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alysts. In the present work, oxidation of cinnamyl alcohol was carried out using unconventional, afford-
able, and feasible heterogeneous catalysts.
Method: Copper-titania (Cu-Ti) nanoparticles were prepared and supported on functionalized multi
walled carbon nanotubes (F-CNTs). Various instrumental techniques such as X-ray Diffractometery
. (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) Analysis and Brunauer
Cinnamaldehyde . .
Cinnamyl alcohol Emmett Tellgr (BET) su'rface area analyzer were used to .characteqze t.he syntheslzed cat.alysts. Both cat-
Liquid phase alysts; Cu-Ti and Cu-Ti/F-CNTs were evaluated for their potencies in conversion of cinnamyl alcohol
Oxidation (CnOH) to cinnamaldehyde (CnHO). Different derivatives of CnOH (with attached electron withdrawing
and donating groups) were also oxidized in presence of prepared catalysts to determine the substituents
effect and get maximum yield. The prepared catalyst was used five times to determine its reuseablity.
Results: The presence of copper and titania in the synthesized catalyst structure was confirmed through
XRD and EDX analysis. The agglomeration level was confirmed from SEM analysis. Little reduction in sur-
face area on parental carbon nanotubes was observed due to deposited metals. Appreciable yield of CnHO
were obtained at the optimal reaction conditions: temperature = 70 °C, catalyst amount = 0.1 g,
pO, = 760 Torr, substrate solution concentration and volume = 1 mmol CnOH/10 mL ethanol, stirring
speed = 900 rpm, and time interval = 60 min. The conversion rate was improved to 100% through attach-
ment of electron donating groups at ortho and para position of parental compound benzene ring. No
appreciable decrease in activity of catalyst were observed after 4th cycle.
Conclusion: Cu-Ti/F-CNTs showed excellent catalytic activity, selectivity, true heterogeneous nature, low
cost, and recyclability, hence it could be used as a potent catalyst for CnOH to CnHO conversion.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Different researchers have documented the conversion of CnOH to
CnHO using expensive platinum and palladium catalysts (Mallat
et al., 1995; Grunwaldt et al.,, 2003). Mallat and Baiker (1995)
investigated the selective aerobic oxidation of CnOH to CnHO using
platinum supported on alumina as a catalyst with 88.5% selectivity.
About transition metal catalysts such as platinum and palladium,
activity loss as a result of deactivation triggered by poisonous
by-products of reaction, low selectivity of the platinum group met-
als and poor catalytic activities have been reported (Sneeden et al.,
1955).

Keeping in view the above mentioned shortcomings, efforts
have been made to add another metal to form bimetallic catalysts
and are considered as alternative being capable of effective conver-
sion of alcohol into aldehydes. According to recent reports, binary
metallic alloys are beneficial as catalyst with greater degrees of
selectivity having greater lifetime (Hu et al.,, 2010; Worz et al,,
2010; Mallat et al., 1994; Wenkin et al., 2002; Abbadi and Van
Bekkum, 1995). The Cu-Ti transition metal nanoparticles may dis-
play better catalytic performance, good durability and needs sim-
ple separation techniques to separate from reaction mixture after
use.

According to literature survey, no data is available on Cu-Ti
oxide or functionalized multiwalled carbon nanotubes supported
copper-titania nanoparticles (Cu-Ti/F-CNTs) manipulated for the
catalytic oxidation of CnOH. Therefore, in the current work, Cu-Ti
oxide nanoparticles were supported on functionalized multiwall
carbon nanotubes (Cu-Ti/F-CNTs) and were applied for catalytic
oxidation of CnOH to CnHO in various solvents (acetonitrile, n-
hexane, water and ethanol) in presence of molecular oxygen. The
nanoparticles exhibited better effectiveness in terms of selectivity,
stability, productivity, heterogeneity, cost and recyclability, there-
fore, could be efficiently used for oxidation of alcohols at industrial
level.

2. Materials and methods

All the chemicals/reagents were purchased from Sigma Aldrich,
Merck, and Alfa Aesar. Multiwall carbon nanotubes (MWCNTSs;
area = 220 m?/g; 0.D. x L 6-13 nm x 2.5-20 um) were also pur-
chased from Sigma Aldrich. Specific filters (C.R.S.Inc.202268) and
(C.R.S.Inc.202223) were used for purification of gases.

2.1. Synthesis of catalysts

Co-precipitation method was used for the Cu-Ti nanoparticles
preparation. CuCl,-2H,0 and TiCl; (0.1 M) equimolar solutions
were titrated against ammonium hydroxide (NH4OH) until the for-
mation of condensed metal hydroxide precipitates. The precipi-
tates were filtered, washed with 0.1 N HCl, and triply distilled
water (TDW) in modified Soxhlet apparatus using glass thimble
until neutral pH and dried overnight in oven. Multi walled carbon
nanotubes and para-aminobenzoic acid were sonicated at 60 °C for
2 h and then refluxed for 1 h in order to obtain functionalized multi
walled carbon nanotubes (F-CNTs). Copper-titania were dispersed
in ethanol/water (50% V/V) by sonication and required amount of
this F-CNTs were added which were further sonicated for 30 min
at 30 °C. The Cu-Ti/F-CNTs was filtered, washed with 0.1 N HCI
and TDW in modified Soxhlet apparatus using glass thimble until
neutral pH and then dried.

2.2. Characterization of the nanoparticles

Morphological and elemental analysis of the prepared Cu-Ti/F-
CNTs were carried out by Scanning Electron Microscopy (SEM,
JSM 5910, JEOL, Japan) and Energy Dispersive X-ray Spectroscopy
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(EDX, JSM 5910, JEOL, Japan), respectively. For the phase determi-
nation of the catalyst, X-Ray Diffractometer (XRD, JDX-3532, JEOL,
Japan) was used with Cu-Ko as a radiation source with & = 0.154
18 nm, while operation voltage was 20-40 kV, in the 20 range of
0-60° at a step size of 0.05°. Quanta chrome, USA (NOVA2200e)
surface area analyzer was used for the determination of BET sur-
face area of the supported nanoparticles.

2.3. Catalytic test

Substrate solution (1Immole CnOH/10 mL ethanol) with 0.1 g
catalyst were introduced into 100 mL three necked double walled
round bottom batch reactor combined with a quick fit thermome-
ter and a condenser. The mixture was vigorously stirred (300-
1500 rpm) with continuous flow of oxygen (40 mL/min) at 70 °C
for 60 min. The CnOH to CnHO conversion was investigated using
gas chromatography (GC, Clarus 580, Perkin Elmer, USA) provided
with a flame ionized detector and capillary column (cross-linked
methyl siloxane capillary column; length: 30 m, ID: 0.32 mm,
and film thickness: 0.25 um). Hydrogen and nitrogen generators
(PGXH2 100, Perkin Elmer, USA) and (G6010E, Parker domnick
hunter, UK) respectively were used for hydrogen and nitrogen sup-
ply. The percent conversion of the collected product was deter-
mined by applying the following formula.

molesofreactantsdisappeared
molesofinitialreactants

%Conversion = x 100 (1)

The chemical reaction occurred is shown in scheme 1.

3. Results and discussion
3.1. Characterization

Fig. 1 a & b represent the SEM images of copper-titania
nanoparticles, clearly indicating the irregular shapes of the
nanoparticles (copper-titania) in unsupported nanoparticles, while
smooth dispersion and agglomeration of nanoparticles on the sur-
face of the F-CNTs in case of supported nanoparticles. The agglom-
eration level in the functionalized multi walled carbon nanotubes
supported copper-titania nanoparticles (Cu-Ti/F-CNTs) was lower
than unsupported nanoparticles. Average grain intercept method
was used to calculate the average particle size (23 nm) of the
nanoparticles from SEM images (Igbal et al., 2019). Similar study
was also carried out by Etape et al. (2017) and investigated the
structural morphologies of the nanoparticles through SEM.

The elemental composition of nanoparticles is presented in
Fig. 1 c & d, confirming the presence of metals used in its synthesis.
The Cu and Ti were present in high quantities while the C peak was
present only in Cu-Ti/F-CNTs due to the use of carbon based sup-
porting material (F-CNTs). The oxygen peaks suggests the metal
oxides formation and the introduction of carboxylic functional
group during the functionalization of multi walled carbon nan-
otubes with p-amino benzoic acid.

Fig. 1 e & f shows the XRD patterns of both supported and
unsupported nanoparticles. A sharp peak is present in case of sup-
ported nanoparticles at 20 = 26.6°, confirms the presence of sup-
porting material while such peak was absent in unsupported
copper-titania nanoparticles. The presence of characteristic peaks
at 20 = 25.3° and 48.1° while absence of peaks at 20 = 27°, 36°
and 55° confirmed the presence of TiO, nanoparticles in anatase
phase in both supported and unsupported catalysts. Similarly,
peaks at 26 = 35.4°, 38.3°, 48.7° and 54° revealed the formation
of copper oxide nanoparticles. Khan et al. (2017) also reported
the similar study for brookite phase of titania. The BET surface area
of Cu-Ti/F-CNTs and Cu-Ti nanoparticles was 213.1 m?/g and
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Scheme 1. Oxidation of CnOH to CnHO under optimum conditions (0.1 g catalyst, 10 mL substrate solution (1 mmol of CnOH/10 mL ethanol) at 70 °C and stirring at 900 rpm

for 60 min in the presence of O,).

31.8 m?/g, respectively. Similar results have also been reported by
Dasireddy and Likozar (2018) and Hossain et al. (2014).

3.2. Oxidation of cinnamyl alcohol as benchmarking experiment

About 1 mmol of CnOH in 10 mL solvent were loaded to reactor
without catalyst at 70 °C (shaking speed; 900 rpm, pO,; 760 torr
and time duration; 60 min) to confirm the autocatalysis of CnOH
to CnHO. Furthermore, for optimization of reaction conditions, a
series of experiments were performed to investigate the effect of
parameters such as temperature, reaction time, solvent, oxygen
pressure, stirring speed, catalyst amount, % conversion, and selec-
tivity. Similarly, the same reaction was also catalysed with F-CNTs
under the standard set of reaction parameters. Very low catalytic
activity was observed for F-CNTs, which were then doped with
Cu-Ti to enhance its catalytic activities. The F-CNTs enhanced the
mobility of electrons which was considered to be the most proba-
ble reason of enhancing the catalytic activities of the composite. In
the present work it was observed that Cu-Ti/F-CNTs was an excel-
lent catalyst in term of selectivity and conversion as compared to
other reported catalysts as tabulated in table 1.

3.3. Effect of various reaction parameters on cinnamyl alcohol
oxidation

3.3.1. Time profile study

The time profile analysis for CnOH oxidation was monitored
periodically as shown in Fig. 2. The experiments were performed
at 70 °C by suspending 0.1 g of catalyst in 10 mL of substrate solu-
tion (1 mmol CnOH/10 mL ethanol), oxygen partial pressure
760 Torr and agitation speed of 900 rpm. The conversion rate lin-
early increased up to 60 min, after that the conversion of CnOH
to CnHO gradually decreased due to by-products formation (3-
phenylproanol and trans-p methyl styrene) as detected by GC,
which altered the selectivity towards the major product. Therefore,
60 min time interval was used as optimum time in the subsequent
reactions. Previously Sadiq et al. (2010) carried out aerobic oxida-
tion of toluene using Pt/ZrO, in aqueous media where they studied
time effect on % conversion as well.

3.3.2. Temperature study
Conversion of CnOH to CnHO was studied in the range 30-90 °C
in ethanol by keeping all other reaction conditions constants. Pro-

duct analysis showed a gradual increase in % conversion with same
higher selectivity towards the major product up to 70 °C (red cir-
cle) as shown in Fig. 3. Above 80 °C, the conversion decreased
due to two reasons firstly, solvent evaporation which affected the
catalyst activity by influencing the diffusion rate as well as mass
transfer of reactants, secondly the appearance of by-products like
3-phenylproanol, trans-p methyl styrene and other impurities as
observed in GC chromatogram perhaps due to oxidation of solvent.
Therefore, all further reactions were carried out at 70 °C. Elmaci
et al. (2017), also studied the temperature effect on alcohol oxida-
tion and concluded that conversion rate increased linearly with
temperature.

3.3.3. Influence of the oxygen pressure

Fig. 1aS (supporting material) describes the effect of partial
pressure of O, on the % conversion of CnOH to CnHO in ethanol.
With the increase in pressure of oxygen the conversion rate
increases up to 760 Torr. The linear relation of pO, with % conver-
sion shows that the reaction follow a first order kinetics with
Langmuir-Hinshelwood (L-H) mechanism (Eq. (2)).

kK1K2[CnOH]|[0,],
r=
[1 + K1[CnOH], + K3[0,],)*

(2)

where: k; rate constant while K; and K,; are CnOH and O, adsorp-
tion equilibrium constant, at low pressure (K;[O]g ~ 0) and con-
stant CnOH concentration, Eq. (2) can be converted into Eq. (3),
by lumping together all the constants.

r= a[Oz]g

3)

The experimental data well fitted into Eq. (3) with good regres-
sion values of R? = 0.9954 and 0.9935 for both the catalysts Cu-Ti/
F-CNTs and Cu-Ti respectively (Fig. 4). Which clarifies that both
reactants [CnOH]; and [O]; are adsorbed on the surface of catalyst
and follow the L-H mechanism.

3.3.4. Stirring speed effect

Stirring speed has a significant effect on the % conversion of
CnOH to CnHO in presence of a solid catalyst. For the determina-
tion of optimum stirring speed, the reactions were carried out at
different stirring speed (300-1500 rpm) keeping all the other reac-
tion parameters constant. As depicted from Fig. 1bS, the conversion
rate increases with the increase in the shaker speed that became
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Fig. 1. Instrumental characterization of catalysts: a) SEM image Cu-TiO, (b) SEM image of Cu-TiO,/F-CNTs (c) EDX of Cu-TiO,, (d) EDX of Cu-TiO,/F-CNTs (e) XRD pattern of
Cu-TiO,, and (f) XRD pattern of Cu-TiO,/F-CNTs.

Table 1
Comparison of the catalytic performances reported catalysts with the prepared nanoparticles in the oxidation of CnOH to CnHO.
Catalysts *Conv/Sel(%) Reaction Conditions References
Au-Pd/TiO, 82/64 Temp; 100 °C, Solvent; Toluene, (Wu et al.,, 2016)
Time; 7 h
Fe,03/AC 44/89 Temp; 80 °C, Solvent; Water, (Sadiq et al., 2014)
Time; 2 h
Modified Palladium (II) oxide 100/77 Temp; 100 °C, Solvent; Toluene, (Stuchinskaya and Kozhevnikov, 2003)
Time; 1 h
Ru-Al-Mg 98/100 Temp; 60 °C, Solvent; Toluene, (Kaneda et al., 1998)
Hydrotalcites Time; 8 h
Cu-Ti/F-CNTs 99/100 Temp; 70 °C, Solvent; Ethanol, Present Study
Time; 1 h

*Conversion/Selectivity.
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steady at the stirring speed of 900 rpm and above. All subsequent
experiments were therefore carried out at 900 rpm to exclude the
probability of mass transfer. Similarly, stirring effect has also been
evaluated by Dimitratos et al. (2009) and according to them the
rate of stirring linearly increases the rate of reaction and maximum
rate was achieved when the stirring speed was 500 rpm.

3.3.5. Catalyst loading study

Effect of catalyst amount on the percent conversion of CnOH to
CnHO was investigated in the range 10-200 mg keeping all the
parameters constant. An increased conversion was observed with
the amount of catalyst loading without loss in selectivity. Maxi-
mum conversion rate with higher selectivity was obtained at cata-
lyst amount of 0.1 g as shown in the Fig. 1cS. Further increase in
the catalyst amount caused a decrease in the conversions along
with negative effects on selectivity that may probably be due to
deactivation of the nano catalyst surface by adsorption of oxidized
products. Hammoumraoui et al. (2011) also investigated the effect
of catalyst concentration in reaction mixture and found that the
catalyst amount increased affect both the selectivity and conver-
sion rate till an optimal value beyond which negative effect were
observed.

Table 2
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3.3.6. Effect of solvents

Fig. 1dS shows the comparison of various solvent (water, ace-
tonitrile, ethanol, n-hexane) media used in the conversion of CnOH
to CnHO under optimized reaction conditions. It was observed that
nature of solvent affect the CnOH to CnHO conversion rate in the
following order; ethanol > acetonitrile > n-hexane > water. Butt
(1965) obtained similar results and interpreted the thermal con-
ductivity data for pore size, temperature and pressure effect. The
solubility of oxygen in various solvents also effects the CnOH con-
version. Sato et al. (2014) described the oxygen solubility in some
common organic solvents (benzene < cyclohexane < heptane). High
conversion in ethanol has been noted in the present study, which is
due to their less solubility difference that has no significant effect
on the CnOH to CnHO conversion. Ilyas and Sadiq (2007) also
determined the effect of solvents and reported maximum conver-
sion in case of n-heptane used as a solvent.

3.3.7. Effect of substitution on the % conversion of cinnamyl alcohol
Electron withdrawing (EWG) groups and Electron donating
(EDG) groups favours the oxidation of CnOH to CnHO in all cases,
while the % conversion depends upon the position of the EWD
and EDG. The % conversion was maximum when the EDG were pre-
sent at ortho and para position rather than at meta positions. The %

Effect of electron donating and electron withdrawing groups on the %conversion of alcohol into aldehyde.
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Fig. 6. Reusability of the Cu-Ti and Cu-Ti/F-CNTs catalysts for CnOH to CnHO oxidation.

conversion of the EDG substituted derivatives of cinnamyl alcohol
follows the order; meta < ortho < para. Higashimoto et al. (2010)
conducted a study where partially deprotonated benzylic carbon
was stabilized by the resonance effect when the EDG were present
at ortho and para position although such effect was not observed in
case of meta substituted derivative of cinnamyl alcohol. EWG at
different positions also affect the %conversion of reactant. EWG
are deactivating and affecting the reactivity of both para and ortho
positions by regaining the electron density from them. Therefore,
when EWG are present at ortho and para positions, then the substi-
tuted cinnamyl alcohols becomes less reactive and % conversion
decreases as compared to the meta substituted derivatives as
shown in Table 2.

3.4. Leaching and regeneration of the catalyst

The catalyst was added into solvents media under optimal reac-
tion parameters for an hour and analysed for any possible reaction.
The single peak in the chromatograph confirmed the inertness of
solvent. Leaching experiments were carried out to check the
heterogeneity of the catalyst. CnOH was introduced to the filtrate
then the reaction mixture was stirred under same experimental
reaction conditions. No conversion suggested the absence of cata-
lyst in filtrate pointing towards the true heterogeneous nature of
Cu-Ti/F-CNTs in the applied solvents. When 0.1 g of Cu-Ti/F-CNTs
nanoparticles were added to the reaction mixture under condi-
tions, 99.2% conversion of CnOH occurred as shown in Fig. 5.
Finally, the used nanoparticles were filtered and used as such for
further 5 runs and observed very small change in the activity of
the catalyst (washed with 1NHCI/TDW, dried for 2 h at 100 °C)
under similar reaction conditions as shown in Fig. 6 were observed
confirming the reusability and recyclability of the prepared
catalyst.

4. Conclusion

In the current study, Cu-Ti/F-CNTs were synthesized, character-
ized and utilized as nano catalysts for the selective CnOH to CnHO
oxidation applying mild reaction conditions using various solvents
such as acetonitrile, ethanol, water and n-hexane. Optimal reaction
conditions were achieved for efficient catalysis as; Catalyst amount
of 0.1 g, CnOH conc; 1 mmol/10 mL ethanol, Time; 60 min, Temp;
70 °C, and Stirring speed; 900 rpm when Oxidant used was O,
(760 Torr). Maximum conversion of 99.2% with selectivity of
100% was achieved at optimal conditions using selox apparatus.
The simple synthesis procedure, high catalytic performance with
high conversion rate and selectivity, low cost, heterogeneous beha-
viour, multiple usage (5 times) makes these nanoparticles valuable
for CnOH to CnHO oxidation. However, further studies are needed
to effectively utilize the prepared catalyst.
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