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Abstract 

Oxidation of vanillyl alcohol to vanillin represents a critical step towards sustainable 

valorization of lignocellulosic biomass. Although catalytic oxidation of vanillyl alcohol 

by Cu and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) is promising for vanillyl 

alcohol oxidation, the traditional Cu/TEMPO adopts homogeneous Cu ions and 

TEMPO, which are difficult for recovery and reuse. In this study, a unique sandwich-

like catalytic system (SCS), which comprises HKUST-1 mesh and TEMPO-grafted on 

carbon cloth, is developed as a heterogeneous catalyst for vanillyl alcohol oxidation. 

Through the electro-chemical technique, copper (Cu) mesh is used as a source of Cu to 

grow HKUST-1 directly, whereas carbon cloth is functionalized by TEMPO via 

covalent bonds. These resultant materials are then stacked to achieve layer-by-layer 

contacts between HKUST-1 and TEMPO, and enable flow-through reactions of VAL 

oxidation. Especially, such a SCS exhibits much higher conversion of vanillyl alcohol 

to vanillin under microwave irradiation than conventional oven heating. SCS could 

achieve 100% of conversion, 100% of selectivity and 100% of yield of vanillin at 120 

°C for 60 min. This full conversion of vanillyl alcohol to vanillin surpasses almost all 

the reported values by other processes in literature, and SCS could be also reusable and 

continuously implemented for vanillyl alcohol conversion to vanillin. The used 

HKUST-1 mesh could retain crystalline structures of HKUST-1, whereas TEMPO is 

also preserved on TEMPO@CC, indicating that SCS would be a stable and reusable 

integrated catalyst for vanillyl alcohol oxidation to vanillin.   

 

   

 

Keywords: hybrid mesh, MOFs, HKUST-1, carbon cloth, lignin, vanillyl alcohol, 

vanillin 
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1. Introduction  

Lignocellulosic biomass and biowaste are considered as a renewable resource which 

can be further utilized and valorized [1, 2]. Many approaches have been proposed for 

valorizing lignocellulosic biomass, such as pyrolysis and oxidation [3-8]. Although 

pyrolysis can rapidly decompose biomass to several products, chars from pyrolysis 

remain as a challenging issue and many other issues still exist at large-scale operations 

[9, 10]. In contrast, oxidation of lignocellulosic biomass seems a more feasible and 

favorable approach as oxidation processes are milder and more environmentally benign 

[6, 11-15]. More importantly, oxidation of lignin-derived molecules can generate many 

valuable compounds with versatile functions [10]. 

As lignin contains relatively complex structures, oxidation processes are usually 

investigated by oxidizing lignin-derived model compounds [2, 5, 6, 16-19]. As the β-

O-4 has been regarded as the most typical sub-structure of lignin [20], decomposition 

of these β-O-4 sub-structures of lignin produces several low-molecular-weight 

derivatives. Among these lignin-derived molecules, such as 3-methoxy-4-

hydroxycinnamic acid [21-25], and vanillyl alcohol (VAL) [16, 26-28], VAL is 

particularly attractive as oxidation of VAL can produce a high-value-added compound, 

vanillin (VN), which is a widely-consumed flavorant used in foods, perfumes, 

cosmetics, pharmaceuticals and drinks [16]. Conventionally, vanillin is extracted from 

Vanilla planifolia; however chemical synthesis of vanillin has become a dominant 

source because of vast demand of vanillin. To date, one of the most popular route for 

synthesizing vanillin requires usage of petrochemical raw chemical, guaiacol, through 

multiple steps [29]. Recently, biological production of vanillin has been also proposed 

by using bacteria (e.g., Rhodococcus jostii RHA1) through decomposition of lignin into 

vanillin [30, 31] and fermentation of ferulic acid [32, 33].  
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Even though a few studies have converted VAL to VN via oxidation, these 

researches employed un-recyclable oxidant, H2O2, [34-36] and a large amount of H2O2 

is required because of stoichiometric chemistry. More importantly, these H2O2-based 

oxidation methods usually lead to very low conversion of VAL (CVAL), selectivity for 

VN (SVN) and yield of VN (SVN) [6, 18, 37, 38].  

Since recent interests of oxidative reactions are focused on utilization of oxygen 

gas molecules (O2) as a direct oxidant [39-41], it would be certainly sustainable to 

develop a process of VAL conversion by using O2 to oxidize VAL to VN. To this end, 

an useful oxidation process of utilizing O2, especially for oxidation of alcohols, is 

revealed by using Cu as a metal catalyst and 2,2,6,6-tetramethylpiperidine 1-oxyl 

(TEMPO) as an organic oxidation co-catalyst together with O2 as an oxidant [42]. The 

integration of Cu/TEMPO has been validated as an effective catalytic system for 

oxidizing alcohols to corresponding aldehydes [39-41, 43, 44]. As VAL is an alcohol, 

which can be further oxidized to produce an aldehyde group, forming VN, The 

integration of Cu/TEMPO would be useful for VAL oxidation.  

Nevertheless, the traditional integration of Cu/TEMPO uses homogeneous Cu ions 

and TEMPO [45] but recovering Cu ion and TEMPO from reactions is certainly highly-

challenging. To address the aforementioned issue, it would be critical to develop 

heterogeneous catalysts containing Cu and TEMPO moieties. Moreover, these 

heterogeneous catalysts must be easily implemented, recovered and reused. Even 

though powders and particles (or nanoparticles) are promising catalysts, fine 

powders/particles are actually still difficult to recover and reuse. Thus, macroscale 

substrate-supported catalysts, on which nanoscale active components or molecular 

compounds are deposited, would be advantageous because marco-substrates allow 

them to be easily operated and nanoscale active components would provide high 
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activities. Among various types of macroscale substrates, mesh-like substrates would 

be highly favorable as they can be grafted with nanoscale components but still allow 

reactants to flow-through these mesh-like substrates for target reactions. To this end, 

the present study proposes to develop mesh-supported catalysts containing Cu and 

TEMPO. In the case of Cu-containing mesh, while Cu mesh is readily available, Cu 

mesh exhibits very low surface areas and active sites. Therefore, Cu-based metal 

organic frameworks (MOFs) is then particularly fabricated by direct growth of Cu-

MOFs (i.e., HKUST-1) on Cu mesh, which not only acts as a support but also serves as 

a Cu source to grow HKUST-1. On the other hand, TEMPO would be grafted on a 

stable and robust mesh-like substrate, carbon cloth (CC), via covalent bonds. The 

resultant HKUST-1 mesh and TEMPO@CC would be inter-stacked to form a 

sandwich-like catalytic system (SCS) for allowing layer-by-layer contacts between Cu 

and TEMPO. Once reactants (i.e., VAL) flow through this SCS, VAL would react with 

Cu and then TEMPO continuously to transform into VN.  

    Moreover, as such a reaction of VAL oxidation is a solvothermal reaction, heating 

processes have been a key to conversion efficiencies. In this study, conventional oven 

heating (COH) and microwave irradiation (COH) have been also adopted and compared 

for VAL conversion by SCS. To our best knowledge, such a SCS or hybrid-mesh 

catalysts have been never reported for VAL conversion and thus fabrication techniques 

and corresponding catalytic behaviors given here would be highly useful and insightful.  

 

2. Experimental 

2.1 Materials 

All chemicals employed in this study were of analytical-regent grade and were used 

without further purification. Cu mesh (100 mesh, 99.9% copper) was purchased from 
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May Chun Company Limited (Taiwan). Carbon cloth (CC) was provided by Taicarbon 

Company (Taiwan). Copper (II) nitrate trihydrate (Cu (NO3)2∙3H2O) and iso-propanol 

(IPA) were obtained from Union Chemicals (Taiwan), whereas benzene-1,3,5-

tricarboxylic acid (H3BTC) was purchased from Showa Chemical Co. Ltd (Taiwan), 

and 4-Hydroxy-TEMPO was received from Merck (Germany). Tetrahydrofuran and 

N,N'-dicyclohexylcarbodiimide were purchased from Sigma-Aldrich (USA). 

 

2.2 Preparation of HKUST-1 MESH 

A piece of Cu mesh (0.5 cm × 1 cm) with a thickness of 0.1mm was immersed in 3M 

HCl and placed in an ultrasound bath for 15 min to remove its surficial impurities 

followed by rinsing it with DI water and ethanol. Next, Cu mesh was used as anode, 

whereas titanium plate (99.9% Titanium) was used as the cathode. A mixture of ethanol 

and DI water (1:1) was then employed as the electrolyte to which 100 mg H3BTC was 

directly added. Subsequently, the anodizing growth of HKUST-1 mesh was carried out 

at 5V for 20 min at room temperature as illustrated in Fig. 1(a). The resultant HKUST-

1 mesh was then rinsed with ethanol and DI water thoroughly and dried at 80 °C in 

oven for 12h to afford HKUST-1 mesh. 
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Figure 1. Schematic illustrations for preparation of (a) HKUST-1 mesh via the one-

step electrochemical synthesis and (b) TEMPO@CC 

 

 

2.3 Synthesis of TEMPO@CC 

The synthetic route for TEMPO@CC could be illustrated in Fig. 1(b). Firstly, a piece 

of CC (0.5 cm × 1 cm) was added in a flask with 50 mL of HCl and 100 mL of DI water. 

Then, the mixture flask with a condenser was placed on a temperature-controllable 

stirring plate. The resulting mixture was refluxed for 5h under 110oC. After cooling 

temperature to 40 °C, the acid-treated carbon cloth was washed with DI water 

repeatedly and dried in oven at 80 °C overnight. This resultant carboxyl-functionalized 

CC, together with OH-TEMPO (0.4 g) and N,N'-dicyclohexylcarbodiimide (0.578 g) 

(a) 

(b) 
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were then mixed in 20 mL of tetrahydrofuran at ambient temperature for 72 hours. 

Finally, the TEMPO-grafted CC (i.e., TEMPO@CC) was washed with methanol/DI 

water and then dried at 80oC in oven overnight. Electron spin resonance (ESR) 

spectrum of TEMPO@CC was implemented by a Bruker EMX Plus X-Band 

spectrometer. 

 

2.4 Conversion of VAL to VN  

Catalytic conversion of VAL was implemented in a cylindrical Teflon-lined reactor in 

which the bundled sandwich-like catalyst (two HKUST-1 meshes inter-stacked with 

two TEMPO@CC) was hanged and suspended in the center of the reactor to allow 

reactants to flow through. In a typical experiment, 10 mg of VAL and 20 mL of iso-

propanol were added to the Teflon-lined reactor. Next, the mixture was then heated by 

MWI or in a conventional oven to start VAL conversion. The MWI system was Ethos 

UP (Milestone, Italy) whose volume was 70 liters with two 950 watt magnetrons and 

its temperature range is from the ambient temperature to 220 °C. The conventional oven 

used in this study was Memmert (Germany), ULE 400, whose volume was 53 liters and 

temperature range is from 30 to 220 °C with natural convection. After pre-set reaction 

times, sample aliquots were withdrawn from the vessel and filtrated through syringe 

membrane disks (0.22 μm, PVDF). The filtrates were analyzed for concentrations of 

reactant and products using a HPLC (Kanuer Azura, Germany) with a UV-Vis detector 

(275 nm) and a reverse-phase C-18 column. The mobile phase consisted of aqueous 

acetonitrile (20%), acetic acid (1%) and distilled water (79%) at a flowrate of 1.0 

mL/min. 

Based on previous literatures [4, 34], chemical oxidation of VAL to VN was quantified 

as follows: 
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3. Results and discussion 

3.1 Characterization of HKUST-1 mesh and TEMPO@CC 

To characterize HKUST-1 mesh, the picture of pristine Cu mesh was firstly revealed in 

Fig. 2(a) and it exhibited the very typical reddish brown color. Fig. 2(b) and (c) further 

show that the pristine Cu mesh was extremely smooth. After the anodic growth of 

HKUST-1 on the Cu mesh, the color of the mesh had completely changed from reddish 

brown to blue as seen in Fig. 2(a). Another noteworthy feature was that the blue color 

was very homogeneous all over the entire piece, suggesting that the electro-chemical 

technique was certainly capable of growing HKUST-1 on the mesh. Closer views (Fig. 

2(d) and (e)) further reveal that the originally smooth surface of mesh had been 

modified, and fully and uniformly covered by octahedral crystals. This octahedral 

morphology was consistent to the typical morphology of HKUST-1, suggesting that 

HKUST-1 was successfully grown on the Cu mesh.  
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Fig. 2. (a) Pictures of Cu mesh and HKUST-1 mesh; SEM images of (b), (c) pristine Cu 

mesh; (d), (e) HKUST-1 mesh; (f) pictures of carbon cloth and TEMPO@CC; (g),(h) 

SEM image of TEMPO@CC; and (i) EDS analysis of TEMPO@CC.     

 

Fig. 3(a)-(d) further display the elemental mapping result of this HKUST-1 mesh 

and elements of C, O and Cu were easily detected and evenly distributed all over the 

mesh, demonstrating that the Cu mesh had been completely and homogeneously 

covered by HKUST-1. Fig. 4(a) also confirms that after the anodizing Cu mesh with 

H3BTC, the XRD pattern of Cu mesh had changed significantly to exhibit a series of 

peaks ranging from 5 to 45 °, which were in line with the signature peaks of HKUST-

1, validating that HKUST-1 was certainly and successfully grown on the mesh.  

    On the other hand, pictures of CC and the TEMPO-grafted CC were displayed in  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i)  
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Fig. 3 Elemental mapping analysis: (a) Image of the selected area, (b) carbon, (c) 

oxygen and (d) nitrogen of HKUST-1 mesh; (e) image of the selected area, (f) carbon, 

(g) oxygen and (h) nitrogen of TEMPO@CC.  
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Fig. 2(f), and no huge differences between the pristine CC and TEMPO@CC were 

observed. Closer views of TEMPO@CC (Fig. 2(g),(h)) confirmed that fibrous 

configuration of carbon fibers in CC was well-retained and no obvious damage or 

destruction was noted. Nevertheless, Fig. 2(i) reveals that elements of N and O were 

detected, suggesting that CC had been modified and functionalized. Fig. 3(e)-(h) also 

display that elements of O and N were homogeneously distributed all over these fibers, 

suggesting that the surficial modification and functionalization on carbon fibers was 

uniformly-implemented.  

    Moreover, IR spectra of CC and TEMPO@CC were displayed in Fig. 4(b). While 

CC exhibited relatively limited IR peaks, TEMPO@CC showed several noticeable 

peaks in the range of 1000~1700 cm-1 and 2800~3000 cm-1. In comparison to the IR 

spectrum of OH-TEMPO, these noticeable peaks of TEMPO@CC could be attributed 

to TEMPO. Specifically, the peaks at 875, 1580, 1620 cm-1 would be ascribed to C-H 

bonds derived from tetramethyl groups of TEMPO [46]. Additionally, the peak at 2944 

cm-1 could be assigned to CH3 bonds in TEMPO [46]. The presence of these peaks 

suggested that TEMPO was grafted onto CC. More importantly, as TEMPO is a strong 

radical, ESR analysis was then employed to determine TEMPO@CC (Fig. 4(c)). Even 

though no signal was observed in the case of CC, a typical three-line pattern with equal 

intensities [47, 48], which was attributed to TEMPO radicals [47, 48], could be easily 

measured. These characterizations all indicated that TEMPO was grafted onto CC.  
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Fig. 4 (a) XRD patterns of HKUST-1 mesh, HKUST-1, and Cu mesh, (b) IR spectra of 

TEMPO@CC, CC, and TEMPO; and (c) ESR analyses of TEMPO@CC and CC.   
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    As the Cu mesh and CC had been modified and deposited with HKUST-1 and 

TEMPO moieties, respectively, their textural properties might be also changed. Thus, 

their N2 sorption isotherms were then measured. Fig. 5(a) shows N2 sorption isotherms 

of pristine Cu mesh and HKUST-1 mesh. Since the pristine Cu mesh exhibited very 

smooth surface, its N2 sorption capacity was extremely low, leading to a very low 

surface area of 10 m2/g.  
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Fig. 5 N2 sorption isotherms of (a) Cu mesh and HKUST-1 mesh; and (b) TEMPO@CC and 

CC.  

 

Nevertheless, after growing HKUST-1 on the Cu mesh, HKUST-1 mesh certainly 

showed a much higher N2 sorption and a small hysteresis loop could be also observed, 

validating that the formation of HKUST-1 enabled Cu mesh to show higher surface area 

(i.e., 30 m2/g). On the other hand, N2 sorption isotherms of pristine CC and 

TEMPO@CC could be seen in Fig. 5(b), and these two materials exhibited very similar 

isotherms as the fibrous structure of CC remained after the modifications. Nonetheless, 
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a slightly higher N2 sorption was obtained by TEMPO@CC possibly because the acidic 

pretreatment (by HCl) might roughen the surface of carbon fibers, leading to a slightly 

higher surface area of 626.8 m2/g than that of pristine CC (i.e., 558.4 m2/g). 

 

3.2 Conversion of VAL to VN by the sandwich-like catalytic system 

As mentioned in the earlier section, VAL conversion using SCS was implemented by 

bundling HKUST-1 meshes and TEMPO@CC to form the SCS as displayed in Fig. 

6(a), which was hanged by a Cu wire in the center of the reactor as demonstrated in Fig. 

6(b). The reactants would then flow through and continuously contact with HKUST-1 

meshes and TEMPO@CC as illustrated in Fig. 6(c).  

  

Fig. 6. (a) picture of the sandwich-like catalytic system consisting of inter-stacked 

HKUST-1 meshes and TEMPO@CC; (b) the sandwich-like catalytic system bundled 

and hanged by a Cu wire; and (c) illustration of flow-through reaction of VAL 

converted to VN via the sandwich-like catalytic system under microwave irradiation.  

 

As VAL conversion to VN is a thermo-chemical reaction, heating processes are 

highly critical. Especially, since SCS consisted of the inter-stacked multilayers of active 

components, it is important to enable the SCS to achieve desired temperatures. Thus, in 
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the present study, two distinct heating methods were employed and compared: 

conventional heating by oven and MWI. Fig. 7(a) firstly shows VAL conversion by 

HKUST-1 meshes, TEMPO@CC and SCS (HKUST-1 meshes inter-stacked with 

TEMPO@CC) with COH. When HKUST-1 mesh alone was present, almost no VAL 

was converted and no VN could be detected.  

 

 

Figure 7.  Conversion of VAL to VN using different materials (a) in a conventional 

oven and (b) under microwave irradiation (VAL = 10mg, IPA = 20 mL, SCS = 0.4 g). 

 

On the other hand, when TEMPO@CC alone was then tested and it was slightly 

active and capable of a small fraction of VAL (CVAL = 20%) with a very high selectivity 

for VN. Once TEMPO@CC was combined with HKUST-1 mesh, forming the SCS, 

CVAL was slightly increased from 20 to 25% and the selectivity still remained very high. 

(c) 
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These results demonstrated that TEMPO@CC itself had been active for oxidizing VAL 

to VN and the SCS could further enhance conversion slightly.  

    When the heating method was switched to microwave irradiation, HKUST-1 mesh 

alone seemed still ineffective to convert VAL to VN (Fig. 7(b)). On the other hand, VAL 

was also successfully converted to VN by TEMPO@CC under MWI and CVAL seemed 

to increase slightly with MWI. Nevertheless, TEMPO@CC was still insufficient to 

achieve efficient conversion of VAL. However, once both HKUST-1 mesh and 

TEMPO@CC were inter-stacked to form SCS under MWI, its corresponding VAL 

conversion achieved 100% with SVN = 100%, leading to YVN = 100%. This indicates 

that SCS was certainly capable of converting VAL to VN with high selectivity and yield, 

and MWI was powerful to enhance conversion of VAL.  

     The aforementioned comparison clearly indicates that that the heating method 

played a critical role for solvothermal reaction of VAL oxidation and MWI was 

certainly more advantageous than COH as MWI provided a more efficient heating 

process for rapid and intense heat from the interior of catalyst [49-52]. In particular, as 

MWI was adopted, the Cu-O group of HKUST-1 could absorb MW and obtain heat 

much more quickly from the interior of HKUST-1 [53], enabling it much more effective 

for VAL conversion. More importantly, since Cu-O groups of HKUST-1 were 

coordinated with the ligand, BTC, BTC would also absorb MWI and promote catalytic 

activities of Cu-O groups [53]. On the other hand, CC has been also validated as a 

strong MW absorber and CC should receive heat from the interior much quickly under 

MWI in contrast to conventional oven heating [54, 55].      

Therefore, the enhancement of VAL conversion to VN by SCS under MWI could 

be ascribed to the feature that the Cu-O group of HKUST-1 and CC were more catalytic 

active because of fast and intense heat from the core center of catalysts [49, 50]. In 
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contrast, COH provided the highest temperature on the reactor wall but much lower 

temperature in the central region [49], resulting in much less effective conversion of 

VAL as illustrated in Fig. 7(c).  

 

3.3 Effects of reaction temperature and time on VAL conversion by SCS 

As VAL conversion to VN is a solvothermal reaction, reaction temperature was 

extremely critical for VAL oxidation and it would be also useful to investigate VAL 

conversion at relatively short durations under MWI. Fig. 8(a) displays VAL conversion 

efficiency as a function of temperature ranging from 60 to 120 °C.  

 

 

Fig. 8. Effects of (a) temperature (t = 60 min) and (b) time (T = 120 °C) on conversion 

efficiency of VAL to VN (VAL = 10mg, IPA = 20 mL, SCS = 0.4 g) 

 

When the reaction temperature was low as 60 °C, VAL could be still oxidized to VN 

with CVAL = 19%. Even though the conversion was relatively low, its corresponding 

selectivity was still 100%. Once the temperature further increased to 80 °C, CVAL could 

be then raised to 43% while maintaining SVN = 100%. At higher temperatures of 100, 
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110 and 120 °C, CVAL further increased to 55, 66 and 100%, respectively, and SVN 

remained consistent as 100%. This demonstrates that VAL could be also oxidized 

selectively to VN even at relatively low temperatures. Nevertheless, this result also 

suggests that temperature was validated as a crucial factor and 120 °C would be an 

optimal temperature for complete conversion of VAL to VN. Thus, 120 °C was then 

selected for further investigating effect of reaction duration.  

    Fig. 8(b) shows VAL conversion efficiency as a function of reaction time ranging 

from 15 to 60 min. As short as 15 min at 120 °C under MWI, CVAL could reach 53% 

and SVN was 100%. This signifies that a reaction duration of 15 min under MWI had 

been capable of converting more than a half of VAL to VN. As the reaction time further 

increased to 30 and 45 min, CVAL was raised to 63 and 78%, respectively, revealing that 

a longer reaction time certainly enhanced VAL conversion while SVN remained 100%. 

Once the reaction duration was extended to 60 min, CVAL could reach 100% and, more 

importantly, no over-oxidation was observed as no vanillic acid was detected, 

demonstrating that SCS was highly advantageous and promising for VAL conversion. 

These results suggest that the optimal condition for VAL conversion by SCS is 120 °C 

for 60 min under MWI.  

    To further evaluate competitiveness of SCS for VAL conversion, Table 1 lists VAL 

conversion efficiencies of reported processes. One can notice that most of reported 

processes exhibited much lower conversions (ranging from 7 to 96%), and 

corresponding selectivities (ranging from 5 to 96.5%) and yields (ranging from 1.4 to 

92.6%) were also relatively low in comparison to those obtained by SCS. This validates 

that SCS is certainly more useful than almost all reported systems.  
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Table 1. VAL to VN catalyzed by using various oxidation techniques. 

 

 

3.3 Potential mechanism of VAL conversion by SCS 

As SCS was validated to successfully and effectively convert VAL to VN (Fig. 9(a)), 

it would be interesting to speculate the corresponding conversion mechanism. As SCS 

was comprised of the inter-stacked HKUST-1 mesh and TEMPO@CC, the Cu-O group 

of HKUST-1 would firstly react with VAL as illustrated in Fig. 9(b) [61, 62]. 

Subsequently, TEMPO@CC would then react with the intermediate of VAL to pull out 

a proton [61, 62], resulting in TEMPOH@CC and the product, VN. The resultant 

Catalyst Oxidant Temp.(°C) 
VAL 

Con. (%) 

VN 

Sel.(%) 

VN 

Yield(%) 
Ref. 

SCS air 120 100 100 100 This study 

Cu/TEMPO air 90 99 93 91 [42] 

TEMPO@SiO2/Cu+ air 30 96 96.5 92.6 [27] 

CuO/MgAl2O4 
H2O2 90 

67 74  
[56] 

CuO/MgFe2O4 53 46  

MnFe 

O2 100 

21 79 21 

[57] 

FeFe 70 91 31 

CoFe 70 84 5 

NiFe 76 11 5 

CuFe 86 35 5 

ZnFe 46 19 15 

Au-Pd air RT 52.8 49.6 26.2 [58] 

N-RGO/Mn3O4 air 120 26.4 19.2 5.1 [59] 

nCo-MO air 120 7.0 5.7 0.4 [60] 

Co3O4 air 120 47.9 60.6 29 [26] 

MnCl2 

H2O2 75 38 19 7.2 

[6] 

H2O2 75 28 5 1.4 

H2O2 80 89.6 49.4 44.3 

CrCl3 H2O2 80 94.2 60.6 57.1 

CoCl2 H2O2 80 48.1 33.9 16.3 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



21 

 

TEMPOH would be then transformed back to TEMPO via mediation by O2 [30, 40]. 

Through these catalytic reactions involving with the Cu-O group, TEMPO and VAL, 

VAL would be constantly and selectively converted to VAL [63]. 

 

 

 

Fig. 9. (a) Illustration of VAL conversion to VN using the sandwich-like catalyst 

system (SCS), and (b) a proposed mechanism for VAL conversion to VN using the 

sandwich-like catalyst system (SCS). 

 

3.4 Recyclability of SCS for VAL conversion  

As SCS was proposed as a heterogeneous catalytic system, its recyclability would be 

critical and thus evaluated for multi-cyclic experiments of VAL oxidation. Fig. 10 

(a) 
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shows continuous VAL conversion by SCS over 5 cycles and CVAL, SVN and YVN were 

remained almost the same (~100%) over the 5 cycles. This demonstrated that the 

catalytic activities of SCS, which consisted of HKUST-1 mesh and TEMPO@CC, were 

well retained and remained highly active for VAL conversion, indicating that SCS was 

stable, efficient and reusable for VAL oxidation to VN.  

 

Figure 10. Recyclability of SCS for oxidation of VAL (VAL = 10mg, IPA = 20 mL, 

SCS = 0.4 g). 

 

    The used HKUST-1 mesh and TEMPO@CC can be also seen in Fig. 11(a) and (b), 

respectively. Their appearances suggested that HKUST-1 crystals were still retained on 

the surface of Cu mesh and the surface of used carbon fiber was almost unchanged. 

Furthermore, the XRD pattern of used HKUST-1 mesh (Fig. 11 (c)) was consistent to 

the theoretical XRD pattern of HKUST-1, indicating that crystalline structures of 

HKUST-1 remained. On the other hand, ESR analysis was adopted to examine whether 

TEMPO was retained in TEMPO. Fig. 11 (d) shows that the three-line hyperfine 
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splitting pattern (attributed to TEMPO) was still detected, validating that TEMPO 

moieties were preserved in the used TEMPO@CC. These results both demonstrated 

that SCS was highly stable and reusable for VAL conversion. 
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Fig. 11. SEM images of (a) HKUST-1 mesh and (b) TEMPO@CC; (c) XRD pattern of 

used HKUST-1 mesh and (d) ESR analysis of used TEMPO@CC. 

 

4. Conclusions  

In this study, a unique sandwich-like catalytic system (SCS) comprised of HKUST-1 

mesh and TEMPO@CC was developed and fabricated as an integrated heterogeneous 

catalyst for VAL oxidation. Through the electro-chemical technique, Cu mesh was 

adopted as a source of Cu to grow HKUST-1 directly, whereas CC was functionalized 

by TEMPO via covalent bonds. These resultant sheet-like materials were then inter-

stacked to allow layer-by-layer contacts between HKUST-1 and TEMPO, and flow-thru 
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reactions of VAL oxidation. Especially, such a SCS exhibited much higher conversion 

of VAL to VN under MWI than conventional oven heating. SCS was also capable of 

converting VAL to VN even at relatively low temperature as 60 °C for a very short 

duration of 15 min. As temperature and reaction time increased, SCS could achieve 

100% of conversion, 100% of selectivity and 100% of yield of VN at 120 °C for 60 

min. This full conversion of VAL to VN surpassed almost all the reported values by 

other processes in literature, validating its promising advantages. In addition, SCS 

could be also reusable and continuously implemented for VAL conversion to VN. The 

used HKUST-1 mesh could retain crystalline structures of HKUST-1, whereas TEMPO 

was also preserved on TEMPO@CC, indicating that SCS would be a stable and 

reusable integrated catalyst for VAL oxidation to VN.   
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Abstract 

Oxidation of vanillyl alcohol to vanillin represents a critical step towards sustainable 

valorization of lignocellulosic biomass. Although catalytic oxidation of vanillyl alcohol 

by Cu and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) is promising for vanillyl 

alcohol oxidation, the traditional Cu/TEMPO adopts homogeneous Cu ions and 

TEMPO, which are difficult for recovery and reuse. In this study, a unique sandwich-

like catalytic system (SCS), which comprises HKUST-1 mesh and TEMPO-grafted on 

carbon cloth, is developed as a heterogeneous catalyst for vanillyl alcohol oxidation. 

Through the electro-chemical technique, copper (Cu) mesh is used as a source of Cu to 

grow HKUST-1 directly, whereas carbon cloth is functionalized by TEMPO via 

covalent bonds. These resultant materials are then stacked to achieve layer-by-layer 

contacts between HKUST-1 and TEMPO, and enable flow-through reactions of VAL 

oxidation. Especially, such a SCS exhibits much higher conversion of vanillyl alcohol 

to vanillin under microwave irradiation than conventional oven heating. SCS could 

achieve 100% of conversion, 100% of selectivity and 100% of yield of vanillin at 120 

°C for 60 min. This full conversion of vanillyl alcohol to vanillin surpasses almost all 

the reported values by other processes in literature, and SCS could be also reusable and 

continuously implemented for vanillyl alcohol conversion to vanillin. The used 

HKUST-1 mesh could retain crystalline structures of HKUST-1, whereas TEMPO is 

also preserved on TEMPO@CC, indicating that SCS would be a stable and reusable 

integrated catalyst for vanillyl alcohol oxidation to vanillin.   

 

   

 

Keywords: hybrid mesh, MOFs, HKUST-1, carbon cloth, lignin, vanillyl alcohol, 

vanillin 



3 

 

1. Introduction  

Lignocellulosic biomass and biowaste are considered as a renewable resource which 

can be further utilized and valorized [1, 2]. Many approaches have been proposed for 

valorizing lignocellulosic biomass, such as pyrolysis and oxidation [3-8]. Although 

pyrolysis can rapidly decompose biomass to several products, chars from pyrolysis 

remain as a challenging issue and many other issues still exist at large-scale operations 

[9, 10]. In contrast, oxidation of lignocellulosic biomass seems a more feasible and 

favorable approach as oxidation processes are milder and more environmentally benign 

[6, 11-15]. More importantly, oxidation of lignin-derived molecules can generate many 

valuable compounds with versatile functions [10]. 

As lignin contains relatively complex structures, oxidation processes are usually 

investigated by oxidizing lignin-derived model compounds [2, 5, 6, 16-19]. As the β-

O-4 has been regarded as the most typical sub-structure of lignin [20], decomposition 

of these β-O-4 sub-structures of lignin produces several low-molecular-weight 

derivatives. Among these lignin-derived molecules, such as 3-methoxy-4-

hydroxycinnamic acid [21-25], and vanillyl alcohol (VAL) [16, 26-28], VAL is 

particularly attractive as oxidation of VAL can produce a high-value-added compound, 

vanillin (VN), which is a widely-consumed flavorant used in foods, perfumes, 

cosmetics, pharmaceuticals and drinks [16]. Conventionally, vanillin is extracted from 

Vanilla planifolia; however chemical synthesis of vanillin has become a dominant 

source because of vast demand of vanillin. To date, one of the most popular route for 

synthesizing vanillin requires usage of petrochemical raw chemical, guaiacol, through 

multiple steps [29]. Recently, biological production of vanillin has been also proposed 

by using bacteria (e.g., Rhodococcus jostii RHA1) through decomposition of lignin into 

vanillin [30, 31] and fermentation of ferulic acid [32, 33].  
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Even though a few studies have converted VAL to VN via oxidation, these 

researches employed un-recyclable oxidant, H2O2, [34-36] and a large amount of H2O2 

is required because of stoichiometric chemistry. More importantly, these H2O2-based 

oxidation methods usually lead to very low conversion of VAL (CVAL), selectivity for 

VN (SVN) and yield of VN (SVN) [6, 18, 37, 38].  

Since recent interests of oxidative reactions are focused on utilization of oxygen 

gas molecules (O2) as a direct oxidant [39-41], it would be certainly sustainable to 

develop a process of VAL conversion by using O2 to oxidize VAL to VN. To this end, 

an useful oxidation process of utilizing O2, especially for oxidation of alcohols, is 

revealed by using Cu as a metal catalyst and 2,2,6,6-tetramethylpiperidine 1-oxyl 

(TEMPO) as an organic oxidation co-catalyst together with O2 as an oxidant [42]. The 

integration of Cu/TEMPO has been validated as an effective catalytic system for 

oxidizing alcohols to corresponding aldehydes [39-41, 43, 44]. As VAL is an alcohol, 

which can be further oxidized to produce an aldehyde group, forming VN, The 

integration of Cu/TEMPO would be useful for VAL oxidation.  

Nevertheless, the traditional integration of Cu/TEMPO uses homogeneous Cu ions 

and TEMPO [45] but recovering Cu ion and TEMPO from reactions is certainly highly-

challenging. To address the aforementioned issue, it would be critical to develop 

heterogeneous catalysts containing Cu and TEMPO moieties. Moreover, these 

heterogeneous catalysts must be easily implemented, recovered and reused. Even 

though powders and particles (or nanoparticles) are promising catalysts, fine 

powders/particles are actually still difficult to recover and reuse. Thus, macroscale 

substrate-supported catalysts, on which nanoscale active components or molecular 

compounds are deposited, would be advantageous because marco-substrates allow 

them to be easily operated and nanoscale active components would provide high 
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activities. Among various types of macroscale substrates, mesh-like substrates would 

be highly favorable as they can be grafted with nanoscale components but still allow 

reactants to flow-through these mesh-like substrates for target reactions. To this end, 

the present study proposes to develop mesh-supported catalysts containing Cu and 

TEMPO. In the case of Cu-containing mesh, while Cu mesh is readily available, Cu 

mesh exhibits very low surface areas and active sites. Therefore, Cu-based metal 

organic frameworks (MOFs) is then particularly fabricated by direct growth of Cu-

MOFs (i.e., HKUST-1) on Cu mesh, which not only acts as a support but also serves as 

a Cu source to grow HKUST-1. On the other hand, TEMPO would be grafted on a 

stable and robust mesh-like substrate, carbon cloth (CC), via covalent bonds. The 

resultant HKUST-1 mesh and TEMPO@CC would be inter-stacked to form a 

sandwich-like catalytic system (SCS) for allowing layer-by-layer contacts between Cu 

and TEMPO. Once reactants (i.e., VAL) flow through this SCS, VAL would react with 

Cu and then TEMPO continuously to transform into VN.  

    Moreover, as such a reaction of VAL oxidation is a solvothermal reaction, heating 

processes have been a key to conversion efficiencies. In this study, conventional oven 

heating (COH) and microwave irradiation (COH) have been also adopted and compared 

for VAL conversion by SCS. To our best knowledge, such a SCS or hybrid-mesh 

catalysts have been never reported for VAL conversion and thus fabrication techniques 

and corresponding catalytic behaviors given here would be highly useful and insightful.  

 

2. Experimental 

2.1 Materials 

All chemicals employed in this study were of analytical-regent grade and were used 

without further purification. Cu mesh (100 mesh, 99.9% copper) was purchased from 
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May Chun Company Limited (Taiwan). Carbon cloth (CC) was provided by Taicarbon 

Company (Taiwan). Copper (II) nitrate trihydrate (Cu (NO3)2∙3H2O) and iso-propanol 

(IPA) were obtained from Union Chemicals (Taiwan), whereas benzene-1,3,5-

tricarboxylic acid (H3BTC) was purchased from Showa Chemical Co. Ltd (Taiwan), 

and 4-Hydroxy-TEMPO was received from Merck (Germany). Tetrahydrofuran and 

N,N'-dicyclohexylcarbodiimide were purchased from Sigma-Aldrich (USA). 

 

2.2 Preparation of HKUST-1 MESH 

A piece of Cu mesh (0.5 cm × 1 cm) with a thickness of 0.1mm was immersed in 3M 

HCl and placed in an ultrasound bath for 15 min to remove its surficial impurities 

followed by rinsing it with DI water and ethanol. Next, Cu mesh was used as anode, 

whereas titanium plate (99.9% Titanium) was used as the cathode. A mixture of ethanol 

and DI water (1:1) was then employed as the electrolyte to which 100 mg H3BTC was 

directly added. Subsequently, the anodizing growth of HKUST-1 mesh was carried out 

at 5V for 20 min at room temperature as illustrated in Fig. 1(a). The resultant HKUST-

1 mesh was then rinsed with ethanol and DI water thoroughly and dried at 80 °C in 

oven for 12h to afford HKUST-1 mesh. 
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Figure 1. Schematic illustrations for preparation of (a) HKUST-1 mesh via the one-

step electrochemical synthesis and (b) TEMPO@CC 

 

 

2.3 Synthesis of TEMPO@CC 

The synthetic route for TEMPO@CC could be illustrated in Fig. 1(b). Firstly, a piece 

of CC (0.5 cm × 1 cm) was added in a flask with 50 mL of HCl and 100 mL of DI water. 

Then, the mixture flask with a condenser was placed on a temperature-controllable 

stirring plate. The resulting mixture was refluxed for 5h under 110oC. After cooling 

temperature to 40 °C, the acid-treated carbon cloth was washed with DI water 

repeatedly and dried in oven at 80 °C overnight. This resultant carboxyl-functionalized 

CC, together with OH-TEMPO (0.4 g) and N,N'-dicyclohexylcarbodiimide (0.578 g) 

(a) 

(b) 



8 

 

were then mixed in 20 mL of tetrahydrofuran at ambient temperature for 72 hours. 

Finally, the TEMPO-grafted CC (i.e., TEMPO@CC) was washed with methanol/DI 

water and then dried at 80oC in oven overnight. Electron spin resonance (ESR) 

spectrum of TEMPO@CC was implemented by a Bruker EMX Plus X-Band 

spectrometer. 

 

2.4 Conversion of VAL to VN  

Catalytic conversion of VAL was implemented in a cylindrical Teflon-lined reactor in 

which the bundled sandwich-like catalyst (two HKUST-1 meshes inter-stacked with 

two TEMPO@CC) was hanged and suspended in the center of the reactor to allow 

reactants to flow through. In a typical experiment, 10 mg of VAL and 20 mL of iso-

propanol were added to the Teflon-lined reactor. Next, the mixture was then heated by 

MWI or in a conventional oven to start VAL conversion. The MWI system was Ethos 

UP (Milestone, Italy) whose volume was 70 liters with two 950 watt magnetrons and 

its temperature range is from the ambient temperature to 220 °C. The conventional oven 

used in this study was Memmert (Germany), ULE 400, whose volume was 53 liters and 

temperature range is from 30 to 220 °C with natural convection. After pre-set reaction 

times, sample aliquots were withdrawn from the vessel and filtrated through syringe 

membrane disks (0.22 μm, PVDF). The filtrates were analyzed for concentrations of 

reactant and products using a HPLC (Kanuer Azura, Germany) with a UV-Vis detector 

(275 nm) and a reverse-phase C-18 column. The mobile phase consisted of aqueous 

acetonitrile (20%), acetic acid (1%) and distilled water (79%) at a flowrate of 1.0 

mL/min. 

Based on previous literatures [4, 34], chemical oxidation of VAL to VN was quantified 

as follows: 
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3. Results and discussion 

3.1 Characterization of HKUST-1 mesh and TEMPO@CC 

To characterize HKUST-1 mesh, the picture of pristine Cu mesh was firstly revealed in 

Fig. 2(a) and it exhibited the very typical reddish brown color. Fig. 2(b) and (c) further 

show that the pristine Cu mesh was extremely smooth. After the anodic growth of 

HKUST-1 on the Cu mesh, the color of the mesh had completely changed from reddish 

brown to blue as seen in Fig. 2(a). Another noteworthy feature was that the blue color 

was very homogeneous all over the entire piece, suggesting that the electro-chemical 

technique was certainly capable of growing HKUST-1 on the mesh. Closer views (Fig. 

2(d) and (e)) further reveal that the originally smooth surface of mesh had been 

modified, and fully and uniformly covered by octahedral crystals. This octahedral 

morphology was consistent to the typical morphology of HKUST-1, suggesting that 

HKUST-1 was successfully grown on the Cu mesh.  



10 

 

   

   

   

Fig. 2. (a) Pictures of Cu mesh and HKUST-1 mesh; SEM images of (b), (c) pristine Cu 

mesh; (d), (e) HKUST-1 mesh; (f) pictures of carbon cloth and TEMPO@CC; (g),(h) 

SEM image of TEMPO@CC; and (i) EDS analysis of TEMPO@CC.     

 

Fig. 3(a)-(d) further display the elemental mapping result of this HKUST-1 mesh 

and elements of C, O and Cu were easily detected and evenly distributed all over the 

mesh, demonstrating that the Cu mesh had been completely and homogeneously 

covered by HKUST-1. Fig. 4(a) also confirms that after the anodizing Cu mesh with 

H3BTC, the XRD pattern of Cu mesh had changed significantly to exhibit a series of 

peaks ranging from 5 to 45 °, which were in line with the signature peaks of HKUST-

1, validating that HKUST-1 was certainly and successfully grown on the mesh.  

    On the other hand, pictures of CC and the TEMPO-grafted CC were displayed in  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i)  



11 

 

  

  

  

  

Fig. 3 Elemental mapping analysis: (a) Image of the selected area, (b) carbon, (c) 

oxygen and (d) nitrogen of HKUST-1 mesh; (e) image of the selected area, (f) carbon, 

(g) oxygen and (h) nitrogen of TEMPO@CC.  

 

(e) (f) 

(g) (h) 

C 

O N 

(a) (b) 

(c) (d) 

C 

O Cu 
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Fig. 2(f), and no huge differences between the pristine CC and TEMPO@CC were 

observed. Closer views of TEMPO@CC (Fig. 2(g),(h)) confirmed that fibrous 

configuration of carbon fibers in CC was well-retained and no obvious damage or 

destruction was noted. Nevertheless, Fig. 2(i) reveals that elements of N and O were 

detected, suggesting that CC had been modified and functionalized. Fig. 3(e)-(h) also 

display that elements of O and N were homogeneously distributed all over these fibers, 

suggesting that the surficial modification and functionalization on carbon fibers was 

uniformly-implemented.  

    Moreover, IR spectra of CC and TEMPO@CC were displayed in Fig. 4(b). While 

CC exhibited relatively limited IR peaks, TEMPO@CC showed several noticeable 

peaks in the range of 1000~1700 cm-1 and 2800~3000 cm-1. In comparison to the IR 

spectrum of OH-TEMPO, these noticeable peaks of TEMPO@CC could be attributed 

to TEMPO. Specifically, the peaks at 875, 1580, 1620 cm-1 would be ascribed to C-H 

bonds derived from tetramethyl groups of TEMPO [46]. Additionally, the peak at 2944 

cm-1 could be assigned to CH3 bonds in TEMPO [46]. The presence of these peaks 

suggested that TEMPO was grafted onto CC. More importantly, as TEMPO is a strong 

radical, ESR analysis was then employed to determine TEMPO@CC (Fig. 4(c)). Even 

though no signal was observed in the case of CC, a typical three-line pattern with equal 

intensities [47, 48], which was attributed to TEMPO radicals [47, 48], could be easily 

measured. These characterizations all indicated that TEMPO was grafted onto CC.  
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Fig. 4 (a) XRD patterns of HKUST-1 mesh, HKUST-1, and Cu mesh, (b) IR spectra of 

TEMPO@CC, CC, and TEMPO; and (c) ESR analyses of TEMPO@CC and CC.   
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    As the Cu mesh and CC had been modified and deposited with HKUST-1 and 

TEMPO moieties, respectively, their textural properties might be also changed. Thus, 

their N2 sorption isotherms were then measured. Fig. 5(a) shows N2 sorption isotherms 

of pristine Cu mesh and HKUST-1 mesh. Since the pristine Cu mesh exhibited very 

smooth surface, its N2 sorption capacity was extremely low, leading to a very low 

surface area of 10 m2/g.  
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Fig. 5 N2 sorption isotherms of (a) Cu mesh and HKUST-1 mesh; and (b) TEMPO@CC and 

CC.  

 

Nevertheless, after growing HKUST-1 on the Cu mesh, HKUST-1 mesh certainly 

showed a much higher N2 sorption and a small hysteresis loop could be also observed, 

validating that the formation of HKUST-1 enabled Cu mesh to show higher surface area 

(i.e., 30 m2/g). On the other hand, N2 sorption isotherms of pristine CC and 

TEMPO@CC could be seen in Fig. 5(b), and these two materials exhibited very similar 

isotherms as the fibrous structure of CC remained after the modifications. Nonetheless, 

(a) (b) 
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a slightly higher N2 sorption was obtained by TEMPO@CC possibly because the acidic 

pretreatment (by HCl) might roughen the surface of carbon fibers, leading to a slightly 

higher surface area of 626.8 m2/g than that of pristine CC (i.e., 558.4 m2/g). 

 

3.2 Conversion of VAL to VN by the sandwich-like catalytic system 

As mentioned in the earlier section, VAL conversion using SCS was implemented by 

bundling HKUST-1 meshes and TEMPO@CC to form the SCS as displayed in Fig. 

6(a), which was hanged by a Cu wire in the center of the reactor as demonstrated in Fig. 

6(b). The reactants would then flow through and continuously contact with HKUST-1 

meshes and TEMPO@CC as illustrated in Fig. 6(c).  

  

Fig. 6. (a) picture of the sandwich-like catalytic system consisting of inter-stacked 

HKUST-1 meshes and TEMPO@CC; (b) the sandwich-like catalytic system bundled 

and hanged by a Cu wire; and (c) illustration of flow-through reaction of VAL 

converted to VN via the sandwich-like catalytic system under microwave irradiation.  

 

As VAL conversion to VN is a thermo-chemical reaction, heating processes are 

highly critical. Especially, since SCS consisted of the inter-stacked multilayers of active 

components, it is important to enable the SCS to achieve desired temperatures. Thus, in 

(a) 

(b) 

(c) HKUST-1 
mesh 

TEMPO@CC 

Cu wire 

Sandwich-like 
Catalytic System 
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the present study, two distinct heating methods were employed and compared: 

conventional heating by oven and MWI. Fig. 7(a) firstly shows VAL conversion by 

HKUST-1 meshes, TEMPO@CC and SCS (HKUST-1 meshes inter-stacked with 

TEMPO@CC) with COH. When HKUST-1 mesh alone was present, almost no VAL 

was converted and no VN could be detected.  

 

 

Figure 7.  Conversion of VAL to VN using different materials (a) in a conventional 

oven and (b) under microwave irradiation (VAL = 10mg, IPA = 20 mL, SCS = 0.4 g). 

 

On the other hand, when TEMPO@CC alone was then tested and it was slightly 

active and capable of a small fraction of VAL (CVAL = 20%) with a very high selectivity 

for VN. Once TEMPO@CC was combined with HKUST-1 mesh, forming the SCS, 

CVAL was slightly increased from 20 to 25% and the selectivity still remained very high. 

(c) 
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These results demonstrated that TEMPO@CC itself had been active for oxidizing VAL 

to VN and the SCS could further enhance conversion slightly.  

    When the heating method was switched to microwave irradiation, HKUST-1 mesh 

alone seemed still ineffective to convert VAL to VN (Fig. 7(b)). On the other hand, VAL 

was also successfully converted to VN by TEMPO@CC under MWI and CVAL seemed 

to increase slightly with MWI. Nevertheless, TEMPO@CC was still insufficient to 

achieve efficient conversion of VAL. However, once both HKUST-1 mesh and 

TEMPO@CC were inter-stacked to form SCS under MWI, its corresponding VAL 

conversion achieved 100% with SVN = 100%, leading to YVN = 100%. This indicates 

that SCS was certainly capable of converting VAL to VN with high selectivity and yield, 

and MWI was powerful to enhance conversion of VAL.  

     The aforementioned comparison clearly indicates that that the heating method 

played a critical role for solvothermal reaction of VAL oxidation and MWI was 

certainly more advantageous than COH as MWI provided a more efficient heating 

process for rapid and intense heat from the interior of catalyst [49-52]. In particular, as 

MWI was adopted, the Cu-O group of HKUST-1 could absorb MW and obtain heat 

much more quickly from the interior of HKUST-1 [53], enabling it much more effective 

for VAL conversion. More importantly, since Cu-O groups of HKUST-1 were 

coordinated with the ligand, BTC, BTC would also absorb MWI and promote catalytic 

activities of Cu-O groups [53]. On the other hand, CC has been also validated as a 

strong MW absorber and CC should receive heat from the interior much quickly under 

MWI in contrast to conventional oven heating [54, 55].      

Therefore, the enhancement of VAL conversion to VN by SCS under MWI could 

be ascribed to the feature that the Cu-O group of HKUST-1 and CC were more catalytic 

active because of fast and intense heat from the core center of catalysts [49, 50]. In 
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contrast, COH provided the highest temperature on the reactor wall but much lower 

temperature in the central region [49], resulting in much less effective conversion of 

VAL as illustrated in Fig. 7(c).  

 

3.3 Effects of reaction temperature and time on VAL conversion by SCS 

As VAL conversion to VN is a solvothermal reaction, reaction temperature was 

extremely critical for VAL oxidation and it would be also useful to investigate VAL 

conversion at relatively short durations under MWI. Fig. 8(a) displays VAL conversion 

efficiency as a function of temperature ranging from 60 to 120 °C.  

 

 

Fig. 8. Effects of (a) temperature (t = 60 min) and (b) time (T = 120 °C) on conversion 

efficiency of VAL to VN (VAL = 10mg, IPA = 20 mL, SCS = 0.4 g) 

 

When the reaction temperature was low as 60 °C, VAL could be still oxidized to VN 

with CVAL = 19%. Even though the conversion was relatively low, its corresponding 

selectivity was still 100%. Once the temperature further increased to 80 °C, CVAL could 

be then raised to 43% while maintaining SVN = 100%. At higher temperatures of 100, 
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110 and 120 °C, CVAL further increased to 55, 66 and 100%, respectively, and SVN 

remained consistent as 100%. This demonstrates that VAL could be also oxidized 

selectively to VN even at relatively low temperatures. Nevertheless, this result also 

suggests that temperature was validated as a crucial factor and 120 °C would be an 

optimal temperature for complete conversion of VAL to VN. Thus, 120 °C was then 

selected for further investigating effect of reaction duration.  

    Fig. 8(b) shows VAL conversion efficiency as a function of reaction time ranging 

from 15 to 60 min. As short as 15 min at 120 °C under MWI, CVAL could reach 53% 

and SVN was 100%. This signifies that a reaction duration of 15 min under MWI had 

been capable of converting more than a half of VAL to VN. As the reaction time further 

increased to 30 and 45 min, CVAL was raised to 63 and 78%, respectively, revealing that 

a longer reaction time certainly enhanced VAL conversion while SVN remained 100%. 

Once the reaction duration was extended to 60 min, CVAL could reach 100% and, more 

importantly, no over-oxidation was observed as no vanillic acid was detected, 

demonstrating that SCS was highly advantageous and promising for VAL conversion. 

These results suggest that the optimal condition for VAL conversion by SCS is 120 °C 

for 60 min under MWI.  

    To further evaluate competitiveness of SCS for VAL conversion, Table 1 lists VAL 

conversion efficiencies of reported processes. One can notice that most of reported 

processes exhibited much lower conversions (ranging from 7 to 96%), and 

corresponding selectivities (ranging from 5 to 96.5%) and yields (ranging from 1.4 to 

92.6%) were also relatively low in comparison to those obtained by SCS. This validates 

that SCS is certainly more useful than almost all reported systems.  
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Table 1. VAL to VN catalyzed by using various oxidation techniques. 

 

 

3.3 Potential mechanism of VAL conversion by SCS 

As SCS was validated to successfully and effectively convert VAL to VN (Fig. 9(a)), 

it would be interesting to speculate the corresponding conversion mechanism. As SCS 

was comprised of the inter-stacked HKUST-1 mesh and TEMPO@CC, the Cu-O group 

of HKUST-1 would firstly react with VAL as illustrated in Fig. 9(b) [61, 62]. 

Subsequently, TEMPO@CC would then react with the intermediate of VAL to pull out 

a proton [61, 62], resulting in TEMPOH@CC and the product, VN. The resultant 

Catalyst Oxidant Temp.(°C) 
VAL 

Con. (%) 

VN 

Sel.(%) 

VN 

Yield(%) 
Ref. 

SCS air 120 100 100 100 This study 

Cu/TEMPO air 90 99 93 91 [42] 

TEMPO@SiO2/Cu+ air 30 96 96.5 92.6 [27] 

CuO/MgAl2O4 
H2O2 90 

67 74  
[56] 

CuO/MgFe2O4 53 46  

MnFe 

O2 100 

21 79 21 

[57] 

FeFe 70 91 31 

CoFe 70 84 5 

NiFe 76 11 5 

CuFe 86 35 5 

ZnFe 46 19 15 

Au-Pd air RT 52.8 49.6 26.2 [58] 

N-RGO/Mn3O4 air 120 26.4 19.2 5.1 [59] 

nCo-MO air 120 7.0 5.7 0.4 [60] 

Co3O4 air 120 47.9 60.6 29 [26] 

MnCl2 

H2O2 75 38 19 7.2 

[6] 

H2O2 75 28 5 1.4 

H2O2 80 89.6 49.4 44.3 

CrCl3 H2O2 80 94.2 60.6 57.1 

CoCl2 H2O2 80 48.1 33.9 16.3 
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TEMPOH would be then transformed back to TEMPO via mediation by O2 [30, 40]. 

Through these catalytic reactions involving with the Cu-O group, TEMPO and VAL, 

VAL would be constantly and selectively converted to VAL [63]. 

 

 

 

Fig. 9. (a) Illustration of VAL conversion to VN using the sandwich-like catalyst 

system (SCS), and (b) a proposed mechanism for VAL conversion to VN using the 

sandwich-like catalyst system (SCS). 

 

3.4 Recyclability of SCS for VAL conversion  

As SCS was proposed as a heterogeneous catalytic system, its recyclability would be 

critical and thus evaluated for multi-cyclic experiments of VAL oxidation. Fig. 10 

(a) 

(b) 
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shows continuous VAL conversion by SCS over 5 cycles and CVAL, SVN and YVN were 

remained almost the same (~100%) over the 5 cycles. This demonstrated that the 

catalytic activities of SCS, which consisted of HKUST-1 mesh and TEMPO@CC, were 

well retained and remained highly active for VAL conversion, indicating that SCS was 

stable, efficient and reusable for VAL oxidation to VN.  

 

Figure 10. Recyclability of SCS for oxidation of VAL (VAL = 10mg, IPA = 20 mL, 

SCS = 0.4 g). 

 

    The used HKUST-1 mesh and TEMPO@CC can be also seen in Fig. 11(a) and (b), 

respectively. Their appearances suggested that HKUST-1 crystals were still retained on 

the surface of Cu mesh and the surface of used carbon fiber was almost unchanged. 

Furthermore, the XRD pattern of used HKUST-1 mesh (Fig. 11 (c)) was consistent to 

the theoretical XRD pattern of HKUST-1, indicating that crystalline structures of 

HKUST-1 remained. On the other hand, ESR analysis was adopted to examine whether 

TEMPO was retained in TEMPO. Fig. 11 (d) shows that the three-line hyperfine 
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splitting pattern (attributed to TEMPO) was still detected, validating that TEMPO 

moieties were preserved in the used TEMPO@CC. These results both demonstrated 

that SCS was highly stable and reusable for VAL conversion. 
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Fig. 11. SEM images of (a) HKUST-1 mesh and (b) TEMPO@CC; (c) XRD pattern of 

used HKUST-1 mesh and (d) ESR analysis of used TEMPO@CC. 

 

4. Conclusions  

In this study, a unique sandwich-like catalytic system (SCS) comprised of HKUST-1 

mesh and TEMPO@CC was developed and fabricated as an integrated heterogeneous 

catalyst for VAL oxidation. Through the electro-chemical technique, Cu mesh was 

adopted as a source of Cu to grow HKUST-1 directly, whereas CC was functionalized 

by TEMPO via covalent bonds. These resultant sheet-like materials were then inter-

stacked to allow layer-by-layer contacts between HKUST-1 and TEMPO, and flow-thru 

(a) (b) 

(c) (d) 
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reactions of VAL oxidation. Especially, such a SCS exhibited much higher conversion 

of VAL to VN under MWI than conventional oven heating. SCS was also capable of 

converting VAL to VN even at relatively low temperature as 60 °C for a very short 

duration of 15 min. As temperature and reaction time increased, SCS could achieve 

100% of conversion, 100% of selectivity and 100% of yield of VN at 120 °C for 60 

min. This full conversion of VAL to VN surpassed almost all the reported values by 

other processes in literature, validating its promising advantages. In addition, SCS 

could be also reusable and continuously implemented for VAL conversion to VN. The 

used HKUST-1 mesh could retain crystalline structures of HKUST-1, whereas TEMPO 

was also preserved on TEMPO@CC, indicating that SCS would be a stable and 

reusable integrated catalyst for VAL oxidation to VN.   
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