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Abstract
Typically, oxidizing agents (such as H>O») are necessitated for vanillic alcohol (VLA)
conversion; nevertheless, intensive consumption of H»O; is required due to the
stoichiometric chemistry, and metal catalysts are usually required to improve
conversion of VLA by H»>O,. Nevertheless, for pursuing the goal of sustainability, it
would be highly desired to develop an oxidizing agent-free and metal-free process
which can selectively oxidize VLA to vanillic aldehyde (VAE). The aim of this study
is to propose activated carbon fiber (ACF) as a highly effective catalyst for VLA
conversion to VAE without using metals and oxidizing agents. At 120 °C within 30
min, ACF could enable Cvra = 100% with Svag = 100% without using metals/oxidants.
The effect of radical scavengers and ESR analyses further reveal that the oxidation of
VLA to VAE by ACF could be attributed to reactive oxygen species derived from ACF-

mediated aerobic reactions.

Keywords: vanillic alcohol, vanillic aldehyde, carbon fiber, oxidation, biomass
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1. Introduction

Biomass represent a key renewable source consisting of lignocellulosic substances,
which can be depolymerized to generate various bio-derivatives [1-5]. Upgrading
biomass derivatives to fuels and chemicals is an advantageous approach for transferring
biomass to value-added products. Amid various bio-derivatives, vanillic alcohol (VLA)
is a particularly promising bio-derivative because VLA can be obtained from lignin,
and then converted to vanillin (VAE), a highly valuable product, which is extensively
employed in numerous personal care products, perfumes, pharmaceuticals, and foods
[6].

As conversion of VLA to VAE necessitates a particular oxidation of the alcohol
group of VLA to an aldehyde group, it would be essential to establish a highly-selective
oxidation process for converting VLA to VAE. Nowadays, the most traditional process
for oxidation of VAL to VAE would be implemented by using oxidizing agents, such
as H>O2 [7-10]. Nonetheless, the stoichiometric oxidation of alcohol of VLA to VAE
by H>O> would necessitate a large amount of H>O». Besides, metal catalysts, and other
energy inputs (e.g., light, ultrasound and heat) are also demanded for improving VLA
oxidation by H>O»> [7-11]. Nonetheless, conversion efficiencies of VLA to VAE by
H>Oz-involved techniques typically afford low conversion efficiencies and low
selectivities because of over-oxidation of VLA or even decomposition of VLA [8, 10,
12, 13]. Therefore, such issues have limited large-scale and realistic operation of VLA
oxidation by these traditional methods involved with metals, and oxidizing agents.

For pursuing the aim of sustainability, it would be imperative to establish a process
which can convert VLA to VAE with a high conversion efficiency and a high selectivity
but without usage of any metals and oxidizing agents. However, almost no such a study

has been ever demonstrated. Thus, we report for the first time by using a carbon-based

3



material as a metal-free heterogeneous catalyst for oxidizing VLA without usage of any
oxidizing agents. In particular, carbon fiber (CF) is selected because the fibrous shape
of CF exhibits the high-aspect-ratio structure, allowing it to offer a high reactive surface.
Besides, as VLA conversion to VAE is a thermo-chemical reaction, and CF is thermally
conductive [14, 15], thereby serving as a promising catalyst for VLA oxidation.
Moreover, since CF could be activated to maximize its surface area, and the activation
process can also enable CF to possess more oxygenic functional groups, which are also
reported to mediate oxidation reactions [16-19]. Therefore, activated CF (ACF) is also
employed here for comparing with CF in VLA conversion to VAE in order to provide

insights to elucidate property-activity relationships.

2. Experimental

2.1 Materials

Carbon fiber was obtained by carbonizing polyimide fiber (ca. 10 um, TITAN
Company, Taiwan) in an atmosphere of N>. The selection of polyimide fiber was
because polyimide is a favorable carbon precursor, which would be converted into
graphite fiber with higher thermal conductivity than other carbon fiber prepared using
other polymers [20-22]. The resulting CF was then chemically activated using HCI
followed by an additional thermal treatment based on reported protocols [23, 24]. In
particular, 2 g of CF would be impregnated with 10 mL of HCI, and the piece of CF
was then washed, and dried, followed by a heat treatment at 600 °C in an atmosphere
of N for 6 hr to afford ACF.

Morphologies of CF and ACF were visualized by a scanning electron microscope
(JOEL, Japan). XRD patterns of CF and ACF were characterized by an X-ray

diffractometer (Bruker, USA), and their surface chemistry was analyzed by X-ray
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photoelectron spectroscopy (XPS) (PHI 5000, ULVAC-PHI, Japan). Raman spectra of
CF and ACF were obtained by a Raman spectrometer (Tokyo Instruments Inc., Japan).
Textural properties of CF and ACF were determined by a volumetric gas adsorption
analyzer (Anton Paar Nova Touch, Austria). The specific surface areas of ACF and CF
were determined by examining N> sorption isotherms of ACF and CF using a
volumetric gas adsorption analyzer. N> gas would be employed as an adsorbate, and
ACF/CF were degassed for 10 h, and used for N» sorption at 77 K. At increasing
pressure of N2, N> adsorbed to ACF/CF was quantified. The specific surface area would
be then calculated based on the Brunauer-Emmett-Teller (BET) equation by sorption
data acquired from the relatively pressure (P/Py) ranging from 0.05 to 0.3 [25]. In
addition, pore size distributions of ACF/CF were determined by N> desorption
isotherms of ACF/CF with the Barrett-Joyner-Halenda (BJH) method according to the

modified Kelvin equation [26].

2.2 Catalytic VLA oxidation

VLA oxidation would be implemented by batch experiments under either MW
irradiation or traditional oven for examining effects of heating methods. Typically,
VLA (40 mg) was introduced to the reactor containing 20 mL of isopropyl alcohol.
Next, CF/ACF of 50 mg was added to the VLA solution, and the resulting mixture was
then exposed to the ambient air (without pressurization of O2) and then heated at a
desired temperature. Specifically, a Teflon-lined stainless-steel vessel (with an internal
volume of100 mL) would be employed in experiments heated by an electric oven. On
the other hand, a Teflon-lined microwave vessel (an internal volume of100 mL) would
be used in experiments heated by a microwave oven. These aforementioned vessels

would be sealed and screwed on tightly after loading reactants (including isopropyl
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alcohol) for initiating the solvothermal reaction, in which the solvent would typically
remain as a liquid in the testing temperature range of 40~120 °C.

The microwave apparatus used here is a high-performance microwave digestion
system (ETHOS UP®, Milestone, Italy), which is one of the most advanced microwave
systems in the market. In this microwave system, the temperature would be controlled
(either at a ramping rate or at a fixed temperature) using an infrared sensor combined
with an in-situ temperature sensor, which would be directly inserted into reaction media
for precise temperature detection, and controlling by varying the energy input of the
microwave system. With the infrared sensors and the in-situ temperature sensors, the
reaction temperature can be verified, and ensured.

On the other hand, as solubilities of reactants in solvents would significantly
influence reaction efficiencies, non-polar solvents, such as toluene, would be
unfavorable, leading to very low conversions [27, 28]. On the other hand, among polar
solvents, organic polar solvents have been also proven to exhibit much higher
solubilities for VLA than inorganic polar solvents (e.g., H20). Therefore, as a polar
organic solvent, isopropyl alcohol has been validated as a suitable solvent for VLA
conversion [27, 28].

The conversion of VLA was analyzed by HPLC with a UV-Vis detector and a
reverse-phase C-18 column. Conversion of VLA to VAE was analyzed using the
following equations [29]:

VLA conversion (Cvra) = VLA consumed / Total VLA (%) (1)

Selectivity for VAE (Svag) = VAE/ VLA consumed (%) (2)

Yield for VAE (Yvag) = VLA conversion x Selectivity for VAE (%) 3)



3. Results and discussion:

3.1 Characterization of CF and ACF

Firstly, the resultant CF and ACF were characterized for their appearances, and Fig.
I(a-c) reveal SEM images of CF, which exhibited a diameter of ca. 10 um. Fig. 1(b-c)
indicating that the surface of CF was relatively smooth. On the other hand, Fig. 1(d-f)
unveil the morphology of ACF, which exhibited the similar diameter but much
roughened surface with noticeable small dents and holes. This demonstrates that the
activation process had made the surface of ACF much more rugged to exhibit a

relatively different surface texture.



Fig. 1. Characterization of (a-c) carbon fiber, and (d-f) activated carbon fiber under

different magnifications.

Fig. 2(a) then shows the XRD patterns of CF and ACE; both materials exhibited
two noticeable peaks at 25.3 and 44.2°, attributed to the (002) and (100) planes in
carbon (card #43-1104) [30]. Besides, the Raman spectra of CF and ACF revealed two

typical peaks of carbonaceous materials located at 1353 and 1595 (cm™') owing to the
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disorderly-structured carbon (D band) and graphitic carbon (G band), respectively [30,
31]. These features confirmed that the as-prepared CF and ACF were certainly
comprised of carbon without any notable amount of metals. This can be also validated
by XPS analyses as shown in Fig. 2(c), in which the full-survey XPS scanning spectra
of CF and ACF can be viewed, and noticeable signals of C, N, and O can be then
detected without other significant signals of metals or any other elements. To further
distinguish compositions of CF and ACF, elemental analyses of CF and ACF were than
implemented, and elemental fractions of both materials were displayed in Fig 2(d). In
both of materials, significant amounts of carbon with the presence of nitrogen, oxygen
and hydrogen were observed. Moreover, one can note that ACF exhibited a much higher
percentage of oxygen of 15.175% in contrast to that of 12.38% found in CF. This also
suggests that the activation process caused ACF to possess more surficial oxygen

groups.
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Fig. 2. Characterization of CF and ACF: (a) XRD pattern, (b) Raman, (¢) chemical
analysis by XPS, and (d) elemental analyses.

To further investigate surface chemistry of CF and ACF, their core-level spectra
of Cls, Ols, and then N1s were then deconvoluted in Fig. 3. In particular, the Cls
spectrum (Fig. 3(a)) reveals three peaks at 283.6, 284.8, and 288.0 eV, attributed to C-

C, C-N and C=0, respectively [32]. Fig. 3(b) shows the Ols spectrum, in which two
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peaks were revealed after deconvolution and attributed to C-O, and C=0O [33].

Moreover, the N1s spectrum (Fig. 3(c)) was also deconvoluted to show two peaks at

398.5, and 400.5 eV corresponding to pyrrolic N species, and graphitic N species,

respectively [34]. In the case of ACF, its Cls and Nls core-level spectra also were

almost comparable to those seen in CF; however, its Ols spectrum was noticeably

different from that of CF because a fraction of C=0 was significantly augmented in

ACF, suggesting that the activation process enabled ACF to possess more carbonyl

groups on its surface.
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Fig. 3. XPS analysis of CF: (a) Cls, (b) Ols, and (c) N1s
; XPS analysis of ACF: (d) Cls, (e) Ols, and (f) N1s

Moreover, as CF and ACF exhibited noticeably different textures, their textural

characteristics were then measured by determining their N> sorption/desorption

isotherms (Fig. 4(a)). Essentially, both CF and ACF exhibited the ITUPAC type I
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isotherm; however, the N> sorption amount in ACF was considerably greater than that
in CF, causing ACF to possess a much larger surface area of 902 m?/g than that of CF
(198 m?/g). Moreover, pore size distributions of CF and ACF were also displayed in
Fig. 4(b), indicating that ACF certainly possessed much more pores than CF as the total
pore volume of ACF was 0.030, whereas the total pore volume of CF was merely 0.006
cm?/g. The higher surface area of ACF might be ascribed to the much more rugged
surface of ACF as observed in a number of previous studies [24, 35]. These
characterizations of CF and ACF certainly revealed that ACF and CF possessed
noticeably distinct surficial and textural properties, which shall influence their activities

during catalytic reactions.
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Fig. 4. Textural properties of CF and ACF: (a) N, sorption isotherm,

and (b) pore size distribution

3.2 Catalytic conversion of vanillic alcohol

As VLA conversion to VAE is a thermo-chemical reaction, it was critical to investigate
VLA conversion under different heated environments especially because carbon is a
thermally-conductive material [14, 15, 36]. Therefore, traditional oven heating and

microwave heating were then chosen for comparing their capabilities for thermal
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processes. Prior to investigating VLA conversion in the presence of catalysts, it would
be essential to examine how VLA would react during heating processes. Thus, Fig. 5
firstly shows VLA conversion under either traditional oven and microwave heating
alone in the absence of any catalysts/oxidants. As oven heating was adopted, almost no
VLA was consumed/converted.

On the other hand, as microwave was used, a very insignificant amount of VLA
was consumed; however, no product was ever detected. These results indicate that VLA
could not be converted to VAE directly by heating using either oven or microwave.
Next, it would be also necessary to investigate if heating combined with oxidants would
convert VLA to VAE. Since H>O; is the most typical oxidant for conversion of VLA
[7, 11], H2O2 was then adopted here for VLA conversion. When H>O» was combined
with oven heating, a noticeably amount of VLA was converted (~15.8%), and, a notable
amount of VAE was detected (~9.2%), demonstrating that the presence of oxidant could
oxidize VLA and transform it to VAE. Nonetheless, the selectivity for VAE was
relatively low as 58% as a noticeable amount of VAC could be also detected possibly

due to over-oxidation and non-selective oxidation by H>O> [8, 9, 11, 37].
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Fig. 5. VLA conversion by various methods (T = 120 °C, t = 30 min).
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On the other hand, when H>O> was combined with microwave heating, an even
higher VLA conversion (CviLa) of 21.0% was afforded with a slightly higher VAE yield
(Yvag) of 12.6%. This indicates that VLA conversion to VAE could be achieved by
H>0; and enhanced under microwave heating as microwave offers heat more quickly
and homogeneously [38-41]. However, CvrLa by H2Oz/microwave was still very low
and a noticeable amount of VAC could be still produced due to the over-oxidation/non-
selective oxidation by H>O». These comparisons indicated that oxidants are critical for
conventional VLA conversion; however, the conversion efficiency was unsatisfactory.

On the other hand, when CF alone (without any oxidants) was introduced toa VLA
solution under traditional oven heating, interestingly, a huge fraction of VLA was
converted (Cvia = 47.1%). More critically, a significantly high amount of VAE could
be observed with no VAC, leading to a superior selectivity for VAE (i.e., 100%). In the
case of microwave heating, CvLa could be even higher at 62.0%, and Svag was also
100%. These results indicate that CF alone can act as a catalyst for converting VLA to
VAE, and an ultra-high selectivity of 100% for VAE can be achieved without
production of VAC as well as other side products. Moreover, when ACF alone was
adopted under oven heating, VLA was also successfully converted and a higher
conversion of 69.1% was reached with a Syag = 100%. Furthermore, when ACF was
employed under microwave heating, a significantly higher Cyra = 100% with Svag =
100% was obtained. These results validate that ACF alone could also oxidize VLA and
convert VLA to VAE, and ACF seemed to enable a much higher VLA conversion than
CF. Especially, ACF under microwave heating can completely convert VLA to VAE at

120 °C within 30 min.
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The comparisons of VLA conversion between oven heating and microwave

irradiation also suggested that microwave would be an even more efficient heating

method because microwave typically enables faster and stronger heat from the internal

region of catalysts [38-41]. Moreover, carbonaceous fiber has been also proven as a

superior material for absorbing microwave [42]. Therefore, VLA conversion under

microwave heating could be much enhanced because CF/ACF would effectively absorb

microwave irradiation to reach the favorable temperature much more quickly, and

uniformly [43, 44].

Moreover, in comparison to the reported conversion efficiencies of VLA to VAE

(Table 1), such a high conversion efficiency with the ultra-high selectivity of VLA

conversion to VAE by ACF was unprecedented and extremely promising.

Table 1. VLA conversion by various methods involved with H20:2

. o VLA VAE VAE
Catalyst Oxidant Temp.(°C) Con. (%) Sel.(%) Yield(%) Ref.
Activated This
Carbon fiber i 120 100 100 100 study
CuO/MgAI204 67 74 49.58
CuOMgFe.0s | 1202 20 53 46 24.38 [49]
H20:2 75 38 19 7.2
MnCl2 H20:2 75 28 5 1.4
H20:2 80 89.6 494 44 .3 [13]
CrCls H20:2 80 94.2 60.6 57 1
CoCl2 H202 80 48.1 33.9 16.3
FeMCM-41(100) H20:2 60 85 82 69.7 [3]
Co304 HzO2 75 38 50 19.0 [46]
Cu-Mnmixed |, 5, 85 94 99 93.0 [47]
oxide
CusTiOs-TiO2 H20:2 85 66 71 46.9 [48]
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3.3 Effect of temperature and time on conversion of vanillic alcohol

As CF and ACF were validated to catalyze VLA conversion to VAE, and microwave
heating was validated to enhance VLA conversion, it would be essential to further
investigate effects of temperature and reaction time on VLA conversion. Fig. 6(a) firstly
reveals the effect of temperature on VLA conversion using CF under microwave
heating. At a relatively low temperature of 40 °C, a relatively low amount of VLA could
be still converted and successfully transformed to VAE (i.e., CvLa = 10.3% and Svag =
100%). When the temperature increased to 60 °C, Cyra also increased to 28.1% with
Svak = 100%, indicating that CF could also convert VLA to VAE even at relatively low
temperatures. Once the temperature increased to 80, 100, and 120°C, Cvra could then

increase to 38.2, 53.4 and 62.0%, respectively, confirming the enhancing effect of

higher temperatures.
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Fig. 6. Effect of temperature on VLA conversion by (a) CF and (b) ACF (t = 30 min).

On the other hand, in the case of ACF, VLA could be also successfully converted
to VAE with Cvra= 38.2% and Svag=100% at 40 °C. When temperature increased

gradually to 60 °C, CyrLa further increased to 50.3% with svag = 100%. Once
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temperature ramped to 80, 100, and 120 °C, the corresponding Cvra increased to 69.7,
91.6 and 100%, respectively. These results also demonstrate that temperature was a key
factor, and VLA could be already converted to VAE at relatively low temperature,
whereas a relatively high temperature would enable almost complete conversion of
VLA to VAE by ACF. Thus, 120 °C was then chosen as a reference temperature for
studying other effects.

Additionally, the effect of reaction time was also investigated in Fig. 7 by changing
reaction time from a very brief time of 15 min to 120 min. In the case of CF, within 15
min at 120 °C, VLA could be successfully converted to VAE with CvLa=46.5 (Svag =
100%). This validates that even such a short time of 15 min, CF could still convert VLA
to VAE. When a relatively longer time of 30 min was used, a much higher Cyra =
62.7% with Svar = 100% was reached. Once the reaction time was extended to 60, 90
and 120 min, Cvra was then correspondingly increased to 86.7%, 96.7%, and 98.0%,
respectively. These results indicate that the reaction time as short as 15 min was still
capable of converting VLA to VAE, and a longer reaction duration would significantly

enhance VLA conversion to VAE.
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Fig. 7. Effect of reaction time on VLA conversion by (a) CF and (b) ACF (T =120 °
O).
On the other hand, similar results can be observed in the case of ACF. When the

reaction time was as short as 15 min, CvrLa had reached 99.4% with Svar = 100%,
indicating that ACF possessed a very strong catalytic activity for conversing VLA to
VAE even within such a short period. Once the reaction time increased to 30 min, Cvra
had increased to 100%. When the time was further extended to 60, 90 and 120 min,
CvLa could be maintained as 100%, and more importantly, Svag was consistently
remained as 100%. To compare the kinetics of VAE yield using these two heating
methods, the pseudo first order rate law: L,(C/Cp) = e would be adopted as this rate
law has been reported for VLA conversion [49]. The corresponding k for the VAE yield
by CF and ACF were 0.040, and 0.365 min™!, respectively, indicating that the MW
system would offer a much faster reaction kinetics for converting VLA to VAE. These
results certified that ACF was a promising catalyst to ultra-selectively convert VLA to
VAE without over-oxidation/non-selective oxidation. The significantly higher surface
area of ACF (902 m?/g versus 198 m?/g of CF) might allow ACF to provide much more
reactive sites for catalyzing oxidation of VLA, thereby leading to such a higher

conversion efficiency.

3.4 Recyclability of ACF for conversion of VLA

Moreover, it was crucial to examine whether CF or ACF could be reused for VLA
conversion as CF/ACF was proposed as a heterogeneous catalyst. Since ACF had
successfully achieve Cyra = 100% with Svag = 100% within 30 min at 120 °C, the
recyclability of CF/ACF was tested using a reaction time of 30 min. Fig. 8(a) firstly
shows five consecutive cycles of VLA conversion by CF, and CF could still oxidize

VLA and convert it to VAE, and Cvra could be remained > 60% with Svag = 100%
18



over the five cycles. On the other hand, the recyclability of ACF was also tested over
five cycles, and its Cvra could still maintain as 100% with a consistent Svag = 100%
without noticeable reduction. Fig. S1 further reveals the XRD pattern of the used ACF,
which was comparable to that of the pristine ACF. Besides, the morphology of the used
ACF was also similar to those of the pristine ACF as the fibrous structure of ACF was
preserved (Fig. S2), and its surface remained rugged without noticeable decomposition.
Thus, the used ACF could still exhibit a relatively high surface area of 892 m?/g with
nanoscale porosity (Fig. S3). These results suggest that ACF remained intact without
significant changes after the multiple-cyclic VLA conversion. These results confirm
that ACF exhibited a very steady and effective catalytic activity for consecutive
conversion of VLA to VAE, and no metal/oxidant was required to enable the

recyclability of CF for VLA conversion.
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Fig. 8. Recyclability of (a) CF and (b) ACF for VLA conversion to VAE (T =120 C,
t =30 min).
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3.4 Possible mechanisms of conversion of vanillic alcohol by ACF

As ACF (and CF) successfully catalyzed conversion of VLA to VAE with the very high
selectivity, it would be important to probe into the mechanism for VLA oxidation by
ACF. Since ACF/CF is a carbon-based material, carbonaceous substances have been
confirmed to act as catalysts for oxidation reactions related to several reactive oxygen
species (ROS) (such as free radicals and singlet oxygen) [50]. To validate the
occurrence of ROS generated from ACF/CF, the effect of radical scavenger on VLA
conversion was then investigated. Specifically, tert-butanol was chosen as a probing
agent for detecting the occurrence of hydroxyl radical ("OH). Fig. 9(a) displays VLA
conversion by CF at 120 °C after 30 min in the presence of tert-butanol. Nonetheless,
no notable reduction in YVAE was observed in both cases of ACF and CF, signifying
that "OH seemed not the principle ROS for VLA oxidation to VAE. Furthermore, NaN3
was then selected as a probing agent for detecting the occurrence of singlet oxygen.
After adding NaN3 into VLA conversion by ACF/CF, YVAE was slightly decreased,
suggesting that the addition of NaN3 might suppress VLA conversion to VAE and

singlet oxygen shall exist in ACF-mediated oxidation of VLA.
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Fig. 9. (a) Effects of radical scavengers on VLA conversion by CF and ACF (T =120
C, t =30 min), (b) ESR analysis using DMPO, and (c¢) using TEMP; (d) illustration
of VLA conversion to VAE by ACF.

To further examine the contribution of ROS to VLA oxidation, electron spin
resonance (ESR) was then employed by using 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) as a radical-trapping agent for determining ‘OH or other radicals. Fig. 9(b)
reveals that ACF exhibited a noticeable signal of sextet pattern corresponding to
DMPO-X owing to oxidation of DMPO by ROS [51], and even CF also caused a slight
signal of DMPO-X. This confirms that ROS shall exist in ACF/CF-mediated oxidation;
however, no quartet-like signal of DMPO-OH was observed, suggesting that no

significant amount of *OH was present.
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Furthermore, once 2,2,6,6-Tetramethylpiperidine (TEMP) was adopted as a
radical-trapping agent, a distinct pattern of triplet corresponding to TEMPO was
detected in both cases of ACF and CF, suggesting that singlet oxygen shall exist and
oxidize TEMP to become TEMPO. This result was in line with to the aforementioned
result of the effect of radical scavengers. These comparisons also indicate that singlet
oxygen shall be present and contribute to VLA oxidation to VAE. This might also
provide a possible reason for explaining why the selectivity of VLA to VAE by ACF
was relatively high as singlet oxygen is reactive and highly selective [19], but less
powerful than free radicals (e.g., “OH); thus, less over-oxidation and non-selective
oxidation of VLA by ACF/CF was observed.

As ACF was also comprised of N, including graphitic N and pyrrolic N species,
these N species have been reported to actively participate the oxidation process of
alcohols via several possible mechanisms involving reactive oxygen species. First.
according to the literature [52], a carbon atom adjacent to a graphitic N atom in a
carbonaceous material would be prone to reacting with an oxygen molecule as
displayed in Fig. S4(a) (see below) [52]. Subsequently, the oxygen molecule would
react with the carbon site and then transfer to several possible intermediates, which
would evolve to oxygen radicals for oxidizing alcohols to afford corresponding
aldehydes and H>O. Another previous study has also indicated that carbon materials
would mediate the transformation of O, to oxygen radicals (e.g., superoxide), which,
however, is unstable, and would then evolve to singlet oxygen up chain reactions with
H>0 [53]. On the other hand, oxygen radicals (e.g., superoxide) might be also mediated
by catalysts to become singlet oxygen, 'O, [54], which was then detected during VLA

oxidation. These resulting reactive oxygen species would be expected to react with
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VLA at the alcohol group, which would be then transformed to an aldehyde group,
while releasing H,O [52].

On the other hand, a previous study reported by Long et al. has also revealed that
the N atom of N-doped carbon material might also directly react with O> to become an
oxidizing intermediate which would then oxidize alcohols to afford aldehydes as
depicted in Fig. S4(b) [55] The presence of DMPO-X might be oxidized by these ROS-
containing intermediates present on the surface of ACF. Therefore, the mechanism of
VLA conversion to VAE by N-doped ACF might be attributed to ROS-containing
intermediates of ACF upon reactions with O, molecules.

Besides, one can also notice that the signals of DMPO-X and TEMPO by ACF
were more intensive than those by CF, suggesting that ROS generated from ACF
seemed much higher than that from CF. Therefore, the conversion efficiency by ACF
was noticeably higher than that by CF, possibly because ACF exhibited a significantly
higher surface area which enabled ACF to provide more reactive surface for generating
ROS and VLA oxidation. Besides, oxygenic functional groups (e.g., carbonyl groups)
have been also validated to involve and mediate singlet oxygen-based oxidation
processes [16, 18]. Some studies have also observed that singlet oxygen might react
with surficial carbonyl groups to become a reactive intermediate for further oxidizing
reactions [17]. Since ACF also possessed a higher content of oxygen group (especially
carbonyl groups), which might contribute to mediating oxidation processes of singlet
oxygen (or other ROS), and even forming other surficial reactive intermediates, thereby

enhancing VLA conversion to VAE.
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4. Conclusions:

ACF was proposed and demonstrated for the first time as a highly effective
heterogeneous catalyst for VLA conversion to VAE without using any metals and
oxidizing agents. In comparison to CF, ACF exhibited a surpassingly high surface area
and more abundant oxygen functional group, thereby enabling ACF to achieve a much
higher conversion of VLA with an ultra-high selectivity towards VAE. At 120 °C
within 30 min, ACF could enable Cyra = 100% with Syag = 100% in the absence of
any metals and oxidants. ACF can be also reused for catalyzing VLA oxidation to VAE
over the consecutive five cycles with steady and consistent Cyia and Svag. Via studying
the effect of radical scavengers and ESR analyses, the oxidation of VLA to VAE by
ACF could be attributed to singlet oxygen via the non-radical route of oxidation, and
the higher surface area and abundant carbonyl groups of ACF might provide more
reactive surfaces to mediate oxidation processes of VLA, thereby achieving a much
higher conversion efficiency. These results confirm that ACF is certainly a promising

green heterogeneous catalyst for valorizing VLA into VAE.
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