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Water-assisted Sonochemically-induced Demethylenation of 
Benzyl Alcohol to Phenol over a Structurally Stable Cupric Oxide 
Catalyst 
 

Teseer Bahry[a], Shang Jiang[b], Umesh Jonnalagadda[c], Wen Liu[c], Benoit Teychene[a], Francois 

Jerome[a], Samir H. Mushrif[b]*, Prince N. Amaniampong[a]* 

 

Novel catalytic chemistry of demethylenation of benzyl alcohol to phenol is presented here using the synergy between an 

earth-abundant transition metal oxide (CuO) catalyst and high frequency ultrasound (HFUS). This chemistry is achieved in 

water and at room temperature. Using a combination of catalyst characterization, chemical and acoustic analysis, isotope 

labelling and density functional theory computations, we reveal the molecular reaction mechanism, involving benzaldehyde 

as an intermediate. Water is not just a benign solvation medium, but it directly participates in the chemistry by getting 

dissociated due to sonolysis. The adsorption of the OH from water on the catalyst surface inhibits its recombination. The 

surface adsorbed OH from water also activates the C-H bond in benzyl alcohol to form benzaldehyde and later incorporates 

itself into the phenyl ring to form phenol. 

 

Introduction 

When ultrasound interacts with a liquid, the liquid is locally subjected 

to depression, lowering the pressure below the vapor pressure of the 

sonicated liquid.1, 2 This phenomenon generates cavitation bubbles 

composed of gas and vapors of liquid. Locally, high temperature and 

high pressure regions are generated when these microscopic 

cavitation bubbles implode.3 These localised conditions can induce 

crucial chemical transformations.3 The utilization of ultrasound 

(either high or low frequency) in chemistry application, often 

referred to as sonochemistry, has gained heightened attention in the 

last decade ever since the term was coined by Nappiras.4 

Sonochemistry, particularly high-frequency ultrasound (>100 kHz), 

has been widely used as an unconventional activation technique for 

material synthesis,5, 6 environmental remediation7 and food 

processing,8 where acoustic cavitation-induced oxygenated radicals 

(e.g., •OH) act as initiators to trigger chemical reactions. Recently, 

the use of high-frequency ultrasound is undergoing a sort of 

renaissance as an alternative activation tool in synthetic chemistry 

and catalysis.9-11 For instance, High frequency ultrasound (HFUS) was 

used as a combined strategy with metal ions to convert phenol and 

phenyl derivatives into polyphenols.12 In a heterogeneous system, 

cavitation bubbles preferentially form on the particle surface via 

heterogeneous nucleation. In addition, these particles could serve as 

nuclei for the formation and growth of cavitation bubbles, a great 

means to enhance the formation of inertial cavitation. In contrast to 

a homogeneous system, the implosion of cavitation bubbles on solid 

surfaces generates high-speed jets of liquid directed toward the 

surface. This physical behavior could be a great way to selectively 

transfer sonochemically generated radicals onto the particle surface 

for better control of reaction selectivity. The technological potential 
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of high-frequency ultrasound, in synergy with catalysis, 

(sonocatalysis) in directly altering products’ formations in synthetic 

chemistry has been sporadically demonstrated and documented in 

the literature.5, 13 By choosing appropriate catalysts, unprecedented 

transformations can be achieved during sonocatalytic reactions. For 

instance, we recently demonstrated that, while CuO catalyst and 

HFUS are able to independently oxidize glucose to gluconic acid 

under argon atmosphere, the combination of CuO with HFUS led to 

a complete selectivity switch, with glucuronic acid being formed as 

the major product.5 Inspired by these works and in-line with our 

efforts in harnessing the synergistic potential of sonochemistry and 

catalysis for organic reactions, we revisited the widely studied benzyl 

alcohol oxidation reaction,14-17 from a radically different perspective 

to gain first-hand insights into the mechanisms involved in its 

transformation to other aromatic products of industrial importance. 

Benzyl alcohol is one of the most widely studied substrates and 

model molecules in the literature.14, 16, 18-20 Oxidative conversion of 

benzyl alcohol to benzaldehyde has been reported using a plethora 

of catalytic systems, including supported metal catalysts, with yields 

up to ~ 99%  at elevated reaction temperatures, in the range of 100 

°C.14, 20 In the current state of the art, benzaldehyde has been shown 

to be the major product, along with trace amounts of benzoic acid in 

benzyl alcohol oxidation reactions. However, a tandem activation of 

benzyl alcohol in the presence of a relatively cheap metal oxide at 

mild conditions, driven demethylenation process into phenol is 

unprecedented. The development of alternative catalytic 

technologies capable of selectively demethylenating benzyl alcohol 

to phenol in a one-pot reaction is an important scientific challenge 

that is addressed in this work, as it will play a crucial role in finding 

alternative synthesis route to the industrially popular three-step 

cumene process where phenol is produced from benzene.21 A 

process that suffers from several drawbacks such as high energy 

consumption, low yields (~ 5% based on the initial benzene quantity), 

and generation of acetone by-product.22 

Herein, we demonstrate for the first time through combined 

experimental and theoretical investigations how the popular benzyl 

alcohol oxidation reaction (Scheme 1) can be systematically steered 

towards demethylenation, with up to 80 % selectivity towards 

phenol. This is achieved using the synergy between a sonochemically 

synthesized cupric oxide catalyst and ultrasonically generated in-situ 

•OH from water, at ambient conditions (25 °C), without any external 

oxidizing agent. This work would find application in the synthesis 

diverse hydroxyaromatic building blocks and generally offers 

potential for new, mild methods for efficient unmasking of phenol. 

Materials and Methods 

CuO catalyst synthesis. All chemical reagents were used without 

further purification. The synthesis protocol is adopted from our 

previous work.23 Normally, a 80 mL of 0.25 M NaOH aqueous solution 

was added to 20 mL of 0.5 M Cu(NO3)2 aqueous solution, and a sky-

blue suspension was obtained. This suspension was subsequently 

subjected to an ultrasonic irradiation at the desired high frequency, 

namely, 578 kHz, 864 kHz and 1140 kHz) and at a controlled 

temperature of 25 °C (standby power P0 = 48 W, nominal electric 

power of the generator Pelec = 278 W at 578 kHz, Pelec = 305 W at 864 

kHz and Pelec = 392 W at 1140 kHz), with an acoustic power in the 

water of Pacous.vol = 0.10 W·mL−1 at 578 kHz, Pacous.vol = 0.095 W·mL−1 

at 864 kHz and Pacous.vol = 0.089 W·mL−1  at 1140 kHz,  determined by 

calorimetry.24 A minichiller cooler (Huber) was used to control the 

reaction temperature at 25 °C. On completion of sonication at the 

desired time, the dark brown precipitates were washed thoroughly 

with distilled water and dried in an oven at 60 °C overnight. 

Catalyst characterization. The as-prepared CuO morphology was 

studied by SEM and TEM. Prior to the SEM analysis, CuO sample in 

powder form was sprinkled onto carbon tape adhered to aluminum 

mounts. The SEM observations were then performed by using JSM-

7900F Jeol microscope coupled with Energy-dispersive X-ray 

 

Scheme 1. Contribution of This Work to the State of the Art 
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spectrometer (EDS) Bruker 6/30. The images were made with the 

backscattered electron detector to highlight the Au particles on the 

support at 5kV. For the TEM analysis, the CuO sample in powder form 

was first mixed with ethanol, this solution was ultrasonicated to 

disperse the powder. A drop of this solution is then placed on a TEM 

Cu grid. This grid is placed in the microscope chamber under a 

secondary vacuum. The TEM images were recoreded using 2100 UHR 

200kV Jeol (LaB6) coupled with Energy-dispersive X-ray spectrometer 

(EDS) Jeol JED. The images were taken with conventional TEM (bright 

field) at 200kV. Surface area analysis was determined by nitrogen 

physisorption on a Micromeritics TrisStar apparatus.  Briefly, CuO (80 

mg) was measured by nitrogen adsorption/desorption isotherms at 

77 K using a Micromeritics Tristar instrument after degassing the 

sample overnight at 140°C. The specific area was measured using the 

Brunauer-Emmett-Teller (BET) equation in the P/P0 range 0.01-0.3. 

Crystallographic analysis for the as-prepared catalysts was 

performed by means of XRD measurements in 2ϴ mode on a Bruker 

AXS D8 diffractometer with CuKα (= 0.154056 Å) radiation at 40 kV 

and 20 mA. XPS analysis were carried out with a Kratos Axis Ultra DLD 

spectrometer using a monochromatic Al Kα source (1486.6 eV) 

operating at 150W (10mA, 15kV). Operating pressure of the 

spectrometer was 9 x 10-8 Pascal. The charge neutraliser system was 

operated for all samples who have an insulating feature. 

High-resolution spectra were recorded using an analysis area of 

300µm x 700 µm and 40 eV pass energy. This pass energy 

corresponds to Ag 3d5/2 FWHM of 0.55 eV. Data were acquired with 

0.1 eV steps. The binding energy was calibrated using C1s binding 

energy fixed at 284.8 eV as an internal reference. The following 

binding energies regions were recorded: C1s, O1s, Cu2p, CuLMM. 

Atomic concentration ratios were calculated using sensitivity factors 

provided by the manufacturer. Peak fitting was achieved with Casa 

XPS software (version 2.3.24) applying Gaussian-Lorentzian profiles 

(Lorentzian 30%). Atomic force microscopy (AFM) was used to check 

the topography and surface roughness of the fresh CuO-864 catalyst 

and recovered CuO catalyst. Typically, 0.2 mg of CuO-864 kHz 

powder was dispersed in 1 mL of distilled water then a small drop of 

solution was deposited onto the upper surface of a muscovite mica 

and allowed to dry under air. Surface roughness was determined by 

using the SPM modular program Gwyddion. Dynamic light scattering 

(DLS) was used to determine the Particles Size distribution of the 

synthesized copper oxide particles, with the Standard Operating 

Procedure of the DLS instrument Zeta-sizer Nano ZS- Malvern. 

Cavitation detection and analysis. To identify the broadband 

received cavitation energy from CuO-Nanoleave (NL), the Passive 

Cavitation Detector (PCD) data from each sine wave burst was 

processed by a power FFT to create a power spectral density (PSD) 

curve. For each burst, the integral of the PSD was computed and the 

power values along the broadband frequencies were summed across 

all the bursts to give the broadband received cavitation energy for a 

given experimental run. To calculate the cavitation intensity for a 

given burst, the PSD integral was normalized to the PSD integral of 

the water tank irradiated with ultrasound under the same 

conditions.25-27 

Acoustic response analysis. To validate the cavitation threshold of 

the nanoleaves, a pulsed focused ultrasound setup was utilized as 

described in literature.27-29 In brief, an acoustically transparent flow 

chamber was constructed, comprising of a 1 mm channel in a 2 wt% 

agarose (Vivantis, #PC0701). A CuO nanoleaf suspension (1 mg/mL, 

10 mL) was then perfused through the channel using a syringe driver 

set to 500 μL/min. A control solution was distilled water without 

catalyst was used as a control to validate the cavitation response of 

degassed water. The focused ultrasound transducer (centre 

frequency at 1.1 MHz, H102, Sonic Concepts) was aligned to the 

centre of the chamber to irradiate the solution at 20 seconds 

intervals (20 μsec pulse length, 10 Hz PRF, 1.8—19 MPa Peak 

Negative Pressure). The PCD signal was unfiltered, but all other 

experiments utilized an analogue 2.5 MHz high-pass filter (Allen 

Avionics F5286-2P50-B) before amplification through a broadband 

amplifier (5x, SRS SR445A). This processed signal was captured on the 

oscilloscope (National Instruments, USA PCI-5122) and saved for 

later processing as described previously.26, 28 The cavitation data 

were analysed as described above using a threshold intensity of 10 

dB and the probability of cavitation at each pressure level was 

quantified as the pulses greater than the cavitation threshold over 

the total number of pulses (𝑝(𝑃) =  
Ppulses,cavitation

Ppulses,total
). 

The cavitation threshold was calculated from the cavitation potential 

curve using a sigmoid fit (𝑝(𝑃) =
1

1+𝑒−𝑘(𝑃−𝑃50)), where p(P) is the 

cavitation probability for a given peak negative pressure, P, P50 is the 

pressure at which cavitation occurs 50% of the time and k is the 

intercept coefficient. 
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Hydrogen Peroxide (H2O2) quantification. The H2O2 concentration in 

the solution was measured using a UV visible spectrophotometer 

(ThermoFisher Evolution 60S).  

Principle. H2O2 reacts with TiO2
+ to form a yellow-orange 

complex Ti(IV)-H2O2. The absorption spectrum of this complex shows 

a maximum absorption wavelength at 412 nm. 

Calibration curve. TiOSO4 solution 0.02 M in H2SO4 0.5M. 

Typically, 0.552 g of titanium oxysulfate (TiOSO4) are dissolved in 

water and then 2.8 mL of H₂SO4 (18 M) are added. The solution was 

then diluted with water to a final volume of 100 mL. 

Standard solutions of H2O2. The hydrogen peroxide 

solutions were prepared from a commercial H2O2 solution (35%w) at 

concentrations between 0 and 0.005 M. For the calibration curve, the 

analysis was performed by mixing the same volume of the TiOSO4 

solution and hydrogen peroxide solution (0.5 mL) (in order to obtain 

a dilution by 2 of the H2O2 solution). The absorbance was measured 

at 412 nm.  

Benzyl alcohol Oxidation. Oxidation of Benzyl alcohol was carried 

out in a 250 mL high-frequency ultrasonic reactor (Meinhardt 

Ultrasonics Multifrequency Ultrasound reactor with a functional 

generator). Typically, 5 mM of benzyl alcohol in 100 mL of distilled 

water and 10% w of copper oxide CuO catalyst (equivalent to 5.4 mg) 

were introduced into the ultrasound cup-horn reactor. The solution 

was bubbled with Argon at a flow rate 20 mL min-1 and subjected to 

high-frequency ultrasound irradiation at a controlled temperature of 

25 °C and a frequency of 578 kHz (standby power P0 = 48 W, nominal 

electric power of the generator Pelec = 278 W), with an acoustic power 

in the water of Pacous.vol = 0.11 W·mL−1 determined by calorimetry 

technique.  

The oxidation of benzyl alcohol into phenol is described using three 

parameters: Benzyl alcohol conversion, phenol yield, and selectivity 

for phenol. These are calculated according to the following 

equations: 

𝐵𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)

=  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 (𝑚𝑀)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 (𝑚𝑀)
 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑦𝑖𝑒𝑙𝑑 (%)

=  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓𝑡ℎ𝑒  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑀)

 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑀)
  

 

Product analysis. The products were analyzed using a Thermo 

Scientific™ Vanquish™ Core HPLC system equipped with a quaternary 

pump system a variable wavelength UV-visible detector, an 

autosampler Split Sampler CT, and an Extend-C18 Agilent column (4.6 

mm × 250 mm). Benzyl alcohol, Benzaldehyde and Phenol were 

quantified using a mixture of acetonitrile/water (55:45) as a mobile 

phase (1 mL.min−1) at 25 °C. Hydroxy-benzyl alcohol (ortho-hydroxy-

benzyl alcohol, meta-hydroxy-benzyl alcohol and para-hydroxy-

benzyl alcohol), hydroxy- Benzaldehyde (meta-hydroxy- 

Benzaldehyde and para-hydroxy- Benzaldehyde), hydroquinone, 

catechol and p-benzoquinone were quantified using a mixture of 

acetonitrile/water (25:75) as a mobile phase (0.5 mL.min−1) at 25° C. 

LC-MS analysis. The HPLC–MS system consisted of UHPLC Ultimate 

3000 by thermoscientific coupled with high resolution mass 

spectrometer (HRMS) IMPACT HD by BRUKER equipped with an 

electrospray ionizer source (MS; ESI). Reversed-phase HPLC 

separation was carried out using a Thermo Scientific™ Hypersil 

GOLD™ C18 column (2.1 mm × 50 mm). The mass spectrometer was 

operated in negative ion mode with capillary voltage, 3.0 kV, dry gas: 

N2, the dry gas temperature was 200 °C and the flow was 4 L.min-1. 

Phenol was analysed as follow: the mobile phase components were 

0.1% formic acid in acetonitrile (A) and 100 % water (B). The mobile 

phase gradient was: 0–30 min, 5%-95% A; 30– 32 min, 95%–5% A; 

32–34 min, 95%–95% A. The injection volume was 15 µL and the 

column temperature was 30 °C. The flow rate of the mobile phase 

was 0.4 mL.min-1. Hydroxy-benzyl alcohol (ortho-hydroxy-benzyl 

alcohol, meta-hydroxy-benzyl alcohol and para-hydroxy-benzyl 

alcohol), hydroxy- Benzaldehyde (meta-hydroxy- Benzaldehyde and 

para-hydroxy- Benzaldehyde), hydroquinone, catechol and p-

benzoquinone were analysed using the extend-C18 Agilent column 

(4.6 mm × 250 mm) and a mixture of acetonitrile/water (55:45) as a 

mobile phase (1 mL.min−1). The injection volume was 15 µL and the 

column temperature was 25 °C. 

Computational methods. All DFT calculations were done using the 

Vienna ab initio simulation program (VASP) 30-33. The plane-wave 

basis set with the cut-off kinetic energy of 450 eV, the projector-

augmented wave (PAW) 34, 35 and the Perdew–Burke–Ernzerhof (PBE) 

functional36 with the vdW-DFT37, 38 enabled were utilized for these 

simulations. According to Bhola et. al. 39 and Trinh et. al.40, the 

appropriate surface-specific U value should be used to predict the 

surface reactions, pathways, and energetics, instead of U value 

optimized for bulk properties. Hence, GGA+U method with the 
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Hubbard U correction of 4.0 eV was used as it could successfully 

capture the surface O1s core level binding energy and experimental 

surface adsorption enthalpy on CuO (111) surface. In this study, CuO 

was modelled as periodic four-layer slabs and a 15 Å vacuum 

thickness above the top layer was used to prevent the interaction 

between repeated periodic unit cells. The top layer and the 

adsorbates were allowed to fully relax while the bottom two layers 

were fixed at the optimized bulk lattice parameters to reduce the 

computational cost without influencing the accuracy of simulations. 

The convergence criteria for total energy and interatomic forces 

were set to 10–6 eV per unit cell and 0.01 eV/A, respectively. All the 

calculations were performed with spin polarization as the 

antiferromagnetic ground state of CuO40. The 4 × 3 × 1 Monkhorst–

Pack grid was used to sample the Brillouin zone, and the tetrahedron 

method with Blöchl corrections was employed for all calculations. 

Transition states were reached using the Nudged Elastic Band (NEB) 

method41-44 and confirmed with the vibrational frequency 

calculations with only one imaginary frequency. To obtain the free 

energies of the process, the entropy, zero-point energy and enthalpy 

correction were computed from statistical thermodynamics for all 

adsorbed structures, while those values for gas-phase molecules 

were taken from the standard thermodynamics NIST-JANAF table39, 

45, 46. 

Results and Discussions 

CuO catalyst preparation and characterization. Inspired by the 

inexpensive but catalytic attributes of CuO, we prepared a series of 

copper oxide catalysts with a leaf-like morphology at different 

ultrasound frequencies (578, 864 and 1140 kHz, wherein referred to 

as CuO-578, CuO-864 and CuO-1140) following a sonochemical 

protocol developed in our group.5 Detailed preparation protocol of 

the synthesized catalysts is described in the methods section. The 

fresh CuO-864 nanostructured catalyst (chosen for all the 

experimental investigations based on their structural uniformity and 

polydispersity after synthesis) was characterized by XRD, SEM, TEM, 

AFM and XPS techniques (Figure 1). XRD patterns (Figure 1a) with 

major peaks centered at 2Ө = 35.5° and 38.8° are indexed as CuO [-1 

1 1] and CuO [1 1 1], respectively, which are characteristics of the 

pure monoclinic CuO crystallites phase. SEM (Figure 1b), TEM (Figure 

1c) and AFM investigations (Figure 1d) altogether confirmed the leaf-

like morphology of the as-synthesized CuO. The AFM analysis further 

revealed a CuO particle surface roughness and height of   0.85 x 10-3 

± 0.35 µm and ~ 64 nm, respectively.  The XPS analysis of the as-

prepared CuO nanoleaves confirmed the formation of Cu2+ with 

binding energy centered at 933.6 eV, which is attributed to the core 

level of Cu 2p 3/2 (Figure 1e). Additional peaks occurring at 941 and 

943 eV are due to the shakeup satellite peaks. Analysis of the Cu 

LMM spectra revealed a peak with kinetic energy centered at 918.2 

eV (Figure 1f), characteristic of CuO nano-structured material, and 

significantly ruling out the possibility of the existence of a Cu2O 

phase.40 Dynamic light scattering (DLS) analyses were also 

investigated to confirm their size uniformity of the leaf-like CuO 

catalysts synthesized (Table S1) under ultrasound irradiation.  

Figure 1. (a) XRD analysis (b) SEM analysis (c) TEM analysis (d) 

AFM analysis (e) XPS Cu2p analysis (f) XPS Cu LMM analysis, of 

as-prepared CuO catalyst. 
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Sonocatalytic demethylenation of benzyl alcohol to phenol. Prior to 

catalytic reactions, using an external H2O2 calibration (Figure S1), we 

investigated the in-situ production of hydrogen peroxide (H2O2) 

under an argon atmosphere during the irradiation of water at high-

frequency ultrasound (578, 864 and 1140 kHz) using an external H2O2 

calibration (Figure S2). During sonochemical irradiation of water 

under argon atmosphere, vapors of water trapped in the cavitation 

bubbles can be pyrolyzed to yield •OH and •H radicals. These radical 

species can recombine to form H2O2 and H2, respectively.47 Hence, 

pure water was sonicated at a controlled temperature of 25 °C, and 

the formation of H2O2 was monitored using a standardized spectro-

photochemical method. After 90 min of irradiation, ~ 1.4 mmol.L-1, ~ 

1.1 mmol.L-1 and 1.0 mmol.L-1 of H2O2 concentrations were observed 

for 578, 864 and 1140 kHz ultrasonic frequencies, respectively, 

suggesting the successful in-situ formation of H2O2 in neat water   

(Figure S2). Based on the concentrations of H2O2 obtained, the 

ultrasound frequency of 578 kHz was selected for all other sono 

(catalytic) reactions, unless otherwise stated. Catalytic performance 

tests, with benzyl alcohol as the reactant were conducted in the high 

frequency (578 kHz) ultrasound reactor in the presence of argon 

bubbling (20 mL.min-1) at a controlled reaction temperature of 25 °C. 

Without adding the catalyst, less than 15 % yield of phenol was 

observed at a benzyl alcohol conversion of 33 %, within 1.5 h of 

reaction time. Extending irradiation time negatively impacted phenol 

formation (< 10 % yield) (Figure S4a) owing the uncontrolled over-

oxidation of phenol to other hydroxylated products. Next, reactions 

where performed in the presence of CuO-864 nanoleaf catalyst 

(Figure 2). Phenol yields were determined at a reaction irradiation 

time span of 0.5-4 h. A rapid increase in the conversion of benzyl 

alcohol was observed from 16 % to 80 %, from 0.5 h to 4 h of reaction 

time. However, the yield of phenol increased gradually from 13 % to 

30 %, from 0.5 h to 2.5 h of irradiation time, then decreased steadily 

from 30 % to 15 %. The yield of phenol did not change (15 %) even 

after extended irradiation time of 6 h at complete conversion of 

benzyl alcohol. Phenol once formed in-situ can be a potent hydroxyl 

radical scavenger and reacts rapidly with the •OH thereby resulting 

in further transformation of phenol to hydroxylated phenolic 

products. This explains the drop in yield of phenol after 2.5 h of 

irradiation time.  The initial increase in the yield of phenol 

demonstrates the synergy between the CuO catalyst and the 

ultrasound irradiation in driving the demethylenation of benzyl 

alcohol and steering it away from an uncontrolled oxidation reaction. 

Detailed analysis of the reaction products revealed the formation of 

benzaldehyde, hydroxy-benzyl alcohol (ortho-hydroxy-benzyl 

alcohol, meta-hydroxy-benzyl alcohol and para-hydroxy-benzyl 

alcohol), hydroxy-benzaldehyde (meta-hydroxy-benzaldehyde and 

para-hydroxy-benzaldehyde), hydroquinone, catechol and 

benzoquinone (with a total yield of 3 % to 14 %, after 0.5 h to 4 h of 

reaction irradiation time). The identification and quantification of 

these products provided clues to the reaction mechanism of the 

formation of phenol and its subsequent reactions (after reaching a 

maximum at 2.5 h) with the increase in irradiation time. To confirm 

the structural integrity and stability of the CuO calatyst, 

characterization of the spent catalyst (described later in the 

manuscript) and inductively coupled plasma with optical emission 

spectrometer (ICP-OES) analysis were performed. ICP-OES results of 

the crude reaction product (after 4 h of reaction time) obtained after 

filtration revealed slight Cu leaching of 9 ppm. Considering this level 

of copper leaching, we further investigated the stability of the 

stability in a recycling experiment by performing sonocatalytic 

reactions over four-cycles (Figure S4b). All reactions were performed 

at an iso-conversion of 22 %. The selectivity towards phenol was 

observed to be ~ 85 % after the 1st and 2nd cycles but dropped slightly 

to ~ 79 % after the 3rd and 4th cycles.  The yield towards benzaldehyde 

was observed to increase after the 3rd and 4th cycles to ~10 %, from 

~ 5 % after the 1st and 2nd cycles. 

Figure 2. Conversion of benzyl alcohol and products yields in the 

ultrasound reactor, as a function of time. Reaction conditions: 5 

mmol.L-1 Benzyl alcohol, 5.4 mg CuO, 578 kHz, 0.11 W/mL, 25 °C 
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Acoustic Response, Cavitation Behavior and radicals interactions 

with CuO nanoleaves. It has been established that the presence of 

solid particles in irradiating solutions could enhance the formation of 

cavitation bubbles via the principle of heterogeneous cavitation. To 

probe into this phenomenon, we next assessed the; (1) acoustic 

response of the CuO-864 nanoleaves catalysts and their propensity 

to nucleate cavitation through a range of  peak negative pressure 

amplitudes, in line with the principle of heterogeneous cavitation, 

and (2) transfer of radicals produced inside the cavitation bubble 

onto a solid catalyst surface during cavitation bubbles implosion, by 

investigating the in-situ formation of H2O2 in the presence of CuO-

864 solid catalyst (Figures. 3). Catalysts prepared at different 

ultrasound frequencies were also investigated (Figure S2).  CuO-864 

catalyst exhibited a cavitation threshold at 7.59 ± 0.57 MPa peak 

negative pressure. Comparably, neat water cavitated less efficiently 

under this pressure regime, indicating that CuO-864 nanoleaves 

enabled gas nucleation for an enhanced cavitation response at 

reduced pressure amplitude (Figure 3a).  The increase cavitation 

response exhibited by the CuO nanoleaves is likely due to surface 

roughness (confirmed by AFM analysis) which is able to stabilize gas 

bubbles.48-50 In addition to the acoustic response profile, we 

validated the frequency content above and below the cavitation 

thresholds for our synthesized CuO-864 nanoleaves catalyst (Figure 

3b). Here, we observed that prominent broadband noise at and 

above the cavitation threshold, which is indicative of inertial 

cavitation.51-53 From this, we confirm that the presence of CuO 

nanoleaves during sonolysis not only resulted in enhanced acoustic 

response, but also promoted inertial cavitation, which is of primary 

importance to radical generation and oxidative processes in 

macroscopically ambient conditions. The time for which the CuO 

catalysts sustain their cavitation response is crucial, as it’s an 

indication of the duration over which the CuO catalysts remain fully 

functional during continuous irradiation. To this end, in addition to 

the initial intensity of inertial cavitation (Figure 3b), we investigated 

the duration of cavitation both in the presence of the CuO catalyst 

and neat water over 10 minutes of irradiation at a 33 % duty cycle 

(Figure 3c) to probe into the ability of CuO catalyst in sustaining 

localized inertial cavitation. Over the 10 min irradiation, we observed 

a consistent cavitation response in the presence of CuO nanoleaves. 

Whereas a sporadic acoustic intensity was observed in the presence 

of neat water. These results indicate that the CuO nanoleaves 

function as a nucleation site for cavitation to occur, thereby 

continuously sustaining inertial cavitation formation. In neat water, 

the stochastic and random nature of cavitation events leads to a 

rather sporadic acoustic intensity. Next, the rate of in-situ H2O2 

formation was investigated in the presence of CuO catalyst under 

irradiation. After 90 min of irradiation in the presence of CuO solid 

catalysts, the concentrations of H2O2 were observed to be ~ 0.3 

mmol. L-1 (production rate of 5.8 x 10-8 mol. L-1. s-1) and 0.25 mmol. 

L-1 (production rate of 5 x 10-8 mol. L-1. s-1) over CuO-578 and CuO-

1140 catalysts, respectively (Figure S2). Whereas H2O2 concentration 

observed over CuO-864 catalyst was only ~ 0.1 mmol. L-1 (production 

rate of 1.6 x 10-8 mol. L-1. s-1) (Figure 3d), which is 93 % lower than 

that observed (1.4 mmol. L-1, production rate of 24.8 x 10-8 mol. L-1. 

s-1) (Figure 3d) in pure water, in the absence of CuO. This suggests 

that radicals formed during the ultrasonic irradiation of water 

interact with the surface of the CuO solid catalyst. The interaction 

with the catalyst significantly limits the diffusion of OH radicals into 

the bulk phase and their subsequent recombination to form H2O2. 

The recovered CuO-864 catalyst after ultrasound irradiation was 

dried overnight in an oven at 60 °C without any further post-

treatment and again introduced into the ultrasound reactor to re-

evaluate its impact on the production of H2O2. The observed rate of 

H2O2 formation (Figure 3d) was strikingly similar to the fresh CuO-

864 catalyst, suggesting that high-frequency ultrasound irradiation 

did not impact the structural integrity of the CuO catalyst. To further 

confirm this, x-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopic (SEM) 

analyses of the fresh and recycled CuO (after ultrasonic irradiation) 

were also performed (Figure S3). Furthermore, to confirm that CuO 

particles indeed interact with the sonolytically generated radicals, a 

hot filtration test was performed after 60 min of irradiation in the 

presence of CuO catalyst, where the CuO catalyst was filtered out of 

the solution and irradiation was initiated again on the blank water 

(Figure 3e). An increase in the rate of H2O2 formation was observed, 

reaching 0.45 mmol. L-1 (production rate of 10.5 x 10-8 mol. L-1. s-1) 

(from 0.1 mmol. L-1, production rate of 1.6 x 10-8 mol. L-1. s-1 in the 

presence of CuO). This confirms the interaction of the CuO solid 

catalyst with OH radicals generated during the irradiation and the 

suppression OH recombination to H2O2 by the catalyst. Although the 

production rate of H2O2 increased significantly once the CuO 

materials was recovered, the production rate was lower than that of 

the neat water after 1 h irradiation time. We have repeated these 

reactions again and they are reproducible. We performed an ICP 
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analysis on the filtrate solution after the CuO removal and copper 

leach of 0.0015pmm, this amount of copper in the homogeneous 

solution might not be so innocent in the decomposition of H2O2 once 

formed in situ during sonolysis. We are indeed investigating the roles 

of homogeneous metal catalysts on H2O2 formation during 

ultrasound irradiation. However, this reaction is currently beyond 

the scope of this current work (paper). Altogether, these results 

demonstrated the potential of CuO catalyst in steering the selective 

formation of phenol from benzyl alcohol, while serving as a 

nucleation agent and enhancing catalyst-radical interaction intimacy 

without compromising its stability and structural integrity.   

To identify the role of the radicals generated during irradiation in the 

overall reaction, we further conducted a series of inhibition and 

isotope-labelling experiments. First, tert-Butanol (TBA) was chosen 

as radical scavenger owing to its ability to effectively scavenge •OH.54 

As expected, the addition of TBA led to a total inhibition of phenol 

formation even after 4 h of reaction irradiation time, indicating the 

efficient scavenging of •OH radicals responsible for the inhibition of 

the formation of phenol. The quenching results reveal that •OH 

radicals contribute to the selective demethylenation of benzyl 

alcohol to phenol.  Next, deuterated water (D2O) was selected as a 

solvent to confirm the insertion of OH originating from water 

sonolysis and not from the alcohol group in benzyl alcohol into the 

product phenol. High-resolution mass spectrometric (HR-MS) 

analysis of the crude reaction product revealed the appearance of a 

peak at m/z = 94.0412 g/mol, confirming the incorporation of •OD in 

phenol (Figure S5).  

The temperature of the ultrasound reactor was next increased from 

25 °C to 60 °C to investigate the impact of bulk liquid temperature on 

the sonocatalytic reaction. At 60 °C, phenol selectivity was not 

significantly impacted, however, the rate of benzyl alcohol 

conversion was slower (Figure S6) compared to the reactions at 25 

°C (Figure 2). The increase in the bulk temperature of the solution 

lowers the threshold of cavitation bubble production, increases 

vapor pressure, and decreases surface tension, which can 

concomitantly weaken bubble collapse intensity. This negatively 

impacts the rate of formation of oxygenated radicals during bubble 

implosions. As expected, a maximum phenol yield of ~ 18 % at a 

conversion of 52 % within the reaction irradiation time of 6 h, was 

observed at 60 °C, as compared to 30 % phenol yield at ~ 60 % 

conversion within 1.5 h irradiation time, at 25 °C. These results are in 

agreement with the sonoluminescence study reported by Pickworth 

et al.,55 and Didenko et al. 56 where sonoluminescence intensities 

(physical indication of hot-spot temperature created during cavity 

implosion) were found to decrease with the increase in temperature. 

To explore other reaction parameters, we investigated the effect of 

substrate concentrations (Figure S7) and catalyst loading (Figure S8). 

Detailed results are shown in the supporting information. 
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Experimental insights into the reaction mechanism. To get insights 

into the reaction mechanism, first, benzaldehyde was tested as a 

reactant (Table S2, entry 1-4). In this case too, phenol was observed 

as the major product (~ 11 %) after 30 min, at a conversion of 23 %. 

The yield increased steadily to 23 % after 2.5 h, at a conversion of 66 

%, along with trace amounts of para-hydroxy-benzaldehyde (< 1%). 

These results suggest that benzaldehyde is an intermediate in the 

formation of phenol from benzyl alcohol. No benzoic acid was 

detected in reaction products, possibly suggesting that the formation 

of phenol does not go through benzoic acid decarboxylation. 

Figure 3.  (a) Cavitation potential of CuO nanoleaves and neat water at various acoustic pressures. (b) Power spectral density was 

further analyzed to validate the quality of noise. The power spectral density curve expressed greater evidence of broadband 

cavitation in the presence of CuO Nanoleaves (c) visualization of acoustic response of CuO particles and neat water by assessing the 

acoustic cavitation intensity vs time (d) In-situ formation of H2O2 in the presence and absence of CuO catalyst (e) In-situ formation 

of H2O2 in the presence of CuO-864 catalyst (blue code), in-situ formation of H2O2 during hot filtration test (red code). 578 kHz, 0.11 

W.mL-1, 25 °C. 
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However, when benzoic acid was used as a substrate, phenol (24 % 

yield at 76 % conversion within 5 h irradiation time) was produced, 

as confirmed by DFT calculations (discussed later). To assess the 

possibility of phenol formation via para-hydroxyl benzyl alcohol as an 

intermediate, para-hydroxyl benzyl alcohol was used as a reactant in 

the sonocatalytic reaction (Table S2, entry 5-8). Hydroquinone was 

observed as the major product with a yield of ~ 8 % at a conversion 

of ~ 26 % within 1 h of reaction irradiation (Table S2, entry 5), which 

further increased to 15 % yield at a conversion of 72 %, after 3 h 

reaction irradiation. Noteworthy, benzoquinone and para-hydroxyl 

benzaldehyde were formed alongside hydroquinone with yields of ~ 

4 % and ~ 2 %, respectively. It is also interesting to state that, no 

phenol was formed when hydroxyl benzyl alcohol was used as 

substrate. This confirms that, (i) benzaldehyde is an intermediate 

species in the formation of phenol and (ii) the hydroxylation of benzyl 

alcohol is not a key step to form phenol and also that the presence 

of an additional hydroxyl group in benzyl alcohol (para-hydroxyl 

benzyl alcohol) does not alter the reaction pathway and the 

activation of the alcohol group. 

To evaluate the role of high-frequency ultrasound irradiation in the 

overall reaction, the reaction of benzyl alcohol catalyzed by CuO was 

performed under silent conditions (that is, in the absence of 

ultrasound). Under silent conditions at 25 °C and 100 °C in argon 

flow, no benzyl alcohol conversion and product formation were 

observed (Table S3 entry 1 and 2). However, reactions performed in 

the presence of H2O2(aq) under silent conditions at 62 °C resulted in 

the formation of a trace amount of phenol (1% yield) at a benzyl 

alcohol conversion of 9 % within 1 h of reaction time (Table S3, entry 

3). Upon increasing the reaction time from 2h to 6h, the conversion 

of benzyl alcohol increased to ~ 35 % at 2 h and remained constant 

even up to 6 h reaction time. The phenol yield behaved similarly; 

phenol yield of ~ 13 % at 2h, which then plateaued from 3 h to 6 h. 

The depletion of H2O2 under silent conditions during the course of 

the reaction explains the plateau in conversion and yield after 2h 

reaction time. These results further reinforce the importance of high-

frequency ultrasound in the continuous generation of in-situ OH 

radicals from water and its synergy with CuO catalysts, which is 

crucial for the demethylenation catalytic reaction. 

Figure 4. Mechanisms and energy profiles of the conversion of benzyl alcohol to phenol on CuO (111). Activation free energy barriers 

(Ea) in kJ/mol are shown. Green values are activation barriers for the kinetically favourable reaction steps and red values indicate the 

activation barriers of reaction steps which are less favourable. Bold blue arrows indicate the preferred reaction pathway.  
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Computational Investigations into benzyl alcohol conversion to 

phenol on CuO (111). Density functional theory (DFT) calculations 

were performed to (1) elucidate the detailed reaction mechanism 

and compute activation free energy barriers and reaction free 

energies of the catalytic conversion of benzyl alcohol to phenol; (2) 

investigate the dissociation of water on the catalyst surface and the 

role of water and H2O2 in the reaction; and (3) confirm the postulated 

reaction mechanism of the catalytic conversion of benzaldehyde and 

para-hydroxy-benzyl alcohol; in line with the experiments performed 

in the presence of H2O2 under silent conditions. CuO (111) was 

chosen for the computational investigation as it is the 

thermodynamically most stable facet of the pure monoclinic CuO and 

agrees with the experimental XRD data shown in Figure 1a. Figure 4 

shows the pathways for the conversion of benzyl alcohol to phenol 

(catalyzed by lattice oxygen and by OH generated due to 

ultrasound-induced water dissociation), including the O-H, C-H, and 

C-C activation and the corresponding free energy activation barriers 

for each elementary reaction step. The most favourable pathway is 

highlighted, and its free energy profile along each elementary 

reaction step is shown in Figure 5. All reported free energy barriers 

and reaction free energies are computed at 25 °C (the entropy, zero-

point energy and enthalpy correction were all considered).  

Benzyl alcohol to phenol reaction mechanism. As experimental 

results suggest, the OH group from water or H2O2 plays a role in the 

conversion of benzyl alcohol to phenol. OH groups on CuO (111) 

surface have been previously shown to lower the barrier for C-H 

activation in glycerol significantly. 45 Thus, surface adsorbed OH 

groups assisted pathways are also evaluated, as shown in Figure 4. 

On a clean CuO (111) surface, benzyl alcohol is activated via its 

alcohol group, and the activation free energy barriers for O-H 

cleavage are 78 and 69 kJ/mol via the surface adsorbed OH group 

and surface lattice oxygen, respectively. Alternate first activation 

pathways such as direct C-C cleavage, C-H activation (via surface 

oxygen and surface adsorbed OH group) or C-O activation have 

significantly higher activation barriers of 414, 122, 193 and 327 

kJ/mol, respectively, as can be seen in Figure 4. O-H activation is 

slightly preferred via the surface lattice oxygen, both kinetically and 

thermodynamically. As the OH of the benzyl alcohol group is 

activated, a bridge configuration is formed through the two surface 

copper atoms and oxygen in the intermediate structure I1 (Figures 5 

Figure 5. Free Energy profile for the catalytic conversion of benzyl alcohol to phenol on CuO (111) surface, via the most favored pathway 

indicated in Figure 4. Molecular structures of all reaction intermediates and transition states are provided in the supporting information 

(Figure. S11).   
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and S10). The most preferred reaction step after that is the activation 

of the C-H bond by surface adsorbed OH group to form adsorbed 

benzaldehyde, with the activation barrier of 61 kJ/mol. In this 

reaction step, surface adsorbed OH group assisted C-H activation is 

preferred over the C-H activation via surface lattice oxygen. This 

suggests that the surface adsorbed OH group could enhance reaction 

kinetics, confirming the experimental hypothesis. It is also important 

to mention that the reaction free energy of this step is -138 kJ/mol 

(compared to -71 kJ/mol for the C-H activation via surface lattice 

oxygen), thus revealing that benzaldehyde is strongly adsorbed on 

the catalyst surface. The DFT calculated free energy barrier for 

benzaldehyde desorption is over 200 kJ/mol, which further explains 

why benzaldehyde is not observed as a major product in the 

experiments though it is an intermediate in the reaction.  Further, C-

C cleavage between the aldehyde group and phenyl ring (the 

transition state is shown in Figure S9) was favoured kinetically over 

C-O and C-H activation (activation barriers are shown in Fig 4). The 

adsorbed phenyl group (*C6H5) on the catalyst surface would 

undergo hydroxylation to form phenol, a major product observed in 

the experiment (the transition state is shown in Figure S9). The free 

energy barrier and reaction free energy for phenol formation are 93 

and 51 kJ/mol, respectively. The free energy for phenol desorption 

from the catalyst surface was calculated to be only 21 kJ/mol. The 

DFT computed reaction pathway from benzyl alcohol to phenol (Fig. 

5) is in agreement with the experimental results, as benzaldehyde is 

observed as an intermediate and OH group from water plays a direct 

role in the formation of phenol. The source of the surface OH group 

and the importance of benzaldehyde as an intermediate in the 

reaction pathway would be discussed further in the following 

sections.  

The role of water/hydrogen peroxide in the formation of phenol. 

The most favored first activation of benzyl alcohol, as shown by DFT 

calculations, results in the dissociation of the OH group of the 

alcohol. Additionally, water is suggested to be the source of the 

surface OH group, via high-frequency ultrasound-induced 

dissociation. The activation energy barrier and reaction free energy 

for water dissociation on CuO (111) are 218 kJ/mol (significantly 

lower than C-O dissociation barrier of benzyl alcohol to generate OH 

species on the catalyst surface) and -30kJ/mol, respectively. The high 

reaction barrier indicates that without high-frequency ultrasound, it 

is unlikely for water to dissociate on the catalyst surface at 25 ºC. The 

negative reaction free energy shows that the reaction is 

thermodynamically feasible. Also, it is significantly lower than the 

non-catalytic dissociation energy of water, 492kJ/mol57, suggesting 

that the presence of CuO would promote water dissociation on its 

surface to form adsorbed H and OH groups (Figure S10). Since the 

oxygen in the hydroxyl group of the reactant benzyl alcohol remains 

attached to the dissociated –CHO group (in the DFT computed 

minimum energy pathway), the OH hydroxylating the phenyl ring to 

form phenol (in the final step of the pathway shown in Figure 5) has 

to originate from water. This is in agreement with the isotope 

labelling experiments that demonstrated the incorporation of OD 

from D2O into phenol. Hence, it can be conclusively said that in 

addition to catalyzing C-H activation, OH from water also 

incorporated itself into the aromatic ring after the C-C cleavage of 

benzaldehyde to form phenol. H2O2 can also generate OH groups 

adsorbed on the CuO surface by dissociating into two OH fragments, 

catalyzed by CuO.45 The free energy of the formation of adsorbed OH 

species from hydrogen peroxide on CuO(111) is −28 kJ/mol and the 

activation barrier is only 22 kJ/mol, suggesting the kinetic feasibility 

of the dissociation of H2O2 even without ultrasound irradiation. 

Hence, reactions performed in the presence of H2O2 under silent 

conditions at 62°C resulted in the formation of phenol (~16% yield) 

at a benzyl alcohol conversion of ~35% within 2h of reaction 

irradiation time (Table S3, entry 3) and remained constant even up 

to 6 h due to the depletion of H2O2.The reaction free energies of 

dissociation of H2O and H2O2 on the catalyst surface indicate that the 

adsorption of the OH group on the catalyst surface is highly exergonic 

and stable, which further confirms the experimental observation that 

the presence of CuO suppresses OH recombination (Figure 3(e)) as 

OH would tend to be adsorbed on the catalyst surface.  

Benzaldehyde and hydroxy-benzyl alcohol reactions. Benzaldehyde 

and benzoic acid are often considered major products of benzyl 

alcohol oxidation 14, 17, 58. However, a low yield (< 3 %) of 

benzaldehyde and no benzoic acid was observed in this work. 

Benzaldehyde is shown as a key intermediate species and phenol was 

still the major product with benzaldehyde as the reactant.  An 

alternative pathway suggested for benzaldehyde is to form benzoic 

acid, as shown in Figure 4. DFT computations were performed to 

investigate the pathway to phenol, via benzaldehyde oxidation to 

benzoic acid, followed by C-C cleavage between the acid group and 

the phenyl ring.  The C-H activation barrier for benzaldehyde via 
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surface O is 93kJ/mol, followed by OH addition with the free energy 

barrier of 113 kJ/mol, to form benzoic acid (Figure 4). Since these 

activation barriers are higher than the C-C cleavage pathway from 

benzaldehyde, it is unlikely for benzoic acid to be a reaction 

intermediate. However, if benzoic acid is the reactant, it would also 

convert to phenol via C-C cleavage on CuO (as observed in the 

experiments), with the free energy barrier of 96 kJ/mol, followed by 

the hydroxylation step, as shown before. The reason that C-C 

cleavage is more facile for both benzaldehyde and benzoic acid is 

that the aromatic ring is not able to interact strongly enough with the 

metal oxide surface, and adsorption occurs via the aldehyde and acid 

groups.  With para-hydroxy-benzyl alcohol as the reactant, para-

hydroxy-benzaldehyde and hydroquinone were observed as 

products in the experiments. This also suggests that hydroxy-benzyl 

alcohol goes through the same activation pathway as benzyl alcohol, 

irrespective of the additional OH group present on the aromatic ring. 

The adsorption configuration of para-hydroxy-benzyl alcohol on CuO 

(111) was investigated and the most stable adsorption configuration 

(Figure S11) was similar to the adsorption configuration for benzyl 

alcohol, via the alcohol group. The OH group on the aromatic ring 

does not interact with the catalyst surface and hence it would not 

affect the reaction mechanism.  

Conclusions 

In summary, using a synergistic combination of ultrasound and earth-

abundant metal oxide catalysis, we demonstrated a novel approach 

to demethylenate benzyl alcohol to phenol, at room temperature 

and using water as a solvent. The reaction mechanism involves the 

sequential activation of OH and C-H bonds in benzyl alcohol to form 

adsorbed benzaldehyde as an intermediate, which further 

undergoes C-C cleavage to form the phenyl ring. The phenyl ring is 

then hydroxylated to form phenol. Unlike typical condensed phase 

catalytic chemistry where water is either believed to be just a 

solvation medium and or may play an indirect role in the chemistry 

by altering reaction kinetics and thermodynamics, we reveal that 

ultrasound induces water dissociation and the copper oxide catalyst 

stabilizes the dissociated OH groups via adsorption. The adsorbed OH 

group plays a dual role; it activates the strong C-H bond in the 

reaction pathway and later gets incorporated into the phenyl ring 

during its hydroxylation. We also demonstrated that the reaction 

mechanism remains unchanged for para hydroxyl-benzyl alcohol, 

producing hydroquinone. Perspectively, these results demonstrate 

that a switch from a batch ultrasound sonolysis to a continuous flow 

sono-reactor, along with its coupling with a catalytic strategy will 

offer promising approaches and a technological breakthrough for the 

efficient intensification and productivity enhancement of chemicals 

synthesis. 
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