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Abstract: Efficient low-temperature hydrodeoxygenation (HDO) of 

lignin derivatives to produce biofuels and high value-added chemicals 

is still of challenge. Here, we have constructed a high active and 

stable 0.2 wt.% Pd/MS-HZSM-5(30) catalyst, and 94.7% yield of 2-
methoxy-4-methylphenol (MMP) can be achieved in HDO of vanillin 

(VAN, a typical platform molecule of lignin derivatives) under milder 

reaction conditions (60 °C, 5 h, molar ratio of VAN/Pd = 1200, water 

phase), outperforming the most works reported recently. Detailed 
experimental and mechanistic studies demonstrated that the superior 

catalytic performance was due to the rapid hydrogenolysis of 

generated intermediate (vanillyl alcohol, VAL) to MMP proceeded in 

an interfacial microenvironmental created by Pd NPs and acidic sites 
in Pd/MS-HZSM-5(30). These new insights will provide potential 

guidance for the efficient low-temperature production of biofuels and 

valuable chemicals from lignin derivatives or raw lignin. 

Introduction 

Due to the rapid technological and industrial development, lignin 
derivatives, produced from the pyrolysis of lignocellulosic 
biomass, is showing great potential as a renewable energetic 
substitute for petroleum fuels.[1] However, high percentage of 
oxygen in lignin derivatives fades its bright luster, and thus a 
catalytic hydrodeoxygenation (HDO) is necessary to lower the 
content of oxygen and upgrade the quality/value of the resultant 
petroleum-like fuels and value-added chemicals. On the other 
hand, a large amount of water (15-30 wt.%) is co-generated 
during the production of lignin derivatives by pyrolysis, and partial 
of generated organic components will be involuntarily dissolved in 
water.[2] It is highly desired that HDO can be directly proceeded in 
water solution under mild reaction conditions, avoiding the 
complicated separation processes and loss of carbon resources. 
Therefore, great efforts have been made to design efficient 
catalysts to convert lignin derivatives to biofuels and valuable 
chemicals via HDO performed in water. 
    Since carbonaceous materials are stable in water, they can be 
used as supports to load Pd nanoparticles (Pd NPs) to convert 

vanillin (VAN, a typical platform molecule of lignin derivatives) via 
HDO (Scheme S1).[3] Zhu et al. reported that the wettability of 
carbonaceous microspheres-supported Pd catalyst could 
enhance the interaction between the catalyst and substrate, 
resulting in 52% yield of 2-methoxy-4-methylphenol (MMP) in 
HDO of VAN at 100 °C for 1 h.[3a] Doping nitrogen (N) into 
carbonaceous framework could stabilize Pd NPs, and almost 100% 
yield of MMP can be obtained over the resultant Pd@CN0.132 
catalyst after reaction at 150 °C for 6 h.[3b] However, due to the 
weak interaction between metal nanoparticles and the carbon 
surface, catalyst often suffered from leaching during reaction.[4] 
Meanwhile, carbonaceous supports had little interaction with the 
substrate, much harsh reaction conditions (more loading of Pd or 
higher reaction temperature) were necessary to induce the 
conversion of VAN to MMP. A multifunctional catalyst with metallic 
sites and acidic sites could increase the HDO rate of VAN via 
cooperative catalysis. Due to synergistic effect between Pd NPs 
and sulfonic groups, Pd/MSMF and Pd/SO3H-MIL-101(Cr) were 
highly active for the HDO of VAN in water.[5] Interestingly, µ3-OH 
groups in MOF structure as Brӧnsted acid sites (BAS) cooperating 
with Pd NPs were also active for the conversion of VAN, and 
beyond 99% yield of MMP was obtained under mild reaction 
conditions in water (reaction temperature was below 100 °C).[6] 
However, due to weak strength and uncontrollable amount of 
these BAS, higher Pd loading (≥ 2 wt.%) was needed to activate 
reactant or intermediate. The influence of Lewis acidic sites 
towards catalytic performance was even out of consideration. 
Meanwhile, since these catalysts were built by the carbon or 
carbon-metal hybrid frameworks, they cannot be regenerated by 
traditional calcination/reduction procedure when suffering from 
deactivation by coke deposition. 
    Despite recent researches have reached some consensus on 
the HDO of VAN, some of questions still remain. First, although 
Pd NPs are generally considered as active sites, the size of Pd 
NPs or the influence of agglomeration of Pd NPs towards catalytic 
performance is unclear. Does it affect hydrogenation rate of VAN 
to vanillyl alcohol (VAL), or hydrogenolysis rate of VAL to MMP? 
Second, it is conceivable that acidic sites can increase the HDO 
rate of VAN. However, the role of these acidic sites is ambiguous. 
Which step do they affect, hydrogenation step or hydrogenolysis 
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step? Third, the influence of amount, type, or location of acidic 
sites towards catalytic performance in the HDO of VAN is rarely 
discussed in the reported literature. All of above controversies are 
needed to be investigated based on a flexible catalytic system to 
get a deep understanding of this reaction. 
    Aluminosilicate zeolites with well-defined porous structure are 
widely used as solid acidic supports in heterogeneous catalysis.[4, 

7] High surface area resulting from hierarchical structure will 
benefit the dispersion of metallic active sites. The amount and 
type of acidic sites can be flexibly tuned via varying the ratios of 
Si to Al. Moreover, zeolite-based catalysts can be easily 
regenerated by simple calcination when they deactivate due to 
the formation of coke species deposited on the zeolite surface. 
Inspired by these attractive features of aluminosilicate zeolite, 
here, we prepared a series of hierarchical MFI zeolite to load Pd 
NPs to construct multifunctional catalysts for the HDO of VAN to 
MMP. The size of Pd NPs can be tuned by controlling reduction 
conditions, which cannot be simply realized on carbon-based 
acidic supports or MOFs at all. The amount and ratio of BAS to 
Lewis acidic sites (LAS) can be controlled by varying the ratios of 
Si to Al. Our results showed that the size of Pd NPs had little 
influence towards the hydrogenation rate of VAN to VAL, but 
smaller Pd NPs (~ 1.5 nm) were beneficial for the hydrogenolysis 
of VAL to MMP. More amount of acidic sites and higher ratio of 
BAS/LAS enhanced the yield of MMP via activation of VAL in an 
interfacial microenvironment. For example, 94.7% yield of MMP 
can be obtained even at VAN/Pd ratio of 1200 (mol/mol) after 
reaction at 60 °C for 5 h over a Pd/MS-HZSM-5(30) catalyst, 
compared to that of 15.8% over a neutral Pd/MS-S-1 catalyst. 
Moreover, both external and internal acidic sites were responsible 
for high yield of MMP. FTIR results demonstrated that acidic sites 
were favorable for adsorption of reactant and intermediate, which 
resulted in the fast hydrogenolysis rate of VAL and thus higher 
yield of MMP can be obtained even at a low loading of Pd. These 
new insights on the HDO of VAN to MMP will be very helpful for 
the design efficient catalytic system for the low-temperature HDO 
of lignin derivatives or raw lignin to biofuels and valuable 
chemicals. 

Results and Discussion 

Pd-supported catalysts were prepared via a wet impregnation 
method, and their XRD patterns were shown in Fig. 1A. The 
diffraction peaks with 2θ at 7.9, 8.8 and 23.1° were attributed to 
MFI structure. Compared to Pd/Nano-HZSM-5(30), these 
diffraction peaks of Pd/MS-HZSM-5(30) and Pd/MS-S-1 were 
much broader, which was due to the smaller crystallite size along 
with their hierarchical structures.[8] No additional peaks belonging 
to Pd NPs can be observed, indicating high dispersion of Pd NPs 
in these prepared catalysts. From nitrogen isotherms in Fig. 1B, 
both resultant Pd/MS-HZSM-5(30) and Pd/MS-S-1 showed a 
higher adsorption volume in the range of P/P0 > 0.1 than Pd/Nano-
HZSM-5(30). Accordingly, the BET surface areas of Pd/MS-
HZSM-5(30) and Pd/MS-S-1 were higher than that of Pd/Nano-
HZSM-5(30) (Table S1). 
 

 
Fig. 1. (A) XRD patterns, (B) N2 adsorption-desorption isotherms, and (C) H2-

TPR profiles of (a) Pd/MS-HZSM-5(30), (b) Pd/Nano-HZSM-5(30), and (c) 

Pd/MS-S-1. 

 
    H2-TPR experiments were performed to investigate the 
interaction between Pd NPs and the MFI support. As shown in Fig. 
1C, for Pd/MS-S-1, the peak at 88 °C was attributed to the 
reduction of Pd2+ to Pd0. However, this peak shifted to 165 and 
189 °C for Pd/MS-HZSM-5(30) and Pd/Nano-HZSM-5(30), 
respectively. Generally, the reducibility of the supported metal is 
closely related to the interaction between metal and support, and 
the stronger interaction makes it difficult to reduce metal.[9] 
Therefore, it can be deduced that zeolitic supports with acidic 
sites (probably protons), here MS-HZSM-5(30) and Nano-HZSM-
5(30), could enhance the interaction between Pd2+ species and 
support, consequently making these Pd2+ species more difficult to 
be reduced compare to them on neutral MS-S-1 support.  
    TEM images of these three samples were shown in Fig. 2A-2C, 
which clearly depicted the highly dispersive character of uniform 
Pd NPs on hierarchical zeolite compared to that on nano-size 
zeolite. Pd NPs were evenly dispersed on hierarchical of MS-
HZSM-5(30) zeolite, and no big Pd NPs were observed from 
HRTEM image (Fig. S1A). Both iDPC-STEM (Fig. 2D) and 
HAADF-STEM (Fig. S1B and Fig. 2E) images as well as 
elemental mapping images (Fig. 2F) further confirmed the high 
dispersion of small Pd NPs on MS-HZSM-5(30), and the average 
size of Pd NPs was about 1.5 nm (Fig. 2G). Pd NPs were also 
well dispersed on hierarchical MS-S-1 zeolite (Fig. 2C), however, 
the average size of Pd NPs was a little bigger (about 3.8 nm, Fig. 
2I), which was possibly due to the weak interaction between Pd 
NPs and inert MS-S-1 support.[10] In contrast, Pd NPs with the 
average size of 7.2 nm were clearly present and agglomerated 
together on the surface of Nano-HZSM-5(30) (Fig. 2B and 2H), 
indicating that higher surface area of MFI zeolite resulting from 
hierarchical structure benefited the dispersion of Pd NPs. 
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Fig. 2. TEM images of (A) Pd/MS-HZSM-5(30), (B) Pd/Nano-HZSM-5(30), and 

(C) Pd/MS-S-1. (D) iDPC-STEM image, (E) HAADF-STEM image, and (F) 

elemental mapping images of Pd/MS-HZSM-5(30). Red cycles in (E) showed 

Pd NPs. Scale bars in (F) were 10 nm. Distribution of Pd particle size of (G) 

Pd/MS-HZSM-5(30), (H) Pd/Nano-HZSM-5(30), and (I) Pd/MS-S-1. For each 

sample, the size distribution of Pd NPs was obtained by measuring the sizes of 

over 70 discrete Pd particles from multiple images. 

 
    Considering that water was co-generated during production of 
lignin derivatives via pyrolysis and it can be used as a green 
solvent in the catalytic reaction, then HDO of VAN over these 
three catalysts were performed in water. From Fig. 3A and Fig. 
S2, it can be seen that Pd/MS-HZSM-5(30) was highly active for 
the hydrogenation of VAN, and almost all of VAN was converted 
in the first 1 hour. With increase of reaction times, the generated 
VAL was gradually transformed to MMP. For example, 94.7% 
yield of MMP was achieved after reaction at 60 °C for 5 h. 
Decreasing H2 pressure induced the formation of VAL or 
byproducts (Table S3), resulting in lower yield of MMP. Further 
increasing H2 pressure did not enhance the yield of MMP. 
Increasing reaction temperature or dosage of catalyst slightly 
enhanced the catalytic activities, and the yield of MMP was up to 
95.5% after reaction at 60 °C for 5 h with molar ratio of VAN/Pd 
of 600. Compared to these reports in literature (Table S2),[3, 5-6, 6c] 
it should be noted that the reaction conditions here (60 °C, 5 h, 
molar ratio of VAN/Pd = 1200) were much milder, indicating 
excellent catalytic performance of Pd/MS-HZSM-5(30) catalyst. 
 

 
Fig. 3. The dependencies of VAN conversion, VAL yield, and MMP yield on 

reaction times over (A) Pd/MS-HZSM-5(30), (B) Pd/Nano-HZSM-5(30), and (C) 

Pd/MS-S-1. Reaction conditions: VAN/Pd = 1200 (mol/mol), 10 mL of water, 

60 °C, and 2 MPa of H2. 

 

    VAN also can be fully converted over Pd/Nano-HZSM-5(30) 
and Pd/MS-S-1 in the first 1 hour (Fig. 3B and 3C), however, the 
yields of MMP were only 24.5% and 4.1%, respectively. As much 
as 47.2% and 55.3% of VAL were unconverted over these two 
catalysts. Further increasing reaction time to 5 h, only 11.4% of 
VAL was left and 77.6% of MMP was achieved over Pd/Nano-
HZSM-5(30). However, for Pd/MS-S-1, 46.3% of VAL was still 
remained and the yield of MMP was as low as 15.8% under the 
same reaction conditions. These results showed that Pd/MS-
HZSM-5(30) and Pd/Nano-HZSM-5(30) promoted the production 
of MMP from the HDO of VAN compared to Pd/MS-S-1. 
    The stability of Pd/MS-HZSM-5(30) catalyst was also checked 
and the results were shown in Fig. S3. Although MMP yield 
decreased to 35.7% in Run3th, the activity of the recycled Pd/MS-
HZSM-5(30) can be recovered by elimination of organic species 
adsorbed on the catalyst surface (Fig. S4), and 72.9% yield of 
MMP was achieved in Run4th. The hot filtration test (Fig. S5) and 
ICP results (Table S1) of recycled catalyst did not show leaching 
of Pd active sites during and after the reaction. XRD pattern (Fig. 
S6) and N2 sorption analysis (Fig. S7, Table S1) of the used 
catalyst showned that the structure of the recycled Pd/MS-HZSM-
5(30) was well preserved. However, from TEM image of reused 
Pd/MS-HZSM-5(30) catalyst (Fig. S8), it can be seen that 
although the morphology of hierarchical HZSM-5(30) remained 
unchanged, the average size of Pd NPs increased to 3.0 nm, 
which probably resulted in the partial loss of MMP yield. 
    With the purpose to investigate whether HDO activity was 
affected by agglomeration of Pd NPs, Pd/MS-HZSM-5(30) was 
further treated in a flow of H2 at 400 °C for 4 h and 600 °C for 6 h, 
and the resultant samples were noted at Pd/MS-HZSM-5(30)-T1 
and Pd/MS-HZSM-5(30)-T2, respectively. XRD patterns (Fig. S9) 
did not show any peak belonging to Pd NPs, meaning that Pd NPs 
were still highly dispersed on MS-HZSM-5(30) support even after 
reduction under harsh conditions (higher temperature and longer 
time). But from the TEM images (Fig. 4A and 4B), larger Pd NPs 
can be obviously observed with an average size of 2.6 nm and 
3.2 nm on Pd/MS-HZSM-5(30)-T1 and Pd/MS-HZSM-5(30)-T2, 
respectively, indicating that Pd NPs slowly agglomerated after 
harsh treatment. CO-chemisorption was performed to measure 
the amount of surface Pd atoms. The dispersions of Pd NPs from 
Pd/MS-HZSM-5(30)-T1 and Pd/MS-HZSM-5(30)-T2 were 18.2% 
and 17.1% (Table S4), respectively, compared to 21.6% from 
Pd/MS-HZSM-5(30), further confirming that previous smaller Pd 
NPs grew into bigger ones under harsh reduction conditions. 
 

 
Fig. 4. TEM images of (A) Pd/MS-HZSM-5(30)-T1 and (B) Pd/MS-HZSM-5(30)-

T2, where T1 and T2 were referred to reduction at 400 °C for 4 h and 600 °C for 

6 h, respectively. Inserts in (A) and (B) represented the distribution of Pd particle 

sizes which was obtained by measuring the sizes of over 70 discrete Pd 

particles from multiple images. (C) Influence of the Pd particle sizes towards 

catalytic performances over (a) Pd/MS-HZSM-5(30), (b) Pd/MS-HZSM-5(30)-

T1, and (c) Pd/MS-HZSM-5(30)-T2. The inserts in (C) were models showing the 

reduction condition-induced size change of Pd NPs. Reaction conditions: 

VAN/Pd = 1200 (mol/mol), 10 mL of water, 60 °C, 5 h, and 2 MPa of H2. 
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    These two catalysts were tested in the HDO of VAN (Fig. 4C). 
After reaction at 60 °C for 5 h, VAN was completely converted 
both over Pd/MS-HZSM-5(30)-T1 and Pd/MS-HZSM-5(30)-T2, 
however, the yields of MMP decreased to 79.6% and 71.3%, 
respectively. Meanwhile, it should be noticed that 9.9% and 15.7% 
of VAL were remained over these two catalysts, indicating that 
active Pd sites on these two catalysts were not enough for 
hydrogenolysis of VAL to MMP under the same reaction 
conditions. Similar phenomena can be seen in the HDO of VAN 
over Pd/MS-HZSM-5(30) and Pd/Nano-HZSM-5(30). Both 
Pd/MS-HZSM-5(30) and Pd/Nano-HZSM-5(30) gave complete 
conversions of VAN, however, 11.4% of VAL was still 
unconverted over Pd/Nano-HZSM-5(30) and only 0.7% was 
stubbornly left over Pd/MS-HZSM-5(30) after reaction at 60 °C for 
5 h. Since both catalysts had similar ratio of Si to Al (Table S1) 
and comparable acidity (Fig. S10), it can be inferred that, with 
equal Pd loading, smaller Pd NPs highly dispersed on MS-HZSM-
5(30) would provide much more active sites for fast conversion of 
VAL to MMP, resulting in higher yield of MMP under the same 
reaction conditions. These results demonstrated that the size of 
Pd NPs did not affect the hydrogenation rate of VAN to VAL, but 
smaller Pd NPs indeed increased the hydrogenolysis rate of VAL 
to MMP. This is one reason why Pd/MS-HZSM-5(30) exhibited 
excellent catalytic performance in the HDO of VAN. 
    On the other hand, it should be noticed that Pd/MS-S-1 and 
Pd/MS-HZSM-5(30)-T2 had comparable size of Pd NPs (3.8 nm 
vs. 3.2 nm), however, as much as 46.3% of VAL was unconverted 
and the yield of MMP was only 15.8% over Pd/MS-S-1 after 
reaction at 60 °C for 5 h. It indicated that except the size of Pd 
NPs, the HDO activity would be affect by acidity of zeolitic support. 
To confirm that, a series of hierarchical HZSM-5 with Si/Al ratios 
of 50, 100, 200, and 300 were synthesized as supports to load Pd 
NPs. XRD patterns (Fig. S11) did not show any peak belonging to 
metallic Pd NPs, confirming high dispersion of Pd NPs on these 
hierarchical zeolites. BET surface areas were still above 500 m2/g 
after loading Pd NPs (Fig. S12 and Table S1). VAN can be fully 
converted over these resultant catalysts (Fig. S13), 
demonstrating that hydrogenation step of VAN to VAL was 
initiated and controlled by Pd NPs rather other acidity of zeolitic 
support. But the yields of VAL and MMP were depended on the 
amount of acidic sites. For example, the yields of VAL and MMP 
were 0.9% and 93.7% over Pd/MS-HZSM-5(50) compared to 24.2% 
and 56.5% over Pd/MS-HZSM-5(300) under the same reaction 
conditions. That is to say, zeolitic support with lower Si/Al ratio 
could further induce the conversion of VAL and favor the 
formation of MMP. Such results showed that more amount of 
acidic sites increased the hydrogenolysis rate of VAL, resulting in 
high yield of MMP. This is another reason accounting for high 
activity of Pd/MS-HZSM-5(30) in the HDO of VAN. 
    On the basis of above discussions, it can be seen that the 
amount of acidic sites dominated the production of VAL and MMP. 
When catalytic performances over these catalysts were 
correlated with total amount of Brӧnsted acidic sites (BAS) 
calculated based on the percentage of Al in zeolite (Fig. S14), it 
can be seen that the yields of VAL linearly decreased with the 
increase of BAS amount and consequently the yields of MMP 
were linearly enhanced. These results showed that higher amount 
of BAS accelerated the conversion of VAL to MMP. Besides, the 
conversions of VAN were identical, further confirming that Pd NPs 
were responsible for hydrogenation of VAN. In order to further 
investigate the influence of acid type towards product distribution, 

pyridine-FTIR was conducted. As shown in Fig. 5A, bands 
centered at 1545 and 1446 cm-1 were attributed the adsorption of 
pyridine on BAS and Lewis acidic sites (LAS), respectively. The 
band at 1490 cm-1 belonged to the overlapping of pyridine 
adsorption both on BAS and LAS. The intensities of these peaks 
decreased with an increase of Si/Al ratio, suggesting that zeolite 
with higher percentage of Al owned more amount of acidic sites. 
Then the yield of MMP as a function of the amount (represented 
as peak area in pyridine-FTIR spectra) of BAS, (BAS+LAS), and 
LAS was plotted to reveal the relationship between catalytic 
performance and acid type. From Fig. 5B, it can be seen that the 
yield of MMP increased linearly with the amount of BAS, 
consisting with the results of Fig. S14. Similar phenomena also 
can be seen in the correlation of MMP yield with the amount of 
(BAS+LAS) or LAS. These results confirmed the promotional 
effect of acidic sites in the HDO of VAN, and both BAS and LAS 
accelerated the formation of MMP. But when the yield of MMP 
was correlated with the ratio of BAS amount to LAS amount 
(BAS/LAS), it showed that a catalyst with higher ratio of BAS/LAS 
enhanced the yield of MMP (Fig. 5C), and one with lower ratio of 
BAS/LAS was not favorable for the production of MMP since 
partial of VAL cannot be converted in this case. Therefore, such 
excellent catalytic HDO performance over Pd/MS-HZSM-5(30) 
may be closely associated with higher amount of acidic sites as 
well as higher ratio of BAS/LAS. 
 

 
Fig. 5. (A) FTIR spectra of pyridine-adsorbed catalysts: (a) Pd/MS-HZSM-5(30), 

(b) Pd/MS-HZSM-5(50), (c) Pd/MS-HZSM-5(100), (d) Pd/MS-HZSM-5(200), 

and (e) Pd/MS-HZSM-5(300). Catalysts with identical mass were treated with 

pyridine and then degassed in vacuum at 150 °C before test. (B) Correlation of 

the amount of BAS or LAS with the yield of MMP, where the amount of BAS or 

LAS was calculated based on peak area of BAS or LAS from pyridine-adsorbed 

FTIR spectra. (C) The relationship between ratio of BAS/LAS and the yield of 

MMP. 

 
    Since Pd NPs were uniformly dispersed on MS-HZSM-5(30) 
support, the location of acidic sites to form interaction with Pd NPs 
should be crucial in the HDO reaction. To confirm that, Pd/MS-
HZSM-5(30) catalyst was poisoned by pyridine and 2,6-di-tert-
butylpyridine (DTBP). When pyridine-poisoned Pd/MS-HZSM-
5(30) was used in the HDO reaction, VAN was still fully converted 
and 48.3% of VAL was achieved after reaction at 60 °C for 5 h 
(Table S5), confirming that Pd NPs dominated the hydrogenation 
step of VAN to VAL. However, the yield of MMP was only 7.8% in 
this case. After treatment at 400 °C for 4 h in a flow of H2 to partly 
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remove pyridine, the activity of pyridine-poisoned Pd/MS-HZSM-
5(30) was partially recovered, and the yield of MMP increased to 
31.2%. Since the size of pyridine (0.58 nm) was comparable to 
pore size of MFI zeolite (0.56 nm), almost all of acidic sites could 
be poisoned by pyridine, and the resultant catalyst, just like the 
neutral Pd/MS-S-1, cannot convert VAL to MMP. Due to the 
bigger size of DTBP (0.78 nm), only external acidic sites of 
Pd/MS-HZSM-5(30) were poisoned and internal ones can 
participate in the HDO reaction.[8, 11] As expected, 44.1% yield of 
MMP can be obtained. After treatment to partly remove DTBP, the 
yield of MMP was enhanced to 62.8%. These results showed that 
both external and internal acidic sites uniformly distributed within 
the hierarchical structure of MS-HZSM-5(30) were crucial in the 
HDO reaction. They intimately interacted with Pd NPs to form an 
interfacial microenvironment and then increased the 
hydrogenolysis rate of VAL to MMP. 
    From above results, it can be inferred that the acidic sites of 
zeolite controlled the hydrogenolysis step of VAL to MMP. To 
further confirm that, direct hydrogenolysis of VAL was conducted 
over Pd/MS-HZSM-5(30) and Pd/MS-S-1, and the results were 
shown in Fig. 6. Here, conversion (or formation) efficiency was 
simply defined as mole of converted VAL (or generated MMP) per 
mole of Pd atom per reaction time. After reaction for 1 h, the 
conversion efficiency of VAL over Pd/MS-HZSM-5(30) was 907 h-

1, and the formation efficiency of MMP was 718 h-1. However, the 
conversion efficiency of VAL over Pd/MS-S-1 was 532 h-1, and the 
formation efficiency of MMP was only 71 h-1. Further increasing 
reaction time to 3 h, Pd/MS-HZSM-5(30) gave a conversion 
efficiency of 382 h-1 and formation efficiency of 356 h-1, however, 
the conversion efficiency and formation efficiency over Pd/MS-S-
1 were only 178 h-1 and 41 h-1, respectively. After reaction for 5 h, 
all of VAL was converted over Pd/MS-HZSM-5(30), however, half 
of VAL cannot be converted under the same reaction conditions. 
In this case, the yield of MMP was up to 93.2% over Pd/MS-
HZSM-5(30), and only 13.5% yield of MMP was obtained 
catalyzed by Pd/MS-S-1. These results showed that Pd/MS-
HZSM-5(30) with acidic sites efficiently activated VAL and 
induced the formation of MMP, but Pd/MS-S-1 cannot. Therefore, 
it can be concluded that more amount of acidic sites or rather 
higher ratio of BAS/LAS enhanced the hydrogenolysis rate of VAL, 
and consequently boosted the yield of MMP. 
 

 
Fig. 6. Reaction profiles of the conversion of VAL to MMP over (A) Pd/MS-

HZSM-5(30) and (B) Pd/MS-S-1. Reaction conditions: VAL/Pd = 1200 (mol/mol), 

10 mL of water, 60 °C, and 2 MPa of H2. Conversion efficiency of VAL = (mole 

of converted VAL)/(mole of total Pd atom × reaction time). Formation efficiency 

of MMP = (mole of generated MMP)/(mole of total Pd atom × reaction time). 

 
    Catalytic performance without a catalyst or using MS-HZSM-
5(30) or MS-S-1 as a catalyst in the HDO of VAN was negligible 
(Table S5), and the conversion of VAN was below 8% without 
formation of MMP. Even using physically mixed Pd/MS-S-1 and 

MS-HZSM-5(30) as a catalyst, only 46.9% of MMP was obtained, 
which meant that intimate interaction between acidic sites and Pd 
NPs was crucial in the HDO reaction. To further prove this 
hypothesis and get the origin of intrinsic HDO activity, FTIR 
experiments were carried out. Since VAN has a high boiling point 
of 285 °C and a low vapor pressure (approximately 0.01 mm Hg 
at 25 °C), it is challenging to investigate the adsorption or 
transformation behavior of gaseous VAN. Alternatively, a liquid 
phase adsorption method was used to make VAN adsorb onto 
Pd/MS-HZSM-5(30) and Pd/MS-S-1. As shown in Fig. S15 and 
Fig. 7, both samples showed two similar adsorption features in 
the range of 1690-1760 cm-1. The intensive band centered at 
1714 cm-1 was assigned to the C=O stretching vibration of the 
aldehyde group.[12] Another band appeared around 1740 cm-1, 
which probably represented activated aldehyde groups adsorbed 
onto catalyst surface[12b, 13], or was attributed to the conjugation 
effect of vibrations of C=C[14]. At room temperature, the intensity 
of 1714 cm-1 band over Pd/MS-HZSM-5(30) was about 3 times 
higher than that over Pd/MS-S-1, indicating the preferable 
adsorption tendency of VAN onto Pd/MS-HZSM-5(30). Increasing 
treatment temperature up to 60 °C in a flow of H2, the intensities 
of ν1(C=O) and ν2(C=O) over both catalysts decreased. Since 
gaseous VAN cannot be formed in this case, the decrease of 
these two bands can be ascribed to the hydrogenation of C=O 
adsorbed on the catalyst. Almost half of C=O (calculated based 
on peak area in FTIR spectra) was hydrogenated over Pd/MS-
HZSM-5(30), however, only 13% was converted over Pd/MS-S-1. 
Similar phenomena can be seen when the treatment temperature 
was increased up to 80 °C. The intensities of C=O band over both 
catalysts greatly decreased, suggesting that the hydrogenation of 
C=O further accelerated in this case. About 85% of C=O was fast 
hydrogenated over Pd/MS-HZSM-5(30), however, approximate 
half of it was unconverted over Pd/MS-S-1. These results showed 
that both Pd/MS-HZSM-5(30) and Pd/MS-S-1 could catalyze the 
hydrogenation of C=O in VAN, consisting with our above 
conclusion that Pd NPs played a crucial role in the hydrogenation 
step. Moreover, the presence of acidic sites over Pd/MS-HZSM-
5(30) could enhance the adsorption of reactant onto catalyst 
surface. 
 

 
Fig. 7. FTIR spectra of VAN-adsorbed (A) Pd/MS-HZSM-5(30) and (B) Pd/MS-

S-1, where each background was subtracted. Pure catalyst represented catalyst 

without adsorption of VAN. FTIR spectra were recorded from catalyst which was 

pre-treated in a flow of H2 at different temperatures. Mass of Pd/MS-HZSM-

5(30) and Pd/MS-S-1 was identical used in the FTIR test. 

 
    Furthermore, to get a deep insight into the conversion behavior 
of VAL, FTIR testing of adsorbed VAL onto Pd/MS-HZSM-5(30) 
and Pd/MS-S-1 via the same method was carried out. As shown 
in Fig. S16 and Fig. 8, both spectra showed four main bands 
appearing at 1515, 1466, 1452, and 1379 cm-1, which were 
attributed to ν(benzene ring), ν(CH3O), ν1(CH3), and v2(CH3), 
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respectively.[13] The bands at 1515 and 1466 cm-1 derived from 
ν(benzene ring) and ν(CH3O) were almost unchanged in a flow of 
H2 at different temperatures, but the intensities of these two bands 
over Pd/MS-HZSM-5(30) was a little higher than that over Pd/MS-
S-1 at room temperature, showing the preferable adsorption 
tendency of VAL onto Pd/MS-HZSM-5(30) compared to Pd/MS-
S-1. The bands at 1452 and 1379 cm-1 were derived from methyl 
group formed via the hydrogenolysis of alcoholic hydroxyl group 
in VAL. Interestingly, high intensities of ν1(CH3) and v2(CH3) can 
be detected over Pd/MS-HZSM-5(30) in this case, but they were 
very low over Pd/MS-S-1. Further increasing treatment 
temperature up to 60 or 80 °C, the intensities of ν1(CH3) and 
v2(CH3) increased a bit over Pd/MS-HZSM-5(30), but they did not 
change a lot over Pd/MS-S-1. These results showed that the 
hydrogenolysis of VAL to MMP could even occur at room 
temperature in a flow of H2 over Pd/MS-HZSM-5(30), which also 
explained why the HDO of VAN to MMP could be efficiently 
proceeded over Pd/MS-HZSM-5(30) at mild reaction conditions. 
However, the hydrogenolysis of VAL to MMP over Pd/MS-S-1 
almost cannot take place under the same conditions. Therefore, 
it can be concluded that the acidic sites intimately interacting with 
Pd NPs on Pd/MS-HZSM-5(30) could build up an interfacial 
microenvironment, which enhanced adsorption of VAL, and then 
accelerated the hydrogenolysis step. But for Pd/MS-S-1, this 
interfacial microenvironment cannot be created due to the 
absence of adjacent acidic sites. 
 

 
Fig. 8. FTIR spectra of VAL-adsorbed (A) Pd/MS-HZSM-5(30) and (B) Pd/MS-

S-1, where each background was subtracted. Pure catalyst represented catalyst 

without adsorption of VAL. Mass of Pd/MS-HZSM-5(30) and Pd/MS-S-1 was 

identical used in the FTIR test. FTIR spectra were recorded from catalyst which 

was pre-treated in a flow of H2 at different temperatures. 

 
    Based on above structural characterization and catalytic 
reaction results, as well as FTIR analysis, a possible reaction 
pathway for the HDO process of VAN over Pd/MS-HZSM-5(30) 
and Pd/MS-S-1 was proposed. As depicted in Fig. 9, VAN was 
firstly adsorbed onto both zeolitic surface, and then C=O was 
coordinated with Pd NPs and subsequently weakened by them.[13] 
During this step, adjacent acidic sites could enhance adsorption 
of VAN probably due to the interaction between oxygen atom in 
aldehyde group and hydrogen atom in hydroxyl group. Meanwhile, 
active hydrogen atoms were formed on these Pd NPs. Such 
active hydrogen atoms fast attacked the weakened C=O bond to 
form VAL via hydrogenation reaction. Following this, acidic sites 
intimately interacting with Pd NPs on Pd/MS-HZSM-5(30) built up 
an interfacial microenvironment to retain the generated VAL, and 
then a possible six-membered cyclic transition state could be 
formed via co-interaction with active hydrogen atoms.[6c, 15] Due to 
selective attack of active hydrogen atoms, previously generated 
VAL underwent the C-O bond cleavage to form MMP. However, 
due to the absence of acidic sites on Pd/MS-S-1, such six-

membered cyclic transition state cannot be formed except for the 
weak retainability of generated VAL, resulting in the lower 
catalytic performance for the HDO of VAN to MMP over Pd/MS-
S-1 compared to that over Pd/MS-HZSM-5(30). 
 

 
Fig. 9. Proposed mechanisms for the hydrodeoxygenation of VAN over (A) 

Pd/MS-HZSM-5(30) and (B) Pd/MS-S-1. 

Conclusion 

In summary, we have developed an active and stable Pd/MS-
HZSM-5(30) catalyst by a facile impregnation method, and the 
resultant catalyst exhibited superior activity in the low-
temperature HDO of VAN to MMP in water. Detailed experimental 
results demonstrated that the presence of acidic sites intimately 
interacting with Pd NPs accelerated the hydrogenolysis step of 
VAL in an interfacial microenvironment and consequently boosted 
the yield of MMP. This work provides a deep understanding on 
how the catalytic performance of the HDO of vanillin can be tuned 
by tailoring the interfacial microenvironment and highlights new 
perspective for design of efficient catalysts for the utilization of 
lignin derivatives or raw lignin. 

Experimental Section 

Chemicals 
Sodium hydroxide (98%), sodium aluminate (98%), tetraethyl orthosilicate 
(TEOS, 99%), palladium dichloride, pyridine (99%), 2,6-di-tert-
butylpyridine (97%), vanillin (VAN, 99%), vanillyl alcohol (VAL, 98%), 
aluminum sulfate octadecahydrate (99%) and 2-methoxy-4-methylphenol 
(MMP, 98%) were bought from Aladdin Company. Tetra-propyl-
ammonium hydroxide solution (TPAOH, 2M) was purchased from MΛKLIN 
Company. All chemicals were used as received without further purification. 
 
Synthesis 
Synthesis of hierarchical zeolite. Hierarchical zeolite was prepared 
according to our previous reports.[8] Typically, sodium hydroxide, sodium 
aluminate and self-synthesized polymer were dissolved in water. After 
stirring for 30 min, TEOS was added into the mixture and stirred for another 
10 h. The molar composition of zeolite precursor was 1 polymer: 20 SiO2: 
2.5 Na2O: 0.33 Al2O3: 800 H2O. Then zeolite precursor was transferred 
into the autoclave and aged at 150 °C for 2 days. After aging, the solid 
precipitate was collected, washed with water and ethanol, dried, and 
calcined at 550 °C for 10 h. Finally, the calcined zeolite powder was ion-
exchanged with 1M ammonium nitrate and calcined to H form at 550 °C 
for 4 h after washing and drying. The final H-form ZSM-5 with Si to Al ratio 
of 30 was noted as MS-HZSM-5(30). Other hierarchical ZSM-5 zeolites 
with different ratios of Si/Al were prepared following the same procedure 
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but just varying the amount of sodium aluminate. MS-Silicalite-1 (noted as 
MS-S-1) was synthesized without addition of sodium aluminate. 
    Synthesis of Nano-HZSM-5(30). Aluminum sulfate octadecahydrate 
was dissolved in 10 mL of TPAOH solution (15 wt.%) with stirring. Then 6 
mL of TEOS was added into the solution and the mixture was stirred for 
10 h. After that, the clear solution was transferred into the autoclave and 
aged at 180 °C for 12 h. The solid precipitate was collected, washed with 
water and ethanol, dried, and calcined at 550 °C for 6 h. Finally, the 
calcined zeolite powder was ion-exchanged with 1M ammonium nitrate 
and calcined to H form at 550 °C for 4 h after washing and drying. The final 
H-form ZSM-5 with Si to Al ratio of 30 was noted as Nano-HZSM-5(30). 
    Synthesis of Pd/MS-HZSM-5(30). Pd/MS-HZSM-5(30) was prepared 
via a wetness impregnation method. Typically, palladium dichloride was 
dissolved in water, and then MS-HZSM-5(30) was added into the solution. 
After stirring for 2 h, the mixture was dried to remove water and then the 
left solid part was ground into fine powder. Finally, the fine powder was 
transferred into a porcelain boat, placed in a tube furnace, and reduced in 
a flow of hydrogen at 200 °C for 2 h. The loading of Pd in the resultant 
Pd/MS-HZSM-5(30) was 0.22 wt.% detected by ICP-OES. Pd/Nano-
HZSM-5(30), Pd/MS-S-1, Pd/MS-HZSM-5(50), Pd/MS-HZSM-5(100), 
Pd/MS-HZSM-5(200), and Pd/MS-HZSM-5(300) were prepared following 
the same procedure but just using the corresponding Nano-HZSM-5(30), 
MS-S-1, MS-HZSM-5(50), MS-HZSM-5(100), MS-HZSM-5(200), and MS-
HZSM-5(300) as a support. 
 
Characterization 
XRD pattern was obtained on a PANalytical X’Pert instrument with Cu Kα 
radiation (λ = 0.1542 nm) operated at 60 kV and 60 mA with a scanning 
rate of 5 degrees/min. Nitrogen adsorption-desorption isotherm was 
measured on a MICROTRAC BEL apparatus. Sample was degassed at 
300 °C for 4 h before analysis. Temperature-programmed reduction by 
hydrogen (H2-TPR) and CO chemisorption were performed on a 
MICROTRAC BELCAT instrument. X-Ray Photoelectron Spectroscopy 
(XPS) analysis was performed on a ESCALAB250Xi instrument. The 
loading of Pd in the sample was measured by ICP-OES on Agilent 5110. 
Thermogravimetric analysis (TG) was performed on a 1600LF instrument 
from METTLER TOLEDO. FTIR spectrum was recorded on a Nicolet iS50 
apparatus. Transmission electron microscopy (TEM) image was taken on 
a FEI Talos 200S operated at 200 kV, and the ratio of Si to Al was 
calculated by EDS result. iDPC-STEM images as well as elemental 
mappings were taken on a FEI Spectra 300X operated at 300 kV. 
 
Catalytic testing 
Conversion of VAN was performed in a 25 mL home-made stainless-steel 
autoclave. Typically, VAN, the pre-reduced catalyst, and 10 mL of water 
were added into the autoclave. The air in the autoclave was purged out 
with hydrogen for several times and kept at a given pressure. Then the 
reactor was heated to the set temperature with a stirring rate of 600 rpm 
and held for certain hours. After the reaction, the autoclave was cooled in 
cold water. Ethyl acetate and n-dodecane were added into the mixture. 
After stirring for several minutes, the upper organic phase was filtered and 
analyzed by GC (Agilent 8860 equipped with a INNOWAX column and an 
FID detector). The catalyst in the aqueous phase was collected by 
centrifugation and directly used in the next run. VAN conversion, VAL yield, 
and MMP yield were calculated based on internal standard method and 
recorded from the averaged value in the parallel two or three trials. Other 
by-products were benzyl ethers, benzyl esters, and other unknown 
compounds with little amounts. The carbon balance in each experiment 
was over 95%. 
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Creation of interfacial microenvironment between Pd nanoparticles and acidic sites greatly enhanced the efficiency in the 
chemoselective hydrodeoxygenation of vanillin to 2-methoxy-4-methylphenol. 
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