#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

The effect of graphitized carbon on the adsorption
and photocatalytic degradation of methylene blue
over TiO,/C composites

{ ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 40830

Jinlu Cai, Shenghua Hu,* Junhuai Xiang, 2 * Honghua Zhang and Dandan Men

The TiO,/C composites with approximately 40 wt% of carbon were prepared by calcination of precursors,
formed from a one-pot liquid phase reaction between Ti(SO4), and flour. All TiO,/C composites displayed
mesoporous structures with high BET surface areas (117-138 m? g™%) and small crystal sizes of TiO, (8-27
nm). The contents of graphitic carbon and rutile TiO; increased, while the surface area and TiO; crystal size
decreased for the TiO,/C composite on increasing the calcination temperature from 650 to 800 °C; when
calcinated at 800 °C, the anatase TiO, completely changed into rutile TiO, in the TiO,/C composite. The
TiO,/C composite calcinated at higher temperatures exhibited better adsorptive and photocatalytic
degradation performance in the removal of methylene blue (MB). For the entire rutile TiO,/C-800
composite, the adsorption process of MB can be well described by the pseudo-second-order kinetic
model and is governed by chemical adsorption with the maximum adsorption capacity value equal to
about 15 mg g~*. Under continuous illumination with a 254 nm UV lamp (15 W) for 3 h, the percentage
of MB (14 mg [™) photocatalytic degradation on 50 mg of TiO,/C-800 was 25.1% higher than that of the
maximum adsorption removal. These results suggest that the graphitized carbon has a significant effect
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1. Introduction

Dyes are critical materials in many industries such as textile,
leather, paper, foods, pharmaceuticals, ceramics, paint, and
pigment.** A lot of dyes become major water contaminants
because they are discarded into watercourses as waste liquid in
these industrial processes. Most dyes possess some elements or
functional groups (such as metals or aromatics) that are highly
toxic, mutagenic and even carcinogenic to aquatic life and
human beings. Moreover, they are chemically inert and have
little biodegradability under natural conditions. Therefore, it is
essential to treat dye waste liquids to ensure their safe discharge
into watercourses.

Dye contaminants from aqueous solutions can be treated by
many methods, which fall into three categories, namely, phys-
ical, chemical and biological. The advantages and shortcomings
of these methods are compared and summarized by Yagub
et al.' Among them, adsorption is considered as a globally
acclaimed method due to its simple process and low cost.
However, the conventional adsorbents are limited by low
adsorption capacity and kinetics, high regeneration cost, and
column fouling. Photocatalytic oxidation is widely studied as
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the most promising method.** Some photocatalysts also exhibit
high adsorption capacity for the removal of dyes. Within
25 min, the percentage of MB removal from a 120 mg 17"
aqueous solution was 99.47% for the Fe;O,/activated mont-
morillonite (Fe;0,/Mt) nanocomposite (0.5 g) at 293 K.° The
maximum adsorption amounts of malachite green, acid fuchsin
and Congo red are 2963, 3307 and 1554 mg g~ ' for ZnO nano-
particles, respectively.® Therefore, for organic pollutants, the
integration of adsorption and photocatalytic degradation has
attracted the interest of researchers and is considered a prom-
ising method.*”

TiO, is widely investigated as a photocatalyst in the degra-
dation of organic pollutants due to its strong oxidation, non-
toxicity and good chemical stability.*** However, pure TiO,
has some drawbacks for its efficient degradation. TiO, has no
affinity for hydrophobic organics due to its surface polarity.*® It
is often a tedious process to separate powdered TiO, with small
particle size from liquids.'® TiO, nanoparticles are prone to
aggregation and have high photogenerated electron-hole pair
recombination, leading to their lower efficiency and activity.'”'®
Thus, the combination of some adsorbents and TiO, nano-
particles has attracted much attention for enhancing photo-
catalytic activity in the degradation of organic contaminants.">*

TiO, composites obtained by adding a co-adsorbent, doping,
or depositing on other material are helpful for solving these
problems. Supporting the TiO, nanoparticles on adsorbents
such as activated carbon,” clay minerals*»** and calcium
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silicate®® is not only beneficial for improving the efficiency of
photocatalysis, but also favors the separation and recovery of
these catalysts from aqueous solution. These adsorbents usually
have some excellent physicochemical properties such as high
surface area, porous structure, large adsorption capacity, fast
adsorption kinetics, good chemical and thermal stability, and
low cost.”** TiO, coupling with g-C3;N,,>* hybridizing with
graphene-like carbon® or depositing on graphene®>* can
promote the separation of photogenerated charge carriers
(electrons and holes).

As promoters or supports of catalysts, carbon-based mate-
rials exhibit excellent synergistic effects due to their structural
characteristics. For example, compared with pure titania, TiO,
nanoparticles supported on active carbon,*® graphitized
carbon,* and carbon nanotubes® have higher photocatalytic
performance in the degradation of dyes. The TiO,-C composites
can usually be prepared by different methods such as dip
coating,*" impregnation,** solvothermal/hydrothermal,**~*¢ sol-
gel,>®373% chemical vapor deposition,***° templating agent** and
precipitation.*> Usually, it is difficult to obtain the TiO,-C
composites containing highly dispersive TiO, with high
concentrations due to the direct carbon adsorbents as initial
materials in most of these methods. This problem can be
resolved when TiO, and carbon are simultaneously formed by
a one-step method.

In this work, TiO,/C composites with approximately 40 wt%
carbon were prepared by the calcination of precursors, formed
from a one-pot liquid phase reaction between Ti(SO,4), and
flour. The obtained TiO,/C composites displayed typical meso-
pores and had high surface areas. The anatase and rutile
formed at high calcination temperatures are highly dispersed in
the TiO,/C composites. To evaluate their adsorption capacities
and photocatalytic performance, MB was used as a probe
molecule. The synergistic effects of adsorption-enrichment and
photocatalytic degradation were correlated with surface prop-
erties such as pore structure, crystal phase-type and size, and
graphitized carbon.

2. Experimental
2.1 Preparation of TiO,/C composites

The TiO,/C composites with approximately 40 wt% of carbon
were prepared by combining the method of calcination with
a one-pot liquid phase reaction. Specifically, 20 g of flour was
slowly added to 40 ml Ti(SO,), aqueous solution (50 wt%) in
a 250 ml beaker, and mixed well under stirring. The mixture was
heated to 85 °C in a water bath and allowed to react at this
temperature for about 3 h at a 130 rpm stirring rate. The ob-
tained pasty mass (precursor) was dried for 2 h in an electrically
heated drying oven at 130 °C and then transferred into a tube
furnace filled with several small corundum boats. The precursor
was heated at the flow rate of 5 °C min~' to the desired
temperature, and treated at that temperature for 2 h, with
a nitrogen flow rate of 60 ml min . The obtained solid product
was filtered and washed thoroughly with boiling deionized
water until no SO,>~ was detected in the filtrate. Finally, the
product was dried in an oven at 120 °C for 12 h and denoted as
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TiO,/C-x, where x represents the numerical value of the calci-
nation temperature. Pure TiO, was obtained by heating the
corresponding composite in air at the desired temperature and
was similarly denoted as TiO,-y, where y represents the
numerical value of the calcination temperature.

2.2 Characterization of TiO,/C composites

The TiO, and carbon contents in the TiO,/C composite were
determined by combustion in air at 850 °C, since all carbon can
be oxidized into carbon oxides.

Powder X-ray diffraction (XRD) patterns were collected on an
XRD-6000 Shimadzu X-ray diffractometer using Ni-filtered Cu
K, radiation (Cu K,, 2 = 0.15406 nm) equipped with a graphite
monochromator. The employed voltage and current were 40 kV
and 30 mA, respectively. The diffractograms were recorded in
the 20 range of 10-80° at a speed of 4° min™".

Nitrogen adsorption/desorption isotherms were measured at
—196 °C on a Quantachrome Autosorb-iQ, auto-sorption
analyzer. All TiO,/C composites were outgassed in a high
vacuum at 180 °C for 6 h prior to the measurements. The
specific surface areas were calculated using the Brunauer-
Emmett-Teller (BET) method. The pore size distributions were
obtained from the desorption branch of the nitrogen
adsorption/desorption isotherms by the Barrett-Joyner-
Halenda (BJH) method. The micropore/mesopore volume was
obtained according to the DFT (density functional theory)
method.

The morphology and microstructure of the TiO,/C compos-
ites were characterized by a field emission scanning electron
microscope with an acceleration voltage of 20 kv (FE-SEM, Carl
Zeiss Supra 55VP). TEM images of samples were observed on
a high-resolution transmission electron microscope at an
accelerating voltage of 200 kV (TEM, JEM-2100).

Photocurrent-time curves were measured on an Electro-
chemical Workstation (660E, Shanghai Chenhua Instruments
Co. Ltd., China) using a conventional three-electrode quartz cell
system with 0.5 mol 1™' Na,SO, electrolyte solution. In this
system, the platinum electrode, saturated calomel electrode and
TiO,/C composite/ITO glass electrode were used as the counter
electrode, reference electrode and working electrode, respec-
tively. The same 15 W UV lamp as in the photocatalytic degra-
dation of MB was used as the light source in the
photoelectrochemical experiment and was about 6 cm away
from the working electrode. The procedure for fabricating the
TiO,/C composite/ITO glass electrode was as follows: first, the
suspension of the appropriate TiO,/C composite powder was
dispersed in 10 ml of anhydrous ethanol and ultrasonicated for
1 h. The suspension was slowly dropped onto an ITO glass
support using a dropper, then the TiO,/C composite/ITO glass
electrode was dried in air at room temperature for 3 days.

Raman spectra were obtained with a Raman spectrometer
(Accuman (SR-510 Pro), Ocean Optics, American) using
a 785 nm laser. The laser was focused on a spot with diameter of
0.2-2 mm at a power of less than 8 mW. Spectra were collected

in the range of 200-2400 cm™ " at an interval of about 4 cm ™.
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2.3 Adsorption experiments

2.3.1 Kinetic experiments. The adsorption tests were
carried out in dark batch mode at ambient temperature and
atmospheric pressure. Typically, 80 mg of the TiO,/C composite
was added to a 250 ml quartz beaker with 100 ml of MB solution
(14 mg 1) and magnetically stirred at a speed of 250 rpm for
2 h. About 0.7 ml of the solution was taken by a syringe at an
interval of 15 min, which was separated from the TiO,/C
composite power by a dipped filter net tube of stainless steel.
The concentration of MB was determined by measuring the
absorbance at 664 nm (A for MB), using a UV-vis spectro-
photometer (Lambda 35, PerkinElmer, American).

2.3.2 Equilibrium experiments. In the equilibrium experi-
ment, the same conditions as in the kinetic experiment were
employed, except that the adsorption time was 24 h and the MB
solution was sampled only at the end of the experiment.

The adsorption amount at equilibrium (g.), adsorption
amount (q,) and percentage of adsorption removal (photo-
catalytic degradation) at any time ¢ were calculated as follows:

(Co—C)V

e = ———— 1
q - 1)
_(G-C)V

q: = m (2)
Adsorption removal (photocatalytic degradation) (%)
S ) T 3)
Go

where C, (mg 17", C. (mg I™") and C; (mg 17') are the MB
concentrations initially, at equilibrium time and at time ¢ (min),
respectively. V (1) is the volume of the solution, and m (g) is the
weight of the TiO,/C composite.

2.4 Photocatalytic degradation of methylene blue

The photocatalytic performance of the TiO,/C composite was
evaluated in a self-made photocatalytic device by the photo-
degradation of MB in aqueous solution under the irradiation of
ultraviolet (UV) light with a wavelength of 254 nm. A 15 W UV
lamp (light intensity of 0.4 W m™?) served as the light source.
Typically, 50 mg of TiO,/C composite was evenly dispersed in
a 100 ml MB aqueous solution with an initial concentration of
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14 mg 17" in a self-designed quartz reactor. The mixture was
magnetically stirred at a speed of 250 rpm in the dark for
a certain time to achieve the equilibrium of adsorption/
desorption between the TiO,/C composite and the substrate.
Subsequently, the light source was switched on, and the reactor
was cooled by circulating water throughout the experiment.
Then, aliquots were sampled at the given irradiation time
intervals as in the adsorption experiments. Similarly, the pho-
tocatalytic activity was also measured by the photodegradation
of MB in aqueous solution on the TiO,/C composite under the
irradiation of visible light with a wavelength of more than
420 nm and power of 140 W. The light intensity of the simulated
solar spectrum was ca. 925 W m™? (as measured with a digital
power meter). The concentration of MB was determined by
measuring the absorbance at 664 nm (A, for MB), using a UV-
vis spectrophotometer (Lambda 35, PerkinElmer, American).
The percentage of photocatalytic degradation is described by
eqn (3): (1 — C,/Cy) x 100%, where C, and C, are respectively the
MB concentrations initially and at time ¢.

3. Results and discussion
3.1 Textural and structural properties of TiO,/C composites

The chemical compositions, specific surface areas and pore
structural parameters of the TiO,/C composites are summarized
in Table 1. The content of TiO, was 61.1%, 65.0%, 65.3% and
67.0% for the TiO,/C-650, TiO,/C-700, TiO,/C-750 and TiO,/C-
800, respectively. Thus, the content of TiO, in the TiO,/C
composite was higher than the desired value and increased with
the increase in the calcination temperature, indicating that the
higher the calcination temperature, the more the carbon oxides
formed. Although all TiO,/C composites showed typical meso-
pores for the pore size distributions by the BJH method (see
Fig. 1(b) below), as seen in Table 1, there were varying degrees of
micropores and macropores, and the proportion of mesopores
varied from 62% to 73% for these samples.

The above-mentioned carbon oxides could be produced by
the reaction between carbon and SO; from flour and Ti(SO,), as
follows: xSO; + C — xSO, + CO,. Due to the acidity of the
Ti(SO,4), aqueous solution, by way of dehydration, condensation
polymerization, or hydrolysis, flour as a disaccharide can be
converted into a polysaccharide, humic acid, or mono-
saccharide, etc. These carbohydrates were carbonized to form

Table 1 Chemical composition, surface area and pore structure of the TiO,/C composite®

Chemical

composition

(wt%)

BET area Most probable Viotal Vimicro Vimeso Rineso

Sample TiO, C (m*>g™) pore size (nm) (em® g™ (em® g™ Ruicro (%) (em® g™ (%)
TiO,/C-650 61.1 38.9 138 3.9 0.12 0.021 17.5 0.087 72.5
TiO,/C-700 65.0 35.0 134 3.9 0.12 0.036 30.0 0.074 61.7
TiO,/C-750 65.3 34.7 124 3.9 0.12 0.029 24.2 0.089 74.2
TiO,/C-800 67.0 33.0 117 6.8 0.078 0.027 34.6 0.049 62.8

“ Viotal: total pore volume; Viicero: micropore volume; Vieso: mesopore volume; Ruicrot Vinicro/ Veotal X 100%; Rieso? Vineso/ Viotal X 100%.
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Fig. 1 N, adsorption/desorption isotherms (a) and pore size distri-
butions (b) of the TiO,/C composites.

carbon at high temperatures. Ti(SO,), can be changed into
TiOSO, and Ti(OH),, which can be dispersed in the polymers
formed from flour. These hydrolyzates and unreacted Ti(SO,),
can be decomposed according to the following reactions at high
calcination temperature:

(2) Ti(OH), — TiO, + 2H,0;

(3) Ti(SO4)> — TiO, + 2S0s.

The TiO,/C composite is produced by all these reactions.

N, adsorption/desorption isotherms and pore size distribu-
tions for the TiO,/C composites calcinated at different
temperatures are shown in Fig. 1. The nitrogen adsorption/
desorption isotherms for all TiO,/C composites displayed
similar hysteresis loops at relative pressures ranging from 0.4 to
0.9, which belong to the type IV isotherms with H2 (b) hysteresis
loops, typical of mesopores according to the IUPAC classifica-
tion.** A single peak was observed for the pore size distribution
of every sample. The peaks were weak and narrow for the TiO,/
C-650 and TiO,/C-700, while strong and broad for the TiO,/C-
750 and TiO,/C-800. Table 1 shows that all TiO,/C composites
possessed high surface areas (138-117 m”> g '), which
decreased slowly with the increase of the calcination tempera-
ture due to the sintering. The pore diameters and pore volumes
derived from the nitrogen adsorption/desorption isotherms of
the TiO,/C composites are also listed in Table 1. The most

This journal is © The Royal Society of Chemistry 2020
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probable pore sizes and pore volumes (about 3.9 nm and 0.12
em?® g7, respectively) were almost the same for the TiO,/C-650,
TiO,/C-700 and TiO,/C-750, while the most probable pore size
increased to ca. 6.8 nm, and the pore volume decreased to
around 0.078 cm?® g~ for the TiO,/C-800. This means that more
carbon oxides were formed for the TiO,/C-800 obtained at the
highest calcination temperature.

XRD patterns of four TiO,/C composites obtained at different
calcination temperatures are shown in Fig. 2. No diffraction
peaks of graphite crystals were observed in all TiO,/C compos-
ites, indicating the presence of highly dispersed or amorphous
carbon in the TiO,/C composites. The diffraction peaks at 25.1,
37.9, 48.1, 55.1, 62.7 and 75.7° correspond to (101), (004), (200),
(211), (204) and (215) planes of anatase TiO, (JCPDS 21-1272),
respectively. The diffraction peaks at 27.5, 36.1, 39.2, 41.3, 44.1,
56.7, 62.8, 64.1, 69.1 and 69.7° are ascribed to the reflections of
the (110), (101), (200), (111), (210), (211), (220), (002), (310), (301)
and (112) planes of rutile TiO, (JCPDS 21-1276), respectively.
Only the broad and weak peaks of anatase TiO, appeared for the
TiO,/C-650 composite. The peaks of anatase TiO, became
stronger and the very weak peaks of a little rutile TiO, appeared
at the same time for the TiO,/C-700 composite. Only the peaks
of a little anatase TiO, were present and the narrow and strong
peaks of more rutile TiO, appeared due to the transformation of
most of the anatase to rutile for the TiO,/C-750 composite ob-
tained at higher calcination temperature. With the calcination
temperature further increased to 800 °C, all anatase TiO, dis-
appeared and completely transformed into rutile TiO, for the
TiO,/C-800 composite. Therefore, with increasing calcination
temperature from 650 to 800 °C for the TiO,/C composite, the
anatase TiO, gradually changed into the rutile TiO,, whose cor-
responding characteristic peaks also became stronger, indicating
the gradual increase of the crystal size. The most intense peaks of
anatase TiO, (101) and rutile TiO, (110) were used to calculate the
crystalline size of TiO, in the TiO,/C composites by the Scherrer
equation.** The calculated average crystalline sizes of TiO, are
respectively 8.6, 13.9, 20.2 and 27.0 nm for the TiO,/C-650, TiO,/
C-700, TiO,/C-750 and TiO,/C-800.

The morphology and structure of the TiO,/C composites
were characterized by SEM, as shown in Fig. 3. It can be seen
that all TiO,/C composites were composed of spherical nano-
particles or agglomerates with many pores or gaps among them.
The sizes of the pores or gaps were nearly the same for the TiO,/

W Anatase @ Rutile

. .
I Io?. Ir.];%/C-SOO

E
Q‘. . .
< e TiO /C-750
g u_Te% [2eec
:‘E’ | ] TiOZ/C-700
= A’. oo HoEN H o'm
- TiO /C-650
A H B gm ?

0 10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig. 2 XRD patterns of the TiO,/C composites.
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C-650, TiO,/C-700 and TiO,/C-750, while they became bigger for
the TiO,/C-800, in line with the results in pore size distribu-
tions. However, the agglomeration of the spherical particles
became more and more serious with the increase in the calci-
nation temperature, resulting in the formation of larger parti-
cles, in accordance with the XRD results.

To distinguish TiO, from carbon and estimate its crystal size,
TiO,/C-800 as a representative with the best photocatalytic
activity (see Fig. 9) was characterized using high-resolution
transmission electron microscopy. As shown in Fig. 4, the
images suggest that spherical TiO, nanoparticles or agglomer-
ates were dispersed in the TiO,/C-800. The sizes of these parti-
cles were mainly in the range of 22-35 nm, which is consistent
with the XRD results.

It was very easy to detect Raman spectroscopy signals for the
material's crystallinity and microstructure. The nature of
carbon present in the TiO,/C composite was also investigated by
Raman spectroscopy since no peaks of carbon existed in the
XRD patterns, as shown in Fig. 5. All TiO,/C composites showed
two broad and weak peaks at around 1342 and 1590 cm ',
namely the D-band and G-band, except that the G-band peak in
the Ti0,/C-650 was at about 1560 cm ™', The G-band is assigned
to graphitic carbon with sp® hybrid while the D-band is ascribed
to the defects present in the hexagonal graphitic structure.
Compared with pure graphite, some imperfect structures of
carbon caused the shift in the maximum wavenumbers for G-
band peaks in the TiO,/C composites.*® The intensity ratios of
the G-band and D-band (Is/I,) were respectively 0.62, 0.69, 0.77
and 0.87 for the TiO,/C-650, TiO,/C-700, TiO,/C-750 and TiO,/C-
800, indicative of the enhanced carbon graphitization as a result
of the increased calcination temperature.

Ti0,/C-650

— EMT=3000W WO=100mm  Meg= 5000 KX SgnaiA =inae

EMT 20006 WOS O8me  Nage Z0XCKX  SpmeAsinen

Fig. 3 SEM images of the TiO,/C composites.
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Fig. 4 TEM images of the TiO,/C-800 composite.

3.2 Adsorption kinetics and equilibrium adsorption

To determine the time to reach the equilibrium adsorption, the
effect of the contact time on the adsorption of MB onto the TiO,/
C composite was studied. The amount of adsorbed MB on the
TiO,/C-650, TiO,/C-700, and TiO,/C-750 had a little change after
2 h, while the one on the TiO,/C-800 did after 6 h. Therefore, to
ensure that absolute equilibrium was established, 24 h was
selected as the equilibrium time to determine the adsorption
amount at equilibrium (g.) for all TiO,/C composites, as shown
in Table 2. Both the amount of adsorption and percentage
removal of MB increased with the increase in the calcination
temperature for all TiO,/C composites. This was consistent with
the decrease in the BET surface area and the increase in the
crystal size, meaning that the graphitized carbon played a key
role and had a significant effect on the adsorption of MB for
these TiO,/C composites since the adsorptivity of TiO, is very
poor.46,47

FTe000W WD (C0mm  Nags J000KX  Sgnat A islem

BT R I030W W= BRIE Mepe SOODKX g A v v
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Fig. 5 Raman spectra of the TiO,/C composites.

The variations in the amount of adsorbed MB over contact
time are shown in Fig. 6. The MB adsorption rate was very small
and the concentration of MB had no change in 2 h for the TiO,/
C-650. The MB adsorption rates in the initial 15 min were quick
and then became slow for the TiO,/C-700, TiO,/C-750 and TiO,/
C-800. It was observed that the higher the calcination temper-
ature, the better the TiO,/C composite performance for MB
adsorption. Thus, the adsorption capacities of MB on these
TiO,/C composites followed the sequence: TiO,/C-650 < TiO,/C-
700 < Ti0,/C-750 < TiO,/C-800.

Generally, the process of liquid adsorption on a solid
includes three steps: (I) film diffusion, (II) intraparticle diffu-
sion or pore diffusion on the surface, (III) sorption onto interior
sites.*® To investigate the mechanism of sorption and potential
rate-controlling steps such as mass transport, and chemical
reaction processes, four commonly accepted kinetic models
were used to fit the present experimental data, which are as
follows:**—>*

Pseudo-first-order model:

In(ge — q) = In ge — kit (4)
Pseudo-second-order model:
tlg, = U(kage’) + tlge (5)
Weber intraparticle diffusion model:
4= kiat”> + C (6)
Elovich model:

g = 18 In(af) + 1/§ In 1 @)

Table 2 Adsorption amount and percentage of removal of MB at
equilibrium for the TiO,/C composites; (m(TiO,/C) =80 mg, Co(MB) =
14 mg ™Y

Adsorption removal

Sample (%) ge (mgg™)
TiOZ/C-650 7.6 1.4
TiO,/C-700 26.4 4.8
TiO,/C-750 55.9 10.2
TiO,/C-800 80.1 14.6

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Adsorption capacity versus contact time for the adsorption of
MB on the TiO,/C composite; (M(TiO,/C) = 80 mg, Co(MB) = 14 mg
.

where g. (mg g ') and ¢, (mg g~ ') are the amounts of adsorbed
MB at equilibrium and at any time ¢ (min), respectively. k;
(min™"), k, (g mg™' min~") and kiq (mg g~ ' min~ %) are the rate
constants for the pseudo-first-order, pseudo-second-order and
intraparticle diffusion models, respectively. o (mg g~ ' min "),
and 8 (g mg ") are the initial adsorption rate and the desorption
constant, respectively.

The four models were used to investigate the MB adsorption
kinetics only for the TiO,/C-700, TiO,/C-750 and TiO,/C-800,
since almost no MB could be adsorbed on the TiO,/C-650.
The fitted plots of these adsorption kinetic models are shown
in Fig. 7(a-d) and the corresponding model fitting parameters
are summarized in Table 3. The validity of each model was
checked by the corresponding correlation coefficients (R*). As
seen in Table 3, for the TiO,/C-700, the values of R*> from the
pseudo-first-order, pseudo-second-order, and Elovich models
were 0.869, 0.539 and 0.774, respectively. The calculated
amount of MB equilibrium adsorption ge, ca1 (5.4 mg g~ ") by the
pseudo-first-order model was also closest to that from experi-
ment ge, exp (4.8 mg g~ ') for the TiO,/C-700. Similarly, the same
rule as for the TiO,/C-700 existed for the TiO,/C-750. However,
for the Ti0,/C-800, the value of R* (0.998) from the pseudo-
second-order model was the largest, and there was a minimal
difference between ge, ca and ge, exp; the fitted plot was also in
good agreement with the Elovich model. Therefore, according
to the ge, ca1 and R?, the pseudo-first-order model was consid-
ered as the best-fit in describing the MB adsorption kinetics for
the TiO,/C-700 and TiO,/C-750, while the pseudo-second-order
model, controlled by chemical adsorption, was the best for
the TiO,/C-800.

The Weber intraparticle diffusion model was used to analyze
the kinetic data in order to investigate whether intraparticle
diffusion was the rate-limiting step in the adsorption process,
as shown in Fig. 7(d). A plot of the amount of MB adsorbed (g;)
versus t*'* should be linear, and if the line passes through the
origin, then intraparticle diffusion is the only rate-controlling
step.”® The plots presented two linear parts, which indicate
that the intraparticle diffusion was not the sole rate-controlling
step for the TiO,/C-700, TiO,/C-750 and TiO,/C-800.

The results of the transient photocurrent measurements for
the TiO,/C composites are shown in Fig. 8. Each TiO,/C
composite/ITO glass electrode exhibited a current response to

RSC Adv, 2020, 10, 40830-40842 | 40835
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Fig.7 Fitted plots of (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich and (d) intraparticle diffusion kinetic models for the adsorption
of MB on the TiO,/C composites. (m(TiO,/C) = 80 mg, Co(MB) = 14 mg o)

UV light, and the current rapidly decreased as soon as they were
in the dark. The photogenerated current densities remained
stable during the irradiation, due to the presence of a contact
potential between the TiO,/C composite particles and ITO glass.
This photo-responsive behaviour was completely reversible. It
was observed that the photocurrent density was 0.3, 2.5, 8.7 and
11.0 pA ecm~? for the TiO,/C-650, TiO,/C-700, TiO,/C-750 and
TiO,/C-800 under the irradiation of UV light, respectively. These
results indicated that the separation efficiency of the

photoinduced electrons and holes in the TiO,/C composites
increased with the increase in the calcination temperature,
ascribed to the formation of more graphitized carbon.

3.3 Photocatalytic activity

At room temperature and atmospheric pressure, the UV light
photocatalytic degradation activity of MB on 50 mg of the TiO,/
C composite is shown in Fig. 8. Compared with the photo-
catalytic degradation of MB, the removal of MB adsorption on

Table 3 Parameters for the (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich and (d) intraparticle diffusion kinetic models for the
adsorption of MB on the TiO,/C composites. (m(TiO,/C) = 80 mg, Co(MB) = 14 mg ™}

Models Parameters TiO,/C-700 TiO,/C-750 TiO,/C-800
Pseudo-first-order equation: In(ge — ¢;) = In ge — kst kq 0.013 0.0073 0.013

e, cal 5.4 8.2 10.8

R? 0.869 0.987 0.989
Pseudo-second-order equation: ¢/q, = 1/(kxq.>) + t/qge ks 0.0010 0.0026 0.0020

e, cal 8.0 8.9 15.4

R 0.539 0.941 0.998
Elovich equation: ¢, = 1/8 In(af) + 1/8 In t « 0.14 0.49 0.97

8 0.77 0.54 0.29

R? 0.774 0.895 0.996
The Weber intraparticle diffusion equation: g, = kiqt®® + C kia 0.20 0.45 1.22

C 0.39 1.24 0.45

R’ 0.812 0.812 0.996
Experimental data e, exp 4.8 10.2 14.6
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Fig. 8 Transient photocurrent responses of the TiO,/C composites
under UV light irradiation at O V vs. SCE; the inset is an enlarged view of
the plot for TiO,/C-650.

the TiO,/C composite was measured under the same conditions
except for no light irradiation, as shown in Fig. 9(a). The
adsorption equilibrium approximately reached the adsorption
in the dark since the concentration of MB remained almost
unchanged after 2.5 h. Therefore, in the photocatalytic degra-
dation of MB, 2.5 h was selected for MB adsorption on the TiO,/
C composites in the dark, and then the mixture was irradiated
for 3 h again under a 15 W UV light source, as shown in Fig. 9(b).
The concentration of MB did not change with contact time in
the absence of the TiO,/C composite, indicating no self-
degradation of MB. The percentages of photocatalytic degra-
dation of MB were 11.0%, 16.4%, 38.1% and 60.5%, while those
of adsorption removal of MB are respectively 4.6%, 13.7%,
26.1% and 35.4% for the TiO,/C-650, TiO,/C-700, TiO,/C-750
and TiO,/C-800, respectively. The difference between the
percentage of photocatalytic degradation and that of adsorption
removal was both very small (less than 7%) for the TiO,/C-650
and TiO,/C-700, indicating the low activity of the photo-
catalytic degradation of MB. The differences between the
percentage of photocatalytic degradation and that of adsorption
removal were 12.0% and 25.1% for the TiO,/C-750 and TiO,/C-
800, respectively, suggesting enhanced activity with the increase
in the calcination temperature. The kinetics of MB photo-
degradation over the TiO,/C composite was delineated using
the pseudo-first-order kinetics model according to the method
in the literature.® The results are presented in Fig. 9(c). The
reaction rate constants for the TiO,/C-650, TiO,/C-700, TiO,/C-
750 and TiO,/C-800 were 6.8 x 10™%, 5.5 x 107% 1.3 x 10
and 3.4 x 107° min ", respectively. The difference in rate
constants for the TiO,/C-650 and TiO,/C-700 was very small. The
rate constants for the TiO,/C-750 and TiO,/C-800 were about 2
and 5 times that for the TiO,/C-650, respectively. Thus, the
performance of UV light photocatalytic degradation of MB on
the four TiO,/C composites followed the sequence: TiO,/C-800 >
TiO,/C-750 > TiO,/C-700 > TiO,/C-650.

In the photocatalysis reaction, the performance of the pho-
tocatalyst is mainly determined by the following three proper-
ties: the adsorption of reactant, the light absorbance, and the
transport and separation of photogenerated carriers.***® These
properties are greatly influenced by the surface

This journal is © The Royal Society of Chemistry 2020
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characterization, such as specific surface area, crystal phase-
type, crystallite size and dispersed surface-active species.>
High specific surface area and small crystal size are benefi-
cial for providing more active sites for adsorption and reaction,
leading to higher photocatalytic activity."” However, the present
TiO,/C composite with higher BET surface area and smaller
crystal TiO, did not exhibit the better adsorptivity, indicating
that the adsorptivity could not be caused only by single physical
adsorption and highly dispersed crystal TiO,. Although the
pseudo-first-order model was the best-fitting model in
describing the MB adsorption kinetics for the TiO,/C-700 and
TiO,/C-750, and the pseudo-second-order model for the TiO,/C-
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Fig. 9 MB concentration versus contact time for adsorption removal
(a), UV light photocatalytic degradation (b) and fitted plots of pseudo

first order kinetic model for photocatalytic degradation (c) of MB on
the TiO,/C composites. (M(TiO»/C) = 50 mg, Co(MB) = 14 mg | %).
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800, the corresponding correlation coefficients (R*) from the
pseudo-second-order model increased with the increase in the
calcination temperature for these TiO,/C composites. This
means that the enhanced adsorptivity should be largely attrib-
uted to selective chemical adsorption by the m-m stacking
between the aromatics of MB and graphitic carbon in the TiO,/C
composite.*>

The formed encapsulation of the carbon layers can suppress
the phase transformation and crystal growth of TiO, at the
calcination temperature of 800 °C.*® The anatase gradually
became rutile in the TiO,/C composites on increasing the
calcination temperature from 650 to 800 °C. This means that
less encapsulation of carbon layers existed in the present TiO,/C
composites. The anatase had higher photoactivity due to its
faster rate of diffusion and a lower recombination of charge
carriers as compared with rutile for TiO,; furthermore, a rutile
component along with anatase can also enhance the photo-
catalytic activity.”” However, the TiO,/C-700 did not exhibit the
highest photocatalytic activity of MB degradation despite
having a high BET surface area, small crystal size of TiO,, and
high anatase/rutile ratio; interestingly, the entire rutile TiO,/C-
800 exhibited the highest photocatalytic activity. It was inferred
that the graphitic carbon may have a significant effect on not
only the adsorptivity, but the light absorbance and the efficiency
of transport and the separation of photogenerated carriers. The
photocurrent results confirmed the higher efficiency of trans-
port and separation of photogenerated carriers for the TiO,/C
composite with more graphitic carbon. We attempted to
measure the absorbance of TiO, in the TiO,/C composites by
UV-vis diffuse reflectance spectroscopy but no signals could be
detected, probably because the excess carbon absorbed most of
the light. Thus, the photocatalytic activities of the TiO,/C
composites were also investigated in the visible light range of
the spectrum (4 > 420 nm), as shown in Fig. 10. Compared with
the adsorption removal (in Fig. 9), the percentages of photo-
catalytic degradation did not change, indicative of no visible
light photocatalytic activities for the TiO,/C-650 and TiO,/C-700.
The differences between the percentage of photocatalytic
degradation and that of adsorption removal were 5.9% and
10.6% for the TiO,/C-750 and TiO,/C-800, respectively. There-
fore, both TiO,/C-750 and TiO,/C-800 exhibited lower photo-
catalytic activity under visible light as compared to under UV
light. The results indirectly indicate that graphitic carbon
promoted the absorbance of visible light by the formation of the
Ti-O-C bond, similar to the case of the P25-GR composites.*®

To explain the role that carbon plays in the TiO,/C
composite, the photocatalytic performances of three TiO, crys-
talline structures (anatase, the mixture of anatase/rutile, and
rutile, see the inset of Fig. 11(a)) were investigated for
comparison by heating the corresponding TiO,/C composites at
different temperatures in air. However, the phase of TiO, ob-
tained by calcination in air was different from that in an inert
gas at the same temperature; e.g., the mixture of anatase/rutile
existed in TiO, obtained by calcination of the TiO,/C-650 in air
at 650 °C (data not given). Therefore, 550, 700 and 800 °C were
respectively selected as calcination temperatures to obtain three
TiO, crystals (anatase, the mixture of anatase/rutile, and rutile),
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a visible light source with a power of 140 W. (m(TiO,/C) = 50 mg,
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namely TiO,-550, TiO,-700 and TiO,-800. The results of their
XRD patterns can be seen in the inset of Fig. 11(a).

At room temperature and atmospheric pressure, the UV light
photocatalytic degradation activity of MB on 30 mg of TiO,
(about equal to the mass of TiO, in the composites) is shown in
Fig. 11(a). The differences in the percentage of photocatalytic
degradation and that of adsorption removal were 22.5%, 39.7%
and 6.7% for the TiO,-550, TiO,-700 and TiO,-800, respectively.
As seen in Fig. 11(b), the rate constants of the pseudo-first-order
reaction for the TiO,-550, TiO,-700 and TiO,-800 were 1.6 x
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Fig. 11 (a) MB concentration versus contact time for UV light photo-
catalytic degradation. Fitted plots of the pseudo-first-order kinetic
model for photocatalytic degradation (b) of MB on the different phases
of TiO,; XRD patterns of these TiO, are shown in the inset of (a).
(M(TiO,) = 30 mg, Co(MB) = 14 mg I™%).
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Table 4 Comparison of the photocatalytic performances for MB degradation on the TiO, composites with different carbon materials

Co(MB) Catalyst dose  Rate constant
Catalyst Preparation method Light source (mgl™) (mgl™) (min™") Reference
TiO, (P25) In situ graphitization UV (254 nm, 11 W, 0.9 Wm™2) 10 500 0.1 26
3% graphene-like method 0.25
carbon/TiO,
TiO, (P25) Solvothermal method UV (320-390 nm, 70.2 W m™ %) + 25 500 4.60 x 107° 35
13.5% carbon-doped UV (400-780 nm, 452.5 W m?) 8.26 x 10°
TiO,
TiO, (P25) Hydrothermal method UV (365 nm, 100 W, 0.3 Wm %) 10 750 4.06 x 107° 46
P25-graphene 3.45 x 1072
TiO,-550 Liquid phase reaction UV (254 nm, 15 W, 0.4 W m ?) 14 500 1.6 x 10°° This
TiO,/C-800 combined with calcination 3.4 x10° work

1073, 3.6 x 10" % and 4.8 x 10~* min ', respectively. Therefore,
the TiO,-550 and TiO,-700 had higher photocatalytic activities
than the TiO,/C-650 and TiO,/C-700 with the same phases of
TiO,, while the TiO,-800 had lower photocatalytic activity than
the TiO,/C-800. Thus, TiO,/C-800 had higher photocatalytic
activity than pure TiO, (anatase or rutile). These results show that
carbon nanoparticles could screen the UV light reaching the
surface of TiO,, leading to lower activity.>® The TiO,/C-800 had
enhanced photocatalytic performance due to the formation of
more graphite carbon, which can decrease the recombination of
electron/hole pairs and increase the adsorptivity on MB.>

To illustrate more clearly what role carbon plays, photo-
catalytic activities for MB degradation over the TiO, composites
with different carbon materials are summarized in Table 4. As
seen in Table 4, the rate contants of the pseudo-first-order
reaction for MB photocatalytic degradation on the same TiO,
(P25) catalysts were greatly different due to the variety of UV
light sources and initial concentrations of MB, etc. Doping
carbon or the combination with graphite-like carbon can
improve the adsorptivity of MB or/and the efficiency of trans-
portation and separation for the photogenerated holes and
electrons on the TiO,, resulting in the significant enhancement
of photocatalytic activity; excessive carbon would lead to lower
photocatalytic performance. Despite the high carbon content,
TiO,/C-800 with only rutile TiO, crystal particles in this work
still showed higher photocatalytic activity than pure anatase
TiO,, indicating that the promotion of graphitized carbon was
dominant, as compared with its inhibition from the shielding
effect.

The graphitic carbon formed has a significant effect on the
adsorption of reactant, the light absorbance, and the transport
and separation of photogenerated carriers, leading to the
enhanced photocatalytic activity for the TiO,/C composite.

4. Conclusions

(1) The TiO,/C composite containing approximately 40 wt%
carbon was successfully prepared by a method of calcination
combined with a one-pot liquid phase reaction. The composite
predominantly presented a mesoporous structure with high

This journal is © The Royal Society of Chemistry 2020

surface area, highly dispersed TiO, and partly graphitized
carbon.

(2) No obvious adsorption of MB occurred for the entire
anatase TiO,/C-650; the pseudo-first-order model was the best
fit for describing the MB adsorption kinetics for the TiO,/C-700
and TiO,/C-750 with the mixture of anatase and rutile, while the
pseudo-second-order model, controlled by chemical adsorp-
tion, was for the entire rutile TiO,/C-800.

(3) With the increase in the calcination temperature from
650 to 800 °C for the TiO,/C composite, the BET surface area
decreased, together with the increase in the rutile of TiO, and
crystal size. However, the TiO,/C composite with more rutile
TiO, and graphitic carbon exhibited better adsorption capacity,
due to the presence of the graphitic carbon, strongly interacting
with MB by offset face-to-face stacking via -7 conjugation.

(4) Besides the adsorption of MB, the graphitized carbon can
also promote the light absorbance and the efficiency of the
transport and separation of photoinduced electrons and holes.
Thus, the synergistic effect of adsorption-enrichment and the
photocatalytic degradation of MB on the TiO,/C composite was
realized, and the photocatalytic activity of the TiO,/C composite
increased with increasing the calcination temperature from 650
to 800 °C.

(5) Notably, all the intensity ratios of the G-band and D-band
(Ic/Ip) in the TiO,/C composites were less than 1. Thus, with
further enhancement of the content of graphitized carbon in
the TiO,/C composite by optimization of the parameters such as
calcination temperature, carbon content and other aspects of
the preparation procedure, the photocatalytic performance of
the TiO,/C composite is expected to be remarkably improved.
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