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Abstract
Carbon doped titanium oxide  (CTiO2) photocatalyst was successfully synthesized 
by the sol–gel method. The crystal structure, surface morphology, and optical prop-
erties of  CTiO2 have been characterized by X-ray diffraction, Brunauer–Emmett–
Teller surface area (SBET), scanning electron microscope, UV–Vis, X-ray spectros-
copy (EDS), Fourier transform infrared and X-ray photoelectron spectroscopy. The 
photocatalytic degradation of acetaminophen (AMP) in aqueous solution, seawater, 
and polluted seawater has been investigated by using the synthesized photocatalyst 
under irradiation of UV and natural sunlight. The effectiveness of  CTiO2 compared 
to pure  TiO2 toward the photocatalytic removal of AMP was significantly observed. 
The optimized conditions including catalyst dose, initial concentration of AMP and 
solution pH were also studied for effective photocatalytic removal. The highest deg-
radation rate was obtained when 2.0 g L−1 of the catalyst was used at pH 7. The 
kinetic results revealed that the photocatalytic degradation of AMP using  CTiO2 
obeyed a pseudo-first-order reaction kinetics.
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Introduction

The introduction of pharmaceutical compounds into aquatic environments has become 
a major concern, as they can constitute a potential risk for the ecosystem even at low 
concentrations. These compounds can reach the aquatic ecosystem by various ways, 
such as veterinary and human excretion residues, direct discharge of surplus drugs, 
and ineffective treatment of the pharmaceutical industrial effluents [1–4]. As a con-
sequence of their continuous input, persistence nature, in addition to the inadequacy 
of the conventional treatment techniques, they have been widely detected in different 
environmental matrices. A large variety of pharmaceuticals have been determined at 
levels ranging from ppb to ppm in sewage effluents of treatment plants, natural waters, 
rivers and even in drinking water [5, 6]. Among these pharmaceuticals, acetaminophen 
(AMP) is one of the leading drugs in terms of the use as a common analgesic and anti-
pyretic. As a result of its widespread application and massive use, it has been detected 
in considerable levels in treated wastewater [7], in natural water [8] and in rivers [9].

Limitations associated with conventional technologies employed in the wastewater 
treatment plants such as partial degradation of pharmaceuticals and production of sec-
ondary contaminants have been reported by several studies [10–12]. Hence, innova-
tion of an effective and economically viable method for degradation of these persistent 
compounds in order to minimize their amounts discharged into the environment is a 
challenging topic.

In this context,  TiO2 photocatalysis has been proved to be one of the most promis-
ing remedy technologies for the removal of environmental pollutants, due to the key 
advantages of the photocatalyst such as economic viability, photo-stability and non-tox-
icity [13–22]. However,  TiO2 can only be excited by UV light (i.e. λ < 380 nm), which 
significantly confines its wide and viable application. Recent studies have shown that 
carbon modification of  TiO2 can effectively broaden its utilizable range of light to the 
visible region [14, 20–24].

Most of the previous photocatalysis studies that focus on the destruction of phar-
maceuticals were carried out in simulated wastewater and under artificial UV light. 
However, utilization of  TiO2 nanoparticles has not been reported for the elimination 
of AMP from real polluted wastewater/seawater under natural sunlight illumination. 
In this study, carbon doped titanium oxide  (CTiO2) nanoparticles will be synthesized, 
characterized, and employed to eliminate AMP, as a model of pharmaceuticals, from 
aqueous, seawater, and real polluted seawater samples under UV and natural sunlight 
illumination. To the best of our knowledge, this is the first time for employing  CTiO2 
for the remediation of AMP in natural seawater under real solar light. Catalyst dosage, 
initial concentration of AMP, and solution pH will be investigated and optimized.
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Experimental

Preparation of the catalysts

Titanium (IV) butoxide (TBT) was used as a precursor of both Ti and C, while gly-
cine  (NH2CH2COOH) was used as an additional source of C. First, 10 mL of TBT 
was slowly added into an equal volume of absolute ethanol. Then, 5 mL of 0.1 M of 
glycine solution (prepared in ultrapure Milli-Q water) was added dropwise to a tita-
nium solution under ultrasonication. The pH was adjusted between 3 and 3.5 using 
nitric acid  (HNO3) to control nanocrystalline shape. In order to form sols, the solu-
tion was vigorously stirred for 2 h then the formed sols were transformed into gels 
by aging for 24 h. Finally, the desired  CTiO2 nanoparticles were formed by drying 
the gel at 100 °C for 12 h, followed by calcination at 500 °C for 2 h. For comparison, 
pure  TiO2 (LOBA, India) was used as a standard reference catalyst without any fur-
ther modification.

Catalyst characterization

The crystal structure of the photocatalysts was examined through a X-ray diffractom-
eter (Shimadzu, XRD-6000) with crystal monochromated CuKα radiation with an 
accelerating voltage of 40 kV and a current of 30 mA. XRD patterns were recorded 
in the angular range of 2θ = 20°–70° at a scan rate of 1.0°  min−1. The optical prop-
erties of the photocatalysts were evaluated by a Shimadzu, PharmaSpec UV-1700 
Spectrophotometer. A Brunauer–Emmett–Teller (Quantachrome instrument) was 
employed for the determination of the surface area (SBET) of the photocatalysts. The 
surface morphology of the photocatalysts was studied using a JSM-7600F, JEOL 
(USA) Scanning Electron Microscope (SEM). The elemental composition was ana-
lyzed by means of energy dispersive X-ray spectroscopy (EDS, X-Max 50  mm2, 
Oxford Instruments). To obtain further information on the chemical structure and 
functional groups present in the photocatalysts, Fourier Transform Infrared (FT-IR) 
spectra were recorded on a Perkin Elmer FT-IR spectrometer, scans were recorded 
over the wave range of 400–4000  cm−1. X-ray photoelectron spectroscopy (XPS, 
SPECS surface analysis systems) was used to characterize the elemental compo-
sition of the catalyst surface and its chemical state. The XPS measurements were 
carried out at a base pressure of 4 × 10−10 mbar. A dual anode non-monochromatic 
Mg–Kα (1253.6 eV) X-ray source was used at an operating power of 13.5 kV and 
150 W 15 kV.

Photocatalytic removal experiments

Polluted and clean seawater samples were collected from Al-Arbaeen Lagoon and 
Sharm Obhur (Jeddah, KSA), respectively. Ionic composition and chemical charac-
teristics of the studied clean and polluted seawater samples are listed in Table S1 
(supplementary Material). Samples were filtered through Whatman GF/C in order 
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to remove any solid particles. Both clean seawater samples and aqueous solutions 
(deionized water) were spiked with different loads of acetaminophen (GlaxoSmith-
Kline) ranging from 2.0 to 10 ppm. A Pyrex glass reactor (500-mL) containing both 
the samples to be treated and the photocatalyst under continuous magnetic stirring 
was used as a reaction vessel to carry out all photocalaytic experiments. To ensure 
the establishment of an adsorption/desorption equilibrium, the suspension was mag-
netically stirred in the dark condition for 30 min. Then, the photoreactor was placed 
inside a fluorescence chamber (CC-80, Spectroline) equipped with a 15 W low pres-
sure UV lamp (Upland, 365 nm, 65 W m−2). All solar photocatalytic experiments 
were carried out by the direct exposure of the photoreactor to natural sunlight during 
the daytime between 11:00 a.m. to 14:30 p.m. The average solar intensity, recorded 
by Field Scout Light Sensor Reader (Spectrum Technologies, Inc.) equipped with 
3670i Silicon Pyranometer Sensor, was found to be 1140  Wm−2.

At regular intervals, several milliliters of the treated samples were withdrawn 
from the reactor and centrifuged to eliminate the photocatalyst. The AMP content 
was immediately analyzed by using a UV–visible spectrophotometer (UV-1700 
PharnaSpec, Shimadzu) at λ = 243 nm.

Results and discussion

Catalyst characterization

X‑ray diffraction, particle size and surface area analysis

The XRD analysis was carried out to study the crystallinity and to calculate the 
crystallite size of the prepared photocatalysts. As shown in Fig. 1, the major diffrac-
tion peaks are indexed as (101), (004), (200), (105), (211), (204) and (116), indicat-
ing a typical pattern of anatase for both catalysts. The absence of a carbon peak 

Fig. 1  XRD patterns of the photocatalysts
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revealed that the structure of  CTiO2 is not altered by carbon incorporation. Using 
Debye–Scherrer’s equation, the crystallite sizes of  TiO2 and  CTiO2 nanoparticles 
were calculated:

where D is the average crystallite size (nm), k is the Scherer’s constant of the order 
of unity, λ is the X-ray wavelength, θ is the diffraction angle, and β is a full width at 
half the maximum (FWHM) of the diffraction line observed. The average crystallite 
sizes of  TiO2 and  CTiO2 were calculated to be about 44.3 nm and 15.7 nm, respec-
tively. The observed broadening of XRD peaks of  CTiO2 and the decline of their 
intensities compared to those of pure  TiO2 are in accordance with the smaller crystal 
sizes of  CTiO2 [25–27]. The specific surface areas for  CTiO2 and  TiO2 determined 
by BET were found to be 101 and 44 m2 g−1, respectively. It has been reported by 
several authors that the doping of  TiO2 via the sol–gel method can increase its spe-
cific surface area due to the disturbance of the hydrolysis-condensation reactions of 
the titanium alkoxide precursor [28, 29]. Manoharan and Sankaran [30] suggested 
that the increase of the specific surface area of non-metal-doped  TiO2 may be due to 
the replacement of Ti or/and O in the  TiO2 lattice by the dopant atom. The increase 
of the surface area upon the modification by carbon for  CTiO2 may result in an 
enhancement of its photocatalytic performance.

Surface morphology

The surface morphology of  TiO2 and  CTiO2 was examined using SEM. As can be 
seen from the SEM micrographs of the photocatalysts (Figure S1, supplementary 
Material),  CTiO2 shows smaller crystals (Fig. S1b) compared to those of  TiO2 (Fig. 
S1a), which agrees with the aforementioned XRD-based crystal sizes calculations. 
Figure 2 displays the EDS spectra of both catalysts. Only Ti and O peaks are shown 
for pure  TiO2, whereas carbon peak is clearly defined for  CTiO2 with atomic% of 
5.6%, evidencing the successful incorporation of carbon into  CTiO2.

Optical properties

The UV–Vis absorption and the optical bandgap energy of  CTiO2 were compared to 
that of pure  TiO2 (Fig. 3). It is clearly noted that the response of pure  TiO2 is limited 
only to UV light. The onset of its absorption spectrum was found to be ~ 415 nm. 
Whereas, the absorption spectrum of  CTiO2 is red-shifted to the edge of around 
695  nm, revealing a reduction in the bandgap energy value for  CTiO2 due to the 
presence of carbon. The Kubelka–Munk function was used to estimate the optical 
bandgap energy by plotting the (αhυ)1/2, versus photon energy [31, 32]:

(1)D = k�∕(� cos �),

(2)�h� = A
(

h�−Eg

)1∕2
,

(3)(F(R) h�)n = A
(

h� − Eg

)

,
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where

where α, h, υ, Eg, A, R and S, light absorption coefficient of the semiconductor at a 
certain value of wavelength λ, Planck’s constant, frequency of light, optical bandgap 
energy, optical constant, diffused reflectance, scattering coefficient, respectively). 
Remarkable narrowing of the bandgap energy to 1.78  eV for  CTiO2 is clearly 
observed (Fig. 4b), which can be attributed to the mixing of the 2p orbital of C, act-
ing as an acceptor state, with the 2p orbital of O, due to the lower valence electron 
number of C than that of O [33, 34].

FTIR analysis

To ascertain the surface properties of  CTiO2 and  TiO2, FTIR analysis was carried 
out (Fig. 4). The FT-IR spectrum exhibits peaks at low frequencies (600–900 cm−1), 
which can be assigned to Ti–O–Ti bridge stretching modes and the Ti–O bond [35, 
36]. The broad band at 3000–3500 cm−1 corresponds to the surface O–H stretching, 
whereas the OH bending of adsorbed  H2O molecules on the surfaces of catalyst is 

(4)F (R) = (1 − R)2∕2R = �∕S,

Fig. 2  EDS analysis for  TiO2 (a) and  CTiO2 (b)
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shown by the peak at 1680 cm−1 [37–39]. It is worth mentioning that the superficial 
OH groups of the photocatalyst can significantly improve its photocatalytic activity 
by suppression of the recombination of the electron–hole pairs as a consequence of 
the interaction with holes [40–42]. The successful incorporation of carbon into the 
structural lattice of  CTiO2 is clearly verified by the presence of a new carbon band at 
2900 cm−1 due to C–H stretching.

XPS analysis

To confirm the incorporation of carbon atoms into the  TiO2 lattice, X-ray photo-
electron spectroscopy (XPS) was performed (Fig.  5). The XPS survey spectrum 
(Fig. 5a) revealed the presence of Ti, O, and C in  CTiO2. The Ti 2p spectrum in 

Fig. 3  UV–Vis spectra of  TiO2 and  CTiO2 nanoparticles (a); the corresponding plot of the transformed 
Kubelka–Munk function (b)
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Fig. 5b demonstrates the two spin–orbit components of Ti2p–2p3/2 at 458.4 eV and 
Ti–2p1/2 at 464.3 eV. The approximately 5.8 eV difference between their energies 
indicates the existence of Ti in the oxidation state of  Ti4+ [43, 44]. Figure 5c shows 
the O 1s XPS spectrum indicates the presence of three peaks. The first peak at 
529.8 eV represents the lattice oxygen bound to Ti (Ti–O, Ti–O–Ti). The two other 
peaks at 531.5 and 533.8 eV are resulting mainly from the influence of the chem-
isorbed  H2O or the free OH on the sample surface [45, 46]. The C 1s XPS spectrum 
include a strong peak at 285.0 eV, suggesting the existence of C as C–C (Fig. 5d). 
The other two small peaks are centered at 286.7 and 288.8 eV, revealing the pres-
ence of C–O/C=O and O–C=O, respectively [46, 47]. The XPS results indicate that 
the carbon doped  TiO2 has an atomic composition of 38.4% Ti2p, 42.2% O 1s and 
19.4% C 1s, revealing the successful incorporation of carbon atoms into the  TiO2 
lattice. The observed discrepancy between the atomic% of carbon obtained by EDS 
(5.6%) and XPS (19.4%) can be attributed to the different types of the incident ener-
gies of the two probes, electron (for EDS) and X-ray (for XPS). The XPS results rep-
resent the quantitative analysis at the catalyst surface, whereas those of EDS denote 
the content at deeper layers (i.e., near-bulk property) [48]. Accordingly, the obtained 
results evidenced the incorporation of carbon at different depths of  CTiO2 surface.

Effect of catalyst loading

The effect of catalyst dose of  CTiO2 on the photodegradation of AMP (3.0  ppm) 
under illumination of UV light is shown in Fig.  6. The photodegradation rate of 
AMP increased when the concentration of  CTiO2 was elevated from 0.5 to 2.0  g 
 L−1. Further increment in catalyst loading led to a remarkable decrease in the pho-
todegradation rate, revealing an optimal catalyst loading of 2.0  g  L−1. In general, 
the rate of photocatalytic degradation increases with the increase of photocatalyst 

Fig. 4  FTIR for  TiO2 and  CTiO2 nanoparticles
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dosage due to the increase in active sites [49–51]. This is mainly due to the increase 
of hydroxyl radicals produced from irradiated photocatalysts [52, 53]. At lower cat-
alyst loading, less transmitted radiation can be utilized in the photocatalytic reac-
tion, consequently, a decline in the degradation rate will be observed [54, 55]. How-
ever, beyond the optimum amount of catalyst loading, the degradation rate might 
be reduced due to the decrease of the degree of transparency of the suspension, 
and thus increasing the light scattering and also the penetration depth of the pho-
tons is diminished and less photocatalysts could be activated [56, 57]. Additionally, 
agglomeration of nanoparticles at high concentrations results in a decline in both 

Fig. 5  X-ray photoelectron spectroscopy (XPS) for  CTiO2
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the surface area and the number of active sites available for light absorption and 
photocatalytic degradation [52, 53, 58, 59] and, hence, a drop in the photocatalytic 
degradation efficiency of the catalyst.

Effect of pH

Solution pH plays a vital role in the photocatalytic activity of the photocatalyst, as 
it influences the surface charge and the oxidation potential of photocatalyst and the 
adsorption and the dissociation of the organic molecule on the catalyst surface [60, 
61]. Figure 7 shows the photodegradation of AMP in the presence of the optimum 

Fig. 6  Effect of catalyst dose on the photocatalytic degradation of acetaminophen (3.0 ppm) under illu-
mination of UV light

Fig. 7  Effect of pH on the photocatalytic degradation of acetaminophen using 2.0 g  L−1 of  CTiO2 under 
illumination of UV light
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loading of  CTiO2 (2.0  g  L−1) at various pH values ranging between 3 and 9. As 
can be seen, the photodegradation efficiency of AMP enhanced with increasing the 
solution pH up to 7, followed by a significant decline with the subsequent eleva-
tion of pH, indicating an optimum pH value of 7. In neutral medium, the adsorp-
tion of AMP onto the catalyst surface is maximum, due to the presence of AMP 
in its nonionic form, and the water solubility is minimum. On the other hand, the 
significant decline in the degradation rate at high pH value of 9.0, can be attrib-
uted to the surface ionization of the photocatalyst. The  TiO2 surface is negatively 
charged in alkaline media, where solution pH is higher than pH at point of zero 
charge  (pHPZC = 6.3) [3].

Furthermore, at higher pH, the reduction of oxygen by electrons to form superox-
ide radical anion (O2

−·) can be suppressed (Eq. 6), resulting in less formation of  H2O2 
and ·OH (Eqs. 7–9), and subsequently lower degradation rate of AMP.

Whereas, in acidic medium where solution pH is lower than  pHPZC of  TiO2, its 
surface is dominated by the positive charge. In the meantime, AMP is primarily in 
its nonionic form, which decreases the electrostatic attraction between  TiO2 surface 
and AMP [3] which consequently, lowers the degradation rate of acetaminophen.

Effect of initial AMP concentration

The effect of initial concentration of organic pollutants on their photocatalytic deg-
radation is one of the main factors that needs to be taken under consideration. Gen-
erally, higher initial concentration of organic compound reduces the photocatalytic 
degradation efficiency. It might be due to the greater amount of molecules compet-
ing to be adsorbed on the surface of the photocatalyst, resulting in a limitation of cat-
alyst active sites required for generating the hydroxyl radicals, which in turn reduces 
the photocatalytic activity of the catalyst [56]. In addition, at very high concentra-
tions of organic compound, the generation of electron–hole pairs is greatly reduced, 
due to much of the light is screened as less number of photons are able to reach the 
surface of photocatalysts [62, 63]. The extension of the irradiation time required for 
complete removal of AMP at the best experimental conditions of pH 7 and 2.0 g  L−1 
of  CTiO2 under UV light with the increment in its initial concentration is clearly 
noted (Fig. 8). When the initial concentration of AMP is relatively low, the catalyst 
action inhibition does not occur. Nevertheless, when the AMP initial concentration 

(5)TiOH + OH−
→ TiO− + H2O

(6)O−⋅
2
+ H+

→ HO⋅

2

(7)HO⋅

2
+ H+ + e

−
cb
→ H2O2

(8)e
−
cb
+ H2O2 →

⋅OH + −OH

(9)H2O2 + h� → 2⋅OH

(10)TiOH + H+
↔ TiOH2+
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increases, more AMP particles are adsorbed on the surface of  CTiO2 leading to a 
reduction of the light intensity reaching to the surface of the photocatalyst, in addi-
tion to the generation of more intermediates compounds which may adsorb onto the 
catalyst surface. Thus, the suppression of electron–hole pairs is greatly enhanced, 
leading to a decline in the degradation rate of AMP [64].

Photodegradation kinetics

The kinetics of the photocatalytic degradation of AMP was investigated using the 
apparent first order reaction equation [65–67]:

where Co is the initial concentration of AMP, C is its concentration at irradiation 
time t. Plotting of Ln(Co/C) versus t plot gives a straight line, and its slope is the 
apparent rate constant kapp. Figure 9 shows the kinetic analysis for the photocatalytic 
degradation of various AMP concentrations (2–10 ppm) at the optimal conditions of 
pH 7.0 and 2.0 g  L−1 of  CTiO2 under illumination of UV light. The obtained straight 
lines revealed that the photocatalytic degradation of AMP by using  CTiO2 can be 
described by pseudo-first order kinetics.

Photocatalytic removal of AMP from aqueous solution

The photocatalytic degradation of AMP was evaluated in the presence of the pho-
tocatalysts  (CTiO2 and  TiO2) under dark and light conditions. Furthermore, the 
removal of AMP was tested without the photocatalyst (i.e., only light) as a blank 
experiment (Fig. 10). As can be seen, under photolysis conditions, when no catalyst 
was added, the removal efficiency of AMP in the presence of UV (Fig.  10a) and 

(11)Ln
(

Co ∕C
)

= kappt,

Fig. 8  Effect of initial concentration of acetaminophen on its photocatalytic degradation at the optimal 
conditions of pH 3 and 2.0 g  L−1 C-TiO2 under illumination of UV light
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sunlight (Fig. 10b) is less than 5%. On the other hand, there is insignificant removal 
of AMP through the adsorption process by both catalysts after 90 min in darkness 
conditions. It is clearly noted that, complete degradation of AMP (3.0 ppm) using 
2.0 g  L−1 of  CTiO2 was achieved after only 90 and 75 min of illumination by UV 
(Fig.  10a) and sunlight (Fig.  10b), respectively. Whereas, the removal efficiency 
significantly declined when pure  TiO2 was employed. The higher activity of  CTiO2 
under UV than the pure  TiO2 can be attributed to the smaller particle size of  CTiO2 
(15.7 nm) than that of pure  TiO2 (44.3 nm). Furthermore, the increase of the surface 
area of  CTiO2 (101 m2  g−1) compared to  TiO2 (44 m2  g−1) may result in an enhance-
ment of its photocatalytic performance. Besides these two factors, the significant 
higher degradation ability of  CTiO2 under sunlight could be simply accounted for 
lowering its bandgap energy as a result of carbon incorporation.

Photocatalytic removal of AMP from seawater

It is imperative to study the effectiveness of the synthesized photocatalyst for 
the detoxification of different polluted waters having different characteristics. 
Therefore, the photocatalytic degradation of AMP using  CTiO2 was investigated 
in seawater under dark and light conditions (Fig.  11). Similar to aqueous solu-
tion, no obvious elimination of AMP was observed in the absence of light (i.e., 
only adsorption). Whereas, the degradation efficiency has not exceeded 5% under 
the photolysis (i.e., only light, without catalyst) conditions. The effectiveness of 
 CTiO2 compared to  TiO2 toward the photocatalytic removal of AMP from seawa-
ter under UV (Fig. 11a) and sunlight (Fig. 11b) is certainly significant.

Fig. 9  Kinetic analysis for the photocatalytic degradation of various concentrations of acetaminophen 
(2–10 ppm) at the optimal conditions of pH 7.0 and 2.0 g  L−1 of  CTiO2 under illumination of UV light



2542 Y. A. Shaban, H. M. Fallata 

1 3

Photocatalytic removal of AMP from real polluted seawater

It is of great interest to test the applicability of  CTiO2 nanoparticles for the detoxifi-
cation of polluted real seawater samples under natural sunlight. The photocatalytic 
removal of AMP (0.094 ppm) found in real polluted seawater samples was tested 
under illumination of sunlight using the optimum catalyst loading of 2.0 g  L−1. It 
is clearly noted from Fig. 12 that  CTiO2 is capable of completely degrading AMP 
after 180 min, despite the presence of many different types of other pollutants that 
may simultaneously undergo the photocatalytic oxidation/reduction process at the 
catalyst’s surface.

Stability and reusability of the catalyst

The catalyst stability and reusability play an important role in determining the eco-
nomic viability and practical applicability of the catalyst in large-scale. The stability 

Fig. 10  Removal of acetaminophen from aqueous solution using  CTiO2 and  TiO2 photocatalysts under 
dark and a UV light; b sunlight illuminations
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Fig. 11  Removal of acetaminophen from seawater using  CTiO2 and  TiO2 photocatalysts under dark and 
a UV light; b sunlight illuminations

Fig. 12  Removal of acetaminophen from real polluted seawater using  CTiO2 photocatalysts under natural 
sunlight illumination
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of  CTiO2 and its ability to reproduce the same measurements were tested over four 
consecutive repetitions for the degradation of AMP (3.0 ppm) under the same best 
conditions as shown in Fig. 13. The stability and the potentiality of  CTiO2 photo-
catalyst for continuous reuse is clearly noted by its consistent photoactivity and the 
similarity of the results obtained after four attempts of the catalyst usage.

Photocatalytic mechanism

As a result of carbon doping, the hybridization of the O 2p orbital with C 2p orbital 
leads to a bandgap narrowing for  CTiO2. Further reduction of the bandgap can be 
attributed to the introduction of the localized donor energy level (LDEL) under 
the conduction band due to the defects and disorders in amorphous  TiO2 (Fig. 14). 

Fig. 13  Cyclic photocatalytic degradation of acetaminophen under illumination of UV light at the opti-
mal conditions

Fig. 14  Simplified photocatalytic degradation mechanism of acetaminophen using  CTiO2
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Therefore, upon illumination of  CTiO2 with light photons of energy ≥ 1.79 eV (the 
bandgap energy of  CTiO2), electron/hole (e−/h+) pairs are generated. The electrons 
in the C 2p valence band (e−) elevate either directly to the conduction band or to the 
localized donor energy level and then to the conduction band. At the external  CTiO2 
surface, the positive holes  (h+) oxidize  H2O molecules and/or  OH− ions, whereas 
the excited electrons (e−) reduce  O2 to yield reactive oxygen species (·OH and ·O2

−), 
which can be involved in the photocatalytic degradation of AMP.

Conclusion

The photocatalytic degradation of AMP was successfully achieved in aqueous solu-
tion, seawater, and real polluted seawater using  CTiO2 nanoparticles under both UV 
and natural sunlight. The highest degradation efficiency was obtained at the favora-
ble conditions of pH 7 and catalyst dose of 2.0 g  L−1. The effectiveness of  CTiO2 
compared to  TiO2 toward the photocatalytic removal of AMP from aqueous solution, 
seawater, and real polluted seawater under UV and natural sunlight using the  CTiO2 
nanoparticles is certainly significant. This enhancement could be simply accounted 
for by lowering its bandgap energy as the result of carbon incorporation for  CTiO2.
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