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ARTICLE INFO ABSTRACT

Keywords: A sustainable photocatalyst of Ti** self-doped elongated anatase nanowires combined with reduced graphene
Elongated anatase TiO, nanowires oxide (TiO, NWs@rGO) was prepared via a facile one-step reductive synthesis process using NaBH, as reductant
TiO, NWs@rGO composites for the first time. The obtained optimal TiO, NWs@rGO composite has a large surface area,182m? g™, which

Ti** self-doped
Photocatalysis
Self-cleaning

demonstrates strong adsorption capacity due to the multilayered structure built by highly crystallized nanowires
of TiO, and ultrathin rGO layers. When the photocatalyst was applied in removing waste engine oil (100 mL,
50 mg L), it exhibited outstanding performance with up to COD 98.6% removal extent (from 145 initial to
2mg L~ ! final COD) after 5h, which is 34.1% higher than that of TiO; NWs (64.5% COD removal extent). Gas
chromatography-mass spectrometry analyses of residual waste engine oil after photocatalysis shows significant
reductions of C¢—C;9 chemicals as well as total disappear of C;5,C16, C17, C1s chemicals. The outstanding pho-
tocatalytic activity of TiO; NWs@rGO benefits from sensitive response to visible light, improved surface re-
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activity and high electron flux enabled by rGO and Ti
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3% in TiO,. In addition, this composite catalyst can be

self-cleaned, and recycled for reuse, which suggests promising potential for waste engine oil treatment.

1. Introduction

Waste engine oil contamination in aquatic systems from marine
transportation, oil spills, manufacturing facilities and food processing
has caused serious environmental problems [1] such as negative impact
on the survival and reproduction of aquatic organisms [2] due to the
blocking of light and oxygen penetration by spreading oil layer. It is
challenging to remove engine oil from contaminated water because oil
is hydrophobic and shows very low affinity to water. Reports abound of
removal of waste engine oil are mainly combustion [3], hydro-treat-
ment [4], carbon adsorption [5,6] and biodegradation [7,8]. However,
these treatment processes are becoming increasingly impracticable due
to secondary pollution, high cost and complex equipment. Therefore,
designing a simple, effective and environmentally friendly disposal
method to degrade waste engine oil is valuable and challenging.

Recently, numerous reports have been established on photo-
degradation of organic pollutants due to it’s low—cost, safe and en-
vironmentally accepted [9,10]. TiO,, one of the most promising pho-
tocatalysts, has been wildly applied in water environmental
remediation owing to its high stability and photocatalytic activity
under UV irradiation [11,12]. Especially for cationic organic molecules,
TiO, shows a tendency of adsorbing them due to the high electron
density on TiO, surface [13]. However, there are two main deficiencies
restraining it’s application. One is the narrow reactive UV-light spec-
trum limited by large band gap (3.2eV), thus causing high cost and
energy consumption. The other shortcoming, generally existed in TiO,
nanoparticles, is the low photoactivity due to the disordered aggrega-
tion. In order to broaden its response range to visible light and enable
high photocatalytic efficiency, TiO, are generally modified with three
categories of materials involving narrow-band-gap semiconductor
[14,15], noble metals [16,17] and carbon materials [18]. Efficient p/n,
p/p or n/n heterojunctions were constructed by combining TiO, with
semiconductors, with enhanced separation between photoinduced
electron-hole pairs [19]. Because degradation generally takes place on
photocatalyst surface, sufficient contact between photocatalyst and
contaminants determines the final degradation extent. Sometimes, if
the pollutants can’t be effectively adsorbed by the heterojunction cat-
alyst, no desirable photocatalytic activity can be obtained even though
heterojunction can effectively separate charge [20,21]. So, matching
one or more semiconductors with high adsorption capacity is necessary.
TiO, materials modified by noble metals (i.e. Au, Ag and Pd, etc) have
achieved relatively mature results. Michael J. Nalbandian’s group suc-
cessfully synthesized Ag-TiO, composite nanofibers, which showed
high photocatalytic activity toward phenol degradation owing to the
addition of electron traps and efficient carrier separation [22]. How-
ever, the size of noble metals is still a critical determinant of photo-
reactivity. The cost of noble metals is also an issue. TiO, materials
modified by carbon materials (i.e. carbon nanotubes and graphene, etc)
have become a focus of photocatalysis due to their large surface area,
excellent electrical conductivity, acid and alkali resistance and photo-
thermal stability. Among all the carbon materials, graphene has at-
tracted great attention with enlarged surface area and high stability. It
has been tentatively applied in the treatment of dyes [23], volatile
organic carbons [24], and heavy metals [25]. However, it is not enough
to simply remove waste engine oil from water by adsorption. Com-
bining adsorption and simultaneous degradation is required as an ef-
fective treatment for engine oil contamination.

In this work, Ti** self-doped ultra-long TiO, nanowires (TiO, NWs)
were combined with reduced graphene oxide (rGO) to construct com-
posites. Although there are reports about synthesis of TiO,/graphene

composites based on hydrothermal or solvothermal methods [26,27],
the combination and application in waste oil removal of ultra-long TiO,
NWs with Ti** self-doping and rGO have not been reported up to now.
This is the first time employing NaBH, as reductant which simulta-
neously realizes the formation of Ti®* dopant in TiO, and the reduction
of GO. The morphologies and optical properties of as—prepared TiO,
NWs@rGO composites were rigorously characterized. Experiments of
oil adsorption and photocatalytic degradation were conducted to
evaluate the performance of TiO, NWs@rGO composites. Importantly,
a designed fixed-bed reactor using a thin and slight Ti mesh as holder
for powder—form TiO, NWs@rGO composite showed good recycle and
practicability. The detailed degradation processes of waste engine oil
involved with reactive oxygen species ('OH and 'O,-) generation were
investigated. The photocatalytic mechanism of TiO; NWs@rGO com-
posites was also presented.

2. Experimental section
2.1. Synthesis of TiO, NWs@rGO composites

GO, the precursor of rGO, was prepared by a modified Hummers’
method [28]. Then, 0.01 g of GO was added to 15 mL of NaOH (10 mol
L™) solution and stirred for 1 h under 30 rpm. Next, the mixed solution
was followed by ultrasonic treatment of 1 h in the ice bath pot (13 °C).
Then, 0.1g of P25 powders (size: 15nm) and a certain amount of
NaBH, were added to the above solution and stirred for 24 h under 30
rpm in the oil bath pot (130 °C). It is important to keep stirring speed
constant (30 rpm) throughout the synthesizing process to ensure the
formation and the uniform assembly of elongated TiO, over rGO sheets,
which is key for high surface areas and fast charge transportation along
the longitudinal dimension of TiO, NWs@rGO composites [29,30].
After that, the product of hydrothermal reaction was washed 5 times
with 300 mL of HNO3 (0.1 mol L) and 200 mL of distilled water in
sequence. Finally, the obtained precipitate was dried in a vacuum oven
at 60°C for 12h and calcined in N, atmosphere in a tube furnace at
500 °C for 1h with heating rate of 2°Cmin™. For differentiation, the
TiO, NWs@rGO composites prepared at different NaBH,4 concentrations
(50, 100 and 150 mmolL}; corresponding weight: 0.028 g, 0.056 g and
0.084 g) were labeled as TiO, NWs@rGO-50, TiO, NWs@rGO-100 and
TiO, NWs@rGO-150, respectively. Single TiO, nanowires were fabri-
cated by the same way without GO and NaBHj,.

2.2. Characterization

The surface morphology of as—prepared samples was observed with
field-emission scanning electron microscope (FESEM, Hitachi, S-4800)
at 5.0kV and transmission electron microscope (TEM, JOEL,
JEM-2100F (HR)) at 200kV. The structure and crystal phase were
analyzed by X-ray diffraction (XRD) patterns (MAC Science D/max-3,
Cu Ka radiation, A = 0.154056 nm) and and the first-order Raman
spectrum (RENISHAW, RENISHAW-2000). Chemical states of elements
were measured by X-ray photoelectron spectroscopy (XPS) using Al-Ka
irradiation (Thermo Fisher Scientific, ESCALAB 250). The surface area
of synthesized catalyst was determined by Brunauer-Emmett-Teller
(BET) adsorption isotherms (MAXON, TriStar II 3020). The photo-
current density of the as—prepared samples was recorded on a electro-
chemical analyzer (Shanghai Chenhua Instrument Limited Company,
CHI660C) irradiated under a 300W Xe lamp (PerfectLight,
PLS-SXE300). The optical property was illustrated by fluorescence
spectra (PL, Hitachi, F-7000) and UV-vis diffusion reflectance spectra
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(DRS, Hitachi, U-39000H, BaSO, reference). Fourier transform infrared
spectroscopy (FT-IR) were measured by a infrared spectrometer
(BRUKER, VERTEX70, KBr reference).

2.3. Photocatalysis experiment

First, simulated seawater system spiked with waste engine oil was
prepared as below. 35 g of NaCl was dissolved in 965 mL of deionized
water to form simulated sea water with a salinity of 35%o [31]. Waste
engine oil (5g L") collected from the Engineering Training Center of
Nanchang Hangkong University (longitude: 115.84°E, latitude:
28.65 °N) was added to the simulated seawater system at a volume ratio
of 1:100 and stirred for 1h at a speed of 400 rpm. After that, the
mixture was placed in a dark place for 2 days.

The photocatalysis experiment was performed in a 100 mL photo-
reactor filled with simulated seawater system spiked with waste engine
oil under simulated solar light from a 300 W Xe lamp (PerfectLight,
PLS-SXE300). The distance between the lamp and liquid level was
15 cm. The actual light irradiation reaching the surface of the photo-
catalyst was 2426.4 mJ cm™2 measured by the radiometer (CEAULIGHT,
CEL-NP2000) equipped with an electronic sensor. In the experiment,
keeping the temperature at 25 °C throughout the experiment. 0.25 g of
catalyst was applied in the simulated engine oil-seawater solution and
stirred (30 rpm) for 30 min in dark. 1 mL of sampling was taken out
before light irradiation in order to assess the adsorption capacity of
catalyst. After the photocatalysis started, five samples of 1 mL each
were withdrawn from the reactor at light irradiation interval of 1 h. All
the samples were saved in dark and analyzed by a COD analyzer
(HACH, DR1010) after high—-temperature digestion (150 °C, 2h) in the
COD digest instrument (HACH, DRB200).

The stability of catalyst was also assessed through 5 recycling ex-
periments in the same photocatalytic system. The catalyst was sepa-
rated by water washing and centrifugation (Hitachi, CR22GIII) at a high
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speed of 8000 rpm after each photocatalytic reaction.

Intermediates and final products from degradation of waste engine
oil were also analyzed by gas chromatography-mass spectrometry
(GC-MS) for hydrocarbon composition in a GC-MS spectrometer (GC/
MS2010, Shimadzu Corp.). The GC-MS spectra (Fig. S1, Supporting
information) showed that the waste oil was a mixture of hydrocarbon
compounds in the range of C¢—Cqo. After 5h photocatalytic degrada-
tion, the contents of the compounds of Cs—C;9 were significantly re-
duced. Only traces of C14 (m/z = 207) and C,9 (m/z = 281) were de-
tected, demonstrating a decomposition process under irradiation.

3. Results and discussion
3.1. Morphology and structure characterization

Fig. 1 shows the SEM images of the as—prepared samples of TiO,
NWs and TiO, NWs@rGO composites which were synthesized with
increased concentrations of NaBH,. Inserts are the digital pictures of
corresponding products. Fig.la depicts the intertwining bundled
structure of pristine TiO, NWs of 10 pm in length. Fig. 1b shows the
morphology of TiO, NWs@rGO composite fabricated at 50 mmol L™
NaBH,, which exhibits a mixed form of TiO, NWs and poor—quality rGO
layers. The same white color of TiO, NWs@rGO-50 as TiO, NWs sug-
gests the failed formation of rGO. In comparison, thin graphene layers
with some winkles are observed in Fig. 1c and d as the concentration of
NaBH, increases. These layers exert a positive effect between NWs and
rGO sheets, which not only serve as support for the long TiO, NWs, but
also form a three dimensional network for electron transfer. Specifi-
cally, two—dimensional rGO layers prevent the bundling of TiO, NWs,
and one—dimensional pristine TiO, NWs restrain the stacking of rGO,
thus endowing the as—prepared composite with high surface area and
superior conductivity [32]. Furthermore, the color of TiO, NWs@
rGO-100 and NWs@rGO-150 turns deep gray, which is superior to

i -

1 #o
& T TiO; NWs

Fig. 1. SEM images of (a) TiO, NWs, (b) TiO, NWs@rGO-50, (c) TiO» NWs@rGO-100 and (d) TiO, NWs@rGO-150. Insets show the pictures of catalysts.
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Fig. 2. TEM images of (a) TiO, NWs and (d) TiO, NWs@rGO-100; Enlarged TEM images of (b) TiO, NWs and (c) TiO, NWs@rGO-100; HRTEM images of (c) TiO,

NWs and (f) TiO, NWs@rGO-100.

white TiO, NWs and TiO, NWs@rGO-100 in light absorption.

The TEM and HRTEM images of TiO, NWs and TiO» NWs@rGO-100
are displayed in Fig. 2. It can be seen from Fig. 2a that the typical curl of
TiO, NWs are over 10 pm in length and 17 nm in diameter, and the
lattice distance assigned to (101) planes of anatase is 0.352nm
(Fig.2b—c) [33]. Because the (101) plane stacks regularly along the
growth direction, TiO, NWs exhibits high crystallinity and photo-
activity. Observed from Fig. 2d—e, TiO, NWs grow in situ on the surface
of rGO nanosheets, which is further confirmed by the coexistence of
anatase NWs and rGO observed in Fig. 2f. It is noteworthy that the edge
(marked by yellow line) of the end part in a TiO, NW is curving, which
illustrates disordered lattice layer there. This can be assigned to Ti**
defect generated from the reduction of Ti** by NaBH, [34]. Ti®", a
vital electron capture center, can effectively inhibit the recombination
of electron-hole, resulting in enhanced electron utilization and photo-
catalytic activity [35].

3.2. XRD and Raman spectra of the as—prepared specimen

In Fig. 3a, the XRD patterns of anatase standard, TiO, NWs and TiO,
NWs@rGO-100 are compared. The characteristic peaks of TiO, NWs at
25.3°, 37.8°, and 48.2° correspond to the lattice plane of (101), (004)
and (200) in anatase standard (JCPDS card No. 21-1272), respectively.
The TiO; NWs@rGO-100 composite exhibits the same XRD pattern as
that of TiO, NWs, which is in agreement with the HRTEM analysis in

Fig. 2d and 2f, and this suggests that the high photoactivity is probably
caused by anatase TiO, [36]. However, there is no diffraction peak of
graphene for TiO,NWs@rGO-100, which may be attributed to the low
loading content and limited stacking of single-layer graphene [37], but
the construction of graphene is successfully observed in Raman spec-
troscopy in Fig. 3b.

Raman spectroscopy is an effective and sensitive method for iden-
tification of the fine structure of carbonaceous material, especially for
graphene-based catalyst. As shown in Fig. 3b, there are two significant
peaks in rGO and TiO, NWs@rGO-100 samples. The peak D at
1330 cm ! corresponds to the sp>-~hybridization of disordered carbon
atoms, and the peak G at 1580 cm ™! indexes the sp>~hybridization of
ordered carbon atoms [38]. Besides, Raman bands at 388, 495, and
620cm ™" labeled as Big, A1g/Big, and Eg, are attributed to corre-
sponding anatase modes. Above analysis illustrates that TiO, NWs@
rGO-100 posses both constructions of rGO and TiO,.

3.3. XPS analysis

XPS spectra of TiO, NWs@rGO-100 are shown in Fig. 4, revealing
the dominant elements of TiO, NWs@rGO-100 are Ti, O and C. De-
tailed information identified as Ti 2p, O 1s, and C 1s is depicted in
Fig. 4b-d, respectively. In Fig. 4b, the peaks at 458.5 eV and 464.1 eV
represents the existence of Ti**, while the peaks at 457.9eV and
463.6 eV are assigned to Ti3* [39]. Ti®™" ions are the significant defects

@) Anatase Powders (b) Alg(l)/Blg(Z)
B, TiO, NWs@rGO-100

: sPMcme 0 s
Ay 3
£ |Tio, Nws & rGO
2 NI W
— TiO, NWs@rGO-100 A .

T102NWs

10 20 30 40 50 60 70 500 1000 1500 2000

20 / degree

Raman shift / cm™

Fig. 3. (a) XRD patterns of anatase powders, TiO, NWs and TiO, NWs@rGO-100; (b) Raman spectra of TiO, NWs, rGO and TiO, NWs@rGO-100.
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Fig. 4. (a) XPS survey spectrum, (b) Ti 2p core level, (c) O 1s core level and (d) C 1s core level of TiO, NWs@rGO-100.

in TiO, NWs@rGO-100, which were formed through the reduction of
Ti** by NaBH,4 during hydrothermal process. In Fig. 4c, the char-
acteristic peak at 529.5eV corresponds to Ti-Oi-Ti. The peak at
531.8 eV can be assigned to oxygen vacancy (Vo) [40]. The two peaks
at 533.5eV and 535 eV belong to adsorbed oxygen (O5) [41] and water
molecule (H,0) [42]. And in Fig. 4d, four peaks at 283.4 eV, 284.8 eV,
286.2 eV and 288.7 eV are assigned to C—Ti, C—C, C—0 and C=0 band,
respectively [43], where C-Ti band results from the coupling between
TiO, NWs and rGO, and other bands come from rGO.

To further obtain the information of Ti®*, EPR spectra were re-
corded, as shown in Fig. 5. Under low temperature (77 K), two obvious
signals of Ti®* and Vg locate at g = 1.998 and 2.002 [44,45], respec-
tively. The signals of Ti** and oxygen vacancy (Vo) are very weak in
TiO5 NWs. As for the TiO; NWs@rGO composites, TiO, NWs@rGO-50,
TiO, NWs@rGO-100 and TiO, NWs@rGO-150 exhibit strong EPR
signals of Ti** and V. The higher the concentration of NaBH,, the
stronger the EPR signals, which can be assigned to the function from
NaBH..

3.4. BET analysis

In order to determine the specific surface area and pore size for each
obtained catalyst, N, adsorption-desorption isotherm measurements
were carried out. Results displayed in Fig. 6a indicate that the rGO
doping remarkably increases the surface area of TiO, NWs from 75 m>
g to 116 m? g! for TiO, NWs@rGO-50, 182m? g for TiO, NWs@
rGO-100 and 153m? g for TiO, NWs@rGO-150 due to the inter-
lacement of TiO, NWs and graphene sheets. In Fig.6b, it decreases the
pore size of TiO, NWs from 12.6 nm to 11.4 nm for TiO, NWs@rGO-50,
10.2nm for TiO, NWs@rGO-100, and 11.4nm for TiO, NWs@
rGO-150 due to the constraint bundling of TiO, NWs by rGO layers.
This result identifies that as—prepared NWs@rGO composites process
high porosity, multilayer and mesoporous structure (Type IV isotherm),

which indicates their high adsorptivity.

3.5. Photocurrent response and fluorescence analyses

Photocurrent density of the as—prepared samples was recorded by a
CHI660C electrochemical analyzer in a typical three-electrode system
using the ITO glass coated with catalyst film (1 cm X 1 cm) as working
electrode, a platinum sheet (1 cm X 1 cm) as counter electrode and the
saturated calomel electrode (SCE) as reference. Na,SO, solution
(50mlL, 0.5mol/L) was the electrolyte. After the test started, the
working electrode was followed by a 300 W Xe lamp (PerfectLight,
PLS-SXE300, A > 420nm) radiation with 50s-on-50s—off cycles. As

Vo(g=2.002) —

Ti**(2=1.998)

—TiO, NWs
TiO, NWs-50
——Ti0, NWs-100
TiO, NWs-150
348 350 352 354
Magnific field / mT

Fig. 5. EPR spectra of TiO; NWs, TiO; NWs@rGO-50, TiO, NWs@rGO-100
and TiO, NWs@rGO-150.

Intensity / a.u.

346 356
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Fig. 6. (a) Adsorption—desorption curves and (b) pore diameter distribution of TiO, NWs, TiO, NWs@rGO-50, TiO, NWs@rGO-100 and TiO, NWs@rGO-150.
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Fig. 7. (a) Photocurrent responses and (b) fluorescence spectra of TiO, NWs, TiO, NWs@rGO-50, TiO, NWs@rGO-100 and TiO, NWs@rGO-150.
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Fig. 8. (a) UV-vis diffuse reflection spectra and (b) plots of transformed Kubelka-Munk function versus the energy of TiO, NWs, TiO; NWs@rGO-50, TiO; NWs@

rGO-100 and TiO, NWs@rGO-150.

show in Fig. 7a, light irradiation generates different photocurrent
density in different catalysts where TiO, NWs@rGO composites have
higher photocurrent density than that of TiO; NWs. The maximum
value of 2.6 pA cm™2 occurs in TiO, NWs@rGO-100, which is 8.7 times
higher than that of the TiO; NWs (0.3 pA cm™).

Fig. 7b presents the photoluminescence (PL) spectra of TiO; NWs
and TiO, NWs@rGO composites excited at 320 nm. All the samples
have two peaks at 453 nm and 476 nm, which are ascribed to Ti** and
the charge transition from Ti** to oxygen anion [46], respectively.
Because the PL intensity is positively proportioned to the frequency of
the recombination between photoinduced electron-hole pairs, and ne-
gatively proportioned to photoactivity, the higher the intensity, the
faster the recombination, thus the poorer the photoactivity. In Fig. 7b,
the PL intensity varying with the change of concentration of NaBH,

achieves the lowest response at NWs@rGO-100, which reveals that rGO
combination and Ti** doping can prevent the recombination of pho-
togenerated carriers.

3.6. DRS and Mott-schottky analyses

The diffuse reflection spectra and Mott-Schottky plots of TiO; NWs
and TiO, NWs@rGO composites were displayed in Fig. 8. In Fig. 8a,
compared with TiO, NWs, TiO, NWs@rGO composites have an obvious
red shift of the absorption band edge from 405 nm to 441 nm, which is
credited to Ti** self-doping [47]. And the enhanced light absorption in
the range of 400 to 600 nm is due to the intrinsic dark color of rGO. The
band gap energy of a semiconductor can be calculated according to
Kubelka-Munk function coupled with indirect procedure [48,49]:



D. Cheng,

et al

Journal of Hazardous Materials 378 (2019) 120752

(a)15 b) 12
TiO, NWs TiO, NWs@rGO-50
12- 101
P P
o & 8-
Z 9 5
-
: 6
~ 97 '*.'\ 41
T &)
Q
3+ 24
0 -0.29 V
0.4 203 0.2 0.1 0.0 -0.6 -0.5 -0.4 -0.3 -0.2
: Potential / V
(© 18 Potential / V ( d)7
TiO, NWs@rGO-100 TiO, NWs@rGO-150
1.5 61
9 ¢ 5.
1.2 &
- =44
V0.9
g g3,
5 0.6 o
3 0 21
0.3 |16V
0.0 r r r 0 r T v v r
-0.6 -0.5 -0.4 -0.3 02 -12 -11 -10 -09 -08 -0.7 -0.6
Potential / V Potential / V

Fig. 9. Mott-Schottky plots of (a) TiO, NWs, (b) TiO, NWs@rGO-50, (c) TiO, NWs@rGO-100 and (d) TiO, NWs@rGO-150.

(a) 160 (b)160
1401 _ 140-
1201 S 1204
- 1004 = 100

3 b0
2o 801 £ 80-

E ~
< 601——Ti0, NWs 8 601
8 40{—— Tio, NWs-50 O 404
O ,0]—TiO,NWs-100 201

—— TiO, NWs-150
1 S e — 0
0 5 10 15 20 25 30
Time / min
1.0
1

[ W Zos!

49 =

L ]
20 &' Ro.6-

KN
G N 5049

6y X Z
0 % 0.2

= ‘.2” S

® 0.0

(a*hv)’3 = B(hv — Ey)
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s™)). v is the irradiation frequency. E, is the band gap energy of nano-
material (eV), A is the absorption threshold of nanomaterial to light
(nm). As shown in Fig. 8b, the optical bandgaps calculated by dropping
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Fig. 10. Decrease of COD in simulated sea
water (a) by adsorption (t = 30 min) and (b)
adsorption combined with degradation using
TiO, NWs, TiO, NWs@rGO-50, TiO; NWs@
rGO-100, TiO, NWs@rGO-150 (t = 5h). Each
point represents the average of three re-
plicates, and error bars represent single stan-
dard deviations. (c) Reusability tests of TiO,
NWs@rGO-100. (d) Transient PL decay of
TiO, NWs@rGO-100 before and after 5 cycles.

a line from the maximum slope of the light absorption curve to the
x—axis is 3.1 eV for TiO, NWs, 3.0 eV for TiO; NWs@rGO-150, 2.9 eV
for TiO, NWs@rGO-50, and 2.8 eV for TiO, NWs@rGO-100, respec-

The influence of NaBH, dosage on the energy level of TiO, NWs@
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Fig. 11. The changes of a waste engine oil contaminated water sample employing TiO, NWs@rGO-100/Ti mesh complex as adsorber and photocatalyst.

(@) (b)
N 81 =X Before adsorption
2 After adsorption 2
g t 2
2 Z
é 1 f 1 56 7 E
= 1 2T 3 4 s
e =
After irradiation 8 ¢
4000 3000 2000 1000 900 850 800 750 700

Wave number / cm”

Wave number / cm™

Fig. 12. (a) The IR spectra of TiO, NWs@rGO-100 before adsorption, after oil adsorption, and after degradation test for 5h. (b) The enlarged IR spectra of TiO,

NWs@rGO-100 before adsorption.

Table 1

Wavenumbers, bonds, and corresponding functional groups demonstrated in
Fig. 11.

Number Wavenumber (cm™)  Bond Functional Groups
1 3430 —OH Hydroxyl

2 2930 H antisymmetric stretch —CH,y—

3 2850 C—H symmetric stretch —CH,—

4 1610 C—O antisymmetric stretch ~ COO—

5 1460 C—H bending vibration —CH,y—

6 1380 C—H bending vibration —CHj;

7 1080 C—O stretching vibration R—OH

8 803 Ti—0—C

rGO composites is evaluated by Mott-Schottky electrochemical ana-
lysis. Fig. 9a-d display the Mott-Schottky plots of TiO, NWs, TiO,
NWs@rGO-50, TiO, NWs@rGO-100 and TiO, NWs@rGO-150. The
positive slopes demonstrate that all the samples are n-type semi-
conductors. The flat-band potential (Vg,) can be correspondingly read
as -0.29, —0.48, —0.51 and -1.16 V referring to the standard Ag/AgCl
electrode, corresponding to be -0.07, -0.26, —0.29 and —0.94 V refer-
ring to the Normal Hydrogen Electrode (NHE). There is an obvious
negative shift of Vg, observed. As for n-type semiconductor, the flat
band potential (Vg,) is equivalent to its Fermi level (Ef) [50]. The more
negative Er indicates that the stock of photogenerated electrons in TiO,
NWs@rGO composites is increased as the concentration of NaBH, in-
creased, and thus during photocatalysis the resulting superoxide radi-
cals ('O,-) generated through O, reduction by stocked electrons on the
surface of rGO will dominate as reactive species.

3.7. Photocatalytic degradation of waste engine oil

Purification experiments of simulated waste engine oil contamina-
tion were conducted to compare the performance of TiO, NWs, TiO,
NWs@rGO-50, TiO; NWs@rGO-100 and TiO, NWs@rGO-150. Results
are presented in Fig. 10. Fig. 10a shows the capacity of four catalysts for
engine oil adsorption. It can be seen that TiO, NWs@rGO-100 exhibits
the highest adsorption capacity of 86% COD removal within 30 min,
which is probably attributed to it’s highest BET surface area of 182 m?
g1, Fig. 10b displays the combined effects of adsorption and photo-
catalytic degradation. All removal efficiency of waste engine oil is
significantly enhanced due to the additional photocatalytic degradation
activated by the irradiation. TiO, NWs@rGO-100 performs the best
with 98.6% removal of COD and 2mgL™ of final COD.

The stability and reusability of TiO, NWs@rGO-100 were also in-
vestigated. As shown in Fig. 10c, the COD removal extent in five con-
secutive cycles is 98.6%, 97.3%, 95.9%, 95.3% and 94.7%, respectively.
No obvious decline occurred after five cycles with the same catalyst,
demonstrating the high stability of TiO, NWs@rGO-100. Furthermore,
the carrier lifetime of TiO; NWs@rGO-100 before and after 5 cycles
was compared to evaluate the stability of photogenerated carriers. In
Fig. 10d, the lifetimes t obtained for TiO, NWs@rGO-100 before and
after degradation tests are 0.68ns and 0.62ns. Low attenuation of
carrier lifetime ensures high stability of TiO, NWs@rGO-100.

3.8. Design and application of fixed—bed reactor

In terms of practical application, TiO, NWs@rGO composite (TiO,
NWs@rGO-100 as the model catalyst) is spread on the surface of a Ti
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Fig. 13. DMPO spin-trapping ESR spectra for (a) DMPO- -OH over TiO, NWs@rGO-100 in aqueous (b) DMPO- -O,_ in methanol dispersions. [DMPO] = 50 mM,

[SOs2~1 = 5mM, catalyst loading = 0.3g L™}, pH = 7, T = 20°C. "O’O.

Fig. 14. Schematic electron transfer mechanism over TiO, NWs@rGO.

mesh, and other layer of as-prepared Ti mesh is stacked on the former
to build one sandwich-structured complex. Fig. 11 exhibits the pur-
ification process of a model waste engine oil contaminated water
sample employing TiO, NWs@rGO/Ti mesh complex as adsorbent and
photocatalyst. The waste engine oil initially floats on water, and then
migrates towards and accumulates on TiO, NWs@rGO/Ti mesh com-
plex gradually once applied, and finally is completely removed from
water after photocatalytic degradation for 5h.

IR spectra were used to analyze chemical bonds and functional
groups of substance by recording specific absorption bands [51]. Fig. 12
is the IR spectra of TiO, NWs@rGO before process, after oil adsorption,
and after degradation test for 5h. The related characteristic peaks are
numbered and noted in Table 1. The result shows that before adsorption
(Fig. 12a, red curve) only Ti—O—C bond (zoomed, Fig. 12b) is observed,
while after adsorption (Fig. 12a, black curve), characteristic functional
groups of engine oil are detected, such as —CH,-, —CH3 and R—OH.
Moreover, after photocatalysis, there are no other specific functional
groups but COO- left, which means that engine oil is completely mi-
neralized, and that TiO, NWs@rGO composite is clean enough for
reuse. This result confirms the superior photocatalytic activity as well
as self-cleaning property of TiO, NWs@rGO composite. In summary,
such carefully designed complex is ideal for waste engine oil treatment,
because TiO, NWs@rGO composite exhibits high adsorption, photo-
catalytic activity, and sensitive response to visible light; itself can float
on water; and its immobilization on Ti mesh besides self-cleaning
property makes it easy for recycle and reuse.

3.9. Identification of active species

It is known that "OH and "O.- are two conventional active species

involved in photocatalysis, which can be detected by electron spin re-
sonance (ESR), thus it is used to identify the active species in the
photocatalysis of waste engine oil by TiO, NWs@rGO in this study. The
obtained ESR spectra using DMPO as the spin-trap are presented in
Fig. 13. There is no distinguishable signal generated in dark (black,
Fig. 13a, b) while the characteristic spectra of "OH (red, Fig. 13a) and
'O, (red, Fig. 13b) are clearly observed after 2 min visible light irra-
diation. Moreover, the intensity of ‘O5— is stronger than that of "OH,
which suggests the fast electron transfer from orientated TiO, NWs to
graphene for the generation of 'O,- on the surface of graphene under
visible light irradiation.

3.10. Electron transfer mechanism over TiO, NWs@rGO

Based on the above analysis, a possible mechanism of electron
transfer in TiO; NWs@rGO during photocatalysis is proposed (Fig. 14).
First, the irradiation of UV-vis light excites the electron in TiO, valence
band (VB) to the conduction band (CB). The excited electron can also be
trapped by Ti** and transferred immediately along the nanowire
pathway of TiO, NWs to the surface of rGO, which can be captured by
O, to generate 'Oo—radical [52,53]. This process effectively prevent the
recombination of electron-hole pairs [54]. Then, the "O,- reacts with
H* to generate H,0, and further form "OH radical [55]. Attributed to
the electron transfer described above, numerous "OH radicals are gen-
erated and worked as strong oxidants to mineralize the waste engine oil
to CO, and H,0. It is noteworthy that the elongated anatase nanowires
formed in TiO, NWs@rGO enables the orientated pathway of electron
transfer which restrains the recombination of electron-hole pairs, and
Ti** doping increases the energy level of TiO, in visible light region,
resulting in increased yield of photoinduced carriers.
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4. Conclusions

The floatable elongated Ti** doped TiO, NWs@rGO composites
were synthesized successfully by a facile one-step hydrothermal ap-
proach with NaHB, as reductant, which can effectively remove the
floating waste engine oil through adsorption and degradation. The
optimal TiO, NWs@rGO prepared in the presence 100 mmol L™ NaHB,
exhibits a high surface area of 182m? g~! and high photodegradation
extent in removing waste engine oil pollution. The COD of the con-
taminated water is decreased from 145mgL™ to 2mgL™ (98.6% re-
moval extent of COD), which is endowed by the synergistic effect be-
tween TiO, NWs and rGO layers. Moreover, enhanced harvest to UV-vis
light and more negative conduction potential make excited electrons
react with O, to generate high yield of "O,— and "OH radicals which are
responsible for the decomposition of organic chemical. Furthermore,
the property of self-cleaning and the immobilization on Ti mesh stack
make TiO; NWs@rGO composites promising for waste engine oil
treatment.
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