
1 

Ni@C Catalyzed Hydrogenation of Acetophenone to Phenylethanol under 

Industrial Mild Conditions in Flow Reactor 

Shanshan Lina,c, Jianguo Liu b*, Longlong Mab* 

a CAS Key Laboratory of Renewable Energy, Guangdong Provincial Key Laboratory of New and Renewable Energy 

Research and Development, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 

510640, P. R. China. 

b Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and 

Environment, Southeast University, Nanjing 210096, PR China. 

c University of Chinese Academy of Sciences, Beijing 100049, P. R. China. 

* Corresponding author: liujg@seu.edu.cn; mall@seu.edu.cn 

ABSTRACT 

The catalytic hydrogenation of organic substrates containing many unsaturated 

functional groups is an important step in the industrial preparation of fine chemicals 

and has always been a hot spot in basic catalysis research. For example, the phenethyl 

alcohol obtained by the preferential hydrogenation of the C=O group of acetophenone 

is a valuable intermediate for the production of spices, flavors, and medicines. 

Furthermore, as the demand for 1-phenylethanol (PhE) continues to increase, the 

catalytic hydrogenation of acetophenone (AP) is becoming more and more important. 

The hydrogenation of acetophenone is a complex multi-step reaction. At present, 

relatively few catalytic systems are used in this reaction. The enantioselective 

hydrogenation on heterogeneous catalysts is due to its inherent operational and 

economic advantages, such as the atomic economy. It is one of the most ideal methods 

as it is easy to separate and recycle the catalyst. However, the traditional synthesis way 

in batch reactors usually takes a long time with an unsatisfying conversion which is not 

conducive to industrialization. Heterogeneous non-precious metal catalysts are 

advantageous for their implementation in flow reactor systems for industrial 

applications due to their ease of separation, low cost, and environmental protection. 

Herein, we report the first use of non-noble metal Ni-supported graphene-based 

catalysts for hydrogenation of acetophenone to phenylethanol with high efficiency in 

the flow reactor which can significantly improve mass and heat transfer. The conversion 

rate after optimizing the reaction conditions can be as high as 99.14% with a satisfactory 

conversion rate of 97.77%. This catalyst is magnetic and has good cyclability. After 48 

hours of uninterrupted continuous experiments, the Ni-based catalyst still maintains 

high catalytic activity, the conversion rate still reaches 88.44%, and the catalyst 

structure remains intact and stable. 
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1. INTRODUCTION 

The chemical reduction of aromatic compounds (aromatic ketones, aromatic aldehydes, 

quinolines, etc.) through heterogeneous catalysis is an important field in the industrial 

hydrogenation process1 2-10. As a valuable intermediate for the production of spices, 
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edible flavors, and medicines, currently, the demand for the hydrogenated product of 

acetophenone, phenylethanol, has been large and increasing11-14. At present, most of the 

phenethyl alcohol in the industry is synthesized by chemical means using benzene or 

styrene. Its raw materials are all carcinogens, which are harmful to human health and 

the environment. In addition, the chemical synthesis of 1-phenylethanol often contains 

some by-products that are difficult to remove, which seriously affects the quality of the 

product. The synthesis of phenethyl alcohol by the reduction of unsaturated carbonyl 

compound acetophenone produces fewer by-products, and the synthesis route is simple, 

but because the reduction reaction usually requires a longer reaction time, it is not 

conducive to industrial production efficiency. 

Generally, for the hydrogenation reaction, there are two hydrogenation technology 

methods: batch mode and flow reactor. In the batch reactor process, although high 

flexibility and high efficiency can usually be achieved under optimal conditions, 

gas/liquid/solid multiphase mixing is problematic, especially on large scales15. In 

addition, the H2 used in the hydrogenation process is a highly flammable gas that forms 

explosive mixtures with air in a wide range of concentrations. Therefore, in academic 

laboratories and industrial environments, handling the smallest and therefore the most 

penetrating gases is a big safety issue. Therefore, in order to avoid the inherent 

disadvantages of batch reactor methods, alternative flow reactor methods have been 

developed16. In this case, the flow reactor method means that two or more reagents are 

continuously pumped into the reactor to mix and react under precisely controlled 

conditions. This method has many advantages: accurate reaction parameters, good 

multi-phase mixing, automatic control, good reproducibility, and more importantly, 

high safety17 18-21. The flow system can monitor and control the reaction process in real 

time, start or stop the reaction at any time, and can add raw materials during the reaction 

process, adjust the flow rate to control the reaction time as a flexible, controllable, 

convenient, and efficient reaction system. In particular, the implementation of 

continuous process practices in the pharmaceutical industry is considered to be one of 

the most strategically significant areas for innovation in green manufacturing methods22, 

23. However, the use of flow reactors is not without challenges. In flow reactor 

hydrogenation, the currently used fixed catalysts may need to be significantly improved 

to provide good conversion efficiency and selectivity. In addition, solid blockage and 

multi-phase mixing in small-sized channels may affect or even completely stop the 

desired reaction. Therefore, the preparation of new catalysts and the optimization of 

flow conditions have become an indispensable challenge in the development of flow 

reactor hydrogenation. 

Although there are many advanced and efficient precious metal-based catalysts for 

chemically hydrogenation10, 24-29, the current trend in the pharmaceutical and food 

industries is the progress of economical, green, and environmentally friendly processes. 

Due to the high cost and scarcity of precious metals, it is very important and desirable 

to develop more cost-effective and practical application methods30, 31. Through the 

development of new catalysts, such as metal catalysts, complex catalysts, and organic 

catalysts, the conversion efficiency and selectivity of hydrogenation have been 

continuously improved32. In order to improve the activity and recyclability of the 
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catalyst, the researchers immobilized nano-scale catalytically active materials on 

various supports33-35. These heterogeneous catalysts show good robustness and have 

been used in industrial production including fine chemical manufacturing. As we all 

know, the development of non-precious metal heterogeneous catalysts has attracted 

much attention due to its obvious advantages such as low cost, comparable reactivity, 

separation and practicality, and recyclability36-38. The supported metal catalysts have 

attracted much attention due to their unique structure and better performance in certain 

catalytic reactions39, 40. In addition, Ni nanoparticles have been proved to be used for 

hydrogen transfer reduction of carbonyl compounds 41-45.  

Herein, we describe a simple and environmentally friendly method for the 

preparation of thin graphene spheres with a uniformly encapsulated Ni nano-alloy 

catalyst (Ni@C) with nickel citrate as the precursor. The resulting catalysts are stable 

and reusable and have been successfully used in the hydrogenation reduction process 

of acetophenone to phenylethanol. This reaction is under very mild industrially feasible 

conditions (100 °C and 1 MPa H2 pressure), in a high-efficiency flow reactor system at 

a flow rate of 0.4 mL/min to hydrogenate the easily available carbonyl compound 

acetophenone to phenethyl alcohol, which provides a feasible way of economical and 

efficient industrialization. In order to prevent the small catalyst particles from clogging 

the flow reactor pipeline, we adsorb the magnetic Ni@C catalyst on the magnetic 

stirring rod to leave room for liquid flow. Under optimized conditions, a continuous 48-

hour hydrogenation experiment of acetophenone was carried out in a flow reactor with 

non-toxic and cheap solvent ethanol, and the catalytic activity and product selectivity 

of the catalyst are not significantly reduced. 

 

2.  EXPERIMENTAL SECTION 

2.1 Materials 

1,3,5-trimethoxybenzene was purchased from Sigma Aldrich Co., Ltd.; Ni(NO3)2•6 

H2O (AR, 98%), anhydrous citric acid (AR, ≥99.5%), commercial single ruthenium 

atom nitrogen-doped carbon catalyst was obtained from Shanghai Macklin 

Biochemical Co., Ltd.; H2SO4 (GR, 98%) was purchased from Sinopharm Chemical 

Reagent Co., Ltd.; acetophenone (AR, ≥99.0%), ethanol (AR, 99.7%), commercial 

single palladium atom nitrogen-doped carbon catalyst, Raney nickel catalyst (20~40 

meshes) were purchased from Aladdin (Shanghai) Chemical Technology Co., Ltd.; 

(+/-)1-phenylethanol (AR, 98.0%) was purchased from Tokyo Chemical Industry Co., 

Ltd.; Deionized water (σ <5 µS/m) was self-made in the laboratory. Before using, the 

purity of acetophenone and phenylethanol has been checked. 

2.2 Preparation of Ni@C catalysts 

Nickel(II) nitrate hexahydrate (Ni(NO3)2·6 H2O, 0.03 mol) and citric acid (C6H8O7, 

0.03 mol) were dissolved in 20 mL of absolute ethanol, and then the mixture was stirred 

at 70 ºC (300 rpm) Aging for 4-8 hours until a bubble-like green gel is obtained. Place 

it in a drying oven at 100 ºC for 24 to 72 hours to remove excess water. Then the green 

solid obtained was calcined in a fixed bed at 700 ºC under 40 mL min-1 of high-purity 
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N2 (99.999%) atmosphere for 3 h, and the heating rate was controlled at 2 ºC min-1. The 

resulting black solid was treated in a 1M H2SO4 aqueous solution at 70 °C until the 

solution became colorless to remove unsafe and uncovered Ni particles. Then, the black 

solid was washed thoroughly with deionized water until the pH value of the waste liquid 

was 7. Finally, the black solid was dried in a freeze dryer at -48 ºC for 12 h to obtain 

Ni@C-700-EtOH catalyst. 

2.3 Hydrogenation of acetophenone in a batch reactor 

The reaction was carried out in a stainless-steel autoclave (Shanghai Yanzheng 

Instrument Co., Ltd.), which had a 10 mL well, a thermocouple, and a circulating water-

cooling device. A glass lining was placed in the well, which contained a 10 mm 

magnetic stir bar, 0.5 mmol acetophenone, 10 mg catalyst, and 6 mL solvent. Then, the 

autoclave was sealed and purged with H2 3 times under a pressure of 1 MPa, and 

pressurized with the set target H2 pressure. Put the autoclave into the heating mantle 

and set the stirring speed to 300 rpm. The autoclave was preheated from room 

temperature to the target temperature (the internal temperature detected by the 

thermocouple) at a rate of 2ºC·min-1. The target temperature was used as the reaction 

temperature. The reaction was carried out at the reaction temperature for the required 

time. After the reaction, the autoclave was cooled to room temperature and the 

remaining gas was discharged. The reaction solution was collected with a dropper and 

filtered. The catalyst was fixed on a magnetic stir bar and washed thoroughly with 

ethanol and water. Then used a freeze dryer to dry the catalyst (together with a magnetic 

stir bar) under vacuum at -48 ºC for 12 hours. The reaction product was identified by 

GC, and the yield of the reaction product was determined by GC, using 1,3,5-

trimethoxybenzene as the internal standard.  

2.4 Hydrogenation of acetophenone in a flow reactor 

The reaction was carried out in a flow reactor (Ou Shisheng (Beijing) Technology Co., 

Ltd.). First, the flow reactor reaction tube was filled with magnets that could adsorb 

100 mg of catalyst, and the reaction tube was maintained at a specific reaction 

temperature and H2 pressure. Then, the acetophenone reaction raw material with a 

concentration of 0.083 mol/L was replaced with gas. The mixed liquid was pumped into 

the reaction tube at a flow rate of 0.4ml/min, and the reacted mixed liquid flowed 

through the gas-liquid separator at a constant flow rate and entered the product 

collection device for gas phase and nuclear magnetic measurement. The reaction 

product was identified by GC and the yield of the reaction product was determined by 

GC, using 1,3,5-trimethoxybenzene as the internal standard. 

3. RESULTS AND DISCUSSION 

3.1  Synthesis and characterizations of Ni@C catalysts 

These Ni@graphene catalysts are prepared using the improved simple synthesis method 

mentioned in section 2.2. The number of all prepared catalysts is M1/M2@C-a-b-c-d, 

where M1=Ni; M2=NiO; a is the pyrolysis temperature; b is the oxidation temperature; 

c is the oxidation time and d is the solvent. Figure 1 shows representative scanning 

electron microscope (SEM) images of Ni@C-700-EtOH catalyst and Ni@C-700-

EtOH(recycled) catalyst. As shown in Figures 1a and 1b, the surface of Ni@C-700-
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EtOH catalyst has an obvious pore structure, while the pore structure of Ni@C-700-

EtOH (recycling) catalyst deteriorates slightly after recovery but is still evenly 

distributed. Scanning electron microscope (SEM) image shows that the Ni@C-700-

EtOH sample (Figure 1a) has formed nanospheres with large pores with a uniform 

diameter of 600 nm. 

 
Figure 1. Representative SEM images of (a), Ni@C-700-EtOH (b), Ni@C-700-EtOH (recycled). 

 

Figure 2. Catalyst characterization. HRTEM images of Ni@C-700-EtOH (a, b). HAADF-TEM images of a single 

particle in Ni@C-700-EtOH (c) and corresponding EDS element mapping (EFTEM) of C, O, and HAADF-STEM 

analysis of Ni (d-f). 

(b) (a) 

(a) (b) 

(c) (d) (e) (f) HAADF HAADF 
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Figure 3. Catalyst characterization. HRTEM images of Ni@C-700-EtOH (recycled) (a, b). HAADF-TEM images 

of a single particle in Ni@C-700-EtOH (recycled) (c) and corresponding EDS element mapping (EFTEM) of C, O, 

and HAADF-STEM analysis of Ni (d-f). 

Further high-resolution (HR) TEM analysis revealed that the nanospheres are 

composed of metal nanoparticles (NPs), which are completely coated with a graphene 

shell (Figure 2a and 2b). The Ni@C-700-EtOH metal NPs had a uniform size of 

generally 100–200 nm with a d-spacing of 0.20 nm, which corresponds to the (111) 

plane of the Ni alloy (Figure 4c). For the Ni@C-700-EtOH (recycled) catalyst, the 

intensity of the weak peak NiO did not increase (Figure 4c), indicating that the 

reduction reaction process did not lead to the oxidation of the catalyst. Through 

statistical analysis of high-resolution transmission electron microscopy (HR-TEM), the 

graphene shells on nickel nanoparticles are very thin, and >90% consists of a few layers. 

A high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) image with sub-angstrom resolution further confirmed that uniform metal NPs 

had been formed (Figure 2c), and the corresponding energy-dispersive X-ray (EDX) 

maps showed that the Ni and O atoms were distributed homogeneously over all the NPs 

(Figure 2d-f). In addition, the EDX map of the recycled catalyst Ni@C-700-EtOH 

(recycled) (Figure 3d-f) showed no difference from the original catalyst which 

indicated that the reduction of acetophenone did not affect the distribution of Ni and O 

atoms on the NPs. The nitrogen physisorption measurements for the synthesized 

catalyst material in the specific surface area (Brunauer–Emmett–Teller method) were 

in accordance with the SEM phenomenon. Ni@C-700-EtOH has a surface area of 182 

m2 g-1 and has a pore size distribution (> 95% mesopores with a total pore volume of 

0.269 cm3 g-1 and the average pore width of 5.6 nm) (Figure 4b). X-ray photoelectron 

spectroscopy (XPS) and X-ray diffraction (XRD) are used to study the electronic and 

structural properties of Ni@C-700-EtOH. XPS measurement indicated that both 

metallic Ni0 and Ni2+ species existed on the catalyst surface (Figure 4a). The XRD 

(a) (b) 

(c) (d) (e) (f) HAADF HAADF 
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spectrum showed graphitic carbon shell C (002) between 20 and 30 which confirmed 

that a thin graphene shell has been formed. And it also showed that in addition to the 

graphite carbon shell and Ni alloy, there are also NiO phases in the samples (Figure 

4c). This indicated that the active metal Ni species of the Ni@C catalysts prepared from 

the non-oxidation step were also oxidized by air after the reduction process during 

storage. These results indicate that the uniform nickel nano-alloy has been completely 

wrapped in the graphene thin shell. 

 

Figure 4. Catalyst characterization. BET measurements of N2 adsorption and desorption isotherm curves and pore 

size distribution profile of catalysts Ni@C-700-EtOH (a); XPS image of Ni@C-700-EtOH (b); XRD images of 

Ni@C-700-EtOH and Ni@C-700-EtOH (recycled) (c). 
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3.2 Hydrogenation of acetophenone using Ni@C catalysts in the batch reactor 

First, we tested all the prepared Ni@C catalysts and other commercially available 

catalysts Ru/C, Pd/C, and Raney nickel for the hydrogenation of acetophenone in a 

cheap, non-toxic ethanol solvent and H2 atmosphere for 15 h. Figure 5 shows the 

distribution of phenethyl alcohol on catalysts with different yields and selectivities. As 

mentioned above, the oxidation step significantly affects the physical properties of the 

catalyst. Considering the comprehensive conversion rate and selectivity, the catalysts 

A, B prepared by the oxidation step perform better than the corresponding catalysts D, 

E, C without the oxidation step. When the pyrolysis temperature of the unoxidized 

catalyst rises from 600 to 700 degrees Celsius, the catalyst activity has a significant 

decrease, while the catalyst activity after oxidation is less affected by the pyrolysis 

temperature. At a pyrolysis temperature of 700 degrees, the solvent used to prepare the 

catalyst also affects the catalytic activity and product selective activity. The catalyst E 

prepared from EtOH generally has worse reactivity and selectivity than the 

corresponding catalyst C, D prepared from H2O. Among all Ni-based catalysts 

encapsulated by thin graphene layers, the catalyst F Ni/NiO@-700-200-1-H2O showed 

the best overall conversion and selectivity, which were 100% and 98.31%, respectively. 

Ni@C-700-EtOH showed the worst reactivity. The catalytic activity of other 

commercially available noble metal catalysts Ru/C, Pd/C, and Raney nickel is not 

satisfactory. The noble metal catalysts Ru/C and Pd/C did not produce the target 

product, while Raney nickel showed good catalytic activity but with poor selectivity. In 

order to highlight the advantages of flow reactor over batch reactors, herein, we choose 

the prepared catalyst Ni@C-700-EtOH to conduct acetophenone hydrogenation 

experiments to screen the flow reactor process conditions. 
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Figure 5. Catalyst Screening for the hydrogenation acetophenone. Reaction conditions: 10 mg catalyst, 0.5 mmol 

acetophenone, 6 mL Ethanol, 1 MPa H2, 15 h, 80 °C. A: Ni/NiO@C-600-200-1-H2O, B: Ni/NiO@C-700-200-1-

H2O, C: Ni@C-600-H2O, D: Ni@-700-EtOH, E: Ni@C-700-EtOH, F: 5% Ru/C, J: 5% Pd/C, H: Raney Nickel. 

Conversion and selectivity were determined by GC using 1, 3, 5-trimethoxybenzenen as an internal standard. The 

types of products were confirmed by GC 

3.3 Hydrogenation of acetophenone using Ni@C catalysts in the flow reactor 

Based on the above initial catalyst screening research, we used catalyst E to further test 

the reaction factors such as solvent, reaction temperature, hydrogen pressure, and 

reaction time. The schematic diagram of the Ni@C catalyst hydrogenation of 

acetophenone in a flow reactor is shown in Figure 6. 
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Figure 6. Schematic drawing for Ni@C catalyzed hydrogenation of acetophenone in flow reactor. Schematic 

diagram of the process of acetophenone in flow reactor (a); Schematic diagram of the pipeline structure of the flow 

reactor (b). 

 Hydrogen pressure, as a key factor that usually significantly affects the hydrogenation 

reaction, is evaluated in the reaction of acetophenone hydrogenation to phenethyl 

alcohol at a reaction temperature of 120 °C and a flow rate of 0.2 mL/min. As shown 

in Figure 7a, when the pressure increases from 2 MPa to 2.5 MPa, the conversion rate 

and selectivity decrease to a certain extent. It is speculated that the pressure may be too 

high to vaporize acetophenone and float above the reaction tube, resulting in a smaller 

contact area with the catalyst. The catalytic activity is almost unaffected when the 

pressure is reduced from 2 MPa to 1 MPa, only the selectivity changes slightly. When 

the pressure is 2 MPa, the selectivity is up to 99.9%. When the pressure is reduced from 

1 MPa to 0.5 MPa, the catalytic activity of the catalyst drops sharply. In order to 

maintain the comprehensive conversion rate and selectivity, while making the reaction 

conditions as mild as possible for better application in industrialization, the pressure of 

1 MPa is selected for subsequent temperature and flow rate screening. As shown in 

Figure 7b, in the temperature screening process, the catalyst reactivity is best when the 

temperature is 100 °C, and the selectivity is improved to a certain extent compared to 

120 °C. During the temperature screening process, we found that the selectivity was the 
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worst at the reaction temperature of 120°C, indicating that the higher reaction 

temperature would lead to the formation of by-products. But when the temperature 

decreases furtherly, the conversion rate gradually drops significantly. Flow rate is also 

an important factor that affects industrial applications. We screened the flow rate under 

the selected reaction conditions of 1 MPa and 100 °C as shown in the Figure 7c and 

found that appropriately increasing the flow rate can promote the selective production 

of phenylethanol. This indicated that short reaction time could not only reduce the 

production of by-products but also shortens the reaction time of the raw material 

acetophenone to the product phenethyl alcohol. Therefore, when the flow rate continues 

to increase from 0.4 mL/min to 0.8 mL/min, the rate of decline of the conversion rate 

also increases. We used the optimized conditions to carry out the acetophenone 

hydrogenation reaction again in the batch reactor. The conversion rate after 15 h was 

only 15.04% relative to 99.14% in the flow reactor (Figure 7d), indicating that the 

experiments we conducted in the flow reactor were very successful. Under the 

optimized reaction conditions, the 48-h continuous reaction of acetophenone without 

interruption was carried out, and phenylethanol with high selectivity remains basically 

unchanged, only the conversion rate is slightly reduced but still remains above 88.44%. 
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Figure 7. Study of reaction factors for the Ni@C catalyzed hydrogenation of acetophenone in flow reactor. 

Reaction conditions: (a) Reaction conditions: 10 mg catalyst E Ni@C-700-EtOH, 0.08 mol/L acetophenone (solvent: 

Ethanol), different H2 pressure, 120 °C, 0.2 mL/min; (b) Reaction conditions: 10 mg catalyst E Ni@C-700-EtOH, 
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0.08 mol/L acetophenone (solvent: Ethanol), 1 MPa H2, different reaction temperature, 0.2 mL/min; (c) Reaction 

conditions: 10 mg catalyst E Ni@C-700-EtOH, 0.08 mol/L acetophenone (solvent: Ethanol), 1 MPa H2, 100°C, 0.2 

mL/min; (d) Reaction conditions: 10 mg catalyst E Ni@C-700-EtOH, 0.08 mol/L acetophenone (solvent: Ethanol), 

1 MPa H2, 100 °C, different flow rate. Conversion and selectivity were determined by GC using 1, 3, 5-

trimethoxybenzenen as an internal standard. 

3.3 Proposed mechanism of graphene encapsulated Ni@C catalyzed 

hydrogenation of acetophenone 

 
Figure 8. Proposed mechanism of graphene encapsulated Ni@C catalyzed hydrogenation of acetophenone 

The proposed mechanism of Ni-based catalyzed hydrogenation of ketones are showed 

in Figure 8. The hydrogen and ketone are both adsorbed on the surface of the Ni metal 

catalyst. Then  a molecule of H2 which binds to the Ni active surface dissociates the 

H−H bonds and forms Ni−H (nickel hydride bonds) coordinate complex that is now 

ready to react with carbon-oxygen double bond of the acetophenone. In the meantime, 

a hydrogen in the metal-hydrogen complex is transferred to oxygen which involves a 

oxygen-metal bond. In the next step, the nickel-oxygen bond is broken and the second 

carbon-hydrogen bond is formed. After that, the desired product is desorbed from the 

catalyst surface.  

4. CONCLUSION. 

In conclusion, we have developed a highly efficient magnetic catalyst graphene 

encapsulated thin layer Ni@C for highly active hydrogenation of acetophenone to 

phenylethanol and successfully applied it in a flow reactor with an excellent conversion 

rate and selectivity. The oxidation step, pyrolysis temperature, and solvent have an 

impact on the catalytic activity and product selectivity of the catalysis. We selected 

Ni@C-700-EtOH with the lowest hydrogenation activity of acetophenone among the 
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prepared catalysts in batch reactor to carry out the hydrogenation reaction in the 

continuous flow reactor to highlight the advantages of the flow reactor which can 

significantly improve mass and heat transfer. Hydrogen pressure, reaction temperature, 

and reaction liquid flow rate have significant effects on the hydrogenation conversion 

rate and selectivity. In the final screening and optimization of the industrially adapted 

reaction conditions, the continuous hydrogenation of acetophenone was carried out for 

48 hours to test the recyclicity of the catalyst. After 48 hours, the conversion rate and 

selectivity remained high. Compared with batch reactors, under optimized conditions, 

the catalytic activity of acetophenone hydrogenation in continuous flow reactor has 

been greatly improved. In short, the active catalyst loaded with a graphene shell has 

excellent stability which can be successfully used in advanced industrially applicable 

flow reactor by simply switching different control valves for the hydrogenation of 

acetophenone to benzene phenylethanol with excellent yields. 
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