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Abstract: Industrialization and the growing consumption of medicines leads to global aquatic 
contamination. One of the antibiotics widely used against bacterial infections in both human and 
veterinary medicine is tetracycline. Despite its positive antibiotic action, tetracycline is resistant 
against degradation, and therefore it accumulates in the environment, including the aquatic 
environment, creating great health hazards, possibly stimulating antibiotic resistance of pathogenic 
organisms. In this research, aqueous suspensions of semiconductor nanoparticles CdS were used 
for photocatalytic activity studies in the presence of methylene blue as a model compound, and 
finally, in the presence of tetracycline, a broad-spectrum antibiotic widely used against bacterial 
infections, as well as a live-stock food additive. The mechanism and kinetic rate constants of 
photocatalytic degradation processes of methylene blue and tetracycline were described in 
correlation with the energy diagram of CdS nanoparticles. 

Keywords: water contamination; CdS nanoparticles; tetracycline; antibiotics photodegradation; 
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1. Introduction 

Various human activities like industrialization, oil drilling, mining, and transportation have 
been used for the modernization of society and well-being. These activities, however, cause major 
pollution of the environment, such as in the soil, groundwater, rivers, and oceans [1]. The effects of 
aquatic pollution are enormous, ranging from impairment of surface water quality, disruption of 
aquatic growth, and affecting human health. The main sources of marine environment pollution from 
shipping related activities are oily-water discharge from ships, tanker accidents, accidental spillage 
during terminal loading, direct discharge of sewage and industrial waste, wastewater discharged 
from ships, garbage and other solid waste, ballast-water discharged from ships at ports, marine 
machinery exhaust, anti-fouling paints [2,3]. The discharged hazardous substances contain polycyclic 
aromatic compunds, organic molecules with condensed aromatic rings that are toxic, carcinogenic, 
mutagenic and have increased environmental pollution and risks to human health several fold [4]. 

A particularly good example of large organic molecules with condensed aromatic rings are 
antibiotics that can damage the ocean shelf through the estuaries that bring them to the oceans from 
agriculture, and densely populated areas, such as great cities, typically located at the rivers. In the 
21st century, humanity is facing great problems due to the considerable environmental pollution 
caused by pharmaceuticals. Antibiotics are widely used for both humans and livestock, and their 
presence in the environment poses great concern, because of their adverse effects and antibiotic-
stimulated development of antimicrobial resistance [5,6]. These chemicals persist in the water that is 
bioavailable to diffuse across biological membranes, and enter organisms and the food web. Over the 
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last few years, several largely used pharmaceuticals were introduced to the pollutants’ list by several 
environmental protection agencies in North America and Europe [7,8].  

For that reason, various techniques of contaminants’ removal or degradation are studied. The 
removal of PAHs from industrial wastewater can be attained by many physical, chemical, and 
biological treatment methods, including adsorption, membrane filtration [9], flocculation [10], 
prechlorination [11], and coagulation [12], aerobic and anaerobic biological degradation, filtration, 
etc. [13–15]. Nonetheless, the application of these traditional methods for on-board treatment on ships 
and offshore platforms are constrained because of limited space, low efficiency, long duration, and 
high requirements of cost and maintenance [16]. On the contrary, UV-vis irradiation has been recently 
a scientist’s focus as a promising solution, because of its relatively small footprint, low cost, high 
efficiency, and chemical-free properties. The photocatalytic degradation of petrochemical wastes 
containing mono-aromatic and poly-aromatic hydrocarbons has been studied, using various 
heterogeneous photocatalysts [17,18]. The established methods of environmental and wastewater 
treatment have demonstrated that numerous organic pollutants, such as antibiotics, are not 
effectively removed, and therefore remain in the aquatic environment [5,19,20]. Therefore, there is an 
essential need for developing innovative wastewater treatment, alleviating the problems of 
environmental pollution caused by pharmaceuticals like tetracycline. Such medicine is widely found 
in drinking water and soil, affecting living organisms by their long-term exposure to it. For that 
reason, various techniques of contaminants’ removal or degradation are being studied. Among many 
possible novel techniques, photodegradation, combined with the application of chemical substances, 
such as on TiO2 and ZnO suspensions, is a promising method for the fast degradation of tetracycline 
[21–24]. However, TiO2 or ZnO have a wide bandgap and work under UV light, which constitutes 
only a small part of the solar spectrum. 

The development of photocatalytic materials capable of efficiently utilizing entire solar energy 
for environmental remediation has been recently a major focus for the scientific community. 
Semiconductor nanoparticles, or quantum dots (QD) are found to be effective materials for 
photocatalytic [25–27] applications, due to their unique properties, such as high light absorption 
coefficient, size, and controlled tunable energy bandgap, and carrier multiplication effect, etc. 
Numerous articles have been published regarding the heterogeneous photocatalysis and other 
advanced oxidation technologies (AOT) for air and water purification treatment [28–40]. Generally, 
the semiconductor sensitizer is expected to be photoactive, able to absorb light (visible in particular), 
biologically and chemically inert, photostable, and inexpensive. Currently, semiconductor 
sensitizers, such as metal oxides (eg. Fe2O3) and II-VI semiconducting chalcogenides (eg. CdS), are 
being intensively studied, because they absorb light in the visible range, which constitutes the 
majority of the solar spectrum [38–46]. 

Cadmium chalcogenides semiconductors (CdS, CdSe, and CdTe) in particular are widely 
studied, due to their low cost and facile synthesis process [47,48]. CdS is one of these important II-VI 
semiconducting materials, with a 2.42 eV direct bandgap corresponding to the visible part of the 
electromagnetic spectrum [49]. As a result of this, it is widely used in photovoltaics [50,51] and 
photocatalysis [52,53]. The maximum reported efficiency of the pure CdS nanoparticles coatings for 
photocatalysis of tetracycline were reported in the presence of radical scavengers. These coatings 
were formed by electrophoretic deposition (EPD) of CdS nanoparticles that were first synthesized 
under microwave irradiation of aqueous solutions containing the cadmium and sulfur precursors at 
stoichiometric amounts, and by using trisodium citrate as a stabilizer. The authors of the cited work 
report only 71% maximum efficiency of their best system CdS600 [54]. 

In our research, pristine cadmium sulfide nanoparticles, with determined bandgap energy 2.3 
eV, were used for UV-vis induced degradation of tetracycline. Cadmium sulfide semiconductor 
nanoparticles were successfully synthesized by a simple co-precipitation method, and their 
suspension was initially used to test their photocatalytic properties towards the degradation of the 
methylene blue (MB) dye. Methylene blue dye was chosen as a model compound, due to its 
increasing pharmacological use [55]. Finally, CdS nanoparticles were applied towards the 
degradation of tetracycline (TC), a widely used antibiotic accumulation of which in the environment 
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creates a health hazard to humans and livestock, particularly due to its reproductive toxicity and 
long-term aquatic hazard [56]. The mechanism and kinetic rate constants of photocatalytic 
degradation processes of methylene blue and tetracycline were described in correlation with the 
energy diagram of CdS nanoparticles. Our photocatalytic CdS nanoparticles are not only prepared in 
a simple method and used without any further modification, but they can also be applied under 
visible light conditions, due to their narrow bandgap. The photocatalytic efficiency reaches up to 
almost 80% TC degradation in 1-hour exposure to our CdS NP, which is higher than previously 
reported for pure CdS NP [54]. Other photocatalytic systems are reported in the literature for 
tetracycline degradation [57–66], however, they are either using UV light or they are more complex, 
involving heterogeneous composite/hybrid system formation (for example RGO/CdS/ZnS, ZnO/ 
g-C3N4, FeNi3/SiO2/ZnO, CdS-TiO2), and are less efficient than the simple system that we present in 
this work. 

2. Experimental 

2.1. Materials, Reagents and Instrumentation 

Cadmium acetate (Cd(CH3COO)2), sodium sulfate nonahydrate (Na2S・9H2O), sodium sulfate 
(Na2SO4), and sodium sulfite (Na2SO3), ethanol, methylene blue (MB), and tetracycline of analytical 
grade were purchased from Sigma-Aldrich. Ethanol, 96% analytical grade, was purchased from 
POCH. All chemicals were used without further purification. Deionized water with resistivity 18.2 
MΩ cm at 25 °C was obtained using the Milli-Q ultra-pure water filtering system from Merck. The 
prepared solutions were irradiated for 90 minutes with a 280 W UV mercury quartz lamp (POLAM, 
Poland). The emission spectrum of the lamp is presented in the supplementary data. UV-Vis 
absorption spectra were recorded with obtained using a Perkin Elmer Lambda 35. The 
photolouminescence (PL) spectra were recorded at RT in the 420–620 nm range, using a Raman 
spectrometer (Labram 800 HR, Horiba Jobin Yvon, 405 nm excitation wavelength). Photocurrent, 
photopotential, and electrochemical impedance spectroscopy (EIS, see Supplementary Data), were 
recorded with CHI 660C electrochemical workstation (CH Instruments, Inc., USA), with glassy 
carbon (GC) as a working electrode, Pt mesh as auxiliary, and Ag,AgCl/3M KClaq as a working 
electrode. In the photoelectrochemical experiments, the electrode was illuminated by a 1000 W 
tungsten lamp (LEO435VP). 

EIS experiments were carried out using the glassy carbon electrode with CdS deposited film by 
dropcasting as a working electrode immersed in 0.1 M sodium sulfate solution in the dark and under 
illumination of 300 W quartz mercury lamp as in the case of photodegradation experiments. 

The fluorescence images were acquired with a Nikon Eclipse LV 100 wide field microscope. 

2.2. Synthesis of CdS Hydrophilic Nanoparticles 

CdS was prepared by the co-precipitation technique at 80 °C from 0.1 M Cd(CH3COO)2 dissolved 
in 100 mL of 1:1 water-ethanol mixture. The solution was mechanically stirred at 1000 rpm, and then 
100 mL of 0.1 M Na2S dissolved in 1:1 water-ethanol mixture was slowly added. As a result, the 
yellow precipitate was created (Figure 1). The suspension was heated for 2 h at 80 °C with constant 
stirring. The obtained precipitate was washed with water and ethanol four times to remove 
impurities. Finally, the suspension was centrifuged for 30 min at 13000 rpm, and the settled 
nanoparticles were collected and dried overnight in a hot air oven at 50 °C. After drying, NPs were 
ground mechanically and used for photocatalysis. 
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Figure 1. Equipment for CdS NP synthesis. 

2.3. CdS Nanoparticles Characterization  

The morphology of the synthesized nanoparticles was examined using a scanning electron 
microscope (SEM), Merlin, manufactured by Zeiss. The shape and size of SPIONs were studied with 
transmission electron microscopy (TEM)—EF-TEM, Zeiss Libra 120 Plus, Stuttgart, Germany—
operating at 120 kV. For XRD, the Bruker D8 Discover diffractometer with Debye-Scherrer geometry 
was used at room temperature, using Cu Kα radiation (λ = 1.540598 Å) at a scan rate of 1°/min in 
0.012° steps, 2Θ from 20° to 130°. The Malvern Instruments Zetasizer Nano ZS apparatus was used 
to evaluate the hydrodynamic size via dynamic light scattering (DLS) measurements and zeta 
potential of the nanoparticles. The samples were prepared by suspending the as-synthesized 
nanoparticles in 6 mL of deionized water and sonicated for 15 minutes.  

UV-Vis absorption spectra of the synthesized nanoparticles were recorded using a Perkin Elmer 
Lambda 35 to estimate the bandgap of the nanoparticles.  

2.4. Photocatalysis Study 

A total of 10 mg of the as-prepared CdS hydrophilic powder was added to 40 mL of 10 mM 
methylene blue (MB) aqueous solution or 83 μM tetracycline (TC) in a 50 mL beaker and stirred for 
30 minutes at 600 rpm under dark. The resulting solution was irradiated for 90 minutes with a 280 W 
UV-vis mercury quartz lamp (POLAM, Poland). Every defined time period, a sample of this solution 
was taken, and its UV-vis spectrum was recorded to evaluate the changes in the MB or TC 
concentration, respectively.  

3. Results and Discussion  

3.1. Morphology, Size, and Zeta-Potential Analysis.  

A representative SEM image of hydrophilic CdS nanoparticles is shown in Figure 2. This image 
shows aggregates of small nanoparticles, essentially uniform in size. As can be seen in Figure 2, the 
prepared semiconductor particles have a grainy shape, aggregating up to 100 nm agglomerates. 
However, closer inspection of the SEM image in Figure 2 and the TEM image in Figure 3 reveals 
grains of ca. 10 nm and smaller. 
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Figure 2. Scanning electron microscope (SEM) image of dropcast CdS nanoparticles (scale bar is 200 
nm). 

 

Figure 3. TEM image of drop-cast CdS nanoparticles. 

The size and zeta-potential of the as-synthesized CdS nanoparticles were determined by 
dynamic light scattering (DLS) measurement, indicating that the hydrodynamic diameter of 
sonicated nanoparticles is about 100 nm, and zeta potential ca. 0 V, confirming that CdS nanoparticles 
tend to sediment in aqueous media, which makes it possible to remove them easily from the solution 
after their application. As-synthesized nanoparticles were filtered with a membrane of 100 nm pore 
size, and diluted with water to prepare them for further measurements. The DLS results show 
polydispersity, good stability, and a small tendency for aggregation of the CdS nanoparticles.  

3.2. Structural Studies 

The structural characterization of as-synthesized CdS nanoparticles was performed with 
powder X-ray diffractometer (PXRD) Bruker D8 Discover, Massachusets, USA operating with Debye-
Scherrer geometry with Cu Kα radiation with λ = 1.540598 Å and a scan rate of 1° per minute in 0.012° 
steps covering the 2θ angle in the range from 20° to 60°. Measurements were performed at room 
temperature. As can be seen in Figure 4, presenting diffraction patterns, three peaks characteristic to 
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cubic phase CdS (JCPDS card 96-900-8840) were recorded. The first peak at 26.5° corresponds to the 
(111) plane. The pattern about 43.3° can be ascribed to the (220) plane and the peak at 52.1° is related 
to the (311) plane. The synthesized nanoparticles have good crystallinity, and these results are in 
good agreement with the literature data [67]. 

 

Figure 4. XRD pattern of cadmium sulfide nanoparticles. 

3.3. Optical Absorption Studies 

The UV-vis spectroscopy (Figure 5A) was used to characterize the optical properties of as-
synthesized nanoparticles. The optical absorption spectra, which are related to electrons’ transition 
from the valence band (VB) to the conduction band (CB), were recorded to evaluate the optical 
bandgap energy (Eg) of the prepared nanoparticles. Following the Tauc’s equation, the energy of the 
optical bandgap Eg of CdS nanoparticles can be estimated: 

αhν = K(hν − Eg)n (1) 

where α is the absorption coefficient of semiconductor, K is the frequency-independent material 
constant, and exponent n depends on the nature of transition in the semiconductor, i.e., = ½ for 
allowed direct transition [68]. In Figure 5A, the Tauc plot constructed based on the UV-vis spectrum 
of CdS nanoparticles (inset) is presented. Based on these graphs, the band bandgap value obtained 
for CdS is about 2.3 eV, which is in good agreement with previous reports [69,70]. 

  

(A) (B) 
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(C) (D) 

Figure 5. (A) The Tauc plot presenting (αhν)2 vs. hν dependence based on inset, showing UV-vis 
spectra obtained for CdS nanoparticles; (B) photoluminescence (PL) spectrum of dry CdS 
nanoparticles drop-cast on a fused silica substrate; (C) optical microscopy image under white light; 
and (D) fluorescence microscopy image under 530 nm illumination of CdS NP dropcast on quartz 
glass. Scale bar is 5 µm on both C and D. 

For further characterization of the optical properties of CdS nanostructures, we carried out 
photoluminescence (PL) spectroscopy studies. They were used to characterize the optical quality of 
the synthesized nanostructures, because PL spectrum is affected by quantum confinement (band gap 
energy), defect states, and crystallinity. The photoluminescence (PL) spectrum of CdS nanoparticles 
recorded at an excitation wavelength 405 nm is shown in Figure 5B. It displays a peak at ca. 525 nm 
that corresponds to the near-band edge (green) emission (NBE). [71,72] Its relatively low intensity 
and broad full width at a half-maximum of ca. 50 nm, suggests a quite large size-distribution of 
nanoparticles [73], most probably due to their aggregation upon drying (compare also Figure 3). The 
fluorescence microscopy images of CdS nanoparticles dropcast on quartz plate recorded under white 
light (Figure 5C), and under 530 nm illumination (Figure 5D) support these conclusions by 
visualizing the luminescing CdS nanoparticles. 

3.4. Basic Photoelectrochemical Studies 

In order to prepare the CdS thin film on the electrode substrate, a few microliters of 5 mg/mL 
CdS nanoparticles suspension in water were deposited on the surface of the glassy carbon electrode 
of the area of 0.28 cm2 and left to dry. The basic photoelectrochemical characterization of the CdS thin 
film was recorded in the 0.1 M polysulfides solution vs. Ag/AgCl reference electrode under dark and 
solar light illumination is presented in Figure 6A,B. 
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(A) (B) 

Figure 6. (A) Open circuit potential of the CdS nanoparticles film deposited onto glassy carbon 
electrode substrate, recorded in the 0.1 M polysulfides solution vs. Ag,AgCl/3M KClaq reference 
electrode; (B) photocurrent density of the CdS nanoparticles film deposited onto glassy carbon 
electrode substrate, recorded in the 0.1 M polysulfides solution and applied potential of −0.5 V vs. 
Ag,AgCl/3M KClaq reference electrode. 

Photopotential and photocurrent are the parameters providing information on the electronic 
condition of the studied sample. The measured photopotential is proportional to the number of 
photogenerated charge carriers. The value of the photopotential is a verification of the conditions 
allowing for the separation of the photogenerated charge, such as: band bending, band gap width, as 
well as concentration, and type of bulk states. The magnitude of the photocurrent depends on the 
availability and proper relation of the electronic states at the semiconductor/solution interface, the 
rate of diffusion, and interfacial charge transfer rate. 

The curve in Figure 6A presents the transient of open circuit potential (OCP) in time, under 
subsequent on/off illumination. When the electrode is immersed in the solution some state of pseudo-
equilibrium is attained in dark characterized by a stationary open circuit potential (OCP) at ca. −0.55 
V vs. Ag,AgCl/3M KClaq reference electrode (Figure 6). Since the CdS is a n-type semiconductor, 
during the illumination at the OPC, the potential shifts toward more negative values (in the direction 
of the flat band potential), by ca. −0.2 V. This effect should be fast and reversible upon switching the 
light off. The sharp decay of the OCP value is observed when the light is switched on.  

When the CdS hydrophilic drop-cast nanoparticles were illuminated under 
chronoamperometric conditions, the instantaneous, sharp increase of current is observed, as shown 
in Figure 6B, which also presents the current transients in time under the subsequent on/off 
illumination. The observed photocurrent value is about 110 μA/cm2. The obtained photoresponse is 
typical for the n-type semiconductor in the presence of the appropriate redox couple. Upon 
illumination, the electron-hole pairs are created and separated in the electric field, leading to the 
changes in total concentration of electrons and holes. This effect can be qualitatively followed with 
the electrochemical spectroscopy (EIS) experiments as a decrease of total impedance of the studied 
system [72] (see Supporting Information). All the above experiments confirm the applicability of the 
CdS suspension for photocatalytic studies.  

The separated electrons are moving to the bulk of the semiconductor nanoparticles and further 
to the cathode through the external circuit and the holes are transferred to the electrode surface and 
they are involved in the oxidation process with the redox system present in the solution at the 
electrode-solution junction. This is causing the increase of the oxidation current. The values of the 
photopotential and the photocurrent are stabilized in time, suggesting good quality of the CdS 
nanoparticles. More information about recombination and competition between recombination and 
charge transfer process at the CdS/solution interface can be obtained analyzing the photocurrent 
response to the chopped illumination (Figure 6B) at constant potential (chronoamperometry). The 
absence of the characteristic spikes in the current density (j/mA/cm2) vs. time (t/s) plot also suggests 
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that the occurring electron-hole recombination process is minimal and negligible, compared to the 
interfacial charge transfer to the redox electrolyte. 

3.5. Photocatalytic Activity of CdS Nanoparticles 

3.5.1. Photocatalytic Discoloration/Decomposition of a Model Compound: Methylene Blue (MB) 
Dye. 

The synthesized CdS hydrophilic nanoparticles were used as photocatalysts for the degradation 
of methylene blue (MB), as a model compound, under UV-vis light. The UV-Vis absorption spectra 
of MB solution were measured every 15 min to examine the changes in concentration of MB (see 
Figure 7A,B for irradiation of MB in the presence and absence of CdS, respectively). As may be seen, 
the intensity of the absorption spectra of MB in the presence of CdS nanoparticles decreases 
significantly with the increase of the irradiation time (Figure 7A). Additionally, the minor decrease 
in MB concentration is observed in the absence of CdS (Figure 7B) as a result of the autooxidation of 
MB under the irradiation. As may be seen, as the irradiation time increases the absorption peaks at 
615 nm and 660 nm, ascribed respectively to MB dimer and electron transition in MB monomer, [74] 
decrease in both cases, however, the changes are significant only for the system of MB solution with 
CdS nanoparticles. The irradiation results in discoloration of MB solution caused by the degradation 
of MB’s auxochrome groups. Additionally, the absorption peaks at 248 nm and 292 nm decrease, and 
no new bands appear in the spectrum, which shows that both the conjugated system of phenothiazine 
species and the benzene ring structure decomposed. It can be acknowledged that the degradation of 
a benzene ring and solution discoloration occurs at the same time, and methylene blue can 
decompose completely [75]. 

(A) (B) 

Figure 7. Absorption spectra of methylene blue (MB) (A) in the presence and (B) in the absence of 
CdS nanoparticle suspension, both recorded during the irradiation with mercury quartz lamp. 

The plots presented in Figure 8 allow for determination of the degradation efficiency of CdS by 
using the equation: (C0 − Ct )/C0 × 100, where Ct and C0 are the MB concentration at time t and the 
initial MB concentration, respectively. The kinetics analysis results of MB degradation for the 292 nm 
peak are shown in Figure 8A–C.  
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(A) (B) 

 

(C) 

Figure 8. Kinetics analysis of degradation efficiency of MB: (A) plot of Ct/C0 vs. irradiation time; (B) 

plot of (C0−Ct)/C0 × 100 vs. irradiation time; (C) plot of ln(C0/Ct) vs. irradiation time, respectively for 

the MB degradation in the presence of CdS nanoparticles (green) and without CdS nanoparticles 

(black). 

After correction of MB concentration for the autophotodegradation, the -ln(C0/Ct) vs. irradiation 
time plot can be constructed (Figure 8C). Since this plot shows linear behavior, it can be concluded 
that the photodegradation of MB catalyzed CdS nanoparticles proceeds through the first order 
kinetics. Considering this, one can determine the photodegradation rate constant for MB dye to be 
equal to 1.03 ± 0.02 × 10−2 min−1, a value comparable with the literature report [76]. 

3.5.2. Photocatalytic Activity of CdS Towards Tetracycline (TC) 

The following experiments were carried out for tetracycline aqueous solutions, with the same 
amount of CdS nanoparticles as in the case of MB photodegradation. Additionally, these experiments 
were performed at two different conditions: (1) one set under the illumination of the full light 
spectrum of mercury quartz lamp (see Figure 9A,B), and (2) the second set with 2 mm thick glass 
plate between the reaction vessel and mercury quartz lamp, filtering off (at least partially) the UV 
wavelength range of illuminating light (see Figure 9C,D). Similar to the case of the MB dye, a slight 
autophotodegradation of tetracycline under illumination and in the absence of CdS nanoparticles is 
also observed here, as presented by spectra in Figure 9B,D. Tetracycline has three characteristics 
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absorption bands in its UV–visible spectrum at 250, 275, and 357 nm. They correspond to π→π* 
transitions of C=C [77]. 

(A) (B) 

(C) (D) 

Figure 9. Absorption spectra of tetracycline (TC) (A) and (C) in the presence and (B) and (D) in the 
absence of CdS nanoparticle suspension, recorded during the irradiation with mercury quartz lamp; 
(A) and (B) without, while (C) and (D) with a UV filter, respectively. 

It is evident, that the full spectrum of mercury quartz lamp radiation (Figure 9A) causes a much 
faster and more complete photocatalytic degradation of tetracycline (measured at 360 nm band) 
within the same time-frame, as compared to spectrum with UV cut-off filter (Figure 9C). Normalizing 
the above spectra to null absorbance at 600 nm, we were able to extract the photodegradation 
parameters of TC under the effect of semiconducting CdS nanoparticles. The CdS density (10 mg/ml) 
and the antibiotic concentrations (83 μM) were kept constant. Consequently, Figure 10A shows a 
normalized concentration change of TC, due to the photodegradation in the absence of CdS 
nanoparticles (autodegradation) in the case of glass plate filter between the lamp and the sample 
suspension (black curve) and in the full UV-Vis spectrum of mercury quartz lamp (blue curve). It is 
important to note that the photodegradation of TC in the absence of semiconductor is insensitive to 
the presence or absence of glass filter as presented by the small difference between black and blue 
curves in Figure 10A. This observation can be explained by the fact that the direct photolysis of TC 
does not involve the formation of OH・hydroxyl radicals [78].  

The situation is different when CdS semiconductor nanoparticles, acting as photocatalysts, are 
present in the reaction vessel. It should be intuitively expected that their efficiency for TC 
photocatalytic decomposition should be greater if the light of higher energy is used, to overcome the 
CdS bandgap energy of ca. 2.3 eV and to create sufficient amount of the electron-hole pairs ready to 
participate in the decomposition of tetracycline. Indeed, as Figure 10B shows, such efficiency reaches 
up to almost 80% TC degradation in 1 hour (green curve) exposure to CdS NP and full-spectrum 
irradiation, whereas, when a glass “cut-off filter” is placed between the reaction vessel and mercury 
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quartz lamp, this efficiency drops down to slightly below 20% of the initial TC concentration (red 
curve). Our results can be compared with 83% degradation efficiency obtained in the case of a more 
complex system of composite materials based on nitrogen-doped carbons and cadmium sulfide 
semiconductors (CdS/NC-T), reposted by Cao et al [79]. 

Similar to the MB case, after correction of TC concentration for the autodegradation, the -
ln(C0/Ct) vs. irradiation time plot can be constructed (Figure 10C). Since this plot shows the linear 
behavior, it can be concluded that the photodegradation of tetracycline antibiotics by hydrophilic 
CdS nanoparticles proceeds through the first-order kinetics. Taking this into account, one can 
determine the photocatalytic degradation rate constant for TC antibiotic catalyzed by CdS NPs to be 
equal to 2.4 ± 0.02 × 10−2 min−1 for full spectrum and 5.6 ± 0.4 × 10−3 min−1 for visible range only 
irradiation. This value is quite comparable with the literature report, in which the H2O2 of various 
doses were used for photocatalytic de−gradation of tetracycline under the effect of photogenerated 
hydroxyl radicals. [78,79]. 
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Figure 10. Degradation efficiency of TC: (A) plot of Ct/C0 vs. irradiation time; (B) plot of (C0−Ct)/C0 × 
100 vs. irradiation time; (C) plot of ln(C0/Ct) vs. irradiation time. Black and blue curves correspond to 
TC degradation without CdS, while red and green curves are related to TC degradation in the CdS 
presence. Blue and green curves recorded with the full spectrum of the lamp, while red and black 
curves were recorded with the use of a UV filter. 

3.5.3. Mechanism of Photocatalytic Decomposition of MB and TC. 

The mechanism of photocatalytic decomposition of both organic molecules: the MB dye and TC 
antibiotic, can be described based on the energy/potential diagram showing the correlation between 
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the positions of the energy of conduction (CB) and valence band (VB) levels and the redox potentials 
of different redox couples that can participate in the photocatalytic degradation process (see Figure 
11). 

 

Figure 11. Scheme presenting energy and potential diagram correlating the conduction band (CB) and 
valence band (VB) levels of CdS and different redox couples that can be responsible for photocatalytic 
decomposition of MB and TC, pH=7. 

The value of energy (potential) of the bottom of CB (ECB) can be estimated based on the flat band 
potential value (Efb, ϕfb) of CdS in a neutral solution. Unfortunately, this value is very sensitive to the 
experimental conditions and the state of CdS samples [80]. We arbitrarily used the value ϕfb given for 
polycrystalline CdS in neutral solution equal to −0.67 V (NHE) [81], but the value −0.46 V (NHE) can 
also be applied [79,82]. As can be seen, the bottom of the conduction band (ECB) is located at a more 
negative potential value (−0.67 V) than the redox potential of H+/H2 (−0.41 V, pH 7) and O2/O2- couple 
(−0.28 V, pH 7). At the same time, the top level of the valence band (EVB) is slightly more positive than 
the redox potential of OH-ad/OH・ad (1.6 V), and much more positive than the potential of the O2/H2O 
couple (0.82 V, pH 7). Therefore, under the irradiation of CdS, the electrons (e-CB) generated in the 
conduction band can be transferred to O2 molecules and cause the formation of superoxide radicals, 

e-CB + O2 → O2- (step 1) (2) 

which are further involved in the formation of H2O2 and hydroxyl radical OH・: 

O2・- + H2O → HOO・ + OH- (step 2) (3) 

HOO・ + H2O → H2O2 + OH・ (step 3) (4) 

H2O2 → OH・  (step 4) (5) 

At the same time, the photogenerated holes in the valence band can participate in the oxidation 
reaction of water molecules to hydroxyl radical, 

h+VB + H2O → OH・ + H+ (6) 
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which is energetically more favorable than the reaction. 

h+VB + OH-ad  → OH・ad (7) 

Finally, photodegradation of both organic compounds, MB and TC, can occur as a result of their 
reaction with hydroxyl radicals: 

MB + OH・→ (intermediate compounds) → CO2 + H2O (8) 

TC + OH・→ (intermediate compounds) → CO2 + H2O (9) 

The pathway of TC photodegradation shown in equation (9) can proceed as follows [79]: TC 
molecules are first oxidized by dominant radicals, OH・, triggering a ring-opening reaction, followed 
then by a detachment of carbonyl and amino groups and further oxidation. Alternative degradation 
pathways might exist, as noted in several publications [83,84]. Finally, small molecular weight 
intermediates were completely decomposed to form end products CO2 and H2O [79]. However, we 
are aware that some of the intermediate compounds can be quite stable, as well as toxic [78,85]. At 
this point we need to stress that the photodegradation of tetracycline, as proposed by equation (9), is 
an ideal situation, yet as of now, apparently far from being achieved. On the contrary, it can proceed 
through various pathways with various efficiencies, as reported in the above references.  

One should also take into account that the holes in VB can be involved in photocorrosion of the 
semiconductor nanoparticles under illumination. In a typical photocorrosion reaction, the CdS 
decomposes to sulfur and cadmium ions [86,87]: 

CdS + 2h+VB → Cd+2 + S (redox potential E0 = −0.4 V vs. NHE) (10) 

In the presence of oxygen in solution, yet another reaction is possible (E0 = +0.5 V vs. NHE) [78]:  

CdS + 4h+VB + 2H2O + O2 → Cd2+ + SO42- + 4H+ (photocorrosion) (11) 

Although the CdS nanoparticles show a major advantage of effectively driving the 
photocatalytic degradation process of the tetracycline antibiotic in visible light, further investigations 
are planned to minimize the CdS photocorrosion process, to increase the long-term stability of the 
photocatalyst, and lessen the risk of a possible release of heavy metal Cd2+ ions. Preliminary studies 
were already performed using similar photocatalytic systems, and proved to be efficient [88,89]. 

4. Conclusions  

A simple co-precipitation method was used to synthesize CdS nanoparticles. SEM images of 
hydrophilic nanoparticles show aggregates of small nanoparticles, essentially uniform in size. EDS 
results suggest 1:1 ratio of Cd:S. (data not shown). Their hydrodynamic size determined by dynamic 
light scattering was ca. 100 nm with the crystalline core of ca. 10 nm, as judged from the SEM image, 
while the zeta potential was ca. 0.0 mV. UV-Vis spectroscopy was used to determine their bandgap 
of 2.3 eV.  

Photodegradation of methylene blue was carried out by semiconducting CdS nanoparticles 
proceeds through the first-order kinetics, with the rate constant k = 1.03 ± 0.02 × 10−2 min−1, whereas 
the TC photocatalytic degradation experiments yielded the value of 2.4 ± 0.02 × 10−2 min−1 for full-
spectrum, and 5.6 ± 0.4 × 10−3 min−1 for visible range only irradiation. The mechanism of this process 
was described as a result of the reaction of the organic pollutants, with hydroxyl radicals generated 
due to the photocatalytic behavior of CdS nanoparticles in an aqueous environment, which is 
particularly advantageous for environmental aquatic systems. 
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