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A key challenge in studying the upgrading process for the thermochemical conversion
of biomass, such as lignin, is to understand the underlying mechanisms of catalytic
conversion at the atomic scale. In this study, a method combined with in situ 2H NMR and
GC-MS was proposed for investigating the conversion of phenethyl phenyl ether (PPE) in
the hydrotreating process, as catalyzed by Pd, Ru, and Pt loaded onto C or y-Al,O3. The
results indicated that Pd/y-Al,Ogz prefers to produce more ether bond-cleaved products,
while Pt prefers to produce more hydrogenation products from PPE. Furthermore, based
on this new strategy, a possible reaction mechanism of PPE with Pd/y-AloOs was
presented from the atomic point of view, showing the potential of this in situ detection
method for reaction mechanism studies. Besides, mechanistic investigations by GC-MS
were accomplished for the hydrothermal treatment of PPE for comparison with the new
method. The results showed that the in situ °H NMR combined with GC-MS provided a
deeper understanding of the catalytic mechanism compared to GC-MS alone.

Keywords: lignin, in situ 2H NMR, GC-MS, mechanism, upgrading process

INTRODUCTION

Lignin is a waste material from the paper industry and a by-product from second-generation
bio-ethanol production processes. Lignin is also abundant in waste biomass from agriculture, as
well as yard and forestry wastes (Barton et al., 2018). Furthermore, lignin is the only renewable
aromatic resources in nature (Konnerth et al., 2015). However, as low-heat fuels or additives of
concrete, the commercial utilization rate of lignin is still <10%, which is far lower than that
of cellulose and hemicellulose (Li et al., 2015; Wang et al., 2019). Under this circumstance, by
converting lignin into fuel or valuable chemicals through appropriate methods, reducing use of
fossil fuel and lower emissions of carbon dioxide could be achieved (David and Ragauskas, 2010).
Thus, how to make more reasonable use of lignin has attracted the attention of researchers around
the world.

At present, common conversion methods of lignin include pyrolysis, acid or alkali catalysis,
hydrocracking, gasification, and reductive transformation (Katahira et al., 2016; Shuai et al., 2016;
Fan et al., 2018; Santana et al., 2018; Sirousrezaei et al., 2018). Among these, the premise of the
efficient utilization of lignin is the depolymerization of lignin (Chio et al., 2019; Zhang and Wang,
2020). In terms of structure, lignin is a three-dimensional polymer which is mainly composed of
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basic phenylpropane units, such as p-hydroxyphenyl, guaiacyl
and syringyl (Zakzeski et al., 2010). These basic units are
connected by C-C or C-O bonds. From Table 1, the reported
abundance of C-O bonds is more than that for C-C bonds in
softwood and hardwood (Chakar and Ragauskas, 2004; Zakzeski
et al., 2010). Besides, the theoretical calculation of a C-O bond’s
dissociation energy is usually smaller than that of a C-C bond in
lignin model compounds, which indicates that the dissociation
of lignin usually starts with a C-O bond. Therefore, the cleavage
of C-O bonds is of great significance for the depolymerization of
lignin (Elder and Beste, 2014).

Hydrogenolysis, where H; is used at high temperature and
high pressure with metal catalysts, is regarded as an effective
way to cleave the bond of C-O for the purpose of converting
lignin into high-value liquid precursors (Yan and Dyson, 2013).
Thus, it is crucial to find a suitable catalyst for breaking C-
O bonds effectively. However, lignin has a relatively complex
structure albeit without a defined one. Thus, model compounds
have been employed to represent some typical structures of
lignin. Phenethyl phenyl ether (PPE) has been commonly used
to represent the -O-4 linkage, which is one of the major linkages
in the lignin structure. Recently, Mauriello et al. (2018) applied
the co-precipitation technique to synthesize Pd/Ni to catalyze
the conversion of PPE. In 2013, Song et al. (2013) employed
Pd/C, Ru/C, and Ni/C for hydrogenation and cracking reactions
of PPE. Most of the research focuses on the catalytic effect of
different catalysts on PPE but less on the catalytic mechanism.
However, the study of catalytic mechanism is also of considerable
importance in the synthesis of catalysts and the design of
production processes (Shuang et al., 2019).

To study inner mechanisms, choosing appropriate techniques
to monitor the reaction is important. GC-MS has been most
widely used in various chemical reactions in order to speculate
the reaction process. However, some specific reaction process
and intermediate products cannot be effectively recorded and
studied with GC-MS. Recently, in situ monitoring using NMR
has attractive attention. Richter et al. (2019) used in situ > C NMR
spectra to identify final products, intermediates, and by-products
during the whole reaction, which in turn helped to reveal the

TABLE 1 | Reported abundance of major linkages in softwood and hardwood
lignin (Chakar and Ragauskas, 2004; Zakzeski et al., 2010).

C-0 linkage B-0-4 4-0-5 Dibenzodioxocin
Abundance

Per 100 Co-units

Softwood 45-50 4-7 5-7

Hardwood 60-62 7-9 0-2

C-C linkage B-p 5-5 g-1 B-5
Abundance

Per 100 Co-units

Softwood 2-4 19-22 7-9 9-12
Hardwood 3-12 3-9 1-7 3-11

inner mechanism of electrocatalytic oxidation of alcohol. An in
situ "H NMR technique was also employed by Wang et al. in
order to follow the reaction of inulin biomass (Wang et al., 2015).
The above-mentioned studies showed that in situ detection is
an effective way to understand the reaction mechanism. Isotope
labeling combined with 2H NMR is another effective means
for investigating the reaction mechanism. Wang et al. (2018)
employed CDy to trace the hydrogen atoms of methane in the
co-pyrolysis of methane and cellulose, providing evidence of
methane incorporation into aromatic compounds by 2H NMR
characterization. In our previous research, the ring-opening
mechanism of lignin model compounds was investigated by 2H
NMR as well (Ben et al., 2016).

In this study, we proposed a strategy of isotopic (deuterium)
labeling combined with in situ 2H NMR monitoring and GC-MS
to detect and analyze the catalytic upgrading process of PPE. Pt,
Pd, and Ru on two commonly used supporting materials (carbon
and Al,O3) served as catalysts. For comparison, our strategy
and GC-MS alone were separately applied in the hydrotreating
process and hydrothermal treatment of PPE. Furthermore, based
on the data from the whole reaction, a possible transformation
mechanism at the atomic scale was proposed and discussed.
This research showed the potential of a high-pressure in situ 2H
NMR monitoring method using isotopic labeling for studying the
upgrading process of biomass model compounds.

MATERIALS AND METHODS

Materials

PPE, tetramethylsilane-d12(TMS-d12), chloroform, phenol,
ethyl benzene, phenylethyl alcohol, cyclohexanone, cyclohexanol
and cyclohexane ethanol were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received. Pt/Al;03(5%), Pt/C(5%),
Pd/AlL,03(5%), Pd/C(5%), Ru/Al;03(5%), and Ru/C(5%) were
purchased from Sigma-Aldrich and dried to remove moisture
before use. Deuterium gas was purchased from Airgas.

Experiment and Experimental Procedure
Hydrotreating Process

A reaction mixture was prepared in a 5 mm NMR tube (Wilmad),
with 100 wL of PPE, 0.5 L of TMS-d12 and 2 mg of catalyst. The
NMR tube was purged five times with D, to remove the air. The
initial pressure in the NMR tube was set to 700 kPa, after which
it was inserted into the preheated NMR spectrometer where the
temperature was 100°C. The spectra were recorded every hour
for 16 h. Finally, the samples which reacted in the NMR tube were
dissolved in chloroform for subsequent GC-MS analysis.

Hydrothermal Treatment

5mg of PPE, 0.3 mg of catalyst and 5 ml of water were added to
the reaction tube. The reactor was purged with H, three times
to exclude air and then pressurized to 700 kPa with Hj. The
reactor was kept at 100°C for 12h. The products were filtered
and extracted with 1mL of chloroform for GC-MS analysis.
The external label method was used for the quantitative analysis
of products.
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Characterization of Products

The products from hydrotreating process were analyzed by
2H NMR and GC-MS, while the products from hydrothermal
treatment were analyzed by GC-MS.

All 2H NMR data were recorded with a Bruker Avance/DMX
600 MHz NMR spectrometer. 2H NMR spectra were detected
with 1.5s of acquisition time, 2 s of relaxation delay and 1,024
scans by Bruker’s pulse program “zg2h” with the lock channel in
a Bruker’s BBO probe. Then, data were processed by MestReNova
11.0 with automatic phase correction and six-order Bernstein
polynomial. The chemical shift for 2H NMR was referenced to
0.00 ppm of TMS-d12.

The analysis of GC-MS was accomplished by an Agilent
G1530A gas chromatograph (GC) interfaced with a HP 5973
mass spectrometer. The GC injector was operated at 280°C. 61.3
mL/min of constant He flow was applied to the capillary column
(Agilent 190915-433). The GC oven was programmed as follows:
hold at 50°C for 1min, heated up to 280°C with a ramp of
10.0°C/min and hold at 280°C for 1 min.

Theoretical Chemical Calculation Method
All theoretical chemical calculations were conducted by
Gaussian09. For the calculation of chemical shifts, model
compounds were optimized with B3LYP/6-31g+(d, p) while
frequency calculations were performed on the optimized
model to ensure that there was no virtual frequency. Gauge-
independent atomic orbital (GIAO) methodology combined
with B3LYP/6-311g+(2d, p) was used to acquire the NMR
isotropic shielding tensors. In order to reduce the error, linear
regression was employed to convert the calculation results to
chemical shifts. The relevant formula is as follows where the
intercept is 31.8884 and the slope is —1.0481 (Jain et al., 2009;
Pierens, 2014).

intercept — o
 —slope

The M06-2X method and the 6-31G+(d, p) basis set were
employed to calculate the C-H bond dissociation energy (BDE)
of PPE at 100°C and 700 kPa (Wang and Liu, 2016).

RESULTS AND DISCUSSION

The hydrotreating process and hydrothermal treatment were
conducted as the two common approaches to the lignin
upgrading process. For insights into the catalytic mechanism
of PEE, a milder condition (100°C and 700 kPa) was
used in this study, which allowed for the preservation of
potential intermediates.

Hydrotreating Process

Figures 1, 2 and Figures S1-S4 show the results of the
deuterium-traced reaction of PPE as catalyzed by Pd, Ru, and Pt
which were loaded onto C or y-Al,O3.

The Analysis of the Chemical Shift of Products
In 2H NMR analysis, the chemical shifts in the functional
groups refer to Table S1 (Mullen et al., 2009; Naik et al., 2010;
Bordoloi et al., 2015; Ardiyanti et al, 2016; Tessarolo et al.,
2016). Accordingly, the peaks from 0.4 to 1.8 ppm belong
to aliphatic deuterium. Besides, the possible reaction pathway
of PPE in the hydrotreating process is shown in Figure S5,
according to the products of GC-MS. Therefore, aliphatic
deuterium should derive from deuterium labeled ethylbenzene,
cyclohexanol, ethyl cyclohexane, and the hydrogenation products
of PPE. Based on the GC-MS data (Figures S6-S8), deuterium
labeled ethyl cyclohexane cannot be detected. Furthermore, the
content of deuterium labeled cyclohexanol was limited. Thus,
the detected aliphatic deuterium mainly belonged to deuterium
labeled ethylbenzene and hydrogenation products of PPE. The
existence of deuterium labeled ethylbenzene represents a break
in the B-O-4 bond while the other products containing aliphatic
deuterium point to the hydrogenation of PPE (Figure S5). By
comparing the products catalyzed by Pd/y-Al,O3 and Pt/y-
Al,O3 (Figures S6-S8), we see that Pd/y-Al,O3 can promote
the cleavage of ether bond better, while more hydrogenation
products could be produced under the catalysis of Pt/y-Al,Os.
The difference in the conversion products of PPE under
different catalysts was also reflected in 2H NMR. The areas of
the two peaks around 1.43 ppm and 2.01 ppm in Figure 1 (Pd/y-
Al,O3) were much larger than in the case of Figure2 (Pt/y-
Al»O3). Besides, these two peaks had similar areas and appeared
simultaneously 3 h after the start of reaction (Figure 1). From
Table S1, the peak at 2.01 ppm did not belong to deuterium
labeled ethylbenzene nor to the hydrogenation products of
PPE. The peak at 1.43 ppm belonged to the range of B-CHj3
attached to the aromatic ring, which may have been produced
by deuterium labeled ethylbenzene. Meanwhile, according to
the data from the Gaussian simulation (Table S2), the terminal
aliphatic deuterium of ethylbenzene was assigned to the peak
around 1.33 ppm, which is close to the chemical shift of 1.43
ppm. Combined with GC-MS data, the peak at 1.43 ppm should
belong to deuterium labeled ethylbenzene and the peak at 2.01
ppm should belong to deuterium labeled phenol. Thus, the
remaining peaks in the range from 0.4 ppm to 1.8 ppm were
mainly assigned to the products from the hydrogenation of
PPE. From Figure S9, the relative aliphatic deuterium content
under Pt/y-Al;O3 was greater than that under Pd/y-Al,Os. This
means that the Pt/y-Al,O3 can better promote the hydrogenation
of PPE. The result was also consistent with the GC-MS
data (Figure S8).

Pd

The data above have shown that Pd/y-Al,O3 can effectively
catalyze the cleavage of the p-O-4 bond. Further study of the data
reveals the mechanism. In Figure 1, there are two special peaks
around 6.89 and 2.89 ppm which do not belong to the conversion
products of PPE. First, the peak at 6.89 ppm belongs to aromatic
deuterium (Table S1), which should come from the exchange
of H/D. Consistently, the products from the H/D exchange of
PPE molecules were detected in GC-MS as well (Figure S10). It
can be inferred from Figure S10 that the hydrogen which was
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FIGURE 1 | /n situ ?H NMR monitoring of the deuterium traced upgrading reaction of PPE on Pd/y-Al,Og (5 wt%).

T T T T T 1

3.0 2.5 2.0 1.5 1.0 0.5

exchanged with deuterium was the hydrogen 13(14) (the number
of atoms can be found in to the Figure 3) and the hydrogen
of benzene.

To further determine the location of H/D exchanges in PPE,
Gaussian simulations of chemical shifts and BDE calculations
were introduced to this study. The predicted chemical shift in
hydrogen 13(14) was about 3.10 ppm, while that for hydrogen
16(17) was around 3.79 ppm (Table S3). Besides, Barton’s
research showed that the chemical shift in hydrogen 13(14)
was 3.00 ppm, while that for hydrogen 16(17) was 4.05 ppm
in 'H NMR (Barton et al., 1987). This means that hydrogen
13(14) might be exchanged with the deuterium. In addition, as
the BDE of C-H13 is far lower than that of C-H16 according
to Gaussian simulation, the bond of C-HI13 can more easily
perform an H/D exchange (Table S$4). Therefore, the chemical
shift of 2.89 ppm should be assigned to the deuterium exchanged
with H13(14). Furthermore, based on the predicted value of
the chemical shift (Table S3) and Barton’s research, the peak at
6.89 ppm should belong to the deuterium exchanged with the
hydrogen atom on the benzene ring attached to the oxygen atom
(Barton et al., 1987). However, the exact hydrogen atom has not

thus far been determined. The result of Gaussian optimization
illustrated that the PPE molecules were usually configured
as shown in Figure4. Considering H13(14) exchanged with
deuterium at the surface of Pd/y-Al, O3, it can be inferred that
the Pd/y-Al, 03 could hold PPE molecules in this special position
(Figure 4) to perform H/D exchanges. Hence, H23 was more
likely exchanged with deuterium at the surface of Pd/y-Al,O3
than the other hydrogen atom on the benzene ring. Besides,
through semi-quantitative analysis, it was found that using
Pd/y-Al,O3 led to more H/D exchanges compared with other
catalysts (Figure S11).

Additionally, it is noteworthy that this special position in
Figure 4 allows the B-O-4 bond to be fully exposed to the
surface of Pd/y-AlL,O3, facilitating the cleavage of the ether
bond. It is the possible mechanism that Pd/y-Al,O3 can more
effectively catalyze the cracking of the ether bond (Figure 4). This
help us understand the catalytic mechanism from the aspect of
atomic scale.

The in situ ?H NMR results from the deuterium traced
upgrading reaction of PPE on Pd/C showed that the peaks were
concentrated on the products from the hydrogenation of PPE
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FIGURE 2 | /n situ ?°H NMR monitoring of the deuterium traced upgrading reaction of PPE on Pt/y-Al,O3 (5 wt%).

FIGURE 3 | Model structure of PPE.
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FIGURE 4 | Possible cleavage mechanism of PPE Pd/y-Al,Os.

Pd/Y'A1203

-
XX

(Figure S1). Compared with Pd/y-Al,O3, which can catalyze
the cleavage of ether bonds, Pd/C tended to exhibit catalytic
hydrogenation. It is reported that the noble metals mainly show
the function of hydrogenation while the acidic support could
exhibit the function of cracking the C-O bond (Robinson et al.,
2016; Funkenbusch et al., 2019; Kim et al., 2019). Therefore,
Pd/y-Al,O3 which has a noble metal on an acidic support
should exhibit better cleavage function than Pd/C which has a
noble metal on an inactive support. This may be the reason
why Pd/y-Al,O3 can catalyze the cleavage of ether bonds more
effectively than Pd/C. Besides, the results show that the substrate
of Pd had a certain influence on the upgrading process in
this condition.

Ru

From Figures S3, 4, the chemical shift in the products catalyzed
by Ru was mainly around 1.0 ppm, thus belonging to the
hydrogenation products of PPE. By comparing the relative
aliphatic deuterium content, the efficiency of Ru supported by
carbon and y-Al,O; was both lower than for the two other
noble metals in the upgrading of PPE (Figure S9). Meanwhile,
the products from the H/D exchange by Ru were also limited

(Figure S11). Thus, the catalytic activity of Ru was not satisfied
under this reaction conditions.

Pt
For Pt/y-Al,O3 and Pt/C, the detected results indicated that Pt
can promote the hydrogenation of the benzene ring in PPE.
Due to overlaps in the chemical shift between the hydrogenation
products in 2H NMR, further detailed characterizations for the
hydrogenation products were accomplished by GC-MS. The GC-
MS results (Figure S8) indicated that, compared with Pd/y-
Al O3, Pt/y-Al, O3 performed a better hydrogenation process in
realizing more partial and full hydrogenation products, while
the conversion ratio of PPE was similar under Pd/y-Al,O3
and Pt/y-Al,O3 (Figure S12). Another interesting phenomenon
was that Pd/y-Al,O3 preferred to promote hydrogenation on
the aliphatic attached aromatic ring (the left benzene ring in
the PPE structure in Figure 5), while Pt/y-Al,O3 preferred to
promote hydrogenation on the oxygen-attached aromatic ring
(the right benzene ring in the PPE structure in Figure 5) or on
both rings.

Obviously, the products of Pd/y-Al,O3; and Pd/C were
different based on the data. However, the products upgraded
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FIGURE 5 | Tentative reaction pathways for in situ ?H NMR monitoring of deuterium traced upgrading reaction of PPE on Pd or Pt/y-Al,Os.
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FIGURE 6 | Tentative reaction pathways for the hydrothermal treatment upgrading reaction of PPE.
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by Pt/y-Al,O3; (Figure2) and Pt/C (FigureS2) did share
similar peaks. Analogously, the products upgraded by Ru/y-
Al,O3 (Figure S3) and Ru/C (Figure S4) were nearly the same.
This means that the supporting materials affect the reaction
pathways differently for diverse catalysts. Besides, the carbon
supported catalysts appeared to have lower activity to upgrade
PPE in this condition compared with y-Al,O3; supported
catalysts (Figure S9).

Based on the discussion above, the tentative reaction
pathways were proposed as Figure5. In general, Pd/y-
Al,O3 promoted the cleavage of the ether bond, while
Pt/y-Al,O3 was beneficial for hydrogenation. Our detection
strategy captured valuable information in the upgrading
reaction of PPE, which is meaningful for understanding
the catalytic mechanism and the design of new catalyst.
For example, in order to achieve better hydrogenolysis of
the ether bond, Pd/y-Al,Os can be used as a catalyst.
Further, a bimetallic catalyst of Pd/y-Al;O3 combined Pt/y-
Al,O3 may be able to realize an ideal upgrading for PPE
or even real lignin, in turn promoting the production
of cycloparaffin.

Hydrothermal Treatment

Although the effects of catalysts were different, the composition
of the products was similar in the hydrothermal treatment
of PPE catalyzed on Pd, Ru and Pt loaded onto C or y-
Al,O3 (Table S5). It was reported that the dissociation energy
of C19-O was higher than that of C15-O (101.1 vs. 69.9
kJ/mol), which indicated that C15-O was more susceptible to be
cleaved, producing phenol and ethylbenzene by hydrogenolysis
(Gomez-Monedero et al., 2017). But, in this study, the yield
of phenol was far more than for ethylbenzene. Meanwhile,
phenethyl alcohol was detected. The research conducted by
Gomez-Monedero et al. (2017) showed that the C19-O bond
of PPE can be cleaved in methanol solution by hydrogenolysis
generating benzene and phenethyl alcohol. However, benzene
was not found in this reaction system, indicating that the
hydrogenolysis of C19-O did not occur. Thus, phenylethyl
alcohol in the product component was primarily derived
from the hydrolysis of the ether bond. Therefore, both
hydrogenolysis and hydrolysis reactions were involved in the
hydrothermal process.

Among reaction products, there were also some products
from hydrogenation. The hydrogenation ratio under
hydrothermal conditions (Figure S13) shows the order of
hydrogenation  ability: ~ Pd/C>Pt/y-Al,O3>Pd/y-Al,O3>Pt/
C>Ru/C>Ru/y-Al,O3. Although Pd/C had the highest
conversion ratio for PPE, the hydrogenation ratio was more
than 50%, which suggests that the reaction process was not
selective. For Ru/y-Al,O3, the hydrogenation ratio for PPE was
the lowest and the cleavage ratio of ether bond was around
70%. This indicated that Ru/y-Al;O3 had the best capacity
for the cleavage of the ether bond under this condition.
Besides, Pt/y-Al,O3, Pd/y-Al,O3, Ru/C and Pt/C had similar
catalytic effects. For these catalysts, the ability to catalyze the
cleavage of C-O bonds was better than the ability to promote
hydrogenation. 4-(2-(cyclohexyloxy)ethyl)cyclohex-1-ene and

5-(2-(cyclohex-2-en-1-1-yl)ethoxy)cyclohexa-1,3-diene ~ were
detected in the reaction system, which indicated that the
hydrogenation of the reactants was not sufficient. The yields
of cyclohexanol, ethyl cyclohexane and 2-cyclohexylethanol
were also limited. These may be explained by the low pressure
of Hj.

The possible reaction paths for PPE in the hydrothermal
treatment upgrading reaction are shown in Figure 6. However,
if merely based on the results of GC-MS, the initial reaction
cannot be identified, neither can the microscopic mechanism.
Compared with using GC-MS alone, in situ *H NMR
monitoring combined with GC-MS acquired much more
information. For the hydrotreating process, we first proposed
the mechanism for the catalytic cracking of PPE by Pd/y-
Al O3 at the atomic scale, which underlines the superiority
of this method in micro-mechanism analysis. Compared with
the use of GC-MS alone, in situ *H NMR monitoring
combined with isotope labeling and GC-MS can predict
the reaction process and the mechanism for the catalyst
more effectively.

CONCLUSIONS

This study proposed a novel reaction monitoring strategy
which is high-pressure in situ “H NMR and GC-MS for the
upgrading process. This strategy exhibited powerful capabilities
for identifying reaction products and provided deeper insights
into the mechanisms. By employing this method, investigations
into catalytic mechanisms for the hydrotreating process of
PPE using Pd, Ru and Pt loaded onto C or y-Al,O3; were
accomplished. The results indicated that Pd/y-Al,O; was
found to have better capacity for catalyzing the break in
ether bonds, while Pt tented to produce more hydrogenation
products. In addition, two special positions in PPE have
been found to have a significantly higher H/D exchange
ratio when using Pd/y-Al,O3, which indicated that Pd/y-
Al,O3 may be able to hold PPE molecules in this special
conformation in order to better perform ether bond cleavage.
The possible catalytic mechanism of PPE by Pd/y-Al,O3; was
given from an atomic point of view. By comparing with GC-
MS used alone, the superiority of this method in predicting
the reaction process and catalyst mechanism was further
shown. We believe that this method could open up a new
direction in exploring the mechanism behind many kinds
of reactions.
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