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A B S T R A C T

The increasing concerns on water and environmental quality due to the continuous excessive release of antiviral 
drugs into water systems have received notable attention world-wide. Thus, the development of sustainable 
environmental remediation technologies is of interest amongst researchers. Herein, a hyphenated bio-photo 
degradation system was engineered, utilizing activated sludge and a 5-Calixarene@Nb2CTx@g-C3N4 photo
catalytic reactor set-up. The activated sludge was acclimatized to synthetic wastewater for 25 days, reaching 
COD removal of above 80 %. Mixed liquor suspended solids (MLSSs) and mixed liquor volatile suspended solids 
(MLVSSs) used to monitor the concentration of suspended solids and the amount of volatile suspended solids 
reached optimum values of about 2500 mg.L-1, where ideal MLVSSs values of 70–80 % of MLSSs were reached to 
give MLVSSs/MLSSs ratios of 0.7–0.8. In a 250 mL working solution, the optimum photoreactor parameters were 
pH 4, 20 mg catalyst loading, and an initial pollutant concentration of 5 mg.L-1. In the hyphenated system, the 
biodegradation efficiency of 62.5 and 58.1 % for hydroxychloroquine (HCQ) sulphate and oseltamivir (OS) 
phosphate were obtained, respectively. Photodegradation using 5-CxNbCN increased the removal efficiency to 
97.3 and 92.6 % for HCQ and OS, correspondingly. The major contributing reactive oxygen species (ROS) to
wards the removal of HCQ and OS were e− and •O2

− charge carriers. Degradation efficiency was reduced from 
80.8 % (control) to 30.7 % in the presence of p-benzoquinone (e− and •O2

− quencher). Plausible OS and HCQ 
photodegradation fragments were identified using liquid chromatography mass spectrometry (LC-MS/MS). The 
parent OS and HCQ ARVs decomposed into smaller organic molecules 3-hydroxycyclohexa-2,5‑dien-1-ylium (m/ 
z = 95.05) and 2-aminobenzaldehyde (m/z = 121.05), respectively. This study paves the way towards the 
realization of practical applicability of solar-powered photocatalysis in conventional WWTPs.

1. Introduction

Frequent global viral pandemics and other emerging infectious dis
eases (EIDs) including seasonal infections have caused devastating 
health impact on humans. In recent years, some of the fatal pandemics 
such as the 1918 Spanish flu (H1N1) and the most recent SARS-CoV-2 
(COVID-19) with millions of fatalities have been witnessed [1-3]. 
These has led to production of large amounts various pharmaceutical 
drugs such as chloroquine (malaria treatment) and oseltamivir (influ
enza treatment) as alternatives medicaments to mitigate the severity of 

the diseases [4,5]. Pharmaceuticals are produce to sustain humans 
against variety of health complications and infectious diseases. The 
extensive usage of these pharmaceuticals has led to unprecedented 
amounts being discharged into the aquatic ecosystems and wastewater 
treatment plants (WWTPs) [6]. Recent studies reported on the occur
rences of COVID-19 treatment-related antiretrovirals (ARVs) and their 
active metabolites in water sources [7]. Most of WWTPs in developing 
countries such as South Africa are ineffective towards the removal of 
these ARVs and their metabolites in wastewater [8]. A study by Abafe 
and colleagues reported on the detection of high concentrations of ARVs 
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in influents and effluents of WWTPs in KwaZulu-Nata, South Africa [9].
Pharmaceuticals including ARVs are amongst some of the most 

environmentally persistent pollutants which disseminate into the 
aquatic milieu and WWTPs [7]. The use of the ineffective conventional 
water treatment methods in WWTPs leads to the ubiquitous and con
stant occurrences of these pharmaceuticals in treated water. Conven
tional WWTPs mainly utilizes activated sludge system to facilitate 
biological degradation of various pollutants including pharmaceuticals 
from wastewater. However, most of these pharmaceuticals are highly 
soluble and resistant to biodegradation, rendering the activated sludge 
technique inefficient. Failure to remove the ARVs from the WWTPs 
could consequently end up in the aquatic environments and drinking 
water [10]. Persistence pollutants such as chloroquine and oseltamivir 
in the environment poses an ecological health risk to human and animal 
through the risk of developing multidrug-resistant infections [6,10]. 
Hence it is essential to design effective techniques for the complete 
removal of these antiviral drugs from wastewater.

Commonly used wastewater treatment techniques include chemical 
treatments, adsorption, advanced oxidation processes, membrane 
filtration, and biodegradation [11-13]. Advanced oxidation processes 
(AOPs), state-of-the-art water purification techniques, have acquired 
immense interest worldwide towards the elimination of these pollutants 
of emerging concern (PECs). Within the class of AOPs, photocatalysis is 
identified as the most propitious treatment technique, accounting for 
extensively stable and reusable photocatalysts with the ability to facil
itate complete pollutants mineralization into CO2 and H2O [11]. 
Furthermore, photocatalytic processes can be initiated by irradiating the 
surface of photocatalysts with the abundant solar energy (342 J.s-1 per 
m2 hitting the surface of Earth yearly) [14]. As a result, photocatalysis is 
rendered ideal for sustainable development as it operates under ambient 
conditions.

An adequate number of photocatalysts with merit properties have 
been explored towards the removal of pharmaceutical compounds (PCs) 
in aqueous media, to name a few; Nb2O5-RGO/MoO3 (sulfasalazine 
(Azulfidine) and ciprofloxacin) [15], g-C3N4/Nb2O5, ZnWO4/Bi2MoO6, 
and FeIn2S4/BiOBr (tetracycline) [16-18], g-C3N4 (carbamazepine) 
[19], and l-BP@Nb2O5 (nevirapine) [20]. Nevertheless, the removal of 
ARVs from real wastewater samples using photocatalysis has rarely been 
explored. Recently, a study by Rapti et al. reported on the photo
degradation of pharmaceuticals from real hospital wastewater, where 
carbamazepine, amisulpride, O-desmethyl venlafaxine, and venlafaxine 
were detected in all the aliquot samples [19]. Concentrations of about 
2.924 µg L− 1 for O-desmethyl venlafaxine and 0.073 µg L− 1 for cit
alopram were detected [19]. Using g-C3N4 under solar irradiation in a 
lab-scale reactor, up to 96 % and 34 % of amisulpride and mirtazapine 
were removed, respectively [19]. In addition, Evgenidou et al. reported 
on a complete degradation of antiviral drug abacavir in ultrapure water 
[21]. Lele et al. also reported on the removal of oseltamivir in a simu
lated wastewater treatment plant (WWTP) using WO3-Ti3C2@β-CD with 
up to 93 % degradation efficiency [12]. A recent study by Gayathri and 
colleagues demonstrated the photodegradation of chloroquine in water 
using ZnO under solar and ultraviolet (UV) irradiation, where 77 % and 
65 % removal efficiencies were observed for solar and UV irradiation, 
respectively [22]. The above-discussed studies demonstrate promising 
results toward advancing this cutting-edge technology for complete 
mineralization of ARVs in water.

For a more realistic evaluation of the removal of the dissolved 
pharmaceuticals including ARVs from water, it is imperative to conduct 
studies in real wastewater samples to validate practical feasibility of 
photocatalysis. Thus, the present study focuses on the removal of chlo
roquine and oseltamivir from synthetic wastewater. Additionally, a lab- 
scale WWTP was engineered to mimic a biological treatment unit in a 
conventional wastewater treatment plant used in South African waste
water treatment systems. Activated sludge and domestic real wastewater 
were obtained from a conventional WWTP to inoculate the lab-scale 
WWTP. The configuration and acclimatization processes in the WWTP 

were adopted from the OECD 303A guideline and from our previous 
studies [23-25]. Activated sludge is brown in colour, consisting of a 
cocktail of microorganisms of which 95 % comprises aerobic bacteria 
cultured in aeration tanks and are capable of decomposing organic 
matter in aqueous media [26]. In most cases, well-operated activated 
sludge (carrying mixed liquor suspended solids - MLSS between 2000 
and 5000 mg/L) provides reasonable removals (85–95 %) of biochem
ical oxygen demand (BOD5, <30 mg/L), chemical oxygen demand 
(COD, >70 %), and other biodegradable organics [26,27]. The lab-scale 
activated sludge system is hyphenated to a photocatalytic system to 
incorporate photodegradation as a tertiary water treatment process.

Photocatalysis has the potential to facilitate the mineralization of 
non-biodegradable pollutants such as ARVs from wastewater. Photo
catalysts used herein were fabricated from non-noble metal and eco- 
friendly semiconductor and organic materials. The use of organic- 
based semiconductor materials without noble metals helps to reduce 
the overall cost of photocatalyst fabrication. Additionally, only minimal 
amounts of transition metal-based co-catalysts were employed to 
enhance the photocatalyst’s activity. The photocatalytic process in
volves aqueous phase degradation of pollutants through highly reactive 
oxygen species (ROS) namely, superoxide (O2•-), hydroxyl radical 
(•OH), hydrogen peroxide (H2O2), and singlet oxygen (1O2) [22]. The 
design of metal-free, eco-friendly, cost-effective, and visible-light highly 
responsive photocatalysts has gained considerable attention among re
searchers. Graphitic carbon nitride (g-C3N4) is amongst the extensively 
studied semiconductor materials, owing to its environmentally friendly 
nature, excellent chemical stability, layered structure, narrow energy 
bandgap, and suitable band positions [28]. Just like many other single 
semiconductor materials, g-C3N4 photocatalytic performance is limited 
by the inefficient visible light absorption ability and rapid relaxation of 
photoexcited charge carriers [29,30]. In our previous study, it was 
demonstrated that the formation of heterostructures enhanced the op
tical and photoelectrochemical properties of g-C3N4 [31]. The hetero
structure formation was achieved by introducing a highly conductive 
two-dimensional (2D) material known as MXene onto g-C3N4 (CN) 
nanosheets. Particularly, niobium carbide Nb2CTx (Nb) MXene was used 
to form the Nb2CTx@g-C3N4 (NbCN) Schottky-junction. In another 
study, Nb2CTx@g-C3N4 was further functionalized with a supramolecule 
in the form of calixarene (calix[4]arene) complex to induce sensitiza
tions in the photocatalyst [32]. Briefly, the three-component calixar
ene-based composite Calix@Nb2CTx@g-C3N4 (CxNbCN) was rationally 
designed to maximize the photocatalytic efficiency of the 
Nb2CTx@g-C3N4 Schottky-junction. Calixarene complexes in the heter
ostructure facilitated sensitization and consequently improved light 
absorption ability [32].

In the present study, the efficiency of a photocatalytic system hy
phenated to activated sludge simulated WWTP was evaluated towards 
the degradation of hydroxychloroquine (HCQ) and oseltamivir (OS) 
ARVs pollutants in wastewater. The activated sludge contains microor
ganisms which induces biodegradation processes in the system [26]. The 
photocatalytic system was equipped with a three-component photo
catalyst (Calix@Nb2CTx@g-C3N4) for the effective decomposition of the 
pollutants. In the photocatalytic system, the degradation efficiency of 
Calix-Nb2CTx@g-C3N4 was significantly high compared to 
Nb2CTx@g-C3N4 due to the presence of calixarene complexes which 
induces synchronous host-guest interaction with the pollutants and 
photocatalytic sensitization effect. Furthermore, the bio-photocatalytic 
wastewater treatment system used in this study lays out a pathway to
ward the incorporation of visible-light-driven photocatalysis in con
ventional WWTP for the removal of antiviral drugs in different water 
metrices.

2. Experimental

Analytical instruments descriptions and operating conditions are 
detailed in the supplementary information (SI).
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2.1. Materials and reagents

Chemicals and reagents used as received, unless stated in the dis
cussion. The antiviral drugs hydroxychloroquine sulphate (≥98 %) and 
oseltamivir phosphate (≥98 %) were obtained from Sigma-Aldrich 
South Africa. Reagents for photon flow measurements; iron(III) sulfate 
hydrate (Fe2(SO4)3.xH2O, ≥97 %), Iron(II) sulfate heptahydrate (FeS
O4⋅7H2O, ≥98 %), 1,10-phenanthroline (≥99 %), oxalic acid (anhy
drous, ≥99.0 %), sodium acetate (ACS reagent, ≥99.0 %), sulphuric acid 
(ACS reagent, 98.0 %) were also acquired from Sigma-Aldrich South 
Africa. Meat extract dry (for microbiology), di-potassium hydrogen 
phosphate (anhydrous, ≥99.99 %), magnesium sulphate heptahydrate 
(ACS reagent, ≥99.0 %), peptone from meat extract (bacteriological), 
urea crystals (ACS reagent, ≥99.0 %), calcium chloride dehydrate 
ReagentPlus®, ≥97.0 %), and sodium chloride (ACS reagent, ≥99.0 %) 
used in the WWTP were obtained from Merck and Sigma-Aldrich South 
Africa. Radical trapping experiments reagents; p-benzoquinone (reagent 
grade, ≥98.0 %), ethylenediaminetetraacetic acid (ACS reagents, ≥99.4 
%), potassium dichromate (ACS reagent, ≥99.0 %), and 2-propanol 
(ACS reagent, ≥99.5 %) were also purchased from Sigma-Aldrich 
South Africa.

2.2. Photocatalysts

In this work, Schottky-junction photocatalysts composed of graphitic 
carbon nitride (g-C3N4), niobium carbide MXene (Nb2CTx), and calix
arene (calix[4]arene-25,26,27,28-tetrol) were employed towards the 
degradation of hydroxychloroquine (HCQ) and oseltamivir (OS). The 
detailed material characterizations, optoelectronic, and photo
electrochemical properties of the pristine and the photocatalytic nano
composites were reported in our previous studies [31,32]. Briefly, the 
photocatalysts used herein were all derived from g-C3N4 used as a pri
mary photocatalyst. Initially, g-C3N4 was integrated into Nb2CTx MXene 
to form the g-C3N4@Nb2CTx Schottky-junction, followed by covalent 
linkage with an acyl chloride functionalized calix[4]arene-25,26,27, 
28-tetrol to form a calixarene sensitized Schottky-junction (presented 
as Calix@g-C3N4@Nb2CTx). The abridged name “Calix” in the com
posite name represents the introduced calix[4]arene-25,26,27,28-tetrol 
complex. The prepared photocatalysts from our previous studies were as 
follows; pristine g-C3N4, g-C3N4 modified with 1,3, and 5 wt percentages 
(wt %) of Nb2CTx MXene (forming Y-Nb2CTx@g-C3N4, where Y is wt % 
of MXene), g-C3N4 modified with 10wt % of calixarene, and lastly 
Y-Nb2CTx@g-C3N4 composites modified with 10wt % of calixarene 
(forming Y-Calix@Nb2CTx@g-C3N4). The as-prepared 5-Cal
ix@Nb2CTx@g-C3N4 ternary nanocomposite exhibited enhanced visible 
light response with a narrowed energy bandgap (Eg) of 1.79 eV relative 
to the pristine g-C3N4 with Eg of 2.62 eV [32]. Furthermore, excellent 
photoelectrochemical properties were observed for the 5-Cal
ix@Nb2CTx@g-C3N4 ternary composite, with a corresponding 
photo-to-chemical conversion efficiency (η) of 2.42 % [32]. The pho
tocatalytic energy band diagram delineated suitable band positions for 
5-Calix@Nb2CTx@g-C3N4 towards the generation of reactive oxygen 
species (ROS) necessary for pollutants degradation. The oxidizing 
valence band (VB) and the reducing conduction band (CB) potential for 
5-Calix@Nb2CTx@g-C3N4 were 1.65 and − 0.14 V vs. NHE, respectively. 
Table 1 presents the photocatalysts employed in this work towards the 
photodegradation of HCQ and OS. The composite 5-Cal
ix@Nb2CTx@g-C3N4 was chosen for this study owing to its superior 
optical and photoelectrochemical properties over the 1-Cal
ix@Nb2CTx@g-C3N4 and 3-Calix@Nb2CTx@g-C3N4 composites [32].

2.3. Wastewater treatment plant configuration

2.3.1. Activated sludge system
A lab-scale wastewater treatment plant (WWTP) was assembled to 

mimic a conventional wastewater treatment plant (WWTP). The set-up 

consists of four major components; (i) influent holding tank (feeding 
the plant, 20 L), (ii) aeration tank (aerobic biodigestion, 3 L), (iii) cir
cular settling tank (clarifier, 1.5 L), and (iv) the effluent holding tank 
(bio-treated, 20 L) which works concurrently to purify wastewater (see 
Fig. 1). The treatment system was assembled in a continuous stirred-tank 
bio-reactor configuration as shown in Fig. 1. The digital images of the 
exact lab-scale simulated WWTP are presented in Fig. S1. The operation 
of the lab-scale WWTP herein is per the OECD 303A of aerobic-activated 
sludge treatment [23]. Typically, wastewater (domestic effluent) is fed 
into the system through peristaltic pump from the influent storage tank, 
where it flows into the aeration tank for microbial digestion of various 
organic pollutants. Aerobically biodegraded contaminants are precipi
tated out of the wastewater and allowed to settle in the clarifier tank. 
Lastly, biologically treated water flows into the holding tank for further 
tertiary treatment processes shown in Fig. 1. The wastewater is filtered 
before being fed to the system (as influent) to avoid solid materials from 
clogging up the flow channels. Detailed descriptions of the apparatus 
used in the assembly of the lab-scale WWTP are outlined in the SI.

2.3.2. Wastewater and activated sludge sampling and inoculation
Activated sludge for the inoculation of the lab-scale WWTP was ac

quired from a conventional WWTP in Daspoort (Pretoria), South Africa. 
The sludge was sampled from the agitation/aeration step, where it is 
already fed with wastewater. Influent entering the Daspoort WWTP was 
also sampled to mimic the operating conditions in the lab-scale WWTP 
for ease of acclimatization processes. The samples were stored at 4 ◦C in 
a refrigerator and retained for a maximum of 7 days. Sampling was 
conducted weekly during the acclimatization process to maintain a 
continuous operation of the laboratory lab-scale WWTP. After the acti
vated sludge was inoculated into the lab-scale WWTP, the sampled 
wastewater was fed to the system and allowed to circulate through the 
treatment system. During the inoculation, activated sludge was aerated 
for 6 h and introduced into the aeration tank, followed by feeding with a 
mixture of wastewater and supernatant resulting from aeration of the 
sludge. The wastewater was gradually mixed with synthetic wastewater 
(SWW) for over 20 days until 100 % of SWW was used as influent. 
Wastewater was retained in the system for an average of 6 h (known as 
hydraulic retention time, HRT) at a constant effluent flow rate of 0.5 L.h- 

1. The activated sludge was retained in the system for 5 days, referred to 
as sludge retention time (SRT). A portion of circulating sludge (0.6 L/ 
day) was discarded as waste-activated sludge (WAS) and the return- 
activated sludge (RAS) was re-circulated back into the aeration tank 
as shown in Fig. 1. The was used to conduct tests to monitor the sludge 
bioactivity. The lab-scale WWTP delineated by the schematic illustra
tions in Fig. 1 imitates real conventional WWTP, thus operating under 
controlled conditions.

2.3.3. Acclimatization: critical parameters
It is necessary to reach optimal working conditions in the lab-scale 

WWTP to maximize removal efficiency of pollutants from wastewater. 
Hence, several parameters are sequentially evaluated to monitor the 

Table 1 
Photocatalysts descriptions and weight percentage compositions.

Photocatalyst Abridged 
name

Composition (wt %)

g-C3N4 Nb2CTx Calixarene

g-C3N4 CN 100 wt 
%

– –

5-Nb2CTx@g-C3N4 5-NbCN 95 wt 
%

5 wt % –

Calixarene@g-C3N4 CxCN 90 wt 
%

– 10 wt %

5-Calixarene@Nb2CTx@g- 
C3N4

5-CxNbCN 85 wt 
%

5 wt % 10 wt %

(-) No value.
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condition of the activated sludge and the treated water. In the first 3 to 5 
days of inoculation (SRT 1), the system was fed with pre-treated su
pernatant from the sludge and wastewater to acclimatize the activated 
sludge to the new environment. The system was continuously operated 
for 25 days (SRT 5) to reach a steady state (optimal operation) thereafter 
used to biodegrade HCQ and OS from the SWW. The SWW was formu
lated in deionized water according to Table S1 (SI) and the ratios of 
domestic wastewater to the SWW over time from SRT 1 to SRT 5 are 
shown in Table S2 (SI). Synthetic wastewater was used to feed the 
microorganisms (sludge) and to control the effluent chemical composi
tions by introducing only known chemical reagents. During the accli
matization, the temperature of the system was maintained at 20–25 ◦C 
using aeration and settling tanks equipped with continuously circulating 
water. Compressed air (2 mg.L-1) was bubbled into the aeration chamber 
to facilitate aerobic conditions for microbial growth.

Critical parameters were monitored including analytical tests such as 
chemical oxygen demand (COD), pH, conductivity, dissolved oxygen 
(DO), mixed liquor suspended solids (MLSSs), mixed liquor volatile 
suspended solids (MLVSSs), and the activated sludge volume index (SVI) 
were studied similarly to our previous reports [24,25,33]. Parameters 
such as pH, DO, and conductivity were evaluated to assess the system 
operating conditions, whilst MLSSs, MLVSSs, and SVI were used to 
evaluate the bio-activity and colloidal behaviour of the activated sludge. 
The pH was maintained at 7 using dilute (0.01 M) solutions of NaOH and 
HCl. The conversion of the organic pollutants was assessed by con
ducting COD cell test (Sigma-Aldrich, SQ COD CT 25–1500 mg/L) on a 
spectrophotometer. The COD was conducted routinely for both the 
influent and the effluent. Aliquots used for COD measurements were 
filtered prior digestion using 0.45 µm polyvinylidene fluoride (PVDF) 
syringe filter disks. For MLSSs and MLVSSs evaluations, 100 mL of the 
activated sludge was sampled from the aeration chamber and filtered 
through Whatman glass microfiber filter (Sigma-Aldrich, 
WHA1820090). The sludge was dried at 105 ◦C for 12 h for MLSSs 
calculations (using Eq. S1 (SI)) and further calcined at 550 ◦C for 15 min 
to calculate the MLVSSs (using Eq. S2 (SI)). Furthermore, 500 mL of the 
was used for SVI evaluations, where it was placed in a 1000 mL grad
uated measuring cylinder and filled with water. The sample was allowed 
to settle for 30 min and the volume of settled sludge was recorded and 
the SVI was calculated according to Eq. S3 (SI). All the measurements in 
the treatment plant were conducted daily.

2.3.4. Hyphenated activated sludge and photocatalytic reactor
Tertiary water treatment process in the form of a photocatalytic 

reactor was hyphenated to the conventional lab-scale WWTP as a post 
treatment as delineated in Fig. 1 and digital images in Fig. S1. The 
photocatalytic reactor in the hyphenated wastewater treatment system 
was directly connected to the holding tank of the biologically pre- 

treated water in the form of a continuous system (see Fig. 1). The bio
logically pre-treated wastewater from the effluent holding tank was 
transferred to a Lelesil photochemical reactor system (Lelesil Innovation 
System, India) for further treatment with photocatalysis as a tertiary 
water treatment technique. The light source used in the photochemical 
reactor was either a 250 W high-pressure visible light or a 250 W high- 
pressure Mercury Ultraviolet (UV) (250–450 nm) lamp powered by a 
230 V AC power source. The reactor was equipped with a borosilicate 
glass layer connected to a water-cooling unit to reduce the thermal en
ergy produced by the light source. The photoreactor was employed to 
photodegrade the biodegradation resistant hydroxychloroquine sulfate 
(HCQ) and oseltamivir phosphate (OS) post-activated sludge treatment. 
Briefly, 500 mL of the effluent from the activated sludge system was 
transferred to a photoreactor. A known concentration of photocatalysts 
was then introduced to the sample and stirred in the dark for 30 min 
before being irradiated with either UV or visible light. The concentration 
of the pollutant was assessed at three stages in the treatment process, (i) 
influent holding tank activated sludge system, (ii) effluent holding tank 
of activated sludge system, and (iii) after being treated in the 
photoreactor.

2.4. Photonic flux measurements

Photon flux studies were conducted to evaluate the irradiation in
tensities of the light sources used in the photocatalytic reactor. The in
fluence of photon energy (λ, wavelength) on the photon flux (light 
intensity) was evaluated by comparing the incident photon flow (I0) of a 
250 W visible light to a 250 W UV light powered by the 230 V AC lamp 
controller. The photon flow experiments were conducted using an 
actinometric solution (potassium ferrioxalate, Fe3+) and using calori
metric analysis for quantification following a procedure by Hatchard 
and colleagues [34]. Briefly, 500 mL of actinometric solution containing 
ferric sulphate (1.47 g.L-1, 0.003 M), oxalic acid (2.269 g.L-1, 0.018 M), 
and 100 mL of sulphuric acid (1 N, 0.5 M) was prepared and irradiated 
with either ultraviolet (UV) or visible light sources. The solution was 
irradiated for 10 min with 2 min intervals of 2 mL aliquot sampling. The 
samples were quantified using calorimetric solution following the pro
cedure detailed on the supplementary information (SI). The Fe2+ stan
dard calibration curve was deduced using Table S4 (SI).

2.5. Photodegradation optimization parameters

Optimum operating conditions for the photodegradation of HCQ and 
OS were evaluated in a 250 mL photoreactor system. Three fundamental 
parameters were sequentially evaluated, (i) solution working pH, (ii) 
pollutant concentration (in mg.L-1), and lastly (iii) photocatalyst loading 
(in mg). Various factors such as the photocatalyst surface charge and 

Fig. 1. Schematic illustration of a hyphenated activated sludge and photocatalytic reactor lab-scale wastewater treatment plant.
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functional groups are affected by these variables, where pH could have 
an impact on the interactions between the photocatalyst and pollutant 
[35]. A detailed experimental method for the optimization of these pa
rameters is outlined in the supplementary information (SI). Generally, 
pharmaceuticals retain their molecular form when the solution pH is less 
than the pKa, and forms a conjugate base when pH is larger than the pKa 
[36]. The change in surface charges could have an impact on the pho
tocatalytic activities, owing to the presence or absence of electrostatic 
interactions between the pollutant and the photocatalyst [37]. Thus, the 
effect of pH on the zeta potential (surface charge, ζ) for both the pol
lutants and the photocatalysts were evaluated in different pH conditions 
from acidic (pH 1) to basic (pH 13). Photodegradation studies were also 
conducted at different pH values from 1 to 13 for all the materials, to 
ascertain the influence of pH on the activity of the materials. Further
more, photocatalysts concentrations were optimized, ranging from 5 to 
20 mg at constant increments of 5 mg. The pollutants concentrations 
were also optimized from 5 to 25 mg.L-1 with a constant increment of 5 
mg.L-1. All the photocatalytic degradation studies were conducted using 
a working volume of 250 mL. The photocatalytic measurements were 
conducted in triplicated to maintain consistency and reliability of the 
data.

2.6. Degradation and quantification methods

Preliminary evaluations for the removal of hydroxychloroquine 
sulfate and oseltamivir phosphate from wastewater were conducted 
using COD and ultraviolet-visible (UV–Vis) spectrophotometer. The 
percentage COD removals ( % COD removal) were evaluated during 
acclimatization and during the treatment of the drugs in the activated 
sludge system. The % COD removals were relatively calculated using Eq. 
(1) [24]. 

%COD Removal =
(
Ci − Cf

)

Ci
× 100 (1) 

Where Ci (ppm) and Cf (ppm) are the initial (influent) and final 
(effluent) concentrations in the treatment system, respectively. UV–Vis 
spectrophotometer calibration standards were obtained based on the 
concentrations 1, 5, 10, 15, 20, and 25 ppm. After irradiation at different 
time intervals, aliquots were filtered through 0.45 µm polyvinylidene 
fluoride (PVDF) syringe filter disks to remove suspended photocatalytic 
materials. The UV–Vis absorption for HCQ was recoded at λmax = 343 
nm and for OS was recorded at λmax = 218 nm absorption bands. The 
obtained concentrations were used to determine the removal efficiencies 
following Eq. (2) [24,38]. 

% Drug Removal =
(C0 − Ct)

Ct
× 100 (2) 

Where C0 and Ct are the concentration (ppm) at time = 0 min and 
time = t min, correspondingly. The photodegradation kinetics were 
studied through Eq. (3) reported elsewhere [24]. 

− ln
(

C0

Ct

)

= kt (3) 

Where C0 and Ct are the concentration at time = 0 min and time = t 
min, k is the degradation rate constant (min-1). The rate constants were 
evaluated to demonstrate the acceleration or deceleration of pollutants 
degradation rates under different parameters/variables.

To further ascertain for the bio- and photo-degradation processes 
observed using COD and UV–Vis spectrophotometer, respectively, liquid 
chromatography mass spectrometry (LC-MS/MS) was employed for a 
comprehensive analysis of the degradation products and consequently 
derive of HCQ and OS degradation pathways.

3. Results and discussion

3.1. Photocatalysts characterizations

Comprehensive discussions on the syntheses and characterizations of 
the photocatalysts employed in this study can be accessed by referring to 
our previous works [31,32]. In summary, bare g-C3N4, Nb2CTx MXene, and 
the Schottky-junction between Nb2CTx and g-C3N4 were reported initially, 
followed by the formation of a three-component photocatalyst between 
g-C3N4, Nb2CTx, and calix[4]arene-25–26–27–28-tetra-OCH2COCl supra
molecular cyclic oligomer. Fig. 2(a) shows scanning electron microscopy 
(SEM) images and energy dispersive X-ray spectroscopy (EDX-S) spectra of 
the three component photocatalyst 5-CxNbCN. Combination of g-C3N4 
irregular morphology and Nb2CTx nanosheets were observed for the 
5-CxNbCN composite. The corresponding expected elemental composi
tions for 5-CxNbCN were observed on the EDS-X spectra (see Fig. 2(a)). 
Elemental mapping also demonstrated a uniform distribution of the ma
terials in the composite (Fig. S6). Transmission electron microscopy (TEM) 
was further employed to study the morphology of the as-fabricated pho
tocatalysts. The nanocomposite 5-NbCN presents a layered structural 
morphology attributed to the presence of both Nb2CTx MXene and g-C3N4, 
with respect to the pristine g-C3N4 shown in Fig. 2(b). The introduction of 
calixarene onto the g-C3N4 was validated by the formation of porous 
g-C3N4 (CN) morphology. Crystal structures of the photocatalysts were 
evaluated using XRD (Fig. 2(c)). Moreover, CN exhibits two typical peaks 
indexed to (100) and (002), ascribed to the g-C3N4 aromatic heterocycles 
and the triazine fragments, respectively [31]. The composites 5-NbCN and 
5-CxNbCN both presented XRD peaks from CN and the Nb2CTx MXene, 
denoted by diamonds and hearts, respectively (see Fig. 2(c)). The XRD 
characteristic peaks of the calix[4]arene-25,26,27,28-tetrol complex were 
not distinctly observed in the spectra of the composites due to the low 
loading contents (10 wt %) and the amorphous nature of the calixarene 
complexes [32]. The amorphous nature of the acyl chloride functionalized 
calix[4]arene-25,26,27,28-tetrol complex was evidenced by the XRD 
analysis in our preceding work [32]. The XPS survey scan further 
confirmed the presence of all the expected elements in all the pristine 
photocatalysts and the composites (See Fig. 2(d)). Comprehensive dis
cussions on the high-resolution XPS analysis were reported in our previous 
studies [31,32].

Optical and photoelectrochemical techniques were employed to 
study photon absorption and charge transfer kinetics of the photo
catalysts. Tauc plots in Fig. 3(a) present a narrowed energy band gap for 
the ternary composite 5-CxNbCN (Eg = 1.79 eV) relative to the dual 
composites 5-NbCN (Eg = 2.16 eV) and Cx-CN (Eg = 2.23 eV) and the 
pristine CN (Eg = 2.62 eV), signifying enhanced photon absorption 
ability upon the formation of the composites. The photoluminescence 
(PL) spectra in Fig. 3(b) showed significantly low intensity for 5- 
CxNbCN photocatalyst relative to the pristine CN, suggesting reduced 
charge recombination rates upon the heterostructure formations. The 
Schottky-junction photocatalyst 5-NbCN exhibited low PL intensity 
compared to the CxCN, owing to the lower Fermi level of MXene acting 
as an electron sink to restrain recombination of photoexcited charge 
carriers. The charge transfer kinetics were evaluated using Nyquist plots 
in Fig. 3(c). Randles-Ershler equivalent circuit model was used for the 
determination of the charge transfer resistance [32]. Based on the 
Nyquist curves in Fig. 3(c), 5-NbCN presented a smaller semi cycle, 
suggesting the least charge transfer resistance relative to 5-CxNbCN. 
This is owing to the excellent Nb2CTx MXene charge transfer abilities 
compared to the introduced calixarene (calix[4]arene-25,26,27, 
28-tetrol) complex in 5-CxNbCN. The photocurrent response plots in 
Fig. 3(d), further confirm excellent photoinduced charge carrier sepa
rations for the 5-CxNbCN composites followed by 5-NbCN and CxCN. 
Detailed optoelectronic and photoelectrochemical parameters were 
comprehensively discussed in our previous works on the synthesis and 
characterization of the reported materials [31,32].

Mott-Schottky (MS) plots presented in Fig. 4 (a-d) obtained using an 
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electrochemical workstation were used to construct photocatalytic band 
diagrams from the photocatalysts flat band potentials (Vfb), and conse
quently evaluate the redox potential abilities. Furthermore, the positive 
linear gradient for all the MS plots suggests the formations of n-type 
semiconductors [39]. The Vfb of the photocatalysts were extrapolated to 
be − 1.05, − 0.09, − 0.65, − 0.24 (V vs. Ag/AgCl) for CN, 5-NbCN, CxCN, 
and 5-CxNbCN, respectively (See Fig. 4 (a-d) and Table 2). From the Vfb 
values, the conduction band potentials VCB were derived to be − 0.95, 
+0.01, − 0.55, and − 0.14 (V vs. NHE), for CN, 5-NbCN, CxCN, and 
5-CxNbCN, subsequently [40]. Photocatalyst carrier concentration 
(donor, ND) calculations were detailed and discussed in our previous 
works [31,32]. Fig. 4(e) presents photocatalytic band potential dia
grams, were the redox band potentials are observed to slightly shift upon 
the formation of the heterojunctions. Notable positive (to the oxidizing 
side) shifts in the band potentials were observed upon the formation of 
the Schottky-junction 5-NbCN followed by 5-CxNbCN. This phenome
non signifies the superior co-catalyst effect brought by Nb2CTx MXene 
on the intrinsic electronic structure of the CN. Furthermore, excellent 
valence band potential (VVB) of +2.17 V for 5-NbCN suggests an ability 
to facilitate oxidation reactions. The calixarene-sensitized Schottky-
junction 5-CxNbCN presents a narrow Eg and band potentials with redox 
potencies capable of facilitating both reduction and oxidation reactions.

3.2. Lab-scale wastewater treatment plant: operation and acclimatization

The primary focus of this work was to develop an efficient hyphen
ated bio-photocatalytic wastewater treatment process by employing an 
activated sludge system and semiconductor-based photocatalysis. This 
hyphenated bio-photocatalytic system was utilized towards the removal 
of HCQ and OS from wastewater. In an effort to maximize the efficiency 
of the wastewater treatment process, the activated sludge system 
(biodegradation unit) was acclimatized to synthetic wastewater (SWW) 
and the new environment in the lab-scale wastewater treatment plant 
(PSWWTP). Several parameters were evaluated over a period of 25 days, 
during which the activated sludge was acclimatized to the SWW and 
reached system steady state. Mixed liquor suspended solids (MLSSs) and 
mixed liquor volatile suspended solids (MLVSSs) were used to evaluate 
the concentration of suspended solids and the amount of volatile sus
pended solids in the activated sludge agitation unit, respectively [41]. 
The parameter MLSSs assesses the organic, inorganic, volatile, and 
non-volatile solids whilst the parameter for MLVSSs is used to monitor 
only the volatile organic or biomass in the system. In the initial stages of 
the acclimatization process (SRT 1), both the MLSSs and MLVSSs values 
were significantly low, and continued to decrease to 645 mg.L-1 on the 
third day of inoculation (See Fig. 5(a)). This drastic fall in both the 

Fig. 2. SEM and EDS analysis of 5-CxNbCN (a), TEM images of CN, 5-NbCN, CxCN, and 5-CxNbCN (b), XRD spectra (c), and XPS survey spectra (d) of CN, 5-NbCN, 
CxCN, and 5-CxNbCN [31,32].
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Fig. 3. UV–Vis DRS derived Tauc plots (a), steady state photoluminescence spectra (b), electrochemical Nyquist plots (c), and electrochemical photocurrent response 
spectra (d) for the photocatalysts [31,32].

Fig. 4. Mott-Schottky plots (a-d) and the photocatalytic band potential diagram (e) for CN, 5-NbCN, CxCN, and 5-CxNbCN.

Table 2 
Photoelectronic properties of the as-synthesized photocatalysts.

Samples UV–Vis Abs. edge (nm) Eg (eV) XPSVB (eV) ECB (eV) Vfb (V vs. Ag/AgCl) VCB (V vs. NHE) VVB (V vs. NHE)

CN 462 b 2.62 b 2.26 b - 0.36 b − 1.05 b − 0.95 b +1.67 b

5-NbCN 564 a 2.16 a 1.85 a - 0.31 a − 0.09 a +0.01 +2.17
Cx-CN 532 b 2.23 b 2.06 b - 0.17 b − 0.65 b − 0.55 b +1.68 b

5-CxNbCN 574 b 1.79 b 2.24 b + 0.45 b − 0.24 b − 0.14 b +1.65

(a) Values obtained from ref [31].
(b) Values obtained from ref [32].
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MLSSs and MLVSSs were ascribed to a change in the sludge environment 
from the real WWTP to the lab-scale WWTP, which suggests sludge 
deterioration. Moreover, the optimum range for MLSSs is between 2000 
and 5000 mg.L-1, and ideally 2500 mg.L-1 for traditional activated 
sludge WWTP [24]. The values gradually increased through SRT 2, were 
the MLSSs values reached the target of 2500 mg.L-1 in SRT 3. The sta
bilization of the MLSSs values during SRT 4 and 5 in the optimum range 
of 2500 mg.L-1 signifies continuous acclimatization of the activated 
sludge to the SWW. The MLVSSs values also increased gradually from 
SRT 4 to 5 during acclimatization, where the values reached about 70 to 
80 % of the MLSSs which is desired for optimal activated sludge sus
pended matter [24]. Moreover, MLVSSs/MLSSs ratios in Fig. 5(b) were 
calculated to further assess the proportion and quality of microorgan
isms. Optimum activity of microorganisms in the activated sludge is 
characterized by the MLVSSs/MLSSs ratio, of which optimum values 
range between 0.7–0.8 [42]. MLVSSs/MLSSs ratio in SRT 1 (Fig. 5(b)) 
showed a notable decline from the desired range to 0.31, and gradually 
increased throughout SRT 3 to SRT 5 until optimum values ranging 
between 0.7 and 0.8 were reached. This confirms acclimatization of the 
microorganisms to the SWW and the lab-scale WWTP. On the other 
hand, the sludge volume index (SVI) was synchronously investigated to 
acquire insight into the colloidal settleability of the activated sludge in 
the clarifier unit. Generally, acceptable settleability SVI values range 
between

80 and 150 mL.g-1, where excellent settleability is observed at <80 
mL.g-1, and sluggish settling at >150 mL.g-1 which is dependent on the 
sludge size and shape [43]. For the lab-scale WWTP used in this work, 
the targeted optimum SVI ranges were set to a minimum of 100 mL.g-1 

(green line) and a maximum of 150 mL.g-1 (red line). As shown in Fig. 5
(c), the SVI data was acquired during the acclimatization process (SRT 2 
to SRT 5). It is important to note that SVI data for SRT 1 was not pre
sented since the waste activated sludge (WAS) needed for SVI was ob
tained after SRT 1. The SVI in Fig. 5(c) shows values above 150 mL.g-1 

from SRT 2 to SRT 4 suggesting poor settleability. Moreover, the SVI 
reached optimum levels between 100 and 150 mL.g-1 during SRT 5, 
further signifying progress in the acclimatization process. Correspond
ingly, the biodegradability efficiency of the activated sludge was tested 
by measuring chemical oxidation demand (COD) in Fig. 5(d). In the 
beginning of the acclimatization process, the COD removal percentage 

were significantly low (25.9 %) on day 1 of SRT 1. However, the COD 
removal gradually increased from SRT 2 to SRT 4, where the targeted 80 
% COD removal was reached during SRT 4. The improved COD removal 
confirms improved microbial activity due to acclimatization of the 
activated sludge to the SWW influent. Overall, the MLSSs, MLVSSs, 
MLVSSs/MLSSs, SVI, and the COD removal data show continuous 
adaptation of the activated sludge to the new environment as the opti
mum targeted values are achieved during SRT 4 to SRT 5. At SRT 5, the 
influent entering the lab-scale WWTP is 100 % SWW which was used to 
gradually substitute domestic wastewater influent from Daspoort (Pre
toria, South Africa) WWTP. Detailed acclimatization data including 
dissolved oxygen (DO), conductivity, and pH are outlined in Table S3 
(SI).

3.3. Bio-degradation of hydroxychloroquine sulfate and oseltamivir 
phosphate

After the configured lab-scale WWTP was acclimatized and it had 
reached a steady state, biodegradation efficiency of the microorganisms 
in the activated sludge were evaluated against HCQ and OS. The 
behaviour of the activated sludge suspended solids was evaluated in 
presence of the antiviral drugs HCQ followed by OS as shown in Fig. 6. 
Fluctuations in the MLSSs and MLVSSs were observed upon the intro
duction of HCQ (SRT 6) and OS (SRT 7), and this was attributed to a 
change in influent chemical composition which affects the growth of 
microorganisms in the activated sludge (Fig. 6(a)). Correspondingly, 
MLVSSs/MLSSs ratios also notably declined from 0.78 (day 27) to 6.32 
(day 29) during biodegradation of HCQ (Fig. 6(b)). This activity shows 
deterioration of the microorganisms, however, the MLVSSs/MLSSs ratio 
increased to 0.67 (day 30) suggesting improved activated sludge quality 
thereafter. Furthermore, SVI plot in Fig. 6(c) for both HCQ (SRT 6) and 
OS (SRT 7) delineated oscillations within the optimum ranges between 
100 and 150 mL.g-1. The COD removal in the presence of the antiviral 
drugs significantly dropped from 80 % during the steady state (SRT 5) to 
the lowest COD removal of 37.3 % (SRT 6, day 27) (see Fig. 6(d)). 
However, the COD removal increased to 56.1 % (for OS) during day 30 
(SRT 6), and this could be credited to the acclimatization of the activated 
sludge to the antiviral drugs in the influent.

Fig. 5. Activated sludge parameters (a) MLSS and MLVSS, (b) ratio MLVSS/MLSS, (c) SVI, and (d) COD during the acclimatization; from real wastewater (SRT 1) to 
synthetic wastewater (SRT 5).
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3.4. Photodegradation optimization hydroxychloroquine sulfate and 
oseltamivir phosphate

Optimizations of the photocatalytic reactor were conducted to 

understand the operation and consequently improve the photo
degradation efficiency of pollutants. These optimization measurements 
were conducted to achieve optimal operational conditions in the pho
toreactor, which was later used for the treatment of biologically pre- 

Fig. 6. Activated sludge parameters (a) MLSS and MLVSS, (b) ratio MLVSS/MLSS, (c) SVI, and (d) COD during biodegradation of hydroxychloroquine sulfate (SRT 6) 
and oseltamivir phosphate (SRT 7).

Fig. 7. The rate of photon flow under visible and UV lights (a), digital images of actinometric solution (b), Zeta potential as function of pH (c), and UV–Vis absorption 
spectra of hydroxychloroquine sulfate and oseltamivir phosphate in DI-H2O (d). IVis and IUV are photon flow due to ultraviolet and visible light, respectively.
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treated wastewater. Initially, the light source irradiance was studied in 
the photoreactor by conducting photon flux measurements, following 
previously reported actinometrical studies [34,44]. The incident photon 
flow (I0) as a function of irradiation time was obtained for a 250 W 
visible-light and a 250 W UV-light as shown in Fig. 7(a), and the data 
was used to assess the rate of photon flow in the reactor. A visible light 
(250 W Xenon lamp) source presented a higher incident photon flow of 
IVis = 3.2 mEinstein.min-1 relative to the ultraviolet light with IUV = 2.4 
mEinstein.min-1. Fig. 7(b) presents real time images of the photoreactor 
during photon flux measurements, where the yellow (pale) colour of the 
ferric sulphate solution turns colourless after 10 min of irradiation. 
Moreover, the observed colour change is a result of the reduction of 
ferric ions Fe3+ to ferrous ions Fe2+ upon light exposure. Polystyrene 
light reflectors were employed in the photocatalytic reactor to concen
trate light intensity onto the glass reaction vessel (Fig. 7(b)).

Zeta potentials (ζ) as a function of solution pH were studied to 
evaluate surface charge and consequently deduce the point of zero 
charge (isoelectric point, ζ = 0 mV) (Fig. 7(c)). The net surface charge 
plays a crucial role in colloidal behaviour of nanomaterials, where a 
high ζ (> ± 30 mV) suggests higher electrostatic repulsion [32,45]. In 
Fig. 7(c), it was observed that all the as-prepared materials exhibits less 
negative ζ values in the acidic (i.e. pH<4) media than in all the other pH 
ranges. This phenomenon could be attributed to the adsorption and 
protonation of the H+ ions from the HCl solution [46]. It is worth noting 
that the ζ of all the materials drops until neutral pH is reached, at this 
point no HCl was used. The ζ gradually increases (becomes less negative) 
as the pH increases to a more alkaline solution, owing to the introduc
tion of 0.1 M NaOH to the solution. The isoelectric point (ζ = 0 mV, pzc) 
for the as-prepared materials ranges from pH 2 to 5, including the pcz for 
HCQ (pzc pH = 3.34) and OS (3.02) antiviral drugs. A detailed discus
sion of the colloidal stability of the reported photocatalysts is outlined in 
our previous work [32]. The ultraviolet-visible (UV–Vis) absorption 
spectra of the antiviral drugs (HCQ and OS) are presented in Fig. 7(d). 
Maximum optical absorption bands were obtained for HCQ at 343 nm 
and OS at 218 nm (See Fig. 7(d)). The obtained absorption bands were 
used as reference peaks for UV–Vis spectroscopy quantification of the 
pollutants during photodegradation.

The photodegradation efficiencies of the prepared photocatalysts 
were systematically evaluated against hydroxychloroquine (HCQ) sul
fate and oseltamivir (OS) phosphate in deionised water and in synthetic 
wastewater (SWW). Several imperative parameters were taken into 
consideration to maximize the photocatalytic activity of the materials. 
These include, working solution pH, photocatalysts loading, and 
pollutant initial concentration. The optimization studies were conducted 
with solution working volume of 250 mL.

The potential of hydrogen (pH) plays an imperative role in photo
catalytic degradation of pollutants in aqueous media. Generally, solu
tion pH facilitates surface electrical charge attributes of photocatalysts 
and promotes the degree of ionization of the dispersed materials [47]. 
The photodegradation profiles of HCQ using the photocatalysts CN, 
CxCN, 5-NbCN, and 5-CxNbCN at different pH (1, 4, 7, 10, and 13) 
values are shown in Fig. 8. To evaluate the influence of pH, parameters 
such as catalysts loading and pollutant concentrations were kept at 
constant values of 5 mg and 5 mg.L-1, correspondingly. Based on the data 
presented in Fig. 8, it can be observed that all the photocatalysts exhibit 
the highest photodegradation efficacy in acidic medium, specifically at 
pH 4 for 5-CxNbCN with 58.5 % degradation efficiency. The pH trend for 
5-CxNbCN delineated is as follows; pH 4>pH 1>pH 7>pH 10>pH 13, 
where pH 13 exhibited the least activity of 25.7 % degradation after 60 
min of irradiation. Additionally, all the other photocatalysts CN, CxCN, 
and 5-NbCN exhibited photodegradation activity of up to 39.9 %, 47.8 
%, 56.0 % respectively at pH 4 (indicated by red curves in Fig. 8). The 
observed general trend suggests that the photodegradation activity in
creases with a decrease in the pH of the working solution. This phe
nomena can be attributed to two factors; (i) isoelectric point (pzc, ζ =
0 mV) and (ii) pollutants dissociation constants (pKa). In acidic medium 
(pH ~4), the pollutants HCQ and OS and the photocatalysts CN, CxCN, 
5-NbCN, and 5-CxNbCN present ζ values closest to the respective pzc 
values, suggesting potential adsorption of the pollutants onto the pho
tocatalysts. The adsorption of the pollutant (HCQ) by the photocatalyst 
in the dark can distinctly be seen in Fig. 8(d) at pH 4, where up to 15.6 % 
of the pollutant was adsorbed. Furthermore, the highest adsorptions in 
the dark presented in Fig. 8(b) and Fig. 8(d) can be credited to 
host-guest complexation facilitated by the calixarene-based catalysts. 

Fig. 8. Effects of solution pH towards photodegradation of hydroxychloroquine sulfate (5 mg.L-1) using (a) CN, (b) CxCN, (c) 5-NbCN and (d) CxNbCN photocatalysts 
(5 mg): pH optimizations.
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Factoring in the pKa values of the pollutants, HCQ possesses three 
typical basic functional groups with pKa values <4.0, 8.3 and 9.7, 
suggesting possibility of partial protonation to cation in acidic medium 
[48]. At low pH values (lower than the pKa), the pollutants are prone to 
dissociations which could facilitate electrostatic attractions with the 
photocatalysts. Similarly, OS possesses pKa value of 7.7 on its primary 
amine, signifying the possibility of protonation in acidic medium [49]. 
The formations of HCQ and OS cations in acidic medium facilitate the 
electrostatic interaction with partial positively charged photocatalysts, 
and consequently improving adsorption processes. The changes in sur
face charge in the acidic and basic medium for the photocatalyts were 
explained through Eq. (3) and 4. 

Catalyst – OH + H+ → Catalyst – OH2
+ (pH < pzc)                       (3.1)

Catalyst – OH + OH-→ Catalyst – O- + H2O (pH > pzc)                   (4)

Where Eq. (3) outlines the formation of partial cations in acidic 
media where pH is less than the pzc. The formation of partial positively 
charged photocatalysts in the acidic medium is as a result of protonation 
with the H+ ions from the HCl in the solution. Moreover, Eq. (4) de
lineates the deprotonation and the formation of partial negatively 
charged anions on the photocatalysts in basic (NaOH was used) envi
ronment, thus resulting in negative ζ values. The improved pollutants 
adsorption by the photocatalysts in the acidic medium could be due to 
the fact that the pollutants exhibit high ζ relative to the photocatalysts, 
thus allowing electrostatic interactions.

Photocatalyst loading plays a crucial role in the overall activity of the 
photodegradation of the pollutants in water. It has been reported in 
several studies that the increase in catalyst loading to a certain extend is 
directly proportional to the photodegradation efficiency [12,20,28]. 
Hence, it is imperative to explore the optimum loading of the photo
catalyst at constant pH and pollutant concentration. Furthermore, it is 
important to conduct optimization of photocatalyst concentration to 
avoid excess catalyst which could lead to competition for photon ab
sorption. Moreover, the use of optimum amounts of photocatalysts could 
be beneficial in reducing the operation costs. In Fig. 9, the photocatalytic 
activities of all the materials were observed to be directly proportional 
to the photocatalyst loading concentration from 5 to 20 mg. The highest 
photodegradation efficiency of 80.1 % was observed for 20 mg of 

5-CxNbCN, whilst 5 mg of 5-CxNbCN presented an efficiency of 44.8 % 
(Fig. 9(d)). Similar trends were observed where 5 mg exhibited the least 
performance relative to the 20 mg loading of the photocatalysts (Fig. 9). 
This phenomenon can be attributed to the fact that increasing photo
catalyst loading facilitates catalytically active sides for redox reaction. 
Furthermore, the increased catalyst loading can also lead to more 
reactive oxygen species generated from the photoinduced charge car
riers. However, it is worth noting that excess loading could result in light 
shielding due scattering, which could negatively impact the photo
degradation process [50].

To investigate the effect of initial pollutant concentrations, the op
timum pH 4 and photocatalyst concentration of 20 mg were maintained. 
The pollutant concentrations and the photocatalysts loading have a close 
ration, since high concentrations of pollutants would compete for 
adsorption on the surface of photocatalyst. The data for the effect of 
initial pollutant concentrations on the degradation is presented in 
Fig. 10. It is worth noting that increasing the starting pollutant con
centration inversely decreases the photodegradation efficiencies for all 
the photocatalysts (Fig. 10). In Fig. 10(d), the highest degradation ef
ficiencies were observed for 5-Cx-Nb-CN in the order from 5 (79.9 %), 10 
(68.5 %), 15 (51.5 %), and the least was observed for 20 mg.L-1 (29.7 %). 
The observed decrease in photodegradation activities in high pollutant 
concentrations could be attributed to absorption of incident light by the 
pollutant before reaching the surface of the photocatalyst [20,50]. 
Similar trends were observed for CN, CxCN, and 5-NbCN, as delineated 
in Fig. 10. Additionally, the pollutants could be competing for the 
generated reactive oxygen species (ROS). Nonetheless, the optimum 
operating conditions of the photocatalytic processes were obtained to be 
as follows; pH 4, photocatalyst loading 20 mg, and pollutant concen
tration of 5 mg.L-1 in a working volume of 250 mL.

The photocatalytic degradation efficiency of the as-synthesized ma
terials CN, CxCN, 5-NbCN, and 5-CxNbCN were evaluated towards the 
degradation of hydroxychloroquine sulfate (HCQ) and oseltamivir 
phosphate (OS). The optimization of the photocatalytic reactor condi
tions were conducted using only HCQ, and this was due to the fact that 
the two pollutants (HCQ and OS) presented similar surface charge (both 
have pzc at pH 4) and pKa trends. The ζ graphs of both the pollutants 
follow same trends, where they present positive ζ values in acidic media 
(pH<pzc) and become negative in basic media (pH>pzc). Therefore, the 

Fig. 9. Effects of photocatalyst loading (5 mg to 20 mg) towards the photodegradation of hydroxychloroquine sulfate (5 mg/L) using (a) CN, (b) CxCN, (c) 5-NbCN 
and (d) 5-CxNbCN at optimum pH (4): catalyst loading optimizations.
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optimum degradation conditions of 20 mg catalyst loading, 5 mg.L-1 

pollutant concentrations and a working pH of 4 were used for both the 
pollutants (HCQ and OS). The optimizations were conducted using a 250 
W visible light, and the photocatalytic performances of the materials 
will later be conducted under 250 W ultraviolet (UV) light using the 
same optimal photoreactor conditions. The different light sources 
(visible and UV lights) were used to assess the materials photocatalytic 
activities under different incident photon energy.

Fig. 11(a) and (d) presents a comparison of the photodegradation 
ability of the photocatalysts towards HCQ and OS under visible light 
irradiation, respectively. Self-photolysis of the pollutants (HCQ and OS) 
were also assessed under visible light irradiation, which showed good 

photostability, evident by the negligible changes over 60 min of irra
diation (Fig. 11(a) and (d)). Adsorption-desorption for both HCQ and OS 
were also established by carrying out the dark experiments for 30 min 
(Fig. 11(a) and (d)). A higher adsorption efficiency of 15 % was 
observed for the 5-CxNbCN against OS, whilst 6 % was observed for 5- 
CxNbCN against HCQ. The improved adsorption for 5-CxNbCN and 
CxCN relative to the CN and 5-NbCN is attributed to the presence of 
calixarene host-guest molecules. Adsorption of pollutants onto the sur
face of the photocatalysts is a prerequisite for efficient photocatalytic 
degradation. Upon visible irradiation, the three-component photo
catalyst 5-CxNbCN displayed excellent photocatalytic activity of 81.5 % 
and 67.2 % for HCQ and OS (Fig. 11(a) and (d)), correspondingly. The 

Fig. 10. Effects of initial concentration of pollutant towards photodegradation of hydroxychloroquine sulfate (5 to 20 mg.L-1) using (a) CN, (b) CxCN, (c) 5-NbCN 
and (d) 5-CxNbCN photocatalysts (20 mg) at optimum pH 4: pollutant concentration optimization.

Fig. 11. Photocatalysts comparison towards the photodegradation of hydroxychloroquine sulfate (HCQ) and oseltamivir phosphate (OS) under visible light; (a,d) 
photodegradation curves (b,e), degradation kinetics and rate constants, (c,f) UV–Vis absorption spectrum as a function of irradiation time.
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least photocatalytic activity was observed CN, where the removal effi
ciency of 43.5 and 41.2 % were obtained for HCQ and OS, corre
spondingly. The lower photocatalytic performances of CN compared to 
5-CxNbCN could be credited to a combination of factors such as rapid 
electron-hole pair recombinations, poor charge conductivities, and 
inefficient charge carrier separations and transfers [28,29]. Meanwhile, 
excellent light utilization rates and efficient separation of photoinduced 
charge carriers were observed for 5-CxNbCN compared to CN, CxCN, 
and 5-NbCN, which showed a positive impact on the overall photo
catalytic performances.

Photodegradation kinetics were also conducted to evaluate the 
removal reaction rates of HCQ and OS using 5-CxNbCN. The reaction 
kinetics were studied using Langmuir-Hinshelwood pseudo-first-order 
kinetic formula reported elsewhere, Eq. (3) [15]. The graphs in Fig. 11
(b) and (e) present the reaction kinetics following the pseudo-first-order 
for HCQ and OS, respectively. Linear regression was employed to deduce 
the apparent rate of reaction (inserts in Fig. 11(b) and (e)) from the 
photodegradation data. In Fig. 11(b), the ternary composite 5-CxNbCN 
possesses significantly higher reaction rate constant of 2.73 × 10–2 min-1 

towards HCQ. The lowest reaction rate constant of
1.06 × 10–2 min-1 was observed for the pristine CN towards the 

degradation of HCQ, which is 2.6 times less than that for 5-CxNbCN 
(Fig. 11(b)). The order of reaction rate constant for the photocatalysts 
against HCQ were as follows; CN (k = 1.06 × 10–2 min-1)< 5-CxNb (k =
1.87 × 10–2 min-1)< CxCN (k = 2.04 × 10–2 min-1 < 5-CxNbCN (k = 2.73 
× 10–2 min-1). Similar trends in the reaction rate constant of the as- 
prepared materials against OS were observed in Fig. 11(e), where the 
highest reaction rate constant was observed for 5-CxNbCN (k = 1.67 ×
10–2 min-1). Comparing CxCN to 5-NbCN, the reaction rate constants for 
the two are relatively close towards the degradation of both HCQ and 
OS. This could be ascribed to their closely related optoelectronic prop
erties. Additionally, the UV–Vis absorption optical spectra for the pho
todegradation of HCQ and OS using 5-CxNbCN are delineated in Fig. 11
(c) and (f). Significant changes in the absorption bands were observed 
for both the pollutants, where the absorption bands almost completely 
disappeared after 60 min of visible light irradiation. The continuous 
reduction in the UV–Vis absorption bands at λmax suggests the photo
degradation of the pollutants and this was later confirmed by LC-MS 
analyses.

3.5. Coupled bio-photo degradation of hydroxychloroquine sulfate and 
oseltamivir phosphate

A coupled bio-photodegradation system was utilized under accli
matized and optimum conditions for the complete obliteration of anti
viral drugs (HCQ and OS) from wastewater. The pollutants were pre- 
treated through biodegradation using activated sludge in a lab-scale 
wastewater treatment plant (WWTP), followed by photocatalytic treat
ment using 5-CxNbCN under the optimum photoreactor conditio. The 
photocatalysts 5-CxNbCN was used in the photoreactor system since it 
presented the highest degradation ability relative to CN, CxCN and 5- 
NbCN. Synthetic wastewater was employed in the biodegradation pro
cess to mimic the environmental water metrics. In real wastewater, the 
antiviral drugs naturally co-exist with a wide range of organic and 
inorganic materials including inorganic ions [15]. It’s important to note 
that the activated sludge system was employed as the first step in the 
water treatment process to remove all suspended and biodegradable 
pollutants from wastewater before the photocatalytic treatment of dis
solved antiviral drugs. This approach was taken to prevent light 
obstruction caused by suspended colloidal particles during 
photocatalysis.

The bio-photodegradation curves for HCQ and OS are outlined in 
Fig. 12(a), and the corresponding UV–Vis absorption spectra are shown 
in Fig. 12(b) and (c), respectively. All operating conditions for the hy
phenated bio-photocatalytic system were as derived from the optimi
zation studies for both the HCQ and OS antiviral drugs. In Fig. 12(a), the 

lab-scale WWTP biodegradation process exhibited a reasonable degra
dation efficiency of 62.5 and 58.1 % for HCQ and OS, correspondingly. 
Upon the photocatalytic treatment of HCQ and OS using 5-CxNbCN 
irradiation with visible light, the degradation efficiency increases to 
97.3 and 92.6 %, respectively. The observed remarkable degradation 
efficiency signifies the excellent performances of the hyphenated treat
ment system for the removal of the antiviral in real wastewater. The 
UV–Vis absorption spectra in Fig. 12(b) and (c) also presents a notable 
degradation of HCQ and OS, respectively. The reaction rate constants 
were also delineated in Fig. 12(d), where HCQ and OS presented high 
reaction rate constants of 3.23 × 10–2 and 2.51 × 10–2 min-1, respec
tively. The COD removal measurements following the bio-photo 
degradation of HCQ and OS were replaced by the LC-MS measure
ments for a more specific analysis of the decompositions of HCQ and OS, 
as discussed later in the manuscript.

The effects of different light sources towards the photodegradation of 
HCQ and OS were also investigated using UV and visible light sources as 
shown in Fig. 12(e). The comparative studies of the light sources were 
also conducted using 5-CxNbCN under the optimized photocatalytic 
parameters. It is worth noting that the visible light presented relatively 
higher degradation efficiencies of 77.8 and 69.4 % for HCQ and OS, 
correspondingly. Moreover, relative lower photocatalytic performances 
were observed for the UV light with degradation efficiencies of 63.6 and 
51.6 % for HCQ and OS, correspondingly (Fig. 12(e)). The observed 
phenomenon is in agreement with the photon flux measurement, where 
the visible light presented higher photon flow (Io= 3.2 mEinstein.min-1) 
compared to the UV light (Io= 2.4 mEinstein.min-1). Additionally, the 
corresponding reaction kinetics for the light source comparisons were 
outlined in Fig. 12(f), derived through pseudo-first-order (Insert in 
Fig. Fig. 12(f)). Visible light exhibited a higher rate constant of 2.54 ×
10–2 min-1 for the degradation of HCQ, followed by 2.02 × 10–2 min-1 for 
OS using visible light.

3.6. Radical-trapping experiments and photocatalytic mechanism

In an effort to gain insights into the photodegradation mechanism 
and the involved reactive oxygen species (ROS), radical quenching ex
periments were conducted using a series of ROS scavengers. The used 
reagents for redox quenching studies includes p-benzoquinone (p-BQ), 
potassium dichromate (K2Cr2O7), 2-propanol, and ethyl
enediaminetetraacetic acid (EDTA) acting as superoxide radicals (•O2

− ), 
electrons (e-), hydroxyl radicals (•OH), and holes (h+) trapping agents 
respectively [51,52]. Fig. 13(a) presents the effect of a sequence of ROS 
scavengers on the photodegradation efficiency of HCQ after 60 min of 
visible light irradiation using the as-prepared 5-CxNbCN composite. In 
the absence of scavengers (denoted control), the removal efficiency of 
HCQ was 80.8 %, and dropped slightly to 78.0 % in the presence of 
EDTA (h+ scavenger) (Fig. 13(a) and (b)). Moreover, a significant 
decrease in photodegradation of HCQ to 63.2, 46.4, and 30.7 % in the 
presence of 2-propanol (•OH quencher), K2Cr2O7 (e- quencher), and 
p-benzoquinone (•O2

− quencher) were observed, respectively (Fig. 12(a) 
and (b)). The ROS responsible for the degradations of OS were also 
assessed using similar radical quenchers as in HCQ and the data was 
presented in Fig. S2. A similar trend was observed for the radical trap
ping experiments in OS, where the lowest degradation efficiency of 30.2 
and 37.6 % were observed when p-benzoquinone (•O2

− quencher) and 
K2Cr2O7 (e- quencher) were used, respectively (Fig. S2 (a) and (b)). In 
the absence of radical quenchers, the degradation efficiency of 75.6 % 
for OS was obtained (Fig. S2 (a) and (b)). The observed decrease in the 
photodegradation efficiency in the presence of scavengers signifies the 
competition for ROS between the pollutants and quenchers. Nonethe
less, the presented data proves the participation of the e− , •OH, and •O2

−

generated by the 5-CxNbCN, however the e− and •O2
− are the major 

contributing species towards decomposition of HCQ and OS. The cor
responding reaction kinetics for HCQ and OS are presented in Fig. 13(c) 
and Fig. S2 (c), derived from pseudo-first-order kinetic model. In Fig. 13
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(c), the lowest reaction rate constant of 0.00608 min-1 was observed in 
the presence of p-benzoquinone, validating the major role constituted by 
the •O2

− in the photodegradation of HCQ. Moreover, the degradation of 
OS in the presence of p-benzoquinone also showed the least activity with 
reaction rate constant of 0.00653 min-1 (Fig. S2(c)).

The photocatalytic band diagram was derived to delineate the 
possible interfacial charge carrier pathways and transfers in the 
calixarene-sensitized Schottky-junction 5-CxNbCN (See Fig. 13(d)). In 
Fig. 13(d) supported by the photoelectrochemical properties, it was 
observed the pristine g-C3N4 undergoes photoinduced charge carrier 
recombination, thus negatively affecting the generation of useful ROS. 
This phenomenon was resolved by incorporation of Nb2CTx MXene 
complex, followed by the introduction of a calixarene complex as light- 
sensitizer. The schematic in Fig. 13(d) visualizes the proposed charge 

transfer mechanism, where the electrons from the valence band (VB) of 
the g-C3N4 are photoexcited to the conduction band (CB), followed by 
migration onto the Nb2CTx MXene Fermi level (EF). Calixarene mole
cules undergo photoexcitation from the highest occupied molecular 
orbital (HOMO) to the least unoccupied molecular orbital (LUMO) upon 
light irradiation, facilitating sensitization effect to the Schottky-junction 
(Fig. 13(d)) [53]. The photoinduced e- (on the Fermi level of Nb2CTx) 
and holes (on the VB of g-C3N4) facilitate the generation of ROS in the 
presence of molecular oxygen (O2) and H+ ions. The generated ROS 
initializes the degradation of the pollutants (HCQ and OS) in solution. 
Eq. (5) to Eq. (9) below summarizes the above ROS generation 
discussion. 

5-CxNbCN + hv → 5-CxNbCN* (h+(VB g-C3N4)/ e-
(Fermi Nb2CTx)) ()         (5)

Fig. 12. (a) Bio-photo degradation curve of hydroxychloroquine sulfate (HCQ, 5 mg/L) and oseltamivir phosphate (OS, 5 mg/L) under visible light, (b) UV–Vis 
absorption spectra of HCQ, (c) UV–Vis absorption spectra of OS, (d) degradation kinetics and rate constants, (e) degradation curves under UV and visible lights, (f) 
degradation kinetics and rate constants for UV and visible lights .

Fig. 13. (a) Photocatalytic degradation curves of HCQ using a series of radical scavengers, (b) HCQ comparative degradation efficiencies, (c) HCQ degradation rate 
constants, and (d) photocatalytic band diagram for 5-CxNbCN.
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e-
(Fermi Nb2CTx) + O2 → •O2

− ()                                                          (6)

•O2
− + H+ → •OH ()                                                                      (7)

h+(VB g-C3N4) + OH- → •OH ()                                                           (8)

h+/e-/•OH/ •O2
− + HCQ/OS → photodegradation products ()          (9)

The fabricated photocatalytic nanocomposite 5-CxNbCN presented 
enhanced charge separation and transfers, thus leading to effective 
production of ROS for catalytic reactions.

To further evaluate the performances of the as-synthesized photo
catalysts 5-NbCN, CxCN, and 5-CxNbCN relative to previously reported 
catalysts, graphitic carbon nitride (g-C3N4)-based photocatalysts were 
compared with the studied photocatalysts. The materials were 
compared based on the following variables; reaction conditions (name 
of pollutant, initial pollutant concentration and catalyst loading, solu
tion pH), light source, irradiation times, pollutant removal efficiency, 
rate of reaction, and involved redox reactions. The catalysts perfor
mance comparison against selected pharmaceutical pollutants is pre
sented in Table 3. It is worth noting that presented photodegradation 
efficiency of the current work under optimum conditions was compa
rable to recent studies on MXene and g-C3N4-based photocatalysts 
(Table 3). The as-prepared Calixarene@Nb2CTx@g-C3N4 catalyst 
showed degradation rate of 81.5 % (0.02734 min-1) and 67.2 % 
(0.02734 min-1) after 60 min of irradiation using significantly low 
catalyst loading of 20 mg. In addition, the developed photo-bio degra
dation system in this work presented remarkable removal efficiency of 
97.3 % and 92.6 % against HCQ and OS with the corresponding reaction 
rate of 0.03234 and 0.02510 min-1. The above data suggests the positive 
effect brought about by hyphenating the biodegradation with the pho
todegradation processes toward effective removal of pharmaceuticals 
from wastewater.

3.7. Photostability and recyclability

Photodegradation efficiencies of the optimized 5-CxNbCN were 
conducted over five cycles, this was to evaluate the materials re- 
usability and stability under prolonged exposure to light and antiviral 
drugs (HCQ and OS). The recyclability studies were also conducted 
under the optimized photocatalytic parameters pH 4, pollutant con
centration 5 mg.L-1, and catalyst loading 20 mg using visible light. 
Fig. 14(a) and (b) shows the photodegradation curves and degradation 
efficiencies of 5-CxNbCN against HCQ over 5 cycles. Initial HCQ 

removal efficiency of 81.6 % was observed in the 1st cycle. After 
completion of the 5th cycle, the degradation efficacy slightly lowered 
with a decay of 13.8 %, revealing a good photostability of the as- 
prepared photocatalyst (Fig. 14(b)). The recyclability of the 5-CxNbCN 
photocatalyst was also evaluated during the photodegradation of OS 
(Fig. S3). In the 1st cycle of photodegradation of OS, the removal effi
ciency of 76.8 % was obtained, and declined to 72.4 % by the 5th cycle. 
The photodegradation of OS only declined with 4.4 % when comparing 
cycle 1 with 5. Additionally, XRD and SEM analytical techniques were 
used to further confirm the chemical and structural stability of the 
photocatalyst (Fig. 14(c) and (d)). The XRD spectra of the material 
before and after 5 cycles exhibited no apparent distortion in the char
acteristic peaks, thus amplifying good chemical stability. The slight in
crease in intensity of the calixarene amorphous peak between 10◦ and 
20 o 2θ could be attributed to the host-guest complexation with the 
antiviral drugs. SEM images in Fig. 14(d) exhibits characteristic 
morphology of 5-CxNbCN composite, which shows no changes after 5 
cycles of photodegradations. Additional SEM images and EDS spectra for 
5-CxNbCN before and after 5 cycles of OS degradation are presented in 
Fig. S4. This stability data confirms the robustness and recyclability of 
the as-prepared photocatalysts towards the photocatalytic degradation 
of the antiviral drugs (HCQ and OS).

3.8. Degradation pathways and byproducts

To study and identify the pollutants (hydroxychloroquine sulfate and 
oseltamivir phosphate) photodegradation complex intermediates, the 
liquid chromatography mass spectrometry (LC-MS/MS, Shimadzu 8030) 
analytical technique was employed (details on the SI). Total ion count 
(TIC) of mass chromatographs of different irradiation times (from t =
0 min to t = 120 min) using calixarene@Nb2CTx@g-C3N4 with initial 
pollutant (HCQ and OS) concentration of 5 mg/L at pH of 4 are shown in 
Fig. S5. It is worth noting that the TIC graphs in Fig. S5 for OS show a 
reduction in the peak marked with dashed box. Similarly, the TIC of the 
mass chromatographs for HCQ also presented a complete disappearance 
of peak marked with dashed box. These observations in the narrowing 
and disappearance of the HCQ and OS TIC peaks suggest the decom
position of the parent complexes during photocatalysis. The corre
sponding HCQ and OS retention time peaks of the TIC chromatographs 
after 120 min of irradiation are delineated in Fig. S6 (a and b).

The LC-MS/MS method reported in previous studies was modified and 
used to resolve HCQ and OS photodegradation intermediates and conse
quently deduce decomposition pathways [12,58,59]. The 

Table 3 
Comparison of MXene and g-C3N4-based photocatalysts towards the removal of pharmaceutical pollutants in waster.

Photocatalyst Photocatalyst 
configuration

Pollutant Photoreactor conditions Irradiation 
times (min)

Removal 
efficiency ( 
%)

Reaction 
rate (min-1)

Ref.

Calixarene@Nb2CTx@g- 
C3N4

Sensitized 
Schottky-junction

Hydroxychloroquine 
sulfate (5 ppm)

250 W Xe lamp; pH = 4; Cat. 
loading = 20 mg

60 81.5 0.02734 In this 
study

Calixarene@Nb2CTx@g- 
C3N4

Sensitized 
Schottky-junction

Oseltamivir phosphate (5 
ppm)

250 W Xe lamp; pH = 4; pH =
N/A; Cat. loading = 20 mg

60 67.2 0.01674 In this 
study

g-C3N4/Ti3C2/ Ag3PO4 S-scheme tetracycline 
hydrochloride (20 ppm)

300 Xe lamp; Cat. loading =
30 mg in 50 mL (600 ppm)

60 88.4 0.03525 [28]

Bi/BiOBr/P@g-C3N4 S-Scheme Levofloxacin (10 ppm) 90 W LED; pH = 6.32; Cat. 
loading = 0.1 g/L (100 ppm)

70 77.2 0.0427 [54]

Bi/BiOBr/P@g-C3N4 S-Scheme Oxytetracycline (10 ppm) 90 W LED; pH = 6.32; Cat. 
Loading = 0.1 g/L (100 ppm)

70 69.8 0.0224 [54]

Ti3C2Tx/alkalized g-C3N4 Schottky-junction Tetracycline 
hydrochloride (20 ppm)

300 W Xe lamp; pH = N/A; 
Cat. loading = 10 mg in 50 mL 
(200 ppm)

60 77.0 0.0307 [55]

g-C3N4/Ti3C2 Schottky-junction Ciprofloxacin (20 ppm) 500 W Xe lamp; pH = N/A; 
Cat. loading = 10 mg in 50 mL 
(200 ppm).

150 100 0.0350 [56]

Ti3C2/g-C3N4 (MX/CN) Schottky-junction Ciprofloxacin (10 ppm) 300 W Xe lamp; pH = 7; Cat. 
loading = 200 mg in 100 mL 
(2000 ppm)

210 97.98 – [57]
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photodegradation intermediate products and the decomposition pathways 
for HCQ were derived using the mass spectra data depicted in Fig. S7. The 
mass chromatograph in Fig. S7 (a) was recorded for the parent HCQ 
complex prior to photodegradation, and Fig. S7 (b-f) were acquired after 
120 min of irradiation in at different retention times. The corresponding 
HCQ plausible intermediate products of interests are presented as inserts in 
Fig. S7. The photodegradation of HCQ followed four pathways (P(A), P(B), 
P(C), and P(D)) derived from the chromatograph m/z data (Fig. 15). 
Initially, the parent hydroxychloroquine sulfate (m/z = 433.14) complex 
dissociated into cationic hydroxychloroquine complex (m/z = 336.18) in 
aqueous solution with pH 4. The continuation of decompositions pro
ceeded from the cationic hydroxychloroquine complex as follows: inter
mediate product A (2-(ethyl(4-(quinolin-4-ylamino)pentyl)amino) 
ethanol, denoted IP(A)) was formed as a result of dehalogenation of Cl from 
hydroxychloroquine, followed by formation of IP(B) (quinoline, m/z =
129.06), IP(C) (4-(quinolin-4-ylamino)pentan-1-ylium, m/z = 213.14), IP 
(D) (N-ethyl-4-(quinolin-4-ylamino)pentan-1-aminium, m/z = 258.20), 
and IP(E) (quinolin-4-aminium, m/z = 145.08) through terminal organic 
chain fragmentations. Moreover, IP(F) (2-((4-((7-chloroquinolin-4-yl) 
amino)pentyl)(ethyl)amino)ethan-1-ylium, m/z = 318.17) resulted from 
dehydration of the hydroxychloroquine through pathway B. The fragment 
IP(I) (4-((7-chloroquinolin-4-yl)amino)-N-ethylpentan-1-aminium, m/z =
292.16) was formed through the 2-hydroxyethan-1-ide removal which 

assembled into a stable epoxide. Intermediate product IP(H) (7‑chlor
o-N-ethylidenequinolin-4-aminium, m/z = 205.05) resulted from IP(I) 
through deamination of the secondary amine complex. Fragmentation of 
hydroxychloroquine through pathway D resulted in the formation of IP(G) 
(7-chloroquinolin-4-aminium, m/z = 179.04). Further decomposition of 
quinoline through oxaaldehyde removal resulted in the formation of IP(J) 
(2-aminobenzaldehyde, m/z = 121.05).

The LC-MS/MS data was also analysed for OS to evaluate the 
transformation intermediates resulting from the photodegradation pro
cesses. Mass spectrum for OS before light irradiation and after 120 min 
of irradiation at different retention times is presented in Fig. S8. The 
depicted mass spectra shows inserts with plausible intermediate species 
formed upon photodegradation of the parent OS complex using 5- 
CxNbCN under visible light irradiations (Fig. S8). Furthermore, The 
OS degradation pathways were proposed as shown in Fig. 16 and the 
intermediate products (IP) were numbered from IP1 to IP11. The OS 
degradation pathways can be summarised as follows: the initially dis
solved oseltamivir phosphate (OSP, m/z = 410.18) in acidic aqueous 
solution dissociate into a cationic oseltamivir (m/z = 313.21), followed 
by the deamination of cationic amide through path (I) to form IP1 (6- 
acetamido-3-(ethoxycarbonyl)-5-(pentan-3-yloxy)cyclohex-3-en-1- 
ylium, m/z = 296.19), path (II) following caboxylesterase process to 
hydrolyse the ester functional group leading to the formation of IP2 

Fig. 14. Photodegradation recyclability studies for HCQ (a), comparative degradation efficiencies for HCQ (b), XRD spectra (c), and 5-CxNbCN SEM image (d) after 
five photodegradation cycles.
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carboxylic acid complex (6-acetamido-3-carboxy-5-(pentan-3-yloxy) 
cyclohex-3-enaminium, m/z = 285.18), path (III) facilitated by hydra
tion of alkene to alcohol to form IP3 (4-acetamido-5-amino-2‑hydroxy- 
3-(pentan-3-yloxy)cyclohexanecarboxylic acid, m/z = 302.18), IP3 
further fragmented into IP4 (4-acetamido-5-amino-2,3-dihydrox
ycyclohexanecarboxylic acid, m/z = 232.11) through hydroxyl radical 
(•OH) attack on the C5H11 terminal group. Moreover, further fragmen
tation occurred through the proposed path (IV), where initial deami
nation of IP2 led to the formation of IP5 (6-acetamido-3-carboxy-5- 
(pentan-3-yloxy)cyclohex-3-en-1-ylium, m/z = 268.15), followed by 
formation of IP6 (m/z = 198.08), IP7 (m/z = 156.07), IP8/IP9 (m/z =
112.05/113.06), IP10 (m/z = 140.05), and IP11 (m/z = 95.05) through 
a sequence of removal of carbon chains, ketone, amine, carboxylic acid, 
and dehydration, correspondingly. The relatively smaller fragment IP11 
(3-hydroxycyclohexa-2,5‑dien-1-ylium, m/z = 95.05) was observed, 
which could fragment further into possible ammonium ions, H2O, and 
CO2 [54].

4. Conclusions

In summary, a hyphenated bio-photo degradation treatment system 
was successfully engineered and utilized for the removal of antiviral 
drugs hydroxychloroquine sulphate (HCQ) and oseltamivir phosphate 
(OS) from real wastewater. The operation of lab-scale wastewater 
treatment plant and the photocatalytic reactor were successfully opti
mized through a continuous acclimatization and sequential variation of 

operating parameters, respectively. Under optimal sludge operating 
conditions, the COD removal in the presence of HCQ and OS reached up 
to 56.1 and 45.5 % respectively. The 250 W visible light exhibited 
incident photon flux of Io = 3.2 mEinstein.min-1 relative to the 2.4 
mEinstein.min-1 of the UV light. The calixarene-sensitized Schottky- 
junction 5-Calixarene@Nb2CTx@g-C3N4 (5-CxNbCN) presented excel
lent photodegradation efficiency of up to 97.3 and 92.6 % for HCQ and 
OS in the hyphenated bio-photo degradation, correspondingly. The 
Langmuir-Hinshelwood pseudo-first-order kinetics were used to derive 
the reaction rate constants, where the degradation (bio-photo) pre
sented rate constant of 3.23 × 10–2 and 2.51 × 10–2 min-1 for HCQ and 
OS using 5-CxNbCN under visible light irradiation, respectively. The 
composite 5-CxNbCN exhibited 2.6 times reaction rate constant relative 
to CN. The observed enhanced degradation efficiencies were attributed 
to the excellent optical and photoelectrochemical attributes possessed 
by the sensitized Schottky-junction. Additionally, the major contributors 
to ROS production toward the degradation of HCQ and OS were credited 
to the e− and •O2

− . The photocatalysts also exhibited good recyclability 
and stability over five degradation cycles, with an insignificant 13.8 % 
decrease for HCQ and 4.4 % for OS after the 5th cycles. The most 
plausible OS and HCQ photodegradation intermediate fragments and 
pathways were deduced from liquid chromatograph mass spectra data. 
The parent OS and HCQ ARVs decomposed into smaller organic mole
cules 3-hydroxycyclohexa-2,5‑dien-1-ylium and 2-aminobenzaldehyde, 
respectively. The above findings provide an imperative scientific 
pathway for practical approach towards addressing global challenges 

Fig. 15. Proposed photocatalytic degradation pathways of hydroxychloroquine sulphase (HCQ) using calixarene@Nb2CTx@g-C3N4 photocatalyst.
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faced due to the presence of pharmaceuticals in wastewater treatment 
systems.
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