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ARTICLE INFO ABSTRACT

Keywords: Until now, black titania has attracted much interest as a potential photocatalyst. In this contribution, we report
C°1°“refj carbon-titanium-phosphorous the first demonstration of the effective strategy to fundamentally improve the photocatalytic performance using a
composites novel sustainable defective titanium-carbon-phosphorous (TCPH) hybrid nanocomposite. The prepared TCPH
E;Llrig:;i;;znonahzanon was used for photocatalytic degradation of the main organic pollutants, which is methyl orange (MO) dye. The

physico-chemical properties of as-prepared samples were characterized by various techniques to observe the
transformations after carbonization and the interaction between different composite phases. The existence of
Ti*® and oxygen vacancies at the surface, and a notable increase in surface area, are all demonstrated by TCPH,
together with the distinct core-shell structure. These unique properties exhibit excellent photocatalytic perfor-
mance due to the boosted charge transport and separation. The highest degradation efficiency of methyl orange
(MO) was attained in the case of TCPH when compared with titanium-cellulose-phosphorous (TCeP) and tita-
nium-carbon-phosphorous (TCPN). Accordingly, the highest degradation efficiency was achieved by applying the
optimal operational conditions of 1 g/L of TCPH catalyst, 10 mg/L of MO, pH of 7 and the temperature at 25 + 3
°C after 3 min under LED lamp (365 nm) with light intensity 100 mW/cm? The degradation mechanism was
investigated, and the trapping tests showed the dominance of hydroxyl radicals in the degradation of MO. TCPH
showed high stability under a long period of operation in five consecutive cycles, which renders the highly
promising on an industrial scale. The fabrication of highly active defective titanium-carbon-phosphorous opens
new opportunities in various areas, including water splitting, and CO, reduction.

1. Introduction efficient water treatment strategies is solving these pollution problems

from natural sources [2].

Water sources receive large volumes of industrial effluents contain-
ing emerging micropollutants (EMPs) such as dyes, phenols, antibiotics,
and pesticides. The discharge of EMPs to water streams without proper
purification has a ferocious impact on the aquatic environment and
human health [1]. Hence, fixing these problems and detoxifying
wastewater are urgently requested. The need for low-cost and highly

With today's strict requirements for efficient degradation of EMPs,
heterogeneous photocatalysis is seen as a promising eco-friendly
approach due to its ability to utilize solar light to generate radicals
which decreases the energy consumption and consequently reduces the
treatment cost [3,4]. Moreover, no sludge is produced during the
degradation by the photocatalysis process [5]. About 70 % of the dye
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family was made up of complexes that contained azo, with methyl or-
ange (MO) serving as a model complex for photodegradation. Titanium
dioxide (TiO5) is commonly employed in the photodegradation of EMPs
due to its high stability, insolubility, cost-effectiveness, abundance, and
unique catalytic performance [6,7]. However, wide bandgap and fast
recombination of electron-hole pairs obstruct the way towards the large-
scale application of the photocatalysis process using TiOy [8,9]. The
wide bandgap of TiO, restrains the exploitation of solar light energy and
makes the excitation only take place under UV light which constitutes
only 5 % of solar energy [10]. On the other hand, fast concourse between
the charge carriers results in the decrease of generated reactive radicals
which reduces the degradation performance [11]. The decrease of
bandgap and retard of recombination rate can improve the degradation
performance and extend the absorption to visible light region. Many
efforts have been dedicated to tackle these limitations such as doping
bare photocatalysts (TiO3) with metals (Zr, Fe, Zn) or/and non-metals
(N, P, S) and construction of composites of pure metal oxide and ma-
terials that can accept electrons such as carbonaceous materials (carbon
nanotubes, nanocarbon, graphene and fullerenes) and semiconductors
(ZnO, ZrO,, CdS and BiVO4) [12-16]. However, the aforementioned
modifications require the usage of expensive and harmful chemicals that
inhibit the mass production of synthesized photocatalysts and their
large-scale application in environmental remediation [17].

Cellulose is a biopolymer that can be extracted from plants, and it is
characterized by abundance, low-cost, biodegradability, and carbon-
rich content (44.4 % carbon) [18]. Cellulose can be used as a support-
ing material for pure TiO2 which leads to the increase of adsorption
affinity towards target pollutants, chemical stability, active sites and
surface area [2,19]. Because it has provided a variety of active sites for
the surface reactions at wide potential applications, particularly in the
field of photocatalysis, the control of the synthesis of hierarchical
structure of nano and micromaterials (i.e., cellulose/TiO>) is promising
and appealing [20]. Additionally, it has been suggested that adding
impurities into TiO, lattices will increase the photocatalytic activity
because it prevents charge recombination, improves interfacial charge
transfer, and adds extra energy levels and defects to the material's
electronic and textural, respectively [21]. The most intriguing kind of
integration entails surface alterations through doping with an anionic
ion, such as phosphate. A P°>" ion is a different type of dopant that has
empty 3D states that are positioned in the lower energy range of TiO,'s
valence band [22]. Due to the increase in surface acidity, thermal sta-
bility, and subsequent promotion of rapid redox reaction by the fast
formation of hydroxyl radicals, the phosphorylation of TiO has gained a
lot of attention recently [7].

In our previous work, cellulose was first dissolved in phosphoric acid
(H3PO4) before TiO5 impregnation to improve the TiO4 dispersion and
increase TiO; loading on the cellulose surface [21]. Additionally, acid
treatment can contribute to the introduction of new oxygen and
phosphorous-containing functional groups on cellulose surface which
can improve the adsorption performance [3]. The TiOs/cellulose
(treated with phosphoric acid) composite was carbonized under Nj to
prepare titanium-carbon-phosphorous composite due to the high carbon
content from cellulose and improve the porosity of the composite. The
presence of carbon can improve the adsorption ability of the composite,
suppress the recombination between charge carriers and boost the ab-
sorption under visible light [13,23,24]. The interaction between Ti and
carbon plays an important role in tuning the absorption to a wide range
of solar light, decreasing the rate of recombination, boosting the
adsorption characteristics, as well as solving the problem of aggregation
of TiO2 during the synthesis [25]. Moreover, the usage of cellulose as a
carbon source can reduce the total cost of the composite which paves the
way for the scalable production and full-scale application of photo-
catalysis process.

Another alternative for boosting the photocatalytic activity is the
modification of TiO, by transforming Ti*" to Ti>" which produces so
called black titania, having black or colourful appearances [26].
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Additionally, this material is featured by the high electron mobility and
narrow bandgap (around 1.5 eV), so it can absorb large portion (nearly
83 %) of the solar light and generate more radicals [26-28].

The purpose of our work is to prepare the high value-added novel
titanium-carbon-phosphorus composite for the photocatalytic degra-
dation of methyl orange (MO) dye, one of the major organic pollutants.
To the best of our knowledge, the fabrication of defective coloured
titanium-carbon-phosphorus composite (TCPH) and its photocatalytic
performance has not been reported so far. The synthetic strategy for
TCPH consists of facile in situ sol-gel method via the dissolution of
microcrystalline cellulose by phosphoric acid followed by impregnation
of titania precursor with dissolved cellulose and subsequent carboniza-
tion at various environments (N3 and Hy). The simplicity of preparation
and relatively low cost may encourage the production of hybrid mate-
rials continually for various industrial applications. The impact of
carbonization and hydrogenation treatment on the structural, morpho-
logical, textural, thermal stability, optical properties, and interaction
between phases was investigated to evaluate the synergy between the
multiple components and their effect on the enhancement of photo-
catalytic reactivity. Based on this, a possible mechanism of the photo-
catalytic degradation of MO dye using the hybrid composite is proposed.
The major reactive oxygen species were determined using trapping ex-
periments. The stability of prepared materials was evaluated under
successive cycles. We introduce new insights that will be appropriate for
the design of coloured titania nanocomposite photocatalysts benefiting
from a slow rate of electron/hole recombination after introducing oxy-
gen vacancies and core-shell structure for highly efficient the photo-
catalytic performance.

2. Materials and methods
2.1. Chemicals

Microcrystalline cellulose (MCC, 99 %), titanium (IV) tetra iso-
propoxide (TTIP, C12H2804Ti, 99 %) and ortho-phosphoric acid (H3POu4,
85 % w/w) were purchased from Merck (Germany). Nitric acid (HNOg,
70 % w/w), heptane (CyHj6, 95 %), acetone (CsHgO, 99 %), ethyl-
enediaminetetraacetic acid (EDTA, C19H1¢N20g, 97 %), methanol (MA,
CH3OH, 95 %), benzoquinone (BQ, CgH403, 95 %) and ethanol
(CoHsOH, 97 %) were purchased from VWR chemicals (Belgium).
Methyl Orange (MO, C;4H14N3NaO3S) was procured from Acros Or-
ganics (Belgium). The water used was purified by Millipore instrument.
White titania, TiO5 anatase from Sigma-Aldrich, was used as reference
material.

2.2. Synthesis of coloured titanium-carbon-phosphorous hybrid
nanocomposites

Core-shell defective coloured titanium-carbon-phosphorous (TCPH)
hybrid nanocomposite were prepared by coating of titanium-cellulose-
phosphorous with disordered shell. The overall procedure for the syn-
thesis of core-shell structured hybrid nanocomposite is presented
through three determinant steps as follows:

(i) Dissolution of microcrystalline cellulose using acid hydrolysis;
10 g of MCC was added to 50 mL of distilled water and the so-
lution was stirred at 50 °C for 15 min. Subsequently, the disso-
lution of MCC was performed by adding 10 mL of H3PO4 acid in a
drop-wise manner to MCC slurry and stirring for 24 h [4].

(ii) TiO, impregnation by sol-gel method; titanium precursor, TTIP,
was dissolved in 150 mL of heptane and stirred at 50 °C, then
specific volume of Ti solution was added to MCC solution with a
mass ratio of 1:6 for cellulose and titanium dioxide, respectively.
Owing to the hydrolysis of TTIP, a solid suspension was formed,
and the suspension was heated and stirred at 60 °C for 24 h. Then,
the suspension was filtered followed by washing with ethanol,
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distilled water, and acetone and drying at 120 °C in an oven to
remove water and obtain TiP,07 instead of Ti(HPO4)5-H0 [2].
The obtained material was referred as TCeP.

(iii) Defective coloured titanium-carbon-phosphorous composites;
the previous preparation procedures were followed (besides the
carbonization of titanium-cellulose-phosphorous composite) in a
tubular furnace under N, atmosphere at 500 °C at 10 °C/min. To
prepare defective coloured titanium-carbon-phosphorus nano-
composite, the process was conducted under H; flow.

In this work, three nanocomposites were synthesized with the ab-
breviations of TCeP, TCPN and TCPH which refer to titanium dioxide
(T), cellulose (Ce), Carbon (C), phosphorous (P), Ny (N), Hy (H),
respectively.

2.3. Characterization techniques and photocatalytic tests

The details of the characterization techniques and the photocatalytic
tests are given in supporting information S1 and S2, respectively.

3. Results and discussion

In previous work, the treatment of cellulose with phosphoric acid led
to improving the dispersion of the Ti-active phase on the cellulose
support and functionalizing it directly with phosphorous-containing
groups, resulting in carbon-phosphorous-Ti composites [2]. This is due
to the strong inter- and intra-molecular hydrogen bonds in cellulose that
refer to the abundant hydroxyl groups already existing in the inner
cellulose structure. The activity of the fabricated hybrid nanocomposite
of carbon-titanium-phosphorous depends on the dispersion of active
sites, its interaction of cellulose support, surface area, and carbonization
environments (N3 or Hy). It is well known that the presence of Ti*3 and
oxygen vacancies favour the photocatalytic activity in the visible range
due to the minimization of electron-hole recombination. Therefore, in
the present work, for the first time, we explain the synergistic interac-
tion between multiple components of defective coloured tita-
nium-carbon-phosphorous composites. The results of the physico-
chemical characterization, photocatalytic performance, and mecha-
nistic insights are shown and discussed below.

3.1. Physicochemical characteristics of the prepared hybrid
nanocomposites

The carbonization process of commercial MCC as raw materials and a
precursor of carbonaceous materials, acid-treated cellulose with phos-
phoric acid (CeP), and its impregnated with titania (TCeP) were inves-
tigated by TGA under N, flow, indicating the significant changes on the
thermal stability of cellulose before and after treatment with acid and/or
impregnated with titania (Fig. 1). The weight loss took place in single
step in the case of MCC at nearly 300 °C which affirmed the absence of
hemicellulose and lignin [29]. For CeP, the weight loss occurred in two
steps. The first weight loss was at nearly 300 °C due to the dehydration
and the decomposition of carboxylic acids and anhydrides to CO,. The
weight loss in the range from 300 to 750 °C was lower compared to MCC
due to the distribution of functional groups on the surface. The second
weight loss at about 750 °C was mainly due to the reduction of phos-
phate groups by cellulose leading to the increase of cellulose gasification
[2]. The change of weight loss in the case of TCeP was due to the
chemical bonds formed between Ti precursor and cellulose and/or
carbon. The weight loss was a bit higher at a temperature of nearly 300
°C due to the decomposition of organic precursors. However, the weight
loss was lower by increasing the temperature above 300 °C compared to
MCC and CeP which confirmed the thermal stability due to the inter-
action between cellulose oxygenated surface and Ti phase.

The band gap was estimated as shown in Fig. 2 by plotting (F(R) hv)?
versus hy, where F(R) and hv are the functions of reflectance and photon
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Fig. 2. Diffuse reflectance spectra of TCeP, TCPN, and TCPH.

energy, respectively. The band gap is the intersection of the extension of
the linear portion in Fig. 2 with the x-axis. The band gap of TCeP, TCPN
and TCPH was 3.88, 3.70 and 3.13 eV, respectively. The band gap of
TCeP was higher than that of pure TiO; (3-3.2 eV) due to the formed
amorphous TiP207 [2]. The band gap decreased in the case of TCPN due
to the interaction between carbon and Ti phases during carbonization. In
the case of TCPH, the bandgap was narrower, and the enhanced visible
light absorption is due to the effective reduction of Ti*" ions into Ti**
and oxygen vacancies that could be formed during hydrogenation [30].

The presence of Ti°* and oxygen vacancies was further confirmed by
XPS analysis. The XPS spectra showing the transformations and chemi-
cal interactions between cellulose, phosphorous and Ti phases are pre-
sented in Fig. 3. Also, the chemical composition and the variation of the
nature of the surface functional groups are summarized in Table 1. The
strong functionalization of TCeP sample is correlated to the high phos-
phorous content. The reduction of oxygen content of TCPN and TCPH (i.
e., 43.3 and 33.6, respectively) due to the thermal decomposition of
phosphorous and oxygen functionalities, taking into consideration the
hydrogen environment leads to the decrease the functionalities as
compared to nitrogen environment [2]. On the other hand, the thermal
stability is increased by the increase of the amount of phosphate
containing-groups and concurrently with the increase the oxygen-
containing groups.
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Table 1
The surface concentration and species percentage of the prepared titania hybrid
composites obtained at different atmosphere (N, or Hy).

Sample C [¢] P Ti Py, (%) Tiap (%)
(Wt%) C-0-PO; CPO; Ti®t Tit*
TCeP 85 477 266 17.3 100 0 0 100
TCPN 21.2 434 217 137 58 42 37 63
TCPH 340 336 170 167 46 54 50 50

The peaks at around 284.6 eV are attributed to C—C (Cy;) in the case
of TCeP, TCPN and TCPH as shown in Fig. 3a. As the result of hydro-
genation at 500 °C, the percentage of carbon is increased from 8.5 % in
case of TCeP to 21.2 and 34.0 % for TCPN and TCPH, respectively,
indicating that the conversion of cellulose to carbon after thermal
treatment (Table 1). The peaks at binding energies higher than 284.6 eV
are allocated to oxygenated surface and carboxyl groups (0O-C=0, C=0
and C—O) as shown in Fig. 3a. The peaks at around 531.0 and 532.4 eV
in Fig. 3b are ascribed to oxygen with a single bond and to oxygen (O1s)
with double bonds (e.g., carbonyl and carboxyl groups), respectively.
Moreover, the peaks of O;5 could be due to Ti—O and Ti-OH bonds. The
hydrogenation could cleavage Ti—O bonds to Ti—H and O—H bonds
resulting in the presence of hydroxyl groups on the surface. In TCPH,
there is a new peak at 530.0 eV that refers to the surface oxygen va-
cancies with concentration of 23 %. The existence of oxygen vacancies is
crucial for photocatalytic activity, resulting the TCPH has more advan-
tage than TCPN. The carbonization in Ny or Hj led to the progressive
reduction of TCPN and TCPH, respectively, since the oxygen decreased
(i.e., 47.7,43.4, and 33.6 % for TCeP, TCPN and TCPH, respectively) due
to the thermal decomposition of some oxygen and/or phosphorous
functionalities, which were evolved as COy. In addition, the amount of
oxygen decreased more in TCPH than in TCPN, which confirmed that the
reduction of TCPH is effectively higher than TCPN (Table 1). In TCeP,
there is one peak at 133.9 eV attributed to the pentavalent tetra-
coordinated phosphorous in phosphate or polyphosphates (C-O-POs3)
groups, i.e. (CO)3PO, (CO)2PO, and (CO)PO3 which affirmed the pres-
ence of oxygen and phosphorous-containing groups after the treatment
by H3PO4 as given in Fig. 3c [31]. After heat treatment, the peak was
deconvoluted using two doublet peaks. The peak at 133.1 in TCPN
(annealed in nitrogen atmosphere), and the peak at 132.8 eV for TCPH
(in hydrogen atmosphere), are attributed to P atom bonded to one C
atom and three or O atoms (i.e.; C-PO3 group [32,33]. The shift indi-
cating the reduction of the oxidation states of the phosphorous groups
(P—0).

The peak at around 459.1 eV in the case of TCeP, TCPN and TCPH is

ascribed to Tit* (Tizp) confirming the interaction between Ti precursor
and carbonized cellulose (Fig. 3(d)). In the case of TCPH, another peak
at around 458.5 €V is imputed to Ti™> of black titania due to the hy-
drogenation under high temperature. The spectra of Ti 2, in TCPH and
TCPN is shifted to lower BE values, because of the mixture of Ti** and
Ti*® that denoting the impact of the carbonization at hydrogen envi-
ronment on the nature of Ti and P phases. Moreover, the % of Ti*3 in-
creases with the treatment of hydrogen (i.e., 37 vs 50 % for TCPN and
TCPH, respectively (Table 1)), which corroborates the results obtained
from diffuse reflectance analysis (Fig. 2).

The different interactions between TiO, and functionalized cellulose
with phosphoric acid at various carbonization environments are clari-
fied by various structures in Fig. 4a. It shows the XRD patterns of TCeP
and TCPH indicating the amorphous structure of the synthesized ma-
terials, as phosphorous-containing groups might inhibit the growth of
crystals and Ti precursor could react with phosphate forming TiP,0;
crystalline phase [7]. On the other hand, the carbonization in the Ny
atmosphere leads to avoiding the role of phosphate groups and results in
the formation of the anatase structure of TiO3 [21]. The diffraction peaks
at 25.4°, 37.9°, 47.9°, 54.2°, 55.6°, 62.9°, and 68.5° in the case of TCPN
are attributed to (101), (004), (200), (105), (211), (204) and (116)
diffraction planes of anatase TiO5 according to (JCPDS No. 21-1272)
[34]. The peaks corresponding to TiP,O; were not observed in the
case of TCPN and TCPH due to the TiP;0; was formed at higher tem-
peratures (<750 °C). Another note is related to the crystallinity de-
creases by the reduction of titania [35]. As a result, the decrease of the
crystallinity is obvious in sample TCPH. There were no unique peaks for
the cellulose or carbon due to the interference between the components'
peaks confirming the excellent interaction between the phases.

The textural characteristics of samples were analysed by Nj
adsorption-desorption isotherms of TCeP, TCPN and TCPH in Fig. 4b and
c and the data are mentioned in Table 2. The surface area was 52, 45 and
213 m?/g in the case of TCeP, TCPN and TCPH, respectively. The
changes in surface area were due to the variation in morphology and
porosity of the synthesized nanomaterials. The isotherms in Fig. 4c are
of IV type, indicating the mesoporous character. A clear hysteresis cycle
is observed in all samples at P/P, > 0.4 due to Ny condensation which
affirmed the existence of high mesoporous and low microporous vol-
umes. However, a significant increase in the surface area of TCPH,
indicating the development of microporosity and mesoporosity
(Table 2), thus, the hydrogenation improves the textural properties. The
amorphous TCPH that observed in XRD typically shows the higher BET
surface area than the crystalline TCPN [36]. The broad pore size dis-
tribution, high pore volume in the case of TCPH suggested its high
photocatalytic and reusability performance. The reduction process
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Table 2
Textural characteristics of TCeP, TCPN and TCPH.
Sample Sger Sprr Wo Lo Vo.o5 Vineso
(m*/g) (m*/g) (em®/g) (nm) (em®/g) (cm®/g)
TCeP 52 70 0.02 1.67 0.17 0.16
TCPN 45 58 0.01 1.44 0.16 0.15
TCPH 213 208 0.08 1.52 0.47 0.40

improves the pore structure and surface area of TCPH (Table 2), and
subsequently could boost the photocatalytic performance.

The morphological properties of the prepared samples were analysed
by SEM, TEM, and HR-TEM. SEM images of TCeP, TCPN and TCPH are
depicted in Fig. 5a, b and c. Fig. 5a shows the various morphology of
TCeP due to the acid treatment of the cellulose confirming the excellent
distribution of TiO; on cellulose surface and the porous structure were
formed by the elongated particles of raw cellulose fibers. After the
carbonization by N3 at 500 °C as shown in Fig. 5b, the cellulose structure
became more compact with clear microfibers and the particles with
round shape were observed owing to the formation of TiO, on cellulose
surface (Fig. 5b). The morphology of TCPH in Fig. 5¢ was mainly round
shaped due to the formed black titania affirming the uniform distribu-
tion of TiO5 on the formed carbon matrix produced after the carbon-
ization of cellulose. Moreover, particles appeared in granules owing to
the formation of the TiP507 crystalline phase during carbonization. TEM
image in Fig. 5d and e shows the unique core-shell structure with a
highly disordered surface layer coating a crystalline core of titania
which agrees with our previous work [26]. The high-resolution TEM
image is in Fig. 5f showed a confirmation of the core structure. The EDS

pattern is in Fig. Sla indicated the presence of Ti, C, O and P with high
atomic and weight ratios confirming the excellent impregnation of
TiP207 on the carbon surface and the functionalization with phos-
phorus, in agreement with results previously reported [2]. Fig. S1 b, ¢, d,
and f shows the EDS elemental mapping of TCPH and reaffirmed the
chemical composition.

3.2. Photocatalytic activity

The photocatalytic performance of TCeP, TCPN, and TCPH was
evaluated towards the degradation of MO dye under the illumination of
an LED lamp with a wavelength of 365 nm (Fig. 6a). Before photo-
catalysis, the catalyst was saturated with MO dye in the dark to avoid the
effect of adsorption. The initial MO concentration of 10 mg/L, pH 7 and
light intensity of 100 mW/cm? The degradation percentages of MO
were 62 %, 80 % and 99.1 % in the case of TCeP, TCPN and TCPH,
respectively. Despite the higher surface area and mesoporosity of TCeP
than TCPN, the degradation efficiency of MO in the case of TCPN was
higher than that of TCeP due to the formed carbon after the carbon-
ization of cellulose. The interaction between carbon and TiO3 could
result in the decrease of bandgap as explained in the characterization
section. Moreover, carbon could act as an electron acceptor which
resulted in suppressing the recombination between charge carriers and
consequently the degradation efficiency was ameliorated [13]. TCPH
exhibited the highest degradation performance due to the high surface
area and mesoporosity which increased the composite's affinity to MO.
Moreover, the fabricated coloured TCPH and carbon after the hydro-
genation of TCeP could decrease the bandgap and solve the problem of
electron/hole recombination which contributed to the increase of the
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Fig. 5. (a) SEM image of TCeP, (b) SEM image of TCPN, (c) SEM image of TCPH, (d) and (e) TEM and (f) high-resolution TEM of TCPH.
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Fig. 6. (a) Photodegradation performance of TCeP, TCPN and TCPH; (b) kinetic model of the photodegradation of MO; and (c) photocatalytic activity of MO over

TCPH in the presence of the selected scavengers.

generated radicals and degradation efficiency. The degradation kinetics
were studied using a modified Langmuir Hinshelwood model as given in
Fig. 6b. The details of the model were previously discussed in our work
[37]. The degradation rates were 0.0031, 0.0051 and 0.0172 min~! in
the case of TCeP, TCPN and TCPH, respectively. The highest degradation
rate was attained in the case of TCPH which is by the results of the
comparison between TCeP, TCPN and TCPH.

To get insight into the photocatalytic mechanism over the TCPH and
understand the role of the contribution of different generated radicals
were investigated using different scavengers such as benzoquinone (BQ,
scavenger of superoxide radicals), ethylenediaminetetraacetic acid
(EDTA, scavenger of holes) and methanol (MA, scavenger of hydroxyl
radicals) at initial MO concentration of 10 mg/L, pH 7, scavengers'
concentrations of 20 mM and light intensity of 100 mW/cm?2 The
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degradation percentages were 94.45 %, 5.3 %, 64.11 % and 37.5 % in
the case of no quencher, MA, EDTA and BQ, respectively (Fig. 6¢). The
results implied the superiority of the contribution of hydroxyl radicals
over other radicals in the degradation process.

3.3. Degradation mechanism

The excitation of coloured defective titania-carbon-phosphorous
hybrid composites by LED lamp could contribute to the generation of
electron/hole pairs as shown in Fig. 7. The photocatalytic order follows
the sequence TCPH >TCPN > TCeP in agreement with the evolution of
the band gap values. The better photocatalytic activity than TCPN than
TCeP should be associated with the increasing the crystallinity of rutile
phase and confirms the importance of the particle size and the interac-
tion with the support. The surface disorder and oxygen vacancies,
confirmed from XPS, are the main factors for significant improvement of
the charge separation efficiency and subsequently enhance the photo-
catalytic activity [34]. This observation has been confirmed by the XPS
and TEM in Figs. 3 and 5, respectively, In addition, the significantly
higher surface area of TCPH results the highest photocatalytic activity.

The electrons would react with oxygen to form superoxide radicals
and hydroxyl radicals would be formed via the reaction between holes
and hydroxyl ions. The generated superoxide radicals could react with
protons to form hydrogen peroxide. However, electrons and holes tend
to recombine which decreases the number of generated radicals and
reduces the degradation efficiency. The presence of carbon could
contribute to the reduction of the recombination rate due to its capa-
bility to accept electrons. The electrons might be transferred via carbon
to react with the generated hydrogen peroxide to form additional hy-
droxyl radicals.

In summary, the combination of various factors as increasing the
surface area, decreasing the band gap, increasing the localization of
surface defects and oxygen vacancies, and higher contributions of the
produced hydroxyl radicals, results in a superior photocatalytic activity.

3.4. Reusability of TCPH

TCPH nanoparticles were used in five consecutive photocatalytic
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cycles and then they were collected after each cycle. Then, the particles
were dried in an oven for 24 h for the use in next runs. The degradation
ratios were 99.1 %, 98.8 %, 95.7 %, 93.8 and 92.7 % in five repetitive
runs at initial MO concentration of 10 mg/L, pH 7, and light intensity of
100 mW/cm? as shown in Fig. 8. The partial reduction in the degrada-
tion efficiency with the increasing of cycle's number might be due to the
coating of binding sites by MO and/or by-products of the photo-
degradation process which inhibited the production of excessive
radicals.

4. Conclusions

Novel surface defect titanium-phosphorous-carbon nanocomposite
were prepared by controlled impregnation sol-gel process under
controlled atmosphere (N3 or Hj). In this manner, the oxygen and
phosphorous- surface groups formed on cellulose chains during the acid
solubilization determine the interactions with the Ti precursor during

120
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Fig. 8. Removal efficiency of MO under repetitive photocatalytic cycles in the
presence of TCPH.

Fig. 7. (a) Proposed degradation mechanism of MO by TCPH.
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impregnation as well as the transformations of both cellulose and Ti
phases during thermal treatments. Thus, the chemical nature and
physicochemical properties of the active phases can be fitted by
adjusting the surface chemistry and hydrogenation temperature. The
highest degradation rate was attained using TCPH. The hydroxyl radi-
cals were the dominant reactive oxygen species. The boosting photo-
catalytic behaviour of TCPH could be related to the exceptional
physicochemical characteristics such as increasing the Tit> defects,
higher surface area, higher band gap reduction and increasing the
probability of the inhibition of electron-hole recombination via forma-
tion the carbon. The TCPH could be reused for five repetitive cycles
without losing its high catalytic activity. TCPH can be used as a potential
catalyst for the degradation of real industrial effluents due to its high
degradation performance and stability. Coloured defective carbon-
phosphorous-titanium composites offer a new way for the cost-effective
degradation of organic pollutants in a large scale as well as open the gate
for future fuel generation and light-harvesting energy materials.
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