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A B S T R A C T

A combined sol–gel and doctor blade techniques were used to obtain two types of composites. Graphene oxide 
(GO) and carbon nanotubes (CNTs) were used as template in the sol–gel procedure which include two steps: WO3 
and Bi2S3 development. The composites crystallinity and morphology were investigated indicating the formation 
of monoclinic WO3 and orthorhombic Bi2S3. The GO template samples exhibit porous sponge-like morphology 
with 285 m2/g SBET, while the CNTs template samples have a granular morphology with 294 m2/g SBET. The 
elemental analysis indicate that the composite components are evenly distributed through the sample. Both GO 
and CNTs based samples have a predominant polar component of the surface energy which make them suitable 
candidate for applications in aqueous environments. The photocatalytic removal efficiency was tested in the 
presence penicillin G and amoxicillin (150 ppm) under UV and Vis irradiation. The highest efficiencies corre
spond to GO/WO3/Bi2S3 which was able to remove 57.43 % PEN-G and 63.94 % AMO. The photocatalytic 
mechanism was investigated and described in details.

1. Introduction

The presence of pharmaceutic active compounds in wastewater have 
significantly increase in the last 10 years, and even more after the COVID 
crisis. Recent studies indicate an increase with 70 % in the hospital 
wastewater and 30 % in the householder’s wastewater [1–3]. Permissive 
legislation in some countries as well as excessive preventive medication 
contributed to this trend. The wastewater treatment plants faced diffi
culties to address these problems using traditional methods [4,5]. Pho
tocatalysis represent a real alternative to overcome this problem, having 
the advantage of using light radiation and reduce quantities of photo
catalytic materials in order to remove organic pollutants [6,7].

Graphene oxide (GO) and carbon nanotubes (CNTs) have been used 
in photocatalytic application due to their adsorbent and conductive 
capacities [8–10]. Photocatalysis is a two-step procedure based on 
simultaneous adsorption and oxidation processes [11,12]. The use of 
large active surface materials can have an important impact on the 
photocatalytic efficiency [13]. Coupling these materials with metal- 
based semiconductors create a synergic effect that can enhance the 
oxidative species photogeneration acting on the organic pollutant 
mineralization. The photoactivity of graphene oxide (GO) coupled with 
GO/MgO [14], GO/Bi2WO6 [15], GO/TiO2 [16,17], GO/CuxSnSO [18], 
GO/Fe3O4 [19], GO/CeO2 [20], GO/Co3O4 [21], GO/ZnO [22] and GO/ 

CuO [23] was evaluated for organic pollutant degradation. Mahanna 
and co. [14] reported 85.1 % degradation of reactive blue 222 (RB-222) 
dye after 120 min of irradiation. Carbon nanotubes (CNTs) were coupled 
with CNTs/ZnO [24], CNTs/BiVO4 [25], CNTs/TiO2 [26,27], CNTs/ 
ZnIn2S4 [28], CNTs/CuCo2O4/Co3S4 [29], CNTs/LaFeO3 [30], CNTs/ 
SnO2 [31], CNTs/WO3 [32] and CNTs/Co3O4 [33]. Warsi and co. [30]
reported 81.65 % degradation efficiency toward crystal violet dye after 
140 min of irradiation with visible light. These materials benefit from an 
extended absorption spectrum (both UV and Vis), increased conductiv
ity (due to GO and CNTs insertion) and high charge carriers photo
generation (due to the presence of metal-based semiconductor). 
However, the major disadvantage consist of fast recombination charge 
and reduced chemical stability at certain pH values.

The present paper proposes a simple and efficient method to develop 
tandem structures based on WO3 and Bi2S3 using GO and CNTs as 
growing templates. This method allows the formation of uniform com
posite particles with large surface area. Due to the doublet structure, the 
charge carrier recombination is reduced and the electrical mobility in
creases. The presence of crystalline structure, sample morphology and 
topography are discussed. Based on the photocatalytic mechanism cor
responding to each composite, the removal of penicillin G (PEN-G) and 
amoxicillin (AMO) in the presence of UV and Vis radiation is described 
in details.
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2. Materials and methods

2.1. Powder and film synthesis

2.1.1. GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 heterostructure powder 
synthesis

The composite heterostructure was developed following a two-step 
sol–gel method: 

(i) GO/WO3 and CNTs/WO3 synthesis: 0.6 mol for tungsten hexa
chloride (WCl6⋅2H2O, 99.8 %, Honeywell, Berlin, Germany) was 
dissolved in alcoholic mixture of iso-propanol (100 %, C3H7OH, 
Merck, Darmstadt, Germany) and absolute methanol (CH3OH, 
Merck, Darmstadt, Germany). Previously, 0.1 % of GO and CNTs 
were separately dispersed into the alcoholic solution to serve as 
crystallization support for WO3. 1 N sodium hydroxide (99.8 %, 
Merck, Darmstadt, Germany) was slowly added under the mag
netic stirring until the gel was formed. The pH value was main
tained around 11.5 to avoid gel dissolution, considering that 
NaOH behave as a reducing agent without anions stabilization. 
The maturation period was 24 h in dark and the yellow product 
was centrifuged and annealed at 430 ◦C for 6 h.

(ii) GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 synthesis: 0.4 mol bismuth 
nitrate (Bi(NO3)3⋅5H2O, 98.9 %, Sigma Aldrich, Munich, Ger
many) was dissolved in deionized water. Previously, the GO/WO3 
and CNTs/WO3 were separately dispersed in the deionized water 
to serve as support for Bi2S3 development. 0.6 mol of sodium 
thiosulfate (Na2S2O3, 99.3 %, Merck, Darmstadt, Germany) was 
added under continuous stirring until the gel was formed. 
Maturation was done for 14 h in dark at room temperature and a 
gray powder was collected after centrifugation. The powder was 
thermally treated into a hermetic ceramic capsule containing rich 
sulfur atmosphere at 135 ◦C.

2.1.2. GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 heterostructure film 
formation

The film was obtained by doctor blade procedure using a thick paste 
containing GO/WO3/Bi2S3 or CNTs/WO3/Bi2S3, absolute ethanol 
(C2H5OH, Merck, Darmstadt, Germany) and triton x-100 (Sigma 
Aldrich, Munich, Germany) serving as nonionic surfactant additive to 
increase the film adhesion on the substrate surface. Pieces of 2.5 cm ×
2.5 cm of microscopic glass were used as substrate after rigorous 
cleaning in ultrasound bath with ethanol and acetone. The paste was 
dispersed on the substrate surface with a raclette at a constant rate of 
1.2 s/cm. The film was thermally treated in open air at 110 ◦C for 5 h.

2.2. Photocatalytic experiments

During the photocatalytic experiments 3 sources of UV (Philips black 
tube with 18 W, 320–360 nm, λmax = 340 nm) and 5 sources of Vis 
(Philips cold tune with 18 W, 390–720 nm, λmax = 570 nm) with a total 
12.75 mW/cm2 irradiance. The temperature was maintained constant at 
22 ◦C during the irradiation using ventilation engine and humidity 
stabilizers. Two 150 ppm solutions were prepared by dissolving peni
cillin G (PEN-G, Apollo Scientific, Bredbury, UK) and amoxicillin (AMO, 
Apollo Scientific, Bredbury, UK) in ultrapure water. One piece of 
microscopic glass covered with GO/WO3/Bi2S3 or CNTs/WO3/Bi2S3 was 
inserted in quartz glasses containing 40 mL of PEN-G or AMO. Before 
starting the irradiation, the solutions were preserved for 2 h in dark to 
reach the adsorption–desorption equilibrium. Finally, the samples were 
exposed for 10 h to UV–Vis irradiation and the photocatalytic activity 
was hourly evaluated.

2.3. Characterization

The presence of crystalline structure was analyzed using a MiniFlex 
600 diffractometer (XRD, Rigaku, Tokyo, Japan) and the surface 
elemental composition was evaluated by energy dispersive X-ray 
method (EDS 7, ThermoScientific, Waltham, MA, USA). The XRD 
diffraction parameters were: 2 theta between 20 and 60◦, 0.03 degree 

Fig. 1. Diffraction patterns corresponding to (a) GO series and (b) CNTs series.

Table 1 
Films physical parameters and components crystalline sizes.

Samples Thickness 
[µm]*

Volume 
[cm3]

Weight 
[g]

Density 
[g/cm3]

SBET (m2/g) Crystallite size (Å)

WO3 Bi2S3

GO/WO3 1.94 1.21 × 10− 3 3.93 × 10− 3 3.25 242 77.2 –
GO/WO3/Bi2S3 2.18 1.36 × 10− 3 4.71 × 10− 3 3.47 285 – 127.9
CNT/WO3 1.87 1.16 × 10− 3 3.66 × 10− 3 3.16 268 83.6 –
CNT/WO3/Bi2S3 2.13 1.33 × 10− 3 4.51 × 10− 3 3.39 294 – 136.3

*Calculated from the reflectance spectra at 6◦ incident angle.
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steps and a rate of 0.05 s/step. The surface evaluation was done in order 
to determine: (i) the main component of the surface energy (OCA-20 
ContactAngle-meter, DataPhysics Instruments), (ii) morphology 
(FESEM, SU8010, Fukuoka, Japan) and topography (SPM, Digital In
struments Inc., USA). The SEM investigation was done at 10 kV accel
erated voltage, and the AFM images were collected in semi-contact 
typing procedure using 0.15 N/m force constant and 20 nm tip radius. 
The optical properties were evaluated with a UV–Vis spectrometer 
(Lambda950, Perkin Elmer, Waltham, MA, USA) and the specific active 

Fig. 2. Contact angle measurements with polar and non-polar liquids (a) GO series and (b) CNTs series.

Table 2 
Evaluation of the polar and dispersive surface energy components.

Samples code Surface energy 
σ [mN/m]

Dispersive component 
σd [mN/m]

Polar component 
σp [mN/m]

GO/WO3 99.8 16.3 83.5
GO/WO3/Bi2S3 110.3 18.6 91.7
CNT/WO3 101.5 25.1 76.4
CNT/WO3/Bi2S3 111.0 28.2 82.8
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Fig. 3. SEM images of (a) GO/WO3, (b) GO/WO3/Bi2S3 and (c) EDX corresponding to GO/WO3/Bi2S3.
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Fig. 4. SEM images of (a) CNTs/WO3, (b) CNTs/WO3/Bi2S3 and (c) EDX corresponding to CNTs/WO3/Bi2S3.
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surface was measured with a porosimeter (Tristar II Plus Model, 
Micromeritics, GA, USA).

The photocatalytic investigation was done using two complementary 
procedures: spectrometric measurements at specific wavelength (221 
nm for PEN-G and 270 nm for AMO) and total organic carbon/total 
nitrogen evaluation (TOC-L and TNM-L, model CPN, Shimadzu, Kyoto, 
Japan).

The mineralization by-products were investigated by gas chroma
tography coupled with mass spectroscopy (GC–MS) for PEN-G and high- 
performance liquid chromatography (HPLC) for AMO. The GC–MS was 
done with Agilent using an Inferno™ column (Phenomenex 30 m × 0.25 
m × 0.25 m) and the HPLC was equipped with a UV detector for 240 nm 
wavelength and 10 µL injection volume. The transformation products 
were detected using Q2 time-of-flight mass spectrometer (Bruker).

The electrochemical impedance spectroscopy (EIS) evaluation was 
done with a ZENNIUM electrochemical workstation, using different 
frequency ranges and 10 mV modulation signal. The measurements were 
performed at room temperature using Pt wire as counter-electrode and 
Ag/AgCl as reference electrode.

3. Results and discussions

3.1. Composition and morphology

Diffraction investigations presented in Fig. 1 indicate the formation 
of monoclinic WO3 structure (JCPDS 83-0951) after the first synthesis 
step on both GO and CNTs templates. The WO3 crystallite sizes (see 
Table 1) were smaller on GO template (77.2 Å) compared with CNTs 
template (83.6 Å). The crystallite size depends on the high energy state 
surface points present on GO and CNTs which act as nucleation sources 
for the WO3 development [34]. On the second synthesis step Bi2S3 is 
formed and exhibit orthorhombic structure (JCPDS 84-279). The same 
tendency was observed for Bi2S3 crystallite sizes which are smaller 
(127.9 Å) when deposed on WO3/GO compared with WO3/CNTs (136.3 
Å).

Methodology used for crystallite size evaluation was based on 
Scherrer relation (Eq. (1)) where the Braggs angle in represented by θ, 
Röntgen radiation (CuKα1, 1.5406 Å) is λ and the angular width value of 
the peak evaluated at the half maximum intensity (FWHM) is symbol
ized by β [35]. 

D =
0.9λ
βcosθ

, (1) 

The crystallization of the second component (Bi2S3) occur mostly on 
the WO3 which cover the template surface (GO or CNTs). However, 
direct Bi2S3 crystallization on uncovered template surface can’t be 
excluded. These analyses don’t give any indication of sulfur diffusion in 
the lower layer or oxygen diffusion in the upper layer. The presence 
residual components formed during the synthesis process may be 
possible but was not outlined by the X-ray diffraction.

Table 1 include the film physical parameters and shows that the 
samples exhibit rather thick layers, with a thickness increasing from 
around 1.9 µm when WO3 is deposed up to 2.1 µm when Bi2S3 is added. 
An important parameter for photocatalytic applications is represented 
by the specific active surface [36]. One reason for choosing GO and 
CNTs as template was the advantage of using their large surfaces as 
nucleation sites for the semiconductor components [37,38]. While 

pristine GO and CNTs have a specific active surface of 136 m2/g and 189 
m2/g respectively, the nitrogen adsorption–desorption isotherm in
dicates an increase of the SBET value with the addition of each compo
nent as follows: from 242 m2/g (GO/WO3) to 285 m2/g (GO/WO3/ 
Bi2S3) and from 268 m2/g (CNTs/WO3) to 294 m2/g (CNTs/WO3/Bi2S3). 
High active surface values are beneficial for the photocatalytic activity 
which is an interface dependent process that induce simultaneously the 
pollutant adsorption and oxidation [39].

Another important parameter for evaluating the suitability of using 
this samples in photocatalytic applications is represented by the surface 
energy [40,41]. Contact angle measurements were done with two liq
uids with different polarity as presented in Fig. 2. The two liquids were: 
(1) toluene as non-polar molecule with 28.5 mN/m dispersive compo
nent and 0 mN/m polar component and (2) water as polar molecule with 
26.25 mN/m dispersive component and 46.55 mN/m polar component. 
Based on these records the dispersive and polar components of the 
samples surface energy were calculated using the Fowkes relation (Eq. 
(2)) and the results are presented in Table 2. 

σLV(1+ cosθ) = 2
[(

σp
LVσp

SV
)1/2

+
(
σd

LVσd
SV
)1/2

]
, (2) 

where the dispersive and polar components of the solid and liquid – 
surface energies are represented by σp

LV, σd
LV , σp

SV and σd
SV [42].

Fig. 2 indicate an accelerated decrease of the contact angle for both 
sample series when water was used as testing liquid. Additionally, the 
surface energy evaluation indicates the polar component as predomi
nant part in the overall values. The GO series exhibit polar components 
of 83.5 mN/m for GO/WO3 and 91.7 mN/m for GO/WO3/Bi2S3. The 
polar components corresponding to CNTs series are 76.4 mN/m for 
CNTs/WO3 and 82.8 mN/m for CNTs/WO3/Bi2S3 samples. Increased 
surface energy can be considered as an indicator of increased hydro
philicity which is a relevant characteristic when aqueous working con
ditions are used. Additionally, the polar component contribution of the 
surface energy indicates the hydrophilic photocatalysts behavior. 
Establishing a good interface between the photocatalysts and the 
aqueous solutions will facilitate oxidation reactions that take place 
during the mineralization. Except composition, the template influence 
seems to play an important role in the wettability properties. Even if 
CNTs/WO3 have a higher surface energy which is an indicator of good 
surface wettability, the polar component of the energy is larger for GO/ 
WO3. Consequently, by coupling WO3 with GO the surface polarity in
creases which make these materials suitable candidates for applications 
in aqueous solutions. However, the differences between GO/WO3 and 
CNTs/WO3 are marginal and both materials exhibit good wettability 
properties. It was concluded that the GO and CNT series exhibit a hy
drophilic behavior and can be used as photocatalysts in aqueous 
environments.

The samples morphology and quantitative analysis was investigated 
by SEM and EDX. Fig. 3(a) and (b) shows the GO/WO3 and GO/WO3/ 
Bi2S3 morphologies. Both samples exhibit porous sponge-like morphol
ogies which favor the formation of large specific surface areas. After 
adding the Bi2S3 component the sample look more denser which was 
confirmed by the physical parameter’s evaluation presented in Table 1. 
The morphology is uniform through the surface which indicate that the 
WO3 and Bi2S3 were evenly distributed. These results are confirmed by 
EDX evaluation presented in Fig. 3(c) which shows a homogenous dis
tribution of the main composite components, excepting carbon which is 
partially screened by the WO3 and Bi2S3 developed on the GO template 
[43]. When changing from GO to CNTs template the morphology pre
sented in Fig. 4(a) and (b) is characterized by the presence of granular 
structures with various sizes unevenly distributed through the surface. 
The EDX analysis (Fig. 4(c)) indicate the presence of non-uniformities in 
the carbon distribution and relative similar density of the other ele
ments. There are no indicators of aggregates development which may 
consist on different compositions and structures.

Table 3 
Photocatalysts elemental composition.

Components Elemental composition [% at]

W O Oth* Bi S Sth* C

GO/WO3/Bi2S3 12.9 32.7 51.7 18.9 26.2 28.3 9.3
CNTs/WO3/Bi2S3 13.5 28.1 40.5 19.6 28.7 29.4 10.1

* Theoretic content calculated based on the stoichiometry.
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The elemental composition obtained from EDX analysis was 
compared with the theoretical values calculated based on the stoichio
metric content that constitute the composite structure, and the results 
are presented in Table 3. It is worth mentioning that EDX have limitation 
in terms of layer penetration and the results should be considered as 
indicative [44,45]. The results show a significant oxygen deficit which 
may be caused by the diffusion process during the annealing treatment 

[46]. Additionally, a small sulfur deficit was recorded even if the syn
thesis and thermal treatment was done in sulfur rich atmosphere. The 
ions diffusion (O2– and S2-) through the interstices is not uncommon an 
have been reported in other paper as well [47]. The process in described 
by the solid-state Eqs. (3) and (4), and is considered as an important 
source of free radical formation that can enhance the photocatalytic 
activity. 

Fig. 5. AFM images of (a) GO/WO3, (b) GO/WO3/Bi2S3, (c) CNTs/WO3 and (d) CNTs/WO3/Bi2S3.
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Ox
O→V2+

O +O2− , (3) 

Sx
S→V2+

S + S2− , (4) 

Interchange ions insertion (Eqs. (5) and (6)) in vacancies may be 
possible during the diffusion process and can generate a hole’s drift 
current through the heterostructure [48]. 

V2+
S +O2− →Sx

O +2h+, (5) 

V2+
O +O2− →Ox

S +2h+, (6) 

The AFM analysis presented in Fig. 5 were done in order to investigate 
the samples topography. The evaluation was made in semi-contact mode 
with a tip radius of 20 nm. The morphological differences between GO 

Fig. 5. (continued).
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and CNTs series become more obvious with this procedure and confirm 
the results obtained from SEM. The grain shape can be clearly observed 
only for the CNTs series, and is predominant for the CNTs/WO3/Bi2S3 
sample. The CNTs/WO3 contain smaller and condensed grains. GO based 
samples are characterised by uniform surface without significant defects 
such as holes or fractures. The RMS values are larger for CNTs samples 
(≈ 250nm for CNTs/WO3 and ≈ 100nm for CNTs/WO3/Bi2S3) compared 

with GO samples (≈ 30nm for GO/WO3 and ≈ 50nm for GO/WO3/ 
Bi2S3).

3.2. Photocatalytic activity and mechanism

The photocatalytic removal efficiency toward penicillin G (PEN-G) 
and amoxicillin (AMO) was tested in the presence of UV–Vis irradiation. 

Fig. 6. Photocatalytic activity of the samples toward (a) penicillin G (PEN-G) and (b) amoxicillin (AMO).
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Using spectrometric analysis, the maximum absorbance peak corre
sponding to each pollutant (221 nm for PEN-G and 270 nm for AMO) 
was hourly measured and compared with the calibration curve. Based on 
those measurements the removal efficiency was calculated using Eq. (7)
where C0 is the initial concentration and C is the current concentration 
[49]. 

η =
C0 − C

C0
x100, (7) 

Fig. 7. Kinetic evaluation of the photocatalytic activity towards (a) PEN-G and (b) AMO.

Table 4 
Kinetic parameters corresponding to GO and CNT series.

Samples PEN-G AMO

k (s− 1) R2 k (s− 1) R2

GO/WO3 0.0138 0.973 0.0315 0.997
GO/WO3/Bi2S3 0.0795 0.996 0.0978 0.994
CNT/WO3 0.031 0.994 0.0311 0.996
CNT/WO3/Bi2S3 0.072 0.997 0.0746 0.998
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The photocatalytic PEN-G removal (Fig. 6a) shows that the samples 
composed on template/WO3 exhibit after 10 h of irradiation only 14.53 
% (GO/WO3) and 15.82 % (CNTs/WO3) efficiency. However, by adding 
Bi2S3 on GO/WO3 and CNTs/WO3 the photoactive heterostructure is 
able to increase the concentration of photogenerated charge carriers and 
the formation of (super)oxidative species. As a result, the removal effi
ciency increases up to 57.43 % for GO/WO3/Bi2S3 and 48.83 % for 
CNTs/WO3/Bi2S3. A similar behavior was observed for AMO removal 

(Fig. 6b) were GO/WO3 and CNTs/WO3 shows 28.78 % and 26.47 % 
respectively. The Bi2S3 insertion will increase the removal efficiency to 
63.94 % for GO/WO3/Bi2S3 and 50.69 % for CNTs/WO3/Bi2S3. It must 
be noticed that the samples based on GO template have a slightly higher 
efficiency compared with CNTs samples, due to the larger polar 
component of the surface energy which increase the hydrophilicity [50].

The kinetic evaluation of the photocatalytic removal efficiency was 
included in Fig. 7 and Table 4. Langmuir-Hinshelwood model based on 

Fig. 8. Total organic carbon (inset Total Nitrogen) removal toward (a) PEN-G and (b) AMO.
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Eq. (8) was find to well fit the photocatalytic trend during the 10 h of 
irradiation. C0 and C have the same significance as in Eq. (8), k is the rate 
constant and t is time [51]. 

lnC = lnC0 − kt (8) 

The results indicate a significant increase of the rate constant, up to 
5.7x for PEN-G removal when GO/WO3 is replaced with GO/WO3/Bi2S3 
and 2.3x when CNTs/WO3 is replaced with CNTs/WO3/Bi2S3. The 
evaluation done on AMO removal indicate 3.1x higher rate constant for 
GO/WO3/Bi2S3 compared with GO/WO3. When CNTs/WO3/Bi2S3 is 
used the constant rate is 2.4x higher than that of CNTs/WO3. These 
results indicate that the heterostructure development during the second 
synthesis step play a significant role on enhancing the photocatalytic 
activity during the UV–Vis irradiation [52].

Considering that spectrometric method is not enough to prove the 
pollutant mineralization, as the molecules can be partially decomposed, 
TOC and TN measurement were made and are presented in Fig. 8. The 
results obtained from TOC evaluation indicate small differences 
compared with the data obtained from spectrometric measurements. For 
example, the TOC removal efficiency for PEN-G corresponding to GO/ 
WO3/Bi2S3 is 54.89 %, with around 2.5 % difference comparing with the 
spectrometric evaluation. A similar difference (2.2 %) was observed 
when the data for CNTs/WO3/Bi2S3 toward PEN-G were compared. The 
results fit even better for AMO removal where the TOC removal effi
ciency was 62.21 % for GO/WO3/Bi2S3 and 50.33 % for CNTs/WO3/ 
Bi2S3. In this case the differences where 1.73 % for GO/WO3/Bi2S3 and 
0.36 % for CNTs/WO3/Bi2S3. Similar values obtained from two different 
evaluation methods indicate that the percentages correspond predomi
nantly to the pollutant mineralization [53,54].

The mineralized products obtained during the PEN-G photocatalytic 
degradation were evaluated by GC–MS and the results are presented in 
Fig. 9. The results indicate 12 min retention time for PEN-G and the 
formation of 4 by-products. The degradation process starts with UV–Vis 
sensitive β-lactam ring which induce the hydrolytic de-activation of the 

antibiotic activity. It must be noticed that the major part of the PEN-G 
(51.39) is completely mineralized and around 2.5 % is converted in 
other by-products, while 45.11 % of PEN-G remain in solution after 10 h 
of irradiation.

The AMO degradation products were investigated by HPLC and the 
UPLC spectrum indicate five retention peaks with the corresponding 
mass spectra presented in Fig. 10. Excepting AMO, four by-products 
were detected indicating the presence of a hydrolytic pathway which 
begin at nitrogen atoms lone electron pair which are the most suscep
tible to hydroxyl radicals’ activity. The reaction chain is presented in 
Fig. 10 which show the formation of mineralization products without 
β-lactam ring and the oxidation of methyl groups from thiazolidine ring.

Three pH values (3, 6.5 and 9) were use to investigate the photo
catalytic activity of GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 samples (see 
Fig. 11). The results indicate that the highest photocatalytic efficiency is 
obtained at pH 6.5 which indicate that at this pH value there are the 
most favorable electrostatic attraction between AMO/PEN-G molecules 
and heterostructures surface active sites. When pH value decreases at 3 
or increases at 9 the photocatalytic activity is drastically reduced. At low 
pH values (e.g. 3) both antibiotics and heterostructures are positively 
charged which induce repulsion forces between them, leading to the 
decrease of the photocatalytic activity. Similar, at high pH values (e.g. 9) 
the participants are positively charged and repulsion forces occurs. 
These results are consistent with other studies [55–57] indicating the 
favorable pH value is between 5.5 and 6.8.

The photocatalytic mechanism was further investigated in order to 
better understand the processes occurring during the PEN-G and AMO 
removal. The band gap of each component (Fig. 12a and b) was deter
mined from spectrometric evaluation corroborated with Tauc plot and 
the results are in agreement with our previous work [58]. PL spectra 
presented in Fig. 12c was used according with the method described by 
Sheibani [59] obtained with Varian Cary Eclipse Fluorescence spectro
photometer and was used to confirm the Eg values in the composite 
samples. Additionally, the energy band values were calculated using the 

Fig. 9. PEN-G degradation molecules investigated by GC–MS.
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methodology described by Mise [60] and Gao [61] which integrate the 
free electron energy vs. hydrogen Ee, specific cationic electronegativity 
in Pauling units χcation (P.u.), absolute cationic electronegativity χcation 
(eV) with semiconductor electronegativity χsemiconductor (eV) and the 
corresponding band gap EG value in the following Eqs. (9)–(12): 

EVB = χsemiconductor − Ee +0.5Eg, (9) 

ECB = EVB − Eg, (10) 

χsemiconductor(eV) = 0.45 × χcation(eV)+3.36, (11) 

χcation(eV) =
χcation(P.u.) + 0.206

0.336
, (12) 

The band energy diagrams presented in Fig. 12d and e follows the 
photogenerated charge carriers’ mobility pathway based on the band 
energy position vs. NHE (eV). According to Eqs. (13) and (14) the charge 
carriers are generated during the light irradiation. 

Bi2S3 ̅→
hν e− (CBBi2S3)+ h+(VBBi2S3), (13) 

WO3 ̅→
hν e− (CBWO3)+ h+(VBWO3), (14) 

The mechanism describes the transfer of photogenerated electrons 
from the Bi2S3 conduction band (− 0.05 eV) to WO3 conduction band 
(+0.52 eV). Both energy band are below the O2/•O2

– potential (− 0.33 
eV) [62] which makes it difficult to use these radicals during the PEN-G 
and AMO removal when CNTs template is involved. However, GO 
template provide additional potential due to the conduction band value 
of − 0.52 eV which is enough to produce superoxidative species as 
described in Eq. (15). This explains why the samples developed on GO 
template exhibits higher photocatalytic activity. 

e− (CBGO/CBBi2S3 +CBBi2S3/CBWO3)+O2→ • O−
2 , (15) 

The photogenerated holes migrate from the tungsten oxide valence 
band (+3.65 eV) to Bi2S3 valence band (+1.65 eV) in the CNTs/WO3/ 
Bi2S3 sample. When GO is used as template an intermediary energy level 
(+2.59 eV) act as buffer for the hole transition. In both cases (CNTs and 
GO template) the potential required for oxidative radical production of 
+1.99 eV (•OH/HO–) is available in accordance with Eq. (16). 

Fig. 10. AMO degradation molecules investigated by HPLC.
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h− (VBWO3/VBBi2S3)+H2O→ • OH+H+, (16) 

Electrochemical impedance spectroscopy (EIS) studies were used to 
determine the electrochemical conductivity of the photocatalytic ma
terials. As presented in Fig. 13 the smallest arc radius of the EIS Nyquist 
curve corresponds to GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 samples 
which confirms that these heterostructures have lover impedance and 

high photogenerated charge carriers separation due to the synergy be
tween the metal semiconductors and carbon based templates. The arc 
radius increases for the bi-component samples (GO/WO3 and CNTs/ 
WO3) and the largest values correspond to the bare templates (GO and 
CNTs). There results indicate that the charges recombination is higher 
for GO and CNTs and decreases by adding metals semiconductors 
components. Similar results were reported in other papers [63]

Fig. 11. The pH influence on (a) PEN-G photocatalytic removal and (b) AMO photocatalytic removal.
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Fig. 12. (a) WO3 and Bi2B3 absorption spectra, (b) WO3 and Bi2S3 Tauc plots, (c) PL spectra, (e) GO/WO3/Bi2S3 and (f) CNTs/WO3/Bi2S3 band energy diagrams.
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indicating that junction development will facilitate the charge carriers 
mobility and decrease the recombination process.

The influence of each ROS (reactive oxidation species) plays a sig
nificant role on the photocatalytic removal of PEN-G and AMO. Conse
quently, the scavenger’s experiment was employed to underline the 
contribution of each oxidative species on the photocatalytic efficiency 
(see Fig. 14a and b). The scavengers used in this work were: p-BQ 
(benzoquinone, 0.5 mM) for •O2

–, EDTA (ethylenediaminetetraacetic 
acid disodium salt, 5 mM) for holes and IPA (isopropyl alcohol, 5 mM) 
for •OH.

The results presented in Fig. 14 shows that the photocatalytic 
removal efficiency decreases by 5 % when EDTA is used as scavenger in 
CNTs/WO3/Bi2S3. However, the decrease is significantly higher (12 %) 
when GO/WO3/Bi2S3 is used as photocatalysts. These results indicate 
that hole’s contribution on the photocatalytic process is higher on GO/ 
WO3/Bi2S3 compared with CNTs/WO3/Bi2S3. When IPA and p-BQ are 
used as scavengers the photocatalytic activity reduction reach 27 % and 
21 %, respectively. The experiments shows that the predominant ROS 
species that contributed to pollutant removal are •OH and •O2

–.

4. Conclusions

GO and CNTs were involved as template in a simple two-step sol–gel 
procedure to develop a composite based on GO/WO3/Bi2S3 and CNTs/ 
WO3/Bi2S3. The samples exhibit crystalline structures corresponding to 
monoclinic WO3 and orthorhombic Bi2S3. The GO template samples are 
characterized by a porous sponge-like morphology with 285 m2/g spe
cific active surface. The CNTs template samples are granular and with 
slightly higher specific surface (294 m2/g). EDX measurements indicate 
that the composite components are uniformly distributed through the 
sample. Additionally, a deficit of oxygen and sulfur was recorded which 
may be linked to the synthesis procedure.

The surface energy was tested with two liquids with different po
larities and the results indicate that GO template samples have a higher 
polar component compared with CNTs series. However, for all samples 
the polar component is significantly higher than dispersive component, 
which make them suitable for applications in aqueous environment.

The photocatalytic activity was investigated by spectrometry and 
verified by TOC/TN. Both measurements show similar values which 
indicate that the pollutant are mineralized. The highest efficiencies 
correspond to sample GO/WO3/Bi2S3 (57.43 % for PEN-G and 63.94 % 
for AMO) followed by CNTs/WO3/Bi2S3. The mechanism evaluation 
indicates a suitable disposal of the band energy in both composite which 
increase the concentration of photogenerated charge carriers and 
decrease the recombination. GO template samples have the advantage of 
using the CB energy state of GO for additional production of •O2

– which 
explain why this sample exhibit better photocatalytic activity. Scaven
gers experiment indicate that •OH is the dominant ROS used during the 
photocatalytic degradation of PEN-G and AMO.
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Fig. 13. Electrochemical impedance spectroscopy of the photo
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[51] M. Castañeda-Juárez, V. Martínez-Miranda, P.T. Almazán-Sánchez, I. Linares- 
Hernández, F. Santoyo-Tepole, G. Vázquez-Mejía, Synthesis of TiO2 catalysts doped 
with Cu, Fe, and Fe/Cu supported on clinoptilolite zeolite by an electrochemical- 
thermal method for the degradation of diclofenac by heterogeneous photocatalysis, 
J. Photochem. Photobiol. A 380 (2019) 111834, https://doi.org/10.1016/j. 
jphotochem.2019.04.045.

[52] M. Antonopoulou, C. Kosma, T. Albanis, I. Konstantinou, An overview of 
homogeneous and heterogeneous photocatalysis applications for the removal of 
pharmaceutical compounds from real or synthetic hospital wastewaters under lab 
or pilot scale, Sci. Total Environ. 765 (2021) 144163, https://doi.org/10.1016/j. 
scitotenv.2020.144163.

[53] M.Z. Fidelis, Y.B. Favaro, A.S.G.G. dos Santos, M.F.R. Pereira, R. Brackmann, G. 
G. Lenzi, O.S.G.P. Soares, O.A.B. Andreo, Enhancing ibuprofen and 4-isobutylace
tophenone degradation: exploiting the potential of Nb2O5 sol-gel catalysts in 
photocatalysis, catalytic ozonation, and photocatalytic ozonation, J. Environ. 
Chem. Eng. 11 (5) (2023) 110690, https://doi.org/10.1016/j.jece:2023.110690.

[54] K. Stando, P. Zogornik, M. Kopiec, M. Pieszczek, K. Kowalska, E. Felis, S. Bajkacz, 
Degradation of fluoroquinolones and macrolides by solar light-driven 
heterogeneous photocatalysis – Proposed drug transformation pathways, 
J. Photochem. Photobiol. A 453 (2024) 115651, https://doi.org/10.1016/j. 
jphotochem.2024.115651.

[55] R.M.B. Ramos, L.C. Paludo, P.I. Monteiro, L.V.M. da Rocha, C.V. de Moraes, O. 
O. Santos, E.R. Alves, T.L.P. Dantas, Amoxicillin degradation by iron 
photonanocatalyst synthetized by green route using pumpkin (Tetsukabuto) peel 
extract, Talanta 260 (2023) 124658, https://doi.org/10.1016/j. 
talanta.2023.124658.

[56] A. Fawzy, H. Mahanna, M. Mossad, Effective photocatalytic degradation of 
amoxicillin using MIL-53(Al)ZnO composite, Environ. Sci. Pollut. Control Ser. 29 
(2022) 68532–68546, https://doi.org/10.1007/s11356-022-20527-0.

[57] D.T. Lalliansanga, S.-M. Lee, D.-J. Kim, Photocatalytic degradation of amoxicillin 
and tetracycline by template synthesized nano-structured Ce3+@TiO thin film 
catalyst, Environ. Res. 210 (2022) 112914, https://doi.org/10.1016/j. 
envres.2022.112914.

[58] A. Enesca, L. Andronic, A. Duta, The influence of surfactants on the crystalline 
structure, electrical and photocatalytic properties of hybrid multi-structured (SnO2, 
TiO2 and WO3) thin films, Appl. Surf. Sci. 258 (10) (2016) 4339–4346, https://doi. 
org/10.1016/j.apsusc.2011.12.110.

[59] M. Nami, S. Sheibani, F. Rashchi, Photocatalytic performance of coupled 
semiconductor ZnO–CuO nanocomposite coating prepared by a facile brass 
anodization process, Mater. Sci. Semiconductor Process. 135 (2021) 106083, 
https://doi.org/10.1016/j.mssp.2021.106083.

[60] C. Gao, J. Li, Z. Shan, F. Huang, H. Shen, Preparation and visible-light 
photocatalytic activity of In2S3/TiO2 composite, Mater. Chem. Phys. 122 (2010) 
183–187, https://doi.org/10.1016/j.matchemphys.2010.02.030.

[61] T. Mise, T. Nakada, Low temperature growth and properties of Cu–In–Te based 433 
thin films for narrow bandgap solar cells, Thin Solid Films 518 (2010) 5604–5609, 
https://doi.org/10.1016/j.tsf.2010.04.065.

[62] J. Malik, S. Kumar, T.K. Mandal, Reactive species specific RhB assisted collective 
photocatalytic degradation of tetracycline antibiotics with triple-layer Aurivillius 
perovskites, Catal. Sci. Technol. 12 (2022) 6704–6716, https://doi.org/10.1039/ 
D1CY01644J.

[63] X. Guo, J. Duan, C. Li, Z. Zhang, W. Wang, Highly efficient Z-scheme g-C3N4/ZnO 
photocatalysts constructed by co-melting-recrystallizing mixed precursors for 
wastewater treatment, J. Mater. Sci. 55 (2020) 2018–2031, https://doi.org/ 
10.1007/s10853-019-04097-0.

A. Enesca                                                                                                                                                                                                                                         Journal of Photochemistry & Photobiology, A: Chemistry 466 (2025) 116387 

19 

https://doi.org/10.1016/j.ceramint.2023.07.012
https://doi.org/10.1016/j.apsusc.2024.160575
https://doi.org/10.1016/j.optmat.2021.111748
https://doi.org/10.1016/j.matchemphys.2023.127580
https://doi.org/10.1016/j.jphotochem.2019.04.045
https://doi.org/10.1016/j.jphotochem.2019.04.045
https://doi.org/10.1016/j.scitotenv.2020.144163
https://doi.org/10.1016/j.scitotenv.2020.144163
https://doi.org/10.1016/j.jece:2023.110690
https://doi.org/10.1016/j.jphotochem.2024.115651
https://doi.org/10.1016/j.jphotochem.2024.115651
https://doi.org/10.1016/j.talanta.2023.124658
https://doi.org/10.1016/j.talanta.2023.124658
https://doi.org/10.1007/s11356-022-20527-0
https://doi.org/10.1016/j.envres.2022.112914
https://doi.org/10.1016/j.envres.2022.112914
https://doi.org/10.1016/j.apsusc.2011.12.110
https://doi.org/10.1016/j.apsusc.2011.12.110
https://doi.org/10.1016/j.mssp.2021.106083
https://doi.org/10.1016/j.matchemphys.2010.02.030
https://doi.org/10.1016/j.tsf.2010.04.065
https://doi.org/10.1039/D1CY01644J
https://doi.org/10.1039/D1CY01644J
https://doi.org/10.1007/s10853-019-04097-0
https://doi.org/10.1007/s10853-019-04097-0

	GO and CNT template impact on the WO3/Bi2S3 photocatalytic activity for pharmaceutical active compounds removal
	1 Introduction
	2 Materials and methods
	2.1 Powder and film synthesis
	2.1.1 GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 heterostructure powder synthesis
	2.1.2 GO/WO3/Bi2S3 and CNTs/WO3/Bi2S3 heterostructure film formation

	2.2 Photocatalytic experiments
	2.3 Characterization

	3 Results and discussions
	3.1 Composition and morphology
	3.2 Photocatalytic activity and mechanism

	4 Conclusions
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


