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Gold Loaded Titanium Dioxides-Carbon Nanotubes Composites as Active
Photocatalysts for Cyclohexane Oxidation at Ambient Conditions

Mohamed Mokhtar Mohamed **
" Benha University, Faculty of Science, Chemistry Department, Benha, Egypt

ABSTRACT

Photocatalytic oxidation of neat cyclohexane (CHA) with H,O, as an oxidant was carried
out using gold modified several types of materials including titania nanotubes (Au/TNT),
reduced graphene oxide (Auw/RGO) as well as titania nanotubes—multiwalled carbon
nanotubes composite (AW TNT-MWCNT) under UV irradiation (125 W, A> 296 nm). The
synthesized nanoparticles were characterized using physical adsorption of nitrogen, X-ray
diffraction, transmission electron microscopy and ultraviolet—visible diffuse reflectance
spectroscopy and the reaction products were analyzed by GC-MS. Both Auw/RGO and
AUW/TNT-MWCNT catalysts promoted partial CHA oxidation with higher conversion (6-
9.0%) and selectivity (60-75%); to cyclohexanone, exceeding Au/TNT, TNT-MWCNT and
TNT catalysts (conv. 2.1-4%, sel. 32-55%). AWTNT-MWCNT synthesized using
hydrothermal deposition methods exhibited the highest catalytic activity. This was chiefly
attributable to the high surface hydrophobicity of MWCNT that accelerated CHA adsorption,
bonding of cyclohexanol and cyclohexanone to TNT as well as decomposition of H,O, on
gold nanoparticles. Increasing the surface area as well as decreasing the average particle size
of Au’ to 15 nm of hexagonal shape contributed to the superior catalytic activity of Au/TNT-
MWCNT, in achieving an average rate equal 0.0035 mmole'g'min” and conversion
comprised of 9.0%, after 12 h reaction time. The latter catalyst exceeded industrially
synthesized Co based catalysts (3.6%) performed at high temperatures. For confirming the
autoxidation process, a radical scavenger offered a proof that the oxidation follows a radical-
chain mechanism. The differences in surface morphology, light absorption and surface
properties of Au/TNT when incorporated with MWCNT were well investigated. The
photocatalytic oxidation mechanism elucidated using active scavengers suggested that OH:

and O,- play key roles in the oxidation of CHA.

Keywords: Gold nanoparticles; Titania nanotube; Multiwalled carbon nanotube; Cyclohexane
oxidation; Photocatalysis
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1- Introduction

Titanium oxide nanotubes (TiO, nanotube, TNT) are one of the promising nanostructured
oxides with a tubular shape with almost no absorption in the visible light region.' Instead, it’s
UV light-sensitive inducing chemical reactions at the surface.” Researchers have fabricated
varieties of TiO; nanoparticle structures comprising of zero dimensional (0D) structure such

3 and one-dimensional (1D) structure as nanowire,’ nanorod,’

as spherical nanoparticle |,
nanobelt, ® or nanotubes.” The titanium dioxide nanotubes are mainly useful in dealing with
waste-water due to the large surface to volume ratio. This indeed improves the photocatalytic
activity compared with spherical particles under UV-Vis irradiations. Numerous efforts have
been developed to the fabrication of TiO, nanoscale materials with special morphologies via
employing some methods such as, sol-gel, micelle, and hydrothermal or solvothermal
methods.®’ In general, one main drawback of the TiO, nanostructures, when used in the
practical application, comes from their easy loss during the process of water treatment ° and
low adsorption capabilities. This results in low utilization rate and high cost, which limits
their widespread use. Some attempts have been employed to improve the efficiency of TiO,

11-12 12 .
glass, ~ ceramic, and

via immobilization onto some supports such as carbon nanotubes,
activated carbon."> However, such immobilization techniques are still not stable enough to
improve the reaction efficiency due to decreasing TiO, dispersion as well as its leaching from
the supports after running periods. Among the previous supports, the nanocarbons were
chosen broadly as support to increase remarkably the photoactivity of TiO, because it
revealed attractive properties including exceptional electronic, adsorption, chemical inertness
and stability." In recent studies,” attention was paid to the fact that TiO, is an n-type
semiconductor and the major process in photo-catalysis was activated by photon absorption
and electron—hole formation. Consequently, an enhancement of the photocatalytic properties

of TiO, can be accomplished via functionalization with CNT and thus hinder electron—hole

pair recombination ."*Additionally, the large number of active adsorption sites at the catalyst
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surface and the improved suppression of the recombination of the charge carriers contribute
to exceeding the photocatalytic activity.ls'16 Many specific methods for the synthesis of
TiO,/CNT composites have been developed, which generally consist of two steps:
functionalization of the CNT followed by the composite synthesis.

On the other hand, assembling metal particles either in the wall of titania and/or in carbon
nanotubes or both will indeed enhance their photoelectricity, electromagnetism and catalytic
performance.!” Accordingly, gold catalysts have been successfully used for cyclohexane
oxidation based on various supports including, metal oxides,'® metal organic frameworks,"

2022 and hydroxyapatite.”® The great demand of these

mesoporous silica based materials,
oxidation products; mainly to cyclohaxanol and cyclohexanone that are key intermediates to
adipic acid and caprolactam, and the increased environmental concern necessitates the
introduction of this catalytic system onto new catalyst supported gold as well as using benign
oxidants. It has been shown that most of gold supported catalysts give conversion in the range
of 4% with low selectivity.”* Some authors support that gold acts as a real catalyst for this
reaction 2> where others concluded that it works via a pure radical pathway with products
typical of auto-oxidation. % In general, Au/oxide studies were performed at high temperature
(above 373 K) and at oxygen pressures ranging from 0.3 to 3 MPa.”® On the other hand,
titanium based catalysts like titanium silicalite-1 and Ti-MCM-41 when used with H,O,
presented low conversion for cyclohexane.”” V- and Cr-MCM-41 gave higher activities
compared to Ti-MCM-41, however all metallosilicates undergo leaching of the metal and the
observed catalytic activity was mainly due to the leached homogeneous metal species. " =*
The disadvantages like low conversion, leaching of metal, and over-oxidation products in the
existed catalytic systems have led us to search for a catalyst that can improve the conversion

of  cyclohexane; under ambient conditions, with  high  selectivity to

cycloexanone/cyclohexanol ratios. Thus, in view of what has been presented and seeking a
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way for overcoming the mentioned obstacles, titanium dioxide nanotubes photoatalyst
synthesized by hydrothermal method incorporated with MWCNT and loaded with gold are
tested in the photo-oxidation of cyclohexane, for evaluating the effect of surface modification
as well as morphology on the catalysts behaviour. This is attained via using the versatile and
green oxidant H,O, to avoid using traditional oxidizing agents; such as CrO4*, MnOy4 and
ClOy , that produce toxic by-products. For comparison purposes, Au/graphene is synthesized
and tested for cyclohexane oxidation to figure out the effect of easily synthesized graphene of
higher conductivity and larger surface area on the catalytic activity.'’

2.0 Experimental

2.1. Catalysts Preparation
2.1.1. Synthesis of Titania Nanotubes (TNT)
1.5 g of TiO; anatase (Aldrich) was refluxed at 423 K with 100 ml 10 M NaOH solution for

24 h. This milky suspension was then filtered and washed with aqueous HCI (0.15 M) and

distilled water till pH 7 and dried at 373 K for 10 h and finally heated at 623 K for 6 h.
2.1.2. Synthesis of Gold Supported on Titania Nanotube

A specific amount of HAuCly dissolved in deionized water was poured onto 1.5 g TNT in a
schlenk tube whilst stirring. To this mixture, 10 ml of 0.1 M Na,S was added in a drop wise
manner by which the colour changes from yellow to golden brown. 15 ml of PVP (10 g/100
ml) aqueous solution was added to stabilize the final faint rose colour. This mixture was then

washed, evaporated at 324 k for 4 h and then heated at 623 K for 6 h.
2.1.3. Acid Treatment of MWCNT

1 g MWCNT (manufacture data: purity > 95; diameter < 8 nm; length 10-30 um; Sggr > 500
m?*/g) was dispersed in 40 ml 65% HNOj; followed by agitation at 314 K for 30 min in an

ultrasonic bath. This suspension was then transferred into a Teflon lined stainless steel

4
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autoclave and stored at 393 k for 24 h, producing a gray precipitate. This precipitate was
centrifuged and washed with aqueous HCI (0.1 M); to remove metal impurities, as well as
with anhydrous ethanol to remove organic species followed by drying at 343 K for 12 h.
Calculation of the oxidized groups density at the MWCNT surface was analyzed with Boehm

titration method and it gives a value equal 6.2 mmol/g. *’
2.1.4. Synthesis of MWCNT-TNT and AwMWCNT-TNT Nanocomposites

The functionalized MWCNT dispersed in 50 ml deionized water was poured onto TNT and
sonicated for 25 min at 314 K. This suspension was autoclaved at 373 K for 16 h to give a
composite comprised of 30% MWCNT and 70% TNT. The suspension was then filtered and
washed thoroughly with deionized water. Then, vacuum dried at 343 K for 2 h and finally
heat treated in air at 623 K for 6 h to give the MWCNT-TNT composite. An amount of
HAuCly solution; to prepare 3 wt% Au, was added in a drop wise manner onto the suspension
of MWCNT-TNT dissolved in 50 ml water; previously sonicated at 298 K for 1 h, followed
by stirring for 1 h at room temperature. This suspension was then reduced via hydrazine
hydrate to accomplish the complete reduction of Au ions. This suspension was then heated at
333 K for 1 h till evaporation and left overnight at 373 K and finally annealed at 623 K for 4
h. Preserving the heat treatment at 623 K for all synthesized samples even those containing
MWCNT was to keep on its existence and to obtain the desired crystallite phase, e.g. anatase,
while incorporation with TNT. On the other hand, expectedly 30% CNTs-70%TNT will
achieve high activity based on the comparison with CNT-TiO, hybrid; at same ratio, that

presented high performances on propene oxidation.®
2.1.5. Synthesis of Graphene-oxide Supported Gold Nanoparticles

Graphene oxide functionalized by COOH and OH groups using the modified Hummers

method was synthesized. More details about graphene oxide synthesis can be found
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elsewhere.”® An adequate amount of HAuCl, solution; to prepare 3 wt% Au, was added in a
drop wise manner onto a suspension of graphene oxide (GO) dissolved in 50 ml water
followed by stirring for 1 h at room temperature. This suspension was then reduced via using
hydrazine hydrate to achieve complete reduction of both GO and Au ions. This suspension
was then ultrasonicated for 0.5 h and then heated at 333 K for 1 h till evaporation. The

sample was then heated at 373 K overnight and annealed in air at 623 K for 4 h.

2.2. Catalyst Characterization
2.2.1. X-ray Diffraction

The X-ray powder diffraction (XRD) patterns of various solids were carried out using a
Philips 321/00 instrument. The patterns were run with Ni-filtered Cu Ka radiation (4 = 1.541
A) at 36 kV and 16 mA with scanning speed of 2° in 26 min"'. The XRD phases present in
the samples were identified with the help of ASTM powder data files. The percentages of
anatase and rutile were determined by using the intensities of the strongest peaks for anatase

and rutile following the equations:® Wg= Ag/0.8844A4 + Ag x 100 where Wg% + Wx%= 100
2.2.2. N, Adsorption

The surface properties, namely BET surface area, total pore volume (Vp) and mean pore
radius () were determined from N, adsorption isotherms measured at 77 K using
conventional volumetric apparatus. The samples were out-gassed at 473 K for 3 h under a
reduced pressure of 10 Torr before starting the measurement. The total pore volume was
taken from the desorption branch of the isotherm at p/py = 0.98, assuming complete pore
saturation. BJH method was accurately used to produce the pore sizes of synthesized

materials.
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UV-vis diffuse reflectance that provides the means of measuring absorbance of various
samples in the 700-300 nm range were obtained using a Jasco V-570 (serial number, C
29635) spectrophotometer, which attached to a diffuse reflectance accessory. The infrared
spectra of the samples were recorded in the range of 400-3000 cm-!'. The method includes
mixing a few mg of a fine powder of the sample with KBr powder in an agate mortar. The
mixture was then pressed by hydraulic press. The transmission was automatically registered

against wavenumber (cm-') using a Perkin-Elmer instrument (Spectrum GX), made in USA.

2.2.4. Transmission Electron Microscopy (TEM)

TEM micrographs were measured using a Philips; model Tecani Feil2, at an accelerating
voltage of 200 KV. The powder samples were put on carbon foil with a microgrid. TEM
images were observed with minimum electron irradiation to prevent damage to the sample
structure. SEM (JSM-5200 JEOL, Japan) was used to observe the surface state and structure
of the photocatalyst composites. The average particle diameter (d) was calculated by the
following formula: d = Znidi/Zni, where ni is the number of particle diameter di in a certain
range, and Xni is more than 100 nanoparticles on TEM images of the sample.

2.2.5. Cyclohexane Oxidation

All cyclohexane oxidations were carried out; at room temperature, according to the following
procedures: 0.05 g of catalyst and 10 mmole cyclohexane were put into a 50 ml
photochemical reactor; containing 10 ml of acetonitrile, fitted with a cooling jacket. The
choice of acetonitrile; rather than acetone, was based on its stability towards light
irradiations. Addition of 10 mmole H,O, (30%); which monitored using iodometric titration,
was poured into the system continuously and sealed with a rubber septum cap. Samples were
then collected every 1h after switching on the lamp for total photo-oxidation period of 12

hours. These experiments were performed in a closed chamber to avoid interferences with
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ambient lights. The reactor was placed at the centre of the chamber, equipped with a vent for
cooling purpose. The UV mercury lamp was horizontally installed inside the UV chamber,
which emits spectrum called UV-C(296-390 nm). The 125 W lamp power fitted with long
Teflon tube; with an average light intensity equal 60 mWcem™, was inserted into the reaction
solution. More information on the photo-reactor can be found elsewhere.”! The samples
collected from every experiment using different catalysts were analyzed by GC-MS. GC-MS
analyses were performed using a Perkin Elmer Clarus 600C instrument. GC was conducted in
the temperature-programming mode, using a SGE BPXS5 column (25 m % 0.25 mm x 0.25
pm). Reaction products were identified by comparison of their retention times with known
reference compounds, and by comparing their mass spectra to fragmentation patterns
obtained from the NIST spectral library stored in the computer software of the mass
spectrometer. Results show that though cyclohexyl hydroperoxide is an important
intermediate component formed during the oxidation of cyclohexane, its selectivity is always
kept at a very low level in our experiments, far lower than that of cyclohexanone or
cyclohexanol, and the main by-products of the reaction were n-butric, n-valeric, succinic,
glutaric and adipic acid. To study subsequent reuse of the catalysts, the most recently used
catalyst was separated from the reaction mixture, washed in alcohol, dried at ambient
temperature, and then put into the next catalytic cyclohexane oxidation run. For detecting the
active species created in the photocatalytic reaction, hydroxyl radicals (*OH), superoxide
radical (‘O>—) and holes (h") were explored by adding 1.0 mM isopropanol (IPA-aquencher of
‘OH), p-benzoquinone (BQ-a quencher of ‘O, "), and triethanolamine (TEOA-a quencher of
h"), respectively. The interaction of tris(hydroxymethyl) aminomethane(Tris) with hydroxyl
radicals (OH) was also performed to provide a simple and convenient assay for detecting
"OH generation.”’

3. Results and discussion
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3.1. XRD Investigation

The XRD patterns (Fig. 1) show gold loaded titania nanotubes (Au/TNT-inset) as well as
gold free one following annealing at 623 K. The diffraction lines of the annealed TNT exhibit
diffraction lines at 26 equal 9. 50, 24.01° and 48.4°, representing respectively (002), (01 1)
and (0 2 0) planes indexed to Na,Ti,Os-H,O of an orthorhombic lattice (Joint Committee of
Powder Diffraction Standards (JCPDS) card no. 47-124) structure. The continual washing by
0.1 M HCI prohibits the massive replacement of Na" by H'. Accordingly, an appreciable
amount of the brookite phase is depicted via existence of the peak at 2 6= 30.8°; assigned to
the (211) plane, that represents 17% of total phases constituting titania. In addition, this XRD
pattern also indicates significant peaks at 20 = 25.3, 38.0, 48.0, 53.8, 55.1 and 62.7°
corresponding respectively to (1 0 1), (0 04), (2 00), (1 05), (21 1) and (2 0 4) planes,
assigned to the anatase phase that constitutes 75% of total phases forming titania. A residual
existence of the rutile phase (8%) is observed at 20= 27.4 that ascribed to the (110) plane.
Notably, no significant changes were shown in the structure following gold incorporation via
the adopted Na,S-PVP method (seen as inset) reflecting its well dispersion. However, the
broad peak at 9.5¢; correlated with the interlayer distance dygo in the nanotubes wall, is almost
vanished in the 3%Au/TNT sample proposing slight distortion in the crystalline order within
the layers due to the ion-exchange process. The mean crystallite size of TNT diffraction peak
at 20 = 25.3° shows higher crystallite growth than that of TNT containing gold suggesting

strong interaction between gold with TNT.

In order to prepare high activity photocatalysts, multiwalled carbon nanotube (MWCNT) was
added to TNT for modifying the latter photocatalyst. The peaks ascribed to MWCNT were
hardly detected; confirming its dispersion in the nanocrystallite structure of TNT. However,

the residual peak at 20 = 26.5° well indexed to the 002 reflection of graphitic carbons,
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coincided with that of MWCNT at the same diffraction angle was shown i.e. TNT partially
cover the surface of MWCNT. Interestingly, the enhancement of anatase crystallinity was
noticed via increasing their peak intensities. Small peaks at 20 =38.4 and 44.4° were detected
for Au® corresponding to (111) and (200) phases in the Au/TNT-MWCNT sample. This latter
sample also showed a marked decrease in intensities of all diffraction lines assigned to
anatase/TNT phase in favour of the brookite one, via exposing the peak at 30.8°. The peaks
intensity decrement in AwWTNT-MWOCNT further depict that TNT-MWCNT was
homogenously covered by the Au nanoparticles, In this context, the crystallites size of
anatase and rutile; determined via Scherrer equation, were 12 nm and 16 nm, respectively
lower than that of brookite (18 nm). This Figure also shows the XRD pattern of Au/RGO. It
proves that GO is reduced to graphene during the treatment with hydrazine hydrate * via
illustrating a broad peak at 20 = 25.8° corresponding to interlayer distance of 3.53 A. The
XRD peaks belonging to Au nanoparticles were detected in Au/RGO at 20 = 38.5, 44.4 and
64.5° corresponding respectively to (111), (200) and (311) sites. These characteristic peaks
distinguish fcc structure of gold nanoparticles (Joint Committee on Power Diffraction
Standard (JCPDS), File No. 04-0784) of polycrystalline nature. A comparison between
Au/RGO and Aw/TNT-MWCNT indicates that Au was highly crystalline on the surface of
the former where it was well dispersed on that of the latter due to the decreased intensity of
Au crystallites on Au/TNT-MWCNT.

3.2. TEM Investigation
The TEM image of the 3%Au/TNT sample annealed at 623 K shows a tubular structure with

an average diameter of 50 nm and length equal 200 nm (Fig.2a). It seems that the tubular
structure is partly damaged as it appears at the peripheral part of the image via the presence
of spherical nanoparticles. The dark field TEM image seen as in-set elaborates the dispersion

of Au free TNT sample via showing fibrous product with length equal several hundreds with
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inner and outer diameter around 6 and 10 nm, respectively. On the other hand, the inset in
Fig.2a referred to Au/TNT indicates the dispersion of Au nanoparticles of an average 6 nm
inside TNT. The incorporation of MWCNT with 3%Auw/TNT affects the tubular structure
seen in 3%Au/TNT and changes it into spindle-like shape (Fig. 2b) that shows an average
diameter of 15 nm and length equal 60 nm. As it appears, MWCNT affected the TNT shape
via influencing a decrease in both the diameter and length related to the 3%Au/TNT sample,
proposing an exhibited interaction between MWOCNT and TNT. In addition, the
agglomeration was decreased upon MWCNT incorporation proposing that the latter could
also act as a spacer for TNT. The in-set image of Au nanoparticle; of hexagonal shape and 15
nm diameter, proposes that Au atoms are mainly not incorporated inside TNT but most
probably localized on its surface. In the lower part of the image, CNT is exhibited as free
standing transparent nanotubes as depicted by HRTEM indicating that some of them are not
well incorporated with TNT. The TEM image of the 3%Au/RGO sample (Fig.2c) illustrates
that the morphology of RGO is consisting of thin stacked flakes made up of well-defined
layers. A homogeneous dispersion of Au nanoparticles; of circular shape, and average
diameter equal 25 nm is depicted in the reduced GO matrix, seen in the inset Fig. The Au
nanoparticles are not simply mixed up or blended with RGO; rather they are dispersed on the

RGO sheets.

The FTIR spectra of oxidized MWCNT and MWCNT/TNT composite are measured to
comprehend their interconnection (Figure S1, supporting information). Bands at 1575, 1653
and 1713 cm™ attributed to C=C, carbonyl and carboxyl, respectively are exhibited for
MWCNT together with an ester group localized as a strong band at 1175 cm”. The FTIR
spectrum of MWCNT-TNT shows a peak at 700 cm™ due to Ti-O-Ti vibration beside those
exhibited for carbonyl and unsaturated carbon depicted before. The band intensity in the

region of the asymmetric carboxylate stretching mode at 1400 cm™ is much higher than that
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in MWCNT. This assumes that the carboxylate oxygen of CNT interacts with the titanium
ion provoking the Ti-O-C bond formation.**This result ascertained the hypothesis about the
possible interaction between TNT and MWCNT moieties.

3.3. N, Adsorption

Fig. 3a, b presented the N, adsorption—desorption isotherms of Au/RGO and Au/TNT-
MWCNT, as representative samples, heated at 623 K. They showed type Il isotherm with H3
hysteresis loops according to IUPAC classification.®® These results are confirmed via
obtaining appreciable values of C in the 20-25 range; and thus omitting any possibility for
type III isotherm, together with the existence of an inflection point at low P/P, values. The
initial part of the isotherm is attributed to monolayer-multilayer adsorption. The Type H3
hysteresis loop observed is characteristic to aggregates of plate-like or slit-shaped pores.*
The surface properties of synthesized samples determined by N, adsorption-desorption
measurements are presented in Table 1. The specific surface area, pore volume and pore
radius of Au/RGO was determined to be 78.5 m%/g, 0.3 cm’/g and 15.3 nm, respectively. The
hysteresis loop of the latter sample closes at low relative pressures P/P, equal 0.35. This
signifies the presence of large pores as ascertained via increasing the pore radius into 15.3
nm. For TNT, the isotherm (not shown) is also of type Il with a N, hysteresis-loop,
characterizing mesoporosity, and discloses a specific surface area equal 72.9 m%g. The
presence of Au in TNT led to a significant decrease in Sggr comprised of 17.4% relative to
TNT. This proposes that gold blocks some parts of the TNT pores suggesting the well
dispersion of gold. Incorporation of MWCNTs into TNT led to a marked increase in surface
areas as twice that of the later (Table 1). Accordingly, the pore volume of TNT-MWCNT
showed a marked increase comprised of 0.180 cm’/g compared to 0.135 cm’/g for TNT,
proposing the partial enforcement of MWCNTs inside the TNT pore structure. The noticed

decrease in the pore volume of Auw/TNT-MWCNT into 0.162 cm®/g might indicate the well

12
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incorporation of Au in the TNT(MWCNT) pores. Accordingly, the average pore diameter
showed a decrease in the following order: TNT (19.5 nm) > TNT-MWCNT (17.9 nm) >
AUWTNT-MWCNT (17.5 nm). Taking into consideration that the average inner diameter of
TNTs determined from TEM measurements was in the range of 30-60 nm hence, the method
of nitrogen adsorption down estimates the average diameter of nanotubes. Accordingly, N,
adsorption method accounts for the pores inside the tubes rather than the pores between the
tubes. These external pores are usually bigger than the internal pores and the size of these
pores depends on the way the nanotube agglomerates into bundles. The adsorption-desorption
isotherm of Aw/TNT-MWCNT performed by N, adsorption at -197°C confirms that the N,
adsorption isotherm belongs to type II, in the IUPAC classification. The non-limiting
adsorption at high P/P, is characteristic of Type H3 i.e. no limiting adsorption at high P/P,,.
3.4. Light Absorption

The light absorption properties of Au containing samples including Auw/TNT, Aw/TNT-
MWCNT and Auw/RGO were analyzed by UV—Vis diffuse reflectance spectroscopy (Fig. 4)
in comparison with Au free ones including TNT and TNT-MWCNT samples. TNT
absorption threshold is localized between 260 and 340 nm with a maximum at 290 nm. On
the other hand, the Au/ RGO sample coincides with that of the TNT sample in the UV
margin. Conversely, the 30%MWCNT-TNT composite absorbs much more light both in UV
and visible regions compared with TNT and Au/ RGO samples. This suggests that the
introduction of CNT to TNT results in an increment of surface electric charge of the later. !/
Loading Au on TNT-MWCNT did not change the absorptivity in the UV region of TNT-
MWCNT but enhances that of visible light via the noticed linear increase towards the visible
light till 900 nm. This suggests that the morphologies of Au such as particle size, shape and
crystallinity are different from those in the Au/RGO sample, as confirmed from XRD and

TEM investigations. In agreement, Au/RGO, Au/TNT-MWCNT and Auw/TNT displayed a

13
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marked absorption enhancement both in visible-light and ultraviolet regions, and extended
the margin of UV from 260 to 400 nm. The surface plasmon band of the AuNPs is positioned
at 520 nm; for all gold loaded samples, albeit changing the samples colour; from white for
TNT to violet in Auw/TNT, dark blue in AuW/TNT-MWCNT and black in Au/RGO. No change
in the wavelength was perceived for all Au containing samples despite changing the
support materials. 3336 The decrease in intensity of Plasmon bands in Aw/TNT-MWCNT
and Auw/RGO samples compared with Au/TNT is probably correlated to increasing the
irregularity of nanoparticles in former samples; as depicted from TEM observations.

3.5. Catalytic Performance

The photocatalytic performance of Au based catalysts is evaluated in the selective oxidation
of cyclohexane with hydrogen peroxide and the reaction results are summarized in Table 2. It
can be noticed that under the same reaction conditions, no conversion is observed in the
absence of catalyst however, the catalysis is well proceeded with Au as well as with TNT
(Fig.5). This can be obtained based on admitting that gold-based catalysts are active in
initiating the cyclohexane oxidation reaction.”® On the other hand, TiO, showed some activity
also towards the same reaction most probably due to the hydroxyl groups exposed on TiO;
surfaces, which have been acknowledged to take a major part in this reaction. >’ Catalysts
AUWTNT-MWCNT and Auw/RGO exhibited the highest activity and selectivity with
conversion equal 7.5 and 6%, respectively after 12 h reaction.

The Aw/TNT-MWCNT Catalyst exhibited a conversion almost doubling that of Au/TNT.
This proposes that MWCNT takes part in this reaction i.e. the morphological and structure
order of carbon nanotubes are primer factors affecting the adsorption of organic moieties. It is
interesting to note that the selectivity of cyclohexanone and cyclohexanol over Au/TNT-
MWCNT was as high as 3.75 (K/A ratio) exceeding those on Au/RGO (2.14), AwW/TNT (1.83)

and TNT-MWCNT (1.43) catalysts. On the contrary, TNT exhibited the lowest K/A ratio

14
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(0.63) due to the absence of Au nanoparticles. Figure 5 indicates that the conversion increases
with time together with cyclohexanone selectivity (Table 2). Interestingly, enhancing the

38 could be due to the

conversion of TNT compared with other mentioned TiO, catalysts
mesoporous character of the TNT surface that maximized the adsorption of the non-polar
cyclohexane molecules as well as to the photocatalytically active anatase sites.”’ On the other
hand, the open tubular structure of TNT offered a much higher contact area with the facile
diffusion of H,0,, which able to form complex with TiO, nanotubes; of appreciable Lewis
acidity.”” This response towards H,O, is even increased when Au nanoparticles are embedded
in the pores of TiO, nanotube, via constructing a metal-semiconductor heterojunction. *°
Under illumination, the electric potential difference generated on the interface of Au/TNT
heterojunction assisted the separation of the photogenerated hole—electron pair i.e. quicken
the transferring rate of the holes and resulting in an enhanced photo-oxidation activity.***'

Data shown in Table 2 confirmed the enhancement of cyclohexane oxidation rate on
AW/TNT-MWCNT (0.0035 mmole g min™) to higher cyclohexanone production together
with lowering the non-selective bi-products formed. On correlating the catalytic performance
with the catalyst structure properties, one can deduce that Au nanoparticles (Au’) are the
active sites for the cyclohexane oxidation and the particles size played an important role in
the reaction. Catalyst AwWTNT-MWCNT with average Au crystallites of 15 nm; having
hexagonal structure, showed higher activity than Au/RGO that exposed Au crystallites of
diameter equal 25 nm. Decreasing Au crystallites size induces an increase in Au active sites;
as also confirmed from narrowing the surface Plasmon resonance band of Au in Aw/TNT-
MWCNT comparatively. This indeed will favour the adsorption and activation of oxygen
molecule of H,O, during the oxidation reaction.*' The observed superior catalytic properties

of the catalyst AW/TNT-MWCNT is believed to not only related to the Au particle size, but

also to the surface properties of the support. As cyclohexane is a non-polar organic
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compound, a preferred adsorption into the hydrophobic MWCNT surfaces can be expected.
To comprehend the role of MWCNT on the adsorption process, a gravimetric method was
employed to determine the equilibrium adsorption capacities of cyclohexane on MWCNT
surfaces; at room temperature, that indicated a value comprised of 120 mg/g (12%).
Concurrently, it has been shown that the amount of cyclohexane adsorbed before irradiation
was the best on AW TNT-MWCNT that comprised of 15%. This result was in agreement with
XRD results, which indicated that the anatase phase that constitutes the highest phase
percentages has the lowest crystallites size. In addition, increasing the photocatalytic activity
of anatase than rutile is well known and related to its better adsorption capacity towards
organic compounds. It has been acknowledged before that the rate of *OH formation in
aqueous suspension of TiO, systems was increased in rutile-containing anatase ** and this
could be the reason of ceasing 'OH on Au/TNT-MWCNT that contains 75% anatase. On the
other hand, to check whether H,O, molecules are adsorbed and/or activated by Au
nanoparticles **, the decomposition of H,O, was studied in the dark over Aw/TNT-MWCNT
as well as under photo-irradiation. To elucidate the hydroxyl radical formation, experiments
with scavenger Tris(hydroxymethyl)aminomethane (Tris) were performed.44 It has been
shown that ‘OH radicals were detected in the dark, however it ceased afterwards possibly due
to HyO, decomposes into H,O and Oxygen. However, under ultraviolet-irradiation of
Au/TNT-MWCNT suspensions, it never stops at least during the reaction period. This results
support the hypothesis that the hydroxyl radical is the primary oxidant in TiO; photocatalysis.
It was also shown that TiO, activity is enhanced following Au incorporation. This probably
due to the reduction of H,O, on Au/TNT exceeding that on TNT i.e. the increase of ‘OH is
attributable to the photocatalytic reduction of H,O,, and partly due to Schottky barrier

formation at the metal-semiconductor interface.
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It has been acknowledged that gold-based catalysts do not show high K/A
(cyclohexanone/cyclohexanol) selectivities (>80%) at high conversions (>7%) [45-46]. Our
findings in cyclohexane oxidation by Au-based catalysts were inconsistent with the above-
mentioned results. This based on the roles played by TNT in activating and initiating
electrons and holes assisted by photo irradiation as well as MWCNT that evoked the
absorbability. CNTs are excellent electric conductors and can so either provide or accept
electrons, which are transferred through the Au—TNT interface.” For instance, electrons can
be photo-induced and easily transferred to the Au—TNT interface, where they are injected into
the TNT conduction band. These electrons can trigger the formation of very reactive radicals
such hydroxyl radicals which are then responsible for the oxidation reaction, as will be
clarified later. More illustration on the contribution of both Au/TiO,(TNT) and MWCNT
towards cyclohexane oxidation can be deduced as follows. An electron—hole pair can be
produced between the valence and conduction band of TNT.*” The photogenerated electrons
can be trapped by MWCNT, holding up the recombination process. The trapped electrons
could be further transferred to H202,48 which is adsorbed on the TNT surface, to generate
superoxide radical as well as hydroperoxy (HO;") and hydroxyl (‘OH) radicals. It is assumed
that the interface between Au and TNT may form an electrical barrier, resulting in the
transfer of electrons into Au.** In addition, increasing the Sggr, and pore volume (0.162
cm’/g), of AWTNT-MWCNT to 118 m?*/g compared to those of TNT and Au/TNT affected
cyclohexane conversion to be the best comparatively. Concurrently, although Auw/RGO
exhibited an increase in the pore volume value (into 0.30 cm®/g), it presents a lower activity
than that of the latter due to the decrease in Sgpr value into 78 m?/g as well as to the absence
of TNT structure responsible for light absorption. However, the effectiveness of RGO based
catalyst was unexpected. This enhancement was basically depended on the work function

change and charge transfer occurs upon cyclohexane adsorption onto n-t graphene networks.
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Considering the potential of the conduction band (-4.4 e¢V) and valence band (-7.6 eV) of
TNT, graphene (-4.42 ¢V) and Au nanoparticles (-4.75 eV),” a direct electron transfer from
adsorbed cyclohexane to graphene semiconductor is not only thermodynamically favourable,
but also much more feasible and faster than TNT. This is due to the charge transfer
distance from cyclohexane to TNT is longer than with graphene. Convincingly, according
to the charge transfer and separation between Au and graphene an expected electron transfer
from Au to graphene is perceived.”' This results in a separation of electron and phonon
transport within this hybrid structure. In this essence, adsorbed cyclohexane on graphene
surfaces is promoted photocatalytically.

As illustrated in Scheme 1, H,O, molecules are adsorbed and activated by Aw/TNT
nanoparticles while cyclohexane molecules preferred the hydrophobic part of MWCNT
surface (Step I). Reaction between the adsorbed cyclohexane and dissociated H,O, produced
intermediate cyclohexyl hydroperoxide, which decomposed to form cyclohexanol and
cyclohexanone *° adsorbed on the catalyst (Step II). These oxidation products are further
oxidized to byproducts, such as n-butric, n-valeric, succinic, glutaric and adipic acid if they
do not desorb from the surface promptly. Cyclohexane is preferentially adsorbed over
cyclohexanol and cyclohexanone by the AwW/TNT-MWCNT catalyst because of the surface
hydrophobicity of the catalyst (Step III), thus reducing the probability of deep oxidation.
Checking the time-dependent change in the formation of these products was carefully
monitored and described that the selectivity to cyclohexanone formation was higher all the
time while UV-light was on. The selectivity to cyclohexanone/cyclohexanol was completely
stopped when light was off proposing that this reaction is proceeding due to photocatalytic
effect rather than an over oxidation one. No conversion was seen over any catalyst in the
absence of H,0,. Indeed, it has been shown that OH radical produced by photodecomposition

of H,0, is the crucial oxidant for cyclohexane oxidation. However, OH radical can also be
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produced by the reduction of O,. It is therefore important to check whether OH radical was
the crucial oxidant or not. The inhibition effect of 2-propanol, which is known as an effective
scavenger for hydroxyl radicals was measured. As can be shown (see Figure S2, supporting
information), the rate of cyclohexane oxidation became slower at relatively low concentration
of 2-propanol; while at high concentration of 2-propanol, great inhibition was observed
indicating that the hydroxyl radicals are the major active species during the photo-catalytic
oxidation reaction. Further trapping experiments for detecting other active species were again
conducted during the oxidation of cyclohexane in the presence of AW/ TNT-MWCNT under
ultraviolet-visible light irradiation. As observed (see supporting information) the oxidation
efficiency of cyclohexane was affected by the addition of 1 mM BQ (a quencher of "0, ") but
apparently did not decrease with the addition 1 mM TEOA (a quencher of h"). Therefore,
these results show that ‘OH and "O, are the two main active species playing the key roles in
the oxidation of cyclohexane rather than h".

Although gold-based catalysts clearly play a role in directing the oxidation mechanism, it is
obvious that the reaction proceeds through a radical-chain mechanism. This was in full
agreement with the results published by Xu et al.”? showing that the oxidation reaction over
supported Au catalysts would only proceed when t-butyl hydroperoxide was initially added as
a radical initiator. A radical-chain mechanism directly explains the slow initiation of the
oxidation reaction by gold-based catalysts at the very beginning. In order to affirm that the
reaction proceeded via a radical chain mechanism, the hydroquinone (HQ) was used to
accomplish whether or not it’s a radical involved reaction. At 270 min reaction time when the
conversion of 2.5% was reached for catalyst Au/TNT-MWCNT, a specific amount of HQ
(0.4 g dissolved in a 1:1CyH: acetonitrile mixture) was added. It was then shown that the
products amount in the liquid phase remained constant between 285 and 300 min (0.5%

conversion) followed by ceasing the cyclohexane conversion completely. The strong yellow
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colour of the liquid-phase sample after HQ addition indicated the formation of benzoquinone,
confirming that the reaction proceeds via free radical mechanism.

3.5.1. Effect of Amount of H,O,

When the amount of H,O, increased into 15 mmole (keeping all other factors constant) the
conversion of cyclohexane increases. The increase in the oxidant amount helps in generating
more radicals and thereby increasing the conversion of Au/TNT-MWCNT into 9.0% with
effective use of H,O, reaching 68%. Indeed, this value exceeded Au loaded several types of
carbon materials (activated carbon, polymer based carbon xerogels, multi-walled carbon
nanotubes, nanodiamonds, microdiamonds, graphite and silicon carbide) Those indicate
conversion equal 3.6% 0 as well as surpassing Au/TiO, 2 and Au/ALLO3 * those indicate
conversion comprised of 5 and 4%, respectively. The selectivity of cyclohexanone increases
into 85% while that for cyclohexanol decreases. This might be due to oxidation of
cyclohexanol to cyclohexanone in the presence of excess amounts of H,O,. The
decomposition of H,O, generates *O, and HO' over gold metal as well as on TNT 52; as
explained previously. Such radicals abstract hydrogen from cyclohexane forming cyclohexyl
radicals. This unstable peroxide dissociates via two separate processes to give cyclohexanol
and cyclohexanone. However, exceeding the amount of H,O; into 20 mmol causes a reaction
termination and thus the efficiency of H,O, decreases into 43%.

3.5.2. Catalyst Recyclability

The regenerated catalyst showed only a little decrease in the conversion of cyclohexane
following the fifth run, as shown in Fig 6. It shows a decrease from 7.5 to 5.7% conversion
proposing the intact of active sites even after this long period that extends into 60 h. The
recovered supported catalyst attained via filtration was only washed with acetonitrile and
dried at 333 K for 2 h before further use in the next run. The presence of different types of

sites on the catalyst surface can be considered. These could be related to the titanium
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nanotube that acts as Lewis acid sites; due to their low coordination, as well as light
harvesting together with gold nanoparticles are considered as strong adsorption sites, suitable
for both cyclohexane and H,0; moieties. The second type could be the hydrophobic
MWCNT and its synergistic role with TNT those committed to cyclohexane adsorption and
charge transfer between them. Moreover, the filtrate solution test (an additional 24 h of
reaction after removing the AW/TNT-MWCNT photocatalyst from the reaction medium)
showed no catalytic activity, indicating that leaching did not play an important role in the
present system. The above experiment shows that AwW/TNT-MWCNT functions as a high
performance photocatalyst under the present reaction conditions.
4. Conclusions
It has been shown that gold nanoparticles (15 nm, hexagonal shape) dispersed on TNT-
MWCNT composites prepared by hydrothermal deposition method exhibited higher
photocatalytic (125 W, A=296-400 nm) activity towards cyclohexane oxidation at ambient
conditions; in liquid phase, (Conversion =7.5%) and indicated k/A oil selectivity exceeded
Au/RGO and Au/TNT catalysts. The activity can reach conversion equal 9% on increasing
H,0, concentration into 15 mmole. The oxidation of cyclohexane into the main products,
cyclohexanone and cyclohexanol, on the former catalyst was used repeatedly for at least
five times without significant loss in either conversion or selectivity values. This was
attributed to the uniform dispersion of Au nanoparticles on the mesoporous TNT support,
enhancement of cyclohexane adsorption onto the MWCNT hydrophobic surface and to the
surface texturing properties of the composite TNT-MWCNT. A competing adsorption and
desorption mechanism was used to explain the high K/A oil selectivity on the catalyst
prepared using the mentioned method. One should state that improving the capability of this
new kind of catalyst demands more in-depth experimental work to enhance the activity.

More important correlations about the mechanism and the activity of the catalysts in view of
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their performances under UV illuminations with the experimental results were developed
and discussed.
ASSOCIATED CONTENT

*  Supporting Information
FTIR Spectra of MWCNT and MWCNT-TNT catalysts; Effect of reactive intermediates

(isopropanol, IPA; p-benzoquinone, BQ; triethanolamine, TEOA) on the activity of Auw/TNT-
MWCNT towards cyclohexane oxidation. Reaction conditions were done with 0.05 g of

catalyst, 10 mmol cyclohexane, 10 mmol H,O,, 10 mL of acetonitrile, photoirradiation time,

12 h (>256 nm).
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Figure captions

Fig.1. XRD patterns of TNT, MWCNT, TNT-MWCNT, Aw/TNT-MWCNT and Au/GO; the
inset is for 3%Au/TNT synthesized using Na,S-PVP.

Fig.2. TEM Image of (a) 3%Au/TNT annealed at 623 K; the upper inset is for pure TNT where
the lower inset is for HRTEM of Au/TNT (b) 3%Auw/TNT-MWCNT annealed at 623 K; the
inset is for the HRTEM of Au nanoparticles (traced by the red arrow) and HRTEM of MWCNT
is in the lower part of the image and (c¢) 3%Au/RGO annealed at 673 K where the white arrows
represents Au particles; the inset is TEM of RGO

Fig.3. Adsorption-desorption isotherm of (a) the Au/RGO sample and (b) the Au/TNT-
MWCNT sample

Fig.4. UV-Vis absorption spectra of TNT, TNT-MWCNT, 3%Auw/TNT-MWCNT,
3%Au/TNT and 3%Au/RGO samples

Fig.5. Cyclohexane conversion vs. Reaction time on TNT, TNT-MWCNT, Au/TNT,
Au/RGO and Au/TNT-MWCNT catalysts. The experimental conditions were kept constant at
the following reaction conditions: All reactions were done with 0.05 g of catalyst, 10 mmol

cyclohexane, 10 mmol H,0O,, 10 mL of acetonitrile, photoirradiation time, 12 h (>296 nm).

Fig.6. Repeated cycles up to 5 times illustrating the conversion yield of cyclohexane after 12
h over the AwW/TNT-MWCNT photocatalyst. The experimental conditions were kept constant
at the following reaction conditions: All reactions were done with 0.05 g of catalyst, 10
mmol cyclohexane, 10 mmol H,O,, 10 mL of acetonitrile, photoirradiation time, 12 h (>296
nm).

Schemel. Proposed mechanism of oxidation of cyclohexane on catalyst AW TNT-MWCNT
(I) Adsorption and activation of cyclohexane molecules; (II) oxidation of adsorbed
cyclohexane to cyclohexanol and cyclohexanone; (III) competing adsorption and desorption

of cyclohexane with cyclohexanol and cyclohexanone.
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Table 1: Surface texturing properties of the synthesized catalysts

Sample name "BET "Pore ‘Average
Surface volume pore
area diameter
m2/g Vp r
Cm3/g nm
TNT 72.9 0.135 19.5
TNT-MWCNT 141 0.180 17.9
Au/TNT 60.2 0.126 18.6
Au/TNT- 118.2 0.162 17.5
MWCNT
Auw/RGO 78.4 0.30 15.3
Notes

*Sger 3 BET Surface Area, pr ; Pore Volume, °r; BJH Adsorption average pore diameter.

Table 2: catalytic properties in selective oxidation of cyclohexane

catalyst Cyclohexan *Products selectivity (%) "K/A  ‘By- dActivity
e Cyclohexanol Cyclohexanone H,O, ratio products (mmole gm{l
conversion % min™)
(%)
TNT 2.1 51 32 38.2 0.63 17 0.00097
TNT-MWCNT 3.2 35 50 403 143 15 0.0015
Au/TNT 4 30 55 34 1.83 15 0.0019
Au/TNT- 7.5 20 75 45 3.75 5 0.0035
MWCNT
Au/RGO 6 28 60 37 214 12 0.0028

All reactions were done with 0.05 g of catalyst, 10 mmol cyclohexane, 10 mmol H,0,, 10 mL of acetonitrile,

photoirradiation time, 12 h (>256 nm).

# Selectivity (%) of product = [(concentration of product) x (total concentration of all products)—1] x 100. Conversion and

selectivity calculated based on carbon recovery

PK/A: the mole ratio value of cyclohexanone to cyclohexanol
‘By-products are mainly ring-opened acids such as n-butric, n-valeric, succinic, glutaric and adipic acid

The average rate for 12 h of reaction time

H,0, conversion % correspond to the amount consumed in the reaction
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