistent portions of NAs. The performance of the system was also 
evaluated for its impact on decreasing the toxicity of real OSPW. Acute 
toxicity of treated OSPW significantly decreased, and around 82.0 % 
reduction was observed in the concentration of bioavailable hydrocar
bons. Furthermore, THP-1 macrophage cells secrete significantly lower 
concentrations of proinflammatory biomarkers when exposed to treated 
OSPW by SnO2 under solar light compared to untreated OSPW, and 
remaining organic fractions do not markedly affect the viability of 
S. warneri. In this sense, solar-driven SnO2 catalysis is a robust and 
efficient method for treating real OSPW and reducing its pre-existing 
toxicity. These insights provide valuable guidance for advancing sus
tainable approaches to OSPW treatment within a concise framework.
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