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Abstract: This article reports on the formation of pyrolytic carbon/TiO2 nanocomposite (p-C/TiO2)
by pyrolysis of a mixture of the P25 TiO2 and kraft lignin at 600 ◦C. The result was characterized by
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV-visible
spectroscopy, electron paramagnetic resonance spectrometry (EPR), thermogravimetry (TGA) and
SEM microscopy. Its photocatalytic activity was ascertained using three classes of chemical probes,
namely (i) degradation of methylene blue (MB) and rhodamine-B (RhB) dyes in UV light-irradiated
aqueous suspensions, (ii) depletion of phenol and (iii) degradation of antibiotics. The p-C/TiO2

nanocomposite is a strong phisisorbent of both MB and RhB nearly twofold with respect to neat TiO2.
Although it is nearly twofold more photoactive toward the degradation of MB (0.091 min−1 versus
0.047 min−1), it is not with regard to RhB degradation (0.064 min−1 versus 0.060 min−1). For the
degradation of phenol in aqueous media (pH 3), pristine TiO2 was far more effective than p-C/TiO2

for oxygenated suspensions (17.6 × 10−3 mM min−1 versus 4.3 × 10−3 mM min−1). Under an argon
atmosphere, the kinetics were otherwise identical. The activity of the material was tested also for
a real application in the degradation of a fluoroquinolone antibiotic such as enrofloxacin (ENR) in
tap water. It is evident that the photoactivity of a semiconductor photocatalyst is not a constant,
but it does depend on the nature of the substrate used and on the experimental conditions. It is
also argued that the use of dyes to assess photocatalytic activities when suspensions are subjected to
visible light irradiation is to be discouraged as the dyes act as electron transfer photosensitizers and
or can undergo photodegradation from their excited states.

Keywords: kraft lignin; pyrolytic carbon; nanocomposite; dyes photodegradation; phenol;
fluoroquinolone; photocatalytic activity

1. Introduction

Titanium dioxide (TiO2) is the most valuable semiconductor material used widely in many fields
that include photochromics, pigments, solar energy conversion devices, sensors and, within the present
context, as a photocatalyst able to decay organic contaminants in aquatic and air environments [1–5].
It has been examined and used extensively because of its high photoactivity, long-term stability,
low toxicity, ecofriendly characteristics and relatively low cost. Nonetheless, TiO2 does present some
disadvantages that significantly restrict many of its practical applications that use sunlight such as,
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for example, rapid recombination of photogenerated electron–hole pairs (lifetime about 30 ns) [6]
when irradiated with UV light and its low efficiency in the utilization of solar light (absorption edge
for rutile: 400 nm; for anatase: 387 nm). Consequently, reducing or suppressing the recombination of
charge carriers is essential for the improvement of titania’s photoactivity.

A variety of strategies have been proposed and used in the past decade to increase the efficiency
of TiO2-based photocatalysts; for instance, a more crystalline and suitable textural design, doping this
metal oxide with noble metals and/or with non-metals or else forming suitable nanocomposites with
other semiconductors to produce second- and third-generation photocatalysts [7–10]. Therefore, the use
of favorable conductive substrates to overcome some of the barriers to practical applications is of utmost
importance. Composite materials of TiO2 with various carbonaceous materials, such as hollow carbon
microspheres and carbon nanotubes, have demonstrated good conductivity and strong absorption of
light [11,12], which have contributed significantly to the effective photodegradation of environmental
pollutants [13]. Currently, there is growing interest in the combination of graphene-based materials
with TiO2 to enhance the photocatalytic performance of the latter [14–18].

Kraft lignin is an abundant natural raw material (50 million tons per year) generally obtained from
black liquor discharged from paper mills that poses major disposal problems. Much of the so-produced
lignin is consumed as a fuel, in addition to some other marginal applications as an adhesive or as a
tanning agent. It is an integral part of lignocellulosic materials with quantities that vary from 10%
to 30%. Other lignocellulosic materials that are sources of lignin include agricultural residues, plant
substrates and cork. Within the present context, an interesting application of kraft lignin is as a precursor
to produce activated carbons (ACs) that have proven useful as adsorbents [19]. Indeed, the use of
lignin as a precursor to produce ACs has been shown to be an interesting alternative to incineration.
ACs have been synthesized by physical activation and by chemical activation. In the latter case,
chemical activation of kraft lignin with ZnCl2 at temperatures 400–500 ◦C produces high-surface-area
ACs with a predominantly microporous structure. However, environmental issues with ZnCl2 to
activate lignin have led to the use of ortho-phosphoric acid as the preferred activating/dehydrating
agent [20].

A new nanomaterial composed of ultra-small TiO2 nanoparticles and reduced graphene oxide
(rGO) nanosheets was reported by Gu and coworkers [21] who used glucosamine as the carbon source
in alkaline media through a hydrothermal treatment; the 13-nm TiO2 nanoparticles were strongly
anchored on the graphene structure. The TiO2/rGO obtained through a thermal treatment at 700 ◦C
exhibited better photoactivity in the photodegradation of methyl orange than those produced at other
calcination temperatures; it also displayed good photoactivity toward the degradation of rhodamine-B
(RhB) and methylene blue (MB). Along similar lines, Sun et al. [22] synthesized TiO2/graphene nanorods
via a one-step hydrothermal method that featured the concomitant reduction of graphene oxide (GO).
XPS results revealed the formation of Ti–C bonds between the TiO2 and graphene while Raman spectral
results demonstrated the reduction of GO to graphene in the as-prepared nanocomposites, which
also showed a red shift in the optical absorption edge and enhanced absorbance of the TiO2/graphene
nanorods compared to bare TiO2 nanorods. The nanocomposites displayed greater photoactivity than
naked TiO2 nanorods toward the photodegradation of MB under visible light irradiation; however,
this is not surprising as the MB dye becomes a photosensitizer of the TiO2 through electron injection
under the irradiation conditions used [23]. Regardless, the authors [22] attributed this enhanced
photoactivity to (i) improved adsorption of the dye on the composite nanorods, (ii) extended light
absorption with greater wt.% of graphene and (iii) more efficient charge transport and electron–hole
separation. Dong et al. [24] used a one-step solvothermal method to produce graphene/rod-shaped
TiO2 nanocomposites with improved photocatalytic activity.

A review by Giovannetti and coworkers [25] summarized the extensive literature on
graphene-based titania nanocomposites and their photocatalytic applications toward the oxidative
decomposition of synthetic dyes. Both graphene (G) and graphene oxide (GO) have been used
to synthesize a series of TiO2/GO and TiO2/G hybrid materials employing various methods; their
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corresponding photoactivities have also been the subject of extensive investigations, particularly with
graphene oxide [26,27] and graphene sheets with facets of anatase TiO2 [28]. For instance, Zhang and
coworkers [29] reported a photocatalyst, chemically bonded TiO2 (P25)-graphene nanocomposite by
a simplistic one-step hydrothermal method, which led to reduction of the graphene oxide loaded
onto P25 titania. The as-prepared P25/graphene system displayed great adsorption of the MB dye as
well as extended light absorption into the visible spectral region; the intrinsic bandgap of P25 TiO2

was 3.1 eV while the extrinsic bandgap of the TiO2/graphene system was 2.82–2.88 eV. From the data
reported by Zhang et al. [29], UV irradiation of the MB with TiO2 andTiO2/G suspensions under
ambient atmospheric conditions led to approximately 6% and 65% of the adsorbed MB to decompose,
respectively, after less than 1 h. Du and coworkers [30] succeeded in incorporating graphene into
macro-mesoporous titania frameworks through in situ reduction of graphene oxide, which resulted
in improved mass transport via the film, reduced length of the mesopore channel and increased
accessibility of the surface area of the thin film, while effectively suppressing charge recombination
in TiO2 that led to significant enhancement of the photocatalytic activity in degrading the MB dye.
The reported apparent rate constants for the degradation on these macro-mesoporous titania films
with and without graphene were 0.071 min−1 and 0.045 min−1, respectively.

Wang et al. [31] examined commercial anatase TiO2, graphene-on-TiO2 (G/TiO2) and
TiO2-on-graphene (TiO2/G) composites, the latter two being synthesized by a combination of a
simple sol–gel self-assembly method and a thermal annealing process. Under UV light illumination,
the photocatalytic activity of the G/TiO2 composite toward the degradation of rhodamine 6 G was
greater than that of TiO2 as a result of three factors: (a) graphene is a viable acceptor material because
of its π-conjugated structure in two-dimensional, (b) its two-dimensional planar structure gives
it with unexpectedly good conductivity due to benefits the transport of charge carriers and (c) the
photocatalytic performance of G/TiO2 is based on the preparation methods. Moreover, the enhancement
of photoactivity of G/TiO2 nanocomposites was ascribed to the incorporation of C contents into the
matrix of TiO2 that increases the absorptivity and the life span of photoexcited e−/h+ pairs [31].
Mechanistically, they inferred that in the presence of graphene, with a π-conjugated structure,
the photogenerated electrons are transferred from the CB of TiO2 to the surface of graphene then react
with oxygen to produce reactive oxygen species such as HO2

•, O2
−• and •OH, with the holes left in the

VB of TiO2 being transferred to the surface and oxidize directly the adsorbed dye molecules, as well as
reacting with water to produce additional •OH radicals. On the other hand, Posa and coworkers [32]
prepared TiO2–graphene nanocomposites (nanosheets of graphene) by an easy chemical method by
using graphene oxide and titanium isopropoxide as precursors. An examination of the photocatalytic
activity of the nanocomposite in the degradation of RhB in aqueous media under solar light irradiation
for 60 min revealed a removal of 98% as compared with pure TiO2 (42%), graphite oxide (19%) and
a mechanical mixture of graphene and TiO2 (60%) owing to increased light absorption and reduced
electron–hole pair recombination upon intercalation of graphene and TiO2.

A wide-ranging work enclosing a computational study focused on the titania–graphene (TiO2/G)
nanocomposite interface and on its photocatalytic performance on MB degradation using different
quantities of G on P25 TiO2 has been carried out by Martins et al. [33]. Experimental results revealed
that the nanocomposite TiO2/G (3.0% in graphene) degraded MB more efficiently (0.160 min−1) than
TiO2 alone (0.070 min−1). Computational results showed that the nanocomposites are potentially more
efficient than pure TiO2 because of their lower experimental bandgaps (2.94 to 2.75 eV versus 3.08 eV
for TiO2) and to charge separation at the interfaces that reduces recombination of electron–hole
pairs. For their part, Zhang and coworkers [34] reported a unique route for the synthesis of
graphene/TiO2 continuous fibers by using force spinning combined by water vapor annealing
method. The incorporation of graphene in TiO2 fibers enabled lowering the bandgap and improve
the photo-induced charge separation in the photocatalyst. As a result of synergistic effects, 2 wt.%
of graphene on TiO2 fibers proved the highest photocatalytic activities in the degradation of reactive
brilliant red X-3B textile dye under UV irradiation, far superior to the photocatalyst P25 titania.
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Mechanistically, the authors [34] proposed that electrons were largely trapped by defect sites (e.g.,
as Ti3+ and oxygen vacancies) or efficiently transferred from the conduction band of TiO2 to graphene
prior to recombination, as evidenced by XPS in that a C-Ti covalent bond was formed between TiO2

and graphene that facilitated the charge transfer, resulting in a lower recombination degree of carriers
and enhanced photoactivity.

Herein, we report the formation of pyrolytic carbon supported onto TiO2 nanoparticles (p-C/TiO2)
by high-vacuum pyrolysis of kraft lignin as the pyrolytic carbon source at 600 ◦C in the presence
of the well-known commercially available P 25 TiO2. The resultant material was characterized
by Raman spectroscopy, electron paramagnetic resonance (EPR) spectrometry, thermogravimetry
(TGA), scanning electron microscopy (SEM), UV-visible and X-ray photoelectron spectroscopy (XPS).
Results demonstrated unambiguously that the resulting material was a combination of carbon and TiO2.
Its photoactivity was assessed and compared to pristine TiO2 using three different classes of chemical
probes: (i) degradation of MB and RhB dyes in UV light-irradiated suspensions with the course of
the oxidative process monitored by UV-visible absorption spectroscopy; (ii) depletion of phenol in
suspensions irradiated by a UV-visible light source in the absence and presence of oxygen; and (iii)
degradation of a fluoroquinolone antibiotic under simulated solar light monitored by high-performance
liquid chromatography with UV detection (HPLC–UV). The novelty of the work is that the carbon/TiO2

photocatalyst was prepared from cheap waste materials like kraft lignin without the use of solvents or
chemicals. This is possible by the high-vacuum pyrolysis technique used in this work. In this regard,
we approach the synthesis of the catalysts in a Green Chemistry way to maintain the circular economy
perspective. Moreover, pyrolytic carbon increases the adsorption of chemicals before irradiation,
rendering the material useful for a preconcentration of pollutants from waters and then cleaning of the
catalyst after irradiation.

2. Results and Discussion

2.1. Pyrolysis and Materials Characterization

2.1.1. X-ray Powder Patterns

Evonik P25 titania is a nanosized photocatalyst consisting of the anatase and rutile polymorphs,
together with some amorphous phase. Kraft lignin was selected as the carbon source since its
pyrolysis produces pyrolytic carbonaceous residues [35,36]. Taking into account that above a pyrolysis
temperature of 600 ◦C the fraction of the anatase phase in P25 TiO2 is converted into rutile, all pyrolysis
experiments were carried out at or below this temperature so as not to influence the photocatalytic
activity of this metal oxide, as rutile TiO2 is well-known to be less photoactive than anatase TiO2.

X-ray diffraction patterns of pristine TiO2, p-C/TiO2 before and after the pyrolysis clearly
demonstrate that no phase change occurred during the pyrolytic process. Moreover, the XRD results
also show that the p-C/TiO2 after the pyrolysis is not graphene oxide as the latter displays a peak signal
at 2θ = 10.2◦ [37] which is clearly missing in the XRD patterns of Figure 1.
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Figure 1. XRD patterns of pristine TiO2 (red) and pyrolytic carbon/TiO2 nanocomposite (p-C/TiO2) 

(blue) specimens. The green lines refer to the diffraction peaks of titania available in the instrument’s 
database. 

2.1.2. X-ray Photoelectron Spectroscopy (XPS) 

The nature of the material was further investigated by XPS. As expected, there was no significant 
carbon presence on pristine titania except for a small peak attributed to C1s due to adsorbed carbon 
dioxide from the air (Figure 2a). By contrast, in the p-C/TiO2 sample, in addition to the Ti2p and O1s 
(Figure 2a), there appears strong, clearly visible carbon-related signals (Figure 2b) attributable to the 
binding energy of carbon–carbon and carbon–hydrogen bonds at ca. 285 eV; some weak signals of 
oxygenated carbons also appear on the pyrolyzed material at 286.6 and 288.9 eV. In the present 
instance, however, the graphenic zone at ca. 285 eV is far more predominant consistent with previous 
results [37]. 

 
Figure 2. (a) XPS of pristine TiO2 (green curve) and p-C/TiO2 (brownish curve) samples; (b) expansion 
of the carbon-related region of interest for the p-C/TiO2 sample. 

2.1.3. Raman Spectral Analysis 
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Figure 1. XRD patterns of pristine TiO2 (red) and pyrolytic carbon/TiO2 nanocomposite (p-C/TiO2) (blue)
specimens. The green lines refer to the diffraction peaks of titania available in the instrument’s database.

2.1.2. X-ray Photoelectron Spectroscopy (XPS)

The nature of the material was further investigated by XPS. As expected, there was no significant
carbon presence on pristine titania except for a small peak attributed to C1s due to adsorbed carbon
dioxide from the air (Figure 2a). By contrast, in the p-C/TiO2 sample, in addition to the Ti2p and
O1s (Figure 2a), there appears strong, clearly visible carbon-related signals (Figure 2b) attributable to
the binding energy of carbon–carbon and carbon–hydrogen bonds at ca. 285 eV; some weak signals
of oxygenated carbons also appear on the pyrolyzed material at 286.6 and 288.9 eV. In the present
instance, however, the graphenic zone at ca. 285 eV is far more predominant consistent with previous
results [37].
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of the carbon-related region of interest for the p-C/TiO2 sample.

2.1.3. Raman Spectral Analysis

Raman spectra of pristine P25 TiO2 and the p-C/TiO2 are displayed in Figure 3, which confirm
that no anatase to rutile phase change occurred as evidenced by the three titania Raman peaks in the
range 300–800 cm−1 after the kraft lignin/TiO2 mixture had been subjected to the 600 ◦C pyrolysis.



Catalysts 2020, 10, 270 6 of 17

Catalysts 2020, 10, 270 6 of 17 

 

Raman spectra of pristine P25 TiO2 and the p-C/TiO2 are displayed in Figure 3, which confirm 
that no anatase to rutile phase change occurred as evidenced by the three titania Raman peaks in the 
range 300–800 cm−1 after the kraft lignin/TiO2 mixture had been subjected to the 600 °C pyrolysis. 

 
Figure 3. Raman spectra of the p-C/TiO2 specimen prepared at a temperature of 600 °C (black curve) 
and of pristine (neat) P25 TiO2 (red curve). 

Unlike the Raman spectrum of neat TiO2 (curve 2), the corresponding Raman spectrum of the p-
C/TiO2 sample (curve 1) displayed a clear G band at 1580 cm−1 originating from the stretching mode 
of sp2-type C–C covalent bonds; a D band was also present at 1320 cm–1, indicating a highly defective 
carbon material owing to an increase of the p character of carbon. This is in accordance with the work 
of Sun et al. [22] who noted that the D band provides information on sp3 defects in carbon, while the 
G band is a common feature for in-plane vibrations of sp2 bonded carbons. Moreover, the relative 
intensity of the D band to the G band usually indicates the order of defects in carbon materials. 

The defective nature of the resulting p-C/TiO2 material presents some advantages in view of its 
facile chemical functionalization, which relies mainly on the presence of radicals. The carbonaceous 
part of the p-C/TiO2 nanocomposite can also act as an efficient chemical adsorbent of environmental 
contaminants such as, for example, dyes and aromatics. 

2.1.4. Electron Paramagnetic Resonance Spectroscopy 

The nature of the residual pyrolytic carbon on titania was also assessed by EPR spectroscopy. 
The relevant spectrum of p-C/TiO2 measured at ambient temperature shows a singlet (Figure 4) at 
about 3350 gauss (g factor = 2.0026; Cr3+ was the internal reference for the calculation of the g factor) 
that is clearly attributable to a carbon-centered radical. Neat TiO2 (that was also subjected to pyrolytic 
conditions identical to those of p-C/TiO2 samples) displayed no detectable EPR signals. Evidently, the 
pyrolytic carbon residue formed stabilized radicals subsequent to the pyrolysis of the TiO2/lignin 
system. Not unrelated to the present study, Lyon and coworkers [38] investigated electron spin 
resonance in a monolayer of graphene on a Si/SiO2 substrate in which the g factor was 1.952 ± 0.002 
and insensitive to charge carrier type, concentration and mobility. A recent study by Panich et al. [39] 
attributed the EPR signal in graphenes as originating either from the π-electronic edge-localized spins 
interacting with molecular oxygen, or to some stable defects in graphene that are insensitive to the 
oxygen environment. In our present case, the obtained g factor value is more relevant to stable carbon 
radicals produced by defects in p-C/TiO2. 

Figure 3. Raman spectra of the p-C/TiO2 specimen prepared at a temperature of 600 ◦C (black curve)
and of pristine (neat) P25 TiO2 (red curve).

Unlike the Raman spectrum of neat TiO2 (curve 2), the corresponding Raman spectrum of the
p-C/TiO2 sample (curve 1) displayed a clear G band at 1580 cm−1 originating from the stretching mode
of sp2-type C–C covalent bonds; a D band was also present at 1320 cm–1, indicating a highly defective
carbon material owing to an increase of the p character of carbon. This is in accordance with the work
of Sun et al. [22] who noted that the D band provides information on sp3 defects in carbon, while the
G band is a common feature for in-plane vibrations of sp2 bonded carbons. Moreover, the relative
intensity of the D band to the G band usually indicates the order of defects in carbon materials.

The defective nature of the resulting p-C/TiO2 material presents some advantages in view of its
facile chemical functionalization, which relies mainly on the presence of radicals. The carbonaceous
part of the p-C/TiO2 nanocomposite can also act as an efficient chemical adsorbent of environmental
contaminants such as, for example, dyes and aromatics.

2.1.4. Electron Paramagnetic Resonance Spectroscopy

The nature of the residual pyrolytic carbon on titania was also assessed by EPR spectroscopy.
The relevant spectrum of p-C/TiO2 measured at ambient temperature shows a singlet (Figure 4)
at about 3350 gauss (g factor = 2.0026; Cr3+ was the internal reference for the calculation of the g
factor) that is clearly attributable to a carbon-centered radical. Neat TiO2 (that was also subjected
to pyrolytic conditions identical to those of p-C/TiO2 samples) displayed no detectable EPR signals.
Evidently, the pyrolytic carbon residue formed stabilized radicals subsequent to the pyrolysis of
the TiO2/lignin system. Not unrelated to the present study, Lyon and coworkers [38] investigated
electron spin resonance in a monolayer of graphene on a Si/SiO2 substrate in which the g factor was
1.952 ± 0.002 and insensitive to charge carrier type, concentration and mobility. A recent study by
Panich et al. [39] attributed the EPR signal in graphenes as originating either from the π-electronic
edge-localized spins interacting with molecular oxygen, or to some stable defects in graphene that
are insensitive to the oxygen environment. In our present case, the obtained g factor value is more
relevant to stable carbon radicals produced by defects in p-C/TiO2.
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calculated as 3.16 eV for and 2.63 eV for, respectively, titania and p-C/TiO2 obtained by using the 
Tauc plot. The value 2.63 eV is very close to important allotropes like graphene thin layer supporting 
the nature of carbon present on the catalyst [40]. 

 
Figure 5. (a,b) UV-visible absorption spectra of TiO2 and p-C/TiO2. (c,d) Tauc plot of TiO2 and p-
C/TiO2 to find the bandgap, respectively. 
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The thermogravimetric analysis (TGA) performed on the p-C/TiO2 sample as a function of 
temperature and time under a nitrogen atmosphere and under air revealed a loss of ca. 1.5 wt.% 
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2.1.5. UV-Visible Absorption Spectroscopy

Figure 5 shows the UV-visible absorption spectra of p-C/TiO2 with TiO2 reference. They revealed
an absorption peak at 320 nm with differential spectral change. The optical bandgap energies are
calculated as 3.16 eV for and 2.63 eV for, respectively, titania and p-C/TiO2 obtained by using the Tauc
plot. The value 2.63 eV is very close to important allotropes like graphene thin layer supporting the
nature of carbon present on the catalyst [40].
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to find the bandgap, respectively.

2.1.6. Thermogravimetric Analysis

The thermogravimetric analysis (TGA) performed on the p-C/TiO2 sample as a function of
temperature and time under a nitrogen atmosphere and under air revealed a loss of ca. 1.5 wt.% related
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to moisture and about 2.8 wt.% carbon, inferring a relatively stable carbon-supported TiO2 system
as p-C/TiO2.

2.1.7. Scanning Electron Microscopic Analysis

Figure 6a–c shows the SEM images of pristine TiO2, p-C/TiO2 and representative measured sizes
of the nanocomposite particles (scale bar 200 nm), respectively, that appear highly agglomerated.
Nonetheless, a broad particle size distribution of this nanocomposite ensues from 24 to 37 nm as
illustrated in Figure 6c; the average particle size is about 31 nm.
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2.2. Photoactivities

2.2.1. Degradation of MB and RhB Dyes under UV Irradiation

To assess the respective photocatalytic activity of p-C/TiO2 and of pristine P25 titania specimens,
we carried out competitive experiments with two different dyes: MB (Figure 7) and RhB (Figure 8).
Dye solutions and the photocatalyst (1 mg mL−1) were mixed and thereafter stirred in the dark for
10 min to allow the adsorption process to reach equilibrium under air-equilibrated conditions.
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under dark conditions. The inserts show the photodegradation of the RhB dye by first-order kinetics.

As expected, the p-C/TiO2 samples displayed greater adsorption of the dyes compared to pristine
titania (from −10 to 0 min in Figures 7 and 8, respectively, for MB and RhB). Samples were then
irradiated at 366 nm with UV lamps; the initial concentrations of the dyes were 1 µM. The degradations
were followed by UV-visible spectroscopy. The inserts in Figures 7 and 8 display the first-order kinetics
of the photodegradation of the two dyes. The extent of adsorption of the two dyes on pristine TiO2

and p-C/TiO2 specimens together with their respective kinetics are summarized in Table 1.

Table 1. Degree of adsorption and first-order kinetics of photodegradation of dyes MB and RhB having
a concentration of 1.0 µM on pristine TiO2 and on p-C/TiO2 in aqueous media under ambient conditions
by UV irradiation at 366 nm.

Dye
k (min−1) % Adsorption in the Dark

TiO2 p-C/TiO2 TiO2 p-C/TiO2

MB 0.047 ± 0.005 0.091 ± 0.008 48 85

RhB 0.064 ± 0.005 0.060 ± 0.007 43 88

In the absence of light, p-C/TiO2 absorbs nearly twofold dye with respect to pristine TiO2 (dark
region between −10 and 0 min in Figures 7 and 8; extent of adsorption is reported in Table 1).
The enhanced adsorption of dyes on the p-C/TiO2 system relative to neat TiO2 is largely the result of the
adsorption of the aromatic dyes on the carbon content of the former. Specifically, the physisorption is
driven by the π-π* stacking between the dyes and the aromatic regions of pyrolytic carbon available in
the p-C/TiO2 system. Moreover, because pyrolytic carbon presents high electron mobility, it diminishes
electron–hole pair recombination so that the photocatalytic activity of the titania semiconductor in
the p-C/TiO2 nanocomposite should be enhanced [25]. The latter expectation was observed upon UV
irradiation of MB in p-C/TiO2 suspensions that showed the rate of decomposition of MB being twofold
faster in the presence of p-C/TiO2 (0.091 min−1) than with pristine TiO2 (0.047 min−1).

In the case of RhB, the same trend in adsorption is observed both for neat TiO2 and p-C/TiO2.
However, unlike the MB case, the kinetics of the degradation are identical within experimental
error (Table 1), as evidenced by UV-visible absorption spectroscopy (0.064 min−1 versus 0.060 min−1,
respectively).

Whenever dyes are used to assess the photoactivities of potential semiconductor photocatalysts
using UV-visible light irradiation, it is important to note that such dyes as methylene blue and
rhodamine-B (among others) absorb significantly light causing them to act as photosensitizers via
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electron injection for their respective excited states onto the conduction band of the photocatalysts
(or in some cases also into an intragap defect), which causes them to undergo self-inflicted oxidative
degradation through an entirely different mechanistic pathway from the pathway that sees the
semiconductor photocatalysts being activated by UV irradiation [23].

Figure 9 summarizes some of the events occurring when UV light is used to activate the TiO2 or
p-C/TiO2 systems: electron–hole pairs are photogenerated (Equation (1)) following which separation
of the charge carriers takes place in competition with recombination (Equation (2)) by migration
of the conduction band electrons onto the carbon layer in p-C/TiO2 (Equation (3)) as a result of
its more positive Fermi level [41]. In this regard, while the work function of the carbon layer in
graphene is −4.42 eV, the corresponding level of the conduction band of TiO2 occurs at −4.20 eV [41,42].
Accordingly, the carbon layer in p-C/TiO2 becomes a scavenger of the TiO2

′s photogenerated electrons
aided by the presence of molecular oxygen on the TiO2 nanoparticles and on the carbon layer to yield
the superoxide radical anion O2-• (Equations (4) and (5)), thereby further facilitating charge carrier
separation and diminishing electron–hole recombination. Subsequently or concomitantly, the dye
undergoes oxidative degradation either directly (Equation (6)) and/or by photogenerated •OH radicals
(Equation (8)) (or equivalent reactive oxygen species) produced by valence band holes oxidation of
H2O/OH- (Equation (7)). All these events are expected to increase the photocatalytic activity of the
TiO2/p-C/TiO2 nanocomposite as revealed for the MB dye (twofold increase) but for some elusive
reason not for the RhB dye (Table 1).

TiO2 + hv→ e−cb + h+
vb (1)

e−cb + h+
vb→ recombination + hv’ (2)

e−cb + h+
vb + C→C− + h+

vb (charge separation) (3)

e−cb + O2→O2
−• (4)

C− + O2→ O2
−• (5)

h+
vb + Dye→→→ CO2 + H2O (6)

h+
vb + H2O/OH−→ •OH (7)

•OH + Dye→→→ CO2 + H2O (8)
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2.2.2. Photodegradation of Phenol in the Absence and Presence of O2

To have a better understanding of the photoactivity of p-C/TiO2 versus pristine TiO2,
the photocatalyzed degradation of phenol was examined using a photoreactor equipped with an
immersion UV irradiation lamp (Figure 10a) under both an inert argon atmosphere and in the presence
of oxygen. Removal of oxygen was achieved by bubbling argon gas for at least 30 min prior to
irradiation; the argon gas flow was maintained throughout the course of the reaction. For the reaction
in the presence of oxygen, pure oxygen gas was bubbled throughout the process.
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concentration of phenol (1.0 mM, pH 3) in the absence and presence of oxygen under UV irradiation.

Loss of phenol at various time intervals was ascertained by HPLC–UV. Results of the
photocatalyzed degradation of this aromatic substrate in the absence and presence of molecular
oxygen for pristine TiO2 and p-C/TiO2 are illustrated in Figure 10b. The zero-order kinetics of this
transformation are summarized in Table 2, which also reports the extent to which the phenol substrate
was adsorbed onto pristine TiO2 and p-C/TiO2 with and without the presence of oxygen; the data show
that the extent of adsorption followed the order TiO2 (Ar) < p-C/TiO2(Ar) < TiO2 (O2) < p-C/TiO2 (O2).
Evidently, both carbon content in p-C/TiO2 and oxygen impacted significantly on the adsorption of
phenol onto the surfaces.

Table 2. Extent of adsorption and initial rates of photodegradation of phenol (1.0 mM; pH 3.0) on
pristine TiO2 and on p-C/TiO2 in aqueous media under an inert atmosphere (Ar) and in the presence of
O2 exposed to UV irradiation.

Item TiO2
(Ar)

TiO2
(O2)

p-C/TiO2
(Ar)

p-C/TiO2
(O2)

Rini (10−3 mM min−1) 3.3 ± 0.1 17.6 ± 0.5 3.5 ± 0.2 4.3 ± 0.3

% adsorption
(60 min dark) 3 20 11 32

On the other hand, under the inert argon atmosphere, the presence of carbon in the p-C/TiO2

system appears to have had no influence on the initial rates of the photoconversion of phenol relative
to pristine TiO2. By contrast, in the presence of molecular oxygen, the initial rate of phenol degradation
with p-C/TiO2 relative to TiO2 was retarded significantly, with the initial rate being nearly fourfold
slower (Table 2). With pristine TiO2 as the photocatalyst, the initial rate of conversion of phenol was
5.3-fold faster when oxygen was present, but it was only 1.2-fold faster for the p-C/TiO2 nanocomposite.

Clearly, although the carbon support for the TiO2 nanoparticles in p-C/TiO2 is advantageous
in depleting the quantity of phenol from aqueous media in the dark, its presence for the
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photodegradation process presents little or no advantages in the elimination of phenol photocatalytically.
Moreover, the negative influence of a layer of pyrolytic carbon onto TiO2 nanoparticles on the kinetics
of photodegradation of phenol in the presence of oxygen may also arise as a result of oxygen being
adsorbed on pyrolytic carbon that causes changes in the electronic nature of pyrolytic carbon in
p-C/TiO2. In the past report, namely the “bandgap” of graphene increases from ca. 0.2 eV to as much as
0.45 eV as the oxygen–carbon ratio changes from 0 to ca. 0.08 causing the π* Fermi surface of graphene
to shrink and ultimately vanish [43]. Hopefully, the results obtained here in the presence of molecular
oxygen influence in p-C/TiO2 catalytic system which may shrink the availability of the carbon layer
catalytic function by reaction with molecular oxygen [36].

2.2.3. Photodegradation of Enrofloxacin in Tap Water under Simulated Solar Light

The catalyst p-C/TiO2 was also tested for the degradation of ENR, an important rising water
pollutant belonging to the class of fluoroquinolone antibiotics. To better appreciate p-C/TiO2 efficiency,
a further experiment was carried out by employing P25 TiO2, the most used and efficient photocatalyst
in advanced oxidation processes for environmental remediation.

Before irradiation, 100 mL tap water samples from the municipal waterworks of Pavia (pH 7.7,
conductivity at 20 ◦C: 271 µS cm−1), spiked with 10 mg L−1 ENR, were sonicated (15 min) in the dark
in the presence of 500 mg L−1 of each catalyst. Under these conditions, a significant percentage of ENR
was adsorbed onto the catalysts, 74% on p-C/TiO2 and 43% on P25 TiO2. Then, the suspension was
irradiated under simulated solar light.

Kinetic experimental data were successfully fitted by a mono-exponential first-order law, using
dedicated software (Fig.P application, Fig.P Software Corporation). The degradation profiles, shown
in Figure 11, demonstrate that the drug was quantitatively degraded (95%) in less than an hour and a
half in presence of both catalysts. Although there is a significant difference between the two kinetic
constants (0.030(1) for p-C/TiO2 and 0.92(3) for P25 TiO2), the p-C/TiO2 photocatalyst is as efficient as
P25 TiO2 if compared with ENR direct photolysis [44].
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Figure 11. Degradation profiles of enrofloxacin (ENR) (10 mg L−1, tap water) solution obtained under
simulated solar light in presence of 500 mg L−1 p-C/TiO2 (empty square) and Evonik P25 (empty circle).



Catalysts 2020, 10, 270 13 of 17

3. Experimental

3.1. Materials

Evonik P25 titanium dioxide (average particle size: 10–50 nm; specific surface area: 60.8 m2g−1;
77.1% anatase, 15.9% rutile and 7% amorphous) was from Evonik Industries AG (Hanau, Germany).
Analytical grade enrofloxacin was provided by Sigma Aldrich (Milan, Italy). Kraft lignin was obtained
from Aldrich; with low sulfur content and total sulfur content was 2.89 wt.% (by elemental analysis).
Average molecular weight was 10,000 Da. The lignin was water-soluble yielding an alkaline solution.
The presence of inorganic sulfate ions was 1.3 wt.%, while the ash content at 600 ◦C was 17% with
respect to dry lignin. The quantity of sulfate in ash was 44 wt.%. Titration with a standard HCl solution
showed an equivalent point at 0.026 meq of H+ ions for 100 mg of lignin [35]. Characterization of the
lignin is available elsewhere [13,19]. All other reagents were of analytical grade and water was doubly
distilled over alkaline potassium permanganate using an all-glass apparatus.

3.2. High-Vacuum Pyrolysis of Lignin/TiO2

A 34 mL volume of kraft lignin aqueous solution (3.25 g L−1) was mixed with the P25 TiO2 powder
(1 g), after which the suspension was stirred for 30 min followed by evaporation of the solvent under
vacuum at ambient temperature using a rotary evaporator. This resulted in a thin layer of lignin
deposited on the TiO2 particles’ surface, which was then pyrolyzed in a combustion boat under vacuum
at 600 ◦C for 60 min at a rate of 10 ◦C per min by the following procedure: 100–200 mg of the samples
were placed in an alumina combustion boat located inside a quartz tube that was then placed in a
cylindrical oven (Watlow ceramic fiber heater, length 305 mm, i.d. 38 mm, electrical power 600 W) and
evacuated (10−3 Pa) using a double-stage diffusion-rotary vacuum pump. The heating frequency of the
oven was 600 ◦C h−1 and the final temperature, i.e., 600 ◦C, was retained for 20 min. Several pyrolysis
temperatures range from 600 to 1200 ◦C were explored; however, above 600 ◦C, the anatase phase of
TiO2 converted into the rutile phase. Accordingly, specimens obtained above this temperature were
precluded from any subsequent experiments. Each pyrolysis was repeated at least 3 times to evaluate
the reproducibility of the experiments.

3.3. Characterization of the Materials

Raman spectra were recorded on the Horiba Jobin-Yvon Labram HR micro-Raman setup having
1 cm−1 spectral resolution and a 100× objective (laser spot <1 µm); the laser excitation wavelength was
632.8 nm and power on the sample was <1 mW.

EPR were recorded using the Bruker EMX X-band continuous wave spectrometer furnished with
a Bruker ER4119HS EPR cavity. Measurements at differential temperatures were performed by using
the Bruker kit.

TGA was carried out under an inert nitrogen atmosphere using the Mettler Toledo
TGA1 XP1 apparatus. Samples of 8 to 10 mg were incorporated in an alumina crucible with a
perforated lid. A control blank was also performed as well as the empty crucible being detracted from
the TGA curves. The heating rate was 10 ◦C min−1 with the gas flow rate was 4 L h−1. For the inert
atmospheric conditions, nitrogen gas (<20 ppb of oxygen) was obtained from a gas cylinder with an
internal built-in purifier Sapio BIP filter; samples were purged with nitrogen gas for at least 30 min
prior to the start of the TGA analyses. By contrast, TGA carried out under otherwise air-equilibrated
conditions used an oil-free membrane pump equipped with a pulsation damper and a condensate drain.

XPS analyses were carried out using a Kratos Axis Ultra DLD spectrometer (Kratos Analytical
Ltd., Manchester, UK) equipped with a monochromatic Al Kα source (hν = 1486.6 eV); it was operated
at 20 mA and 15 kV. The assessments were carried out on a 300 µm × 700 µm area. Wide scans were
collected at a pass energy of 160 eV and energy steps of 1 eV, while high-resolution XPS spectra
were recorded at a pass energy of 20 eV and energy steps of 0.1 eV. The Kratos charge neutralizer
system was applied for each measurement. Spectra were examined with the Casa XPS software (Casa
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Software, Ltd., Teignmouth, UK, version 2.3.17, 2014). SEM analyses were executed by a Zeiss EVO
MA10 instrument (Carl Zeiss, Oberkochen, Germany).

3.4. Degradation Procedures and Analyses

UV irradiation was carried out on previously mechanically stirred (10 min in the dark) 100-mL
air-equilibrated suspensions of MB or RhB containing 100 mg of neat TiO2 or p-C/TiO2 nanocomposite
in quartz cylindrical reactors (90 mm diameter × 25 mm height); initial concentrations of the dyes
were 1.0 µM. The UV light source consisted of two 15-W phosphor-coated lamps (center of emission,
366 nm). Four-milliliter aliquots were withdrawn at 5-min intervals during the irradiation, and after
removal of the solids were immediately measured by UV-visible absorption spectroscopy in 1-cm
quartz cuvettes using either a JASCO V-630 UV-visible spectrophotometer or a Cary 19 instrument.

UV irradiation of TiO2 and p-C/TiO2 dispersions in phenol solutions was achieved using an
immersion-lamp reactor equipped with 250-W Hg medium pressure lamp as the light source; the
initial concentration of phenol was 1.0 mM in aqueous media at a pH of 3.0 (adjusted by HNO3).
A water circulating cooling system provided control of the temperature of the reactor during irradiation;
temperature was kept at 20 ± 1 ◦C. A Pyrex water bath was also positioned between the reactor and
the light source to filter out IR radiation. Except for dark adsorption determination, air equilibration
was achieved by purging the dispersions with air during irradiation. On the other hand, except
for dark adsorption determination, the dispersions were continually purged with argon gas during
irradiation. The reactor material (silicate glass) excluded wavelengths shorter than 320 nm from the
cell. At specified times (5-min intervals for each measurement), 1.0 mL aliquots of the samples were
withdrawn and immediately injected into the HPLC–UV system for analysis. The C18 column mobile
phase was H2O/acetonitrile (80:20) at a flow rate of 1 mL min−1.

For enrofloxacin (ENR) degradation, the suspension (500 mg L−1 catalyst) was irradiated in a
closed glass container (40 mm depth, exposed surface 9500 mm2) by employing a Solar Box 1500e
(CO.FO.ME.GRA S.r.l., Milan, Italy) set at a power aspect of 250 W m−2, and supplied with UV outdoor
filter produced of IR-treated soda lime glass. Replicated photoproduction experiments were done
on all samples. During irradiation, aliquots (1 mL) of each sample were withdrawn at the specific
times, filtered (0.2 µm nylon filter) and injected in the HPLC–UV system (LC-20AT solvent delivery
module equipped with a DGU-20A3 degasser and interfaced with an SPD-20A UV detector (Shimadzu,
Milan, Italy). The analysis wavelength chosen was 275 nm. Twenty microliters of each sample were
introduced into a 250 × 4.6 mm, 5 µm Analytical Ascentis C18 (Supelco, Sigma Aldrich Corporation,
Milan, Italy) combined with a related guard column. The mobile phase was 25 mM H3PO4/acetonitrile
(85:15), at a flow speed of 1 mL min−1.

4. Concluding Remarks

This study has shown that titania can be coated successfully with pyrolytic carbon starting from
inexpensive waste material such as kraft lignin. The pyrolytic process performed at 600 ◦C did not affect
the crystalline state of the P25 TiO2 photocatalyst as evidenced by XRD, XPS, EPR, TGA and Raman
spectral analyses. The carbonaceous titania obtained from the pyrolysis was identified and deposited
onto the metal oxide surface, whose photocatalytic activity was measured against pristine P25 TiO2 by
evaluation of the kinetics of degradation of RhB and MB, phenol and ENR under UV irradiation (both in
the presence and absence of oxygen) and simulated solar light, respectively. Results evidenced how the
as-prepared p-C/TiO2 photocatalyst performed better as an adsorbent of the two dyes (by a factor of two).
Under UV light irradiation, the first-order kinetics of degradation were twofold greater for the MB dye
but otherwise identical for the RhB dye. In this regard, the use of dyes in assessing photocatalytic activity
of photocatalysts under UV irradiation and under visible or UV-visible irradiation has been discussed
and it is argued that dyes should not be used whenever visible light is used because the dyes can act as
photosensitizers of the semiconductor photocatalyst through electron injection from their excited states
thereby inflicting their own degradation. Accordingly, a comparative study of the photodegradation of
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phenol was performed with pristine TiO2 and p-C/TiO2 nanocomposite samples under UV irradiation
and with/without molecular oxygen to alleviate this issue. Results showed that both pristine TiO2 and
p-C/TiO2 systems are better adsorbents under oxygenated conditions vis-a-vis inert conditions, and that
under UV irradiation the zero-order rate for pristine TiO2 was significantly faster in the presence of
oxygen, but only slightly faster for the p-C/TiO2 system. Finally, the photocatalytic performance of
p-C/TiO2 was assessed for the degradation of a fluoroquinolone antibiotic in tap water under simulated
sunlight. Overall, p-C/TiO2 showed higher adsorption properties and a smaller/equal photocatalytic
efficiency compared to P25 TiO2. Contrary to previous reports [29,30], we conclude that although the
presence of the carbon layer enhances the adsorption of substrates onto the p-C/TiO2 photocatalyst,
the carbon layer inhibits somewhat the degradation process as the pyrolytic carbon layer hampers
the organic substrates from interacting directly with the oxidizing entities photogenerated on the UV
light-activated metal oxide photocatalyst. However, the high adsorption capacity in the dark could be
a method to simultaneously concentrate and photodegrade pollutants present in small amounts in
water samples.
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