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exhibited much higher catalytic efficiency than zeolite Y or commercial Pd/Al,Os—zeolite
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GRAPHICAL ABSTRACT | High catalytic efficiency of lignin depolymerization over low Pd-zeolite Y loading at mild
temperature.
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INTRODUCTION

Catalytic conversion of biomasslignin into value-added chemicals
and fuels is a promising route to resolve the energy crisis (Jae etal.,
2010; Ragauskas et al., 2014; Kong et al., 2015; Wang et al., 2016).
Nevertheless, state-of-the-art lignin utilization technologies still
face tremendous challenges, including depolymerization and
upgradation, especially the catalytic depolymerization process
(Alonsoetal.,2010; Xuetal.,2014; Lietal.,2015; Yangetal.,2015).
Among various catalysts for lignin depolymerization, zeolites are
widely accepted due to their low-cost, high surface area, and out-
standing acid sites catalytic performance (Taarning et al., 2011;
Ben and Ragauskas, 2012; Wang et al., 2017). External Bronsted
acidity in meso-/microporous zeolites was reported to effectively
affect the selectivity of de-alkylation and de-etherification reac-
tions in parallel during lignin conversion (Taarning et al., 2011;
Singh and Ekhe, 2014; Deepa and Dhepe, 2015). Deepa reported
that aromatic monomers were the predominant products using
zeolite as solid acid catalysts for lignin depolymerization at 250°C
in H,O/CH;OH mixture (Deepa and Dhepe, 2015).

However, challenges remain for catalytic lignin depolym-
erization by zeolites because the current zeolite-based catalysis
requires high temperature (250°C or above), which leads to
faster catalyst deactivation by coking and dealumination (Jia
et al., 2011). Furthermore, the high temperature for solid acid-
catalyzed lignin hydrolysis process possibly results in extensive
side products from condensation reactions (Jia et al., 2011; Li
etal., 2015). Therefore, the development of low-cost zeolite-based
catalysts for lignin conversion at mild temperature will enhance
lignin conversion to valuable products.

A group of catalysts with a combination of zeolite and noble
metal nanoparticles drew increasing attention due to their excel-
lent catalytic activity in lignin degradation. For example, lignin
degradation and/or hydrodeoxygenation reaction were report-
edly enhanced by a combination of Pt, Ru, and Pd nanoparticles
supported on zeolites (Laskar et al., 2014; Wang et al., 2015).
However, the complexity of the preparation of these catalysts
hinders their further application.

Combining the outstanding catalytic performance of zeolites
and metals, metal-exchanged zeolites potentially have higher
activity than non-exchanged zeolites (Hui et al., 2010; Singh et al.,
2015). The Pd metal in Pd-zeolites can become reactive sites for
the cleavage of lignin bonds due to its high hydrogen-activation
ability. Notably, Pd** ions exchanged on the zeolite frameworks
appeared highly stable against metal agglomeration while
maintaining high catalytic activities in hydrogen atmosphere
(Choi et al., 2009). It was proposed that the catalytic reactions
were carried out by the Pd(0) species, which was generated in situ
under the tested reaction conditions. Furthermore, because of the
strong metal-catalyst support interaction and pore limitation,
the catalysts were reportedly stable in the zeolite pore without
agglomeration (Zhang et al., 2014a).

In this study, the Pd-zeolite Y catalysts were prepared via both
the facile and maneuverable ion-exchange methods for depo-
lymerizing lignin at relatively low temperatures (180-200°C).
We studied catalytic activity and selectivity of these catalysts on
depolymerization of alkali lignin compare with zeolite alone and

commercial Pd/ALOs-zeolite composite catalysts (with more Pd
loading) and Pd-zeolite Y catalyst (with the synergistic effect of
palladium and zeolite Y). The mechanism of Pd-zeolite catalysis
of lignin conversion was explored. It was found that the high
efficiency of surficial Pd atoms and the synergistic effects between
Pd and zeolite Y played critical roles in lignin depolymerization
and conversion.

EXPERIMENTAL

Preparation of Pd-Zeolite Y

CBV 300 purchased from Zeolyst International was heated in
air at 550°C for 5 h. PA(NOs), (Aldrich) was dissolved in diluted
aqueous HNO; (0.01 M) solution. Then 1 g of zeolite (CBV300)
was dispersed into 50 mL of water solution by stirring, followed
by adding aqueous Pd(NO;), solution [containing 5 mg of
Pd(NO:3),]. Stirring continued for 30 min. Then 20 mg of NH,NOs
was added, followed by stirring for another 2 h. The mixture was
then centrifuged and thoroughly washed with distilled water.
The precipitate was dried at room temperature before catalytic
reaction tests. Commercial Pd/C (5 wt%) was purchased from
Aldrich.

Lignin Depolymerization in a Parr Reactor
For a typical catalytic depolymerization experiment, 30 mL
of deionized water was added into a 100 mL Parr reactor as
solvent for the reaction, followed by adding 200 mg of lignin and
200 mg of Pd-zeolite catalysts. After sealing the vessel, H, was
used to flush out the air in the reactor at least four times, and
then the reactor was pressurized to 3.5 MPa at room tempera-
ture. The reactor was heated to reach the reaction temperature
(180-200°C) where the reaction time was started. The reaction
was conducted for 3 h. Then the vessel was plunged into cold
water to cool the reaction system. Ethyl acetate was used to
extract products while the 0.5 wt% of toluene (in ethyl acetate)
was added as an internal standard. Then a sample was acquired
from the organic phase for GC-MS analysis. For GC-MS analy-
sis, the response factor for each product was standardized with
the use of efficient carbon number (Scanion and Willis, 1985;
Zhang et al., 2014b), which enabled the analysis of compounds
without pure standards.

GC-MS Analysis and Structural Analysis
of Catalysts

After ethyl acetate extraction, the organic phase was analyzed
by GC-MS. 1 uL of sample was injected with 0.6 mL/min of He
(carrier gas) into a DB-5 (30 m length X 250 pm I.D. X 0.25 pm
film thickness, J&W Scientific) capillary column installed in an
Agilent Technologies 7890A GC that was set at splitless mode.
The GC oven was set to maintain 45°C for 2 min, then heated
to 200°C at the rate of 15°C/min then held at 200°C for another
1 min. After that, the oven was heated up to 300°C at the rate of
10°C/min and held for 5 min. Eluting compounds were deter-
mined using a MS (Agilent Technologies 5975C) inter XL EI/CI
MSD with a triple axis detector and matched to NIST GC-MS
libraries (Wang et al., 2017).
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transmission electron microscopy image of Pd nanoparticle on zeolite Y.

FIGURE 1 | Transmission electron microscopy images of Pd-zeolite Y before (A) and after (B) H, treatment under 200°C. Inset in panel (B): high-resolution

Scanning electron microscopy (SEM) analysis was performed
using a field emission SEM instrument (Hitachi S-4800), operat-
ing at an accelerating voltage of 10 kV. Transmission electron
microscope analysis was performed using an FEI Tecnai G2
S-Twin instrument with a field emission gun operating at 200 kV.
Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) measurements were performed on a Thermo Jarrell Ash
Atom scan Advantage instrument.

Equations
The mass yield of each product and its selectivity from lignin
depolymerization were calculated as follows:

Mass of toluene area,/ECN,
92 ) f toluene/7 XMW
area o
Yield, (wt %) = R
Mass of lignin
Selectivity, = Yield, x100%,

Yield of total calculated products

7
Toal product yield = ZYieldxn.
n=1

RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) image in Figure 1A
shows that Pd-precursor dispersed very well on the surface of
zeolite Y, which could enhance lignin degradation because the
macromolecular lignin depolymerization reacts on the surface of
the zeolite. In this study, the commercial zeolite Y, Zeolyst CBV
300, was used as a support for Pd after thermal treatment. Clearly,
Pd-precursor nanoparticles with small particle size were evenly
dispersed on the zeolite, while the smaller particle size led to
higher atom efficiency. As seen in Figure 1B, after the H, treat-
ment at 200°C, Pd** was successfully reduced into Pd(0) in situ
while no obvious aggregation of Pd was found. Furthermore, the

6332
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FIGURE 2 | Energy dispersive spectrometer result on the surface of
Pd-zeolite Y after H, treatment under 200°C (inset: scanning electron
microscopy image of Pd-zeolite Y).

high-resolution transmission electron microscopy image of the
as-obtained Pd(0) is shown in Figure 1B inset. The d-spacing
of the nanoparticle is ~2.25 A, which corresponds to the (111)
of fcc Pd, indicating the existence of Pd(0). On the other hand,
the ICP-AES results showed that the loading of Pd in Pd-zeolite
was 0.1 wt%. Due to the very low Pd loading in this catalyst, it is
difficult to use the X-ray diffraction spectroscopy or X-ray pho-
toelectron spectroscopy to prove the existence of Pd in Pd-zeolite.
Therefore, the energy dispersive spectrometer (from the inset
scanning electron microscope image) was further employed for
the characterization of Pd. As shown in Figure 2, Pd was found
from the energy dispersive spectrometer results even if its loading
was low. Although the loading of Pd was quite low, it significantly
improved lignin depolymerization as proved in the following
lignin conversion process.
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TABLE 1 | The major products from lignin conversion.
Number Name Formula  Yeq.zcoite/ Yzeolite
ethyl acetate
/ P Phenol, 2-methoxy- \0;© 1.25
]
Q
c
©
2 P, Phenol, 4-ethyl- 0"\©\/ 6.6
=]
Q2
<
toluene Ps Phenol, 4-ethyl-2-methoxy- \(ZN;@\/ 4.6
gL a
r - T T T T T T T 1
0 5 10 15 20 25 30 35 40 P4 Phenol, 2-methoxy-4-propyl- \OOHK)\/\ 2.8
Retention time / min
FIGURE 3 | GC-MS spectrum of the products from lignin depolymerization Ps Phenol, 2-methoxy-4-(1-propenyl)-,(E)- :j@\é\ -
on Pd-zeolite Y at 200°C.
Ps 4-Propyl-1,1’-diphenyl -
p, © =
: P Phenol, 2,6-dimethoxy-4-(2-propenyl)- 8.7
1E7 ©
o ~
2 P Py 0 : - .
S 4 O Yra.eotte: the yield of the product x (x = 1, 2, 3, ..., 7) from lignin conversion over
'g P; OH, \ ~o Pd-zeolite Y catalyst; Yzeie: the yield of the product x (x =1, 2, 3, ..., 7) from lignin
3 o \0):)\/\ i’j:‘)\PJ\ conversion over zeolite Y catalyst; —: the value of Ypg it/ Yzeoite Was not calculated
< P . NO\/ Ps S because the products from lignin conversion over zeolite were too low to be detected.

OH,
=

/
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Time/min
FIGURE 4 | GC-MS analysis of the products from lignin depolymerization on

the three catalysts: (a) Pd-zeolite, (b) zeolite, and (c) Pd** [Pd(NOs). solution]
catalysts (reaction conditions: 200°C, 3.5 MPa H,, 3 h).

The GC-MS results of the products derived from catalytic lign
in conversion are concentrated in 18-28 min interval (Figure 3).
In Deepa’s report (Deepa and Dhepe, 2015), lignin conversion
generated wide range of products from 10 to 25 min. However, in
this work, only seven products were detected by GC-MS, indicat-
ing much higher selectivity of this catalyst. Furthermore, as shown
in Figure 4, phenols and substituted phenols, including guaiacols,
phenol, and dimers, were the major products from lignin depo-
lymerization on Pd-zeolite, indicating the high efficiency of the
catalysts toward the cleavage of Cy~O-C and dehydroxylation on
branched alkanes. In addition, no aromatic saturated products
(i.e., cyclohexane and its derivatives) were observed, implying
low catalytic activity of Pd-zeolite Y toward hydrogenation of aro-
matics. This results indicated that Pd-zeolite Y can be efficiently
employed to selectively produce aromatics with wide applications
in the production of useful chemicals from lignin.

Furthermore, Pd-zeolite Y showed much higher activity than
both zeolite Y and Pd when they were applied separately, sug-
gesting strong synergistic effects of Pd and zeolite Y on lignin
depolymerization. Under the same reaction conditions, as shown

in Figure 4, zeolite Y exhibited much lower catalytic activity than
Pd-zeolite Y toward lignin degradation, while for Pd**, almost no
lignin depolymerization products were detected. From Table 1,
for the major products (P,, Ps, and P;), Pd-zeolite Y led to at least
four times higher of product yields (P,, P;, and P;) than com-
mercial zeolite, indicating that the addition of Pd significantly
improved lignin depolymerization. Specially, Ps was only found
in lignin depolymerization over Pd-zeolite but not over com-
mercial zeolite.

Zeolites have been widely used as solid acid catalysts for lignin
depolymerization. In this work, in situ generated Pd can be used
as a new catalytic site for C-O-C bond cleavage in hydrogen
atmosphere. With the addition of Pd as-prepared catalyst
exhibited much higher activity than zeolite Y with sole H*-sites
for lignin depolymerization, probably due to the accessorial
depolymerization caused by Pd induced hydrogenolysis reaction.
However, without the acidic support of zeolite Y, Pd alone showed
negligible catalytic activity on lignin depolymerization. It indi-
cated that zeolite Y dramatically improved the hydrogenolysis
activity of Pd. Similar synergetic effects of acids and noble metals
on lignin depolymerization were reported in previous studies
(Laskar et al., 2014; Zhang et al., 2014a; Wang et al., 2015). Except
for OH and ~OCHj3 bonds, no other O-content functional groups
was found on the side chains of the products. It suggested that
Pd-zeolite facilely removed “O” from the side chains of lignin
through deoxygenation.

Based on the products in this work, potential reaction
pathways to generate phenols and guaiacols are summarized in
Figure 5. It was reported that the dehydration of Cat hydroxyl
group in the side chains of lignin occurred first and formed a
double carbonbond prior to f-O-4bond cleavage (Jiaetal.,2010).
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FIGURE 5 | Proposed reaction pathways for the formation of the major products from cleavage of the p-O-4 lignin.
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FIGURE 6 | GC-MS spectrum of the products from lignin depolymerization
on Pd-zeolite under the N, atmosphere.

However, in this work, the cleavage of B-O-4 bond can occur first
because of the high hydrogen transferring ability of Pd, which is
similar to the reaction path previously reported using Pt-based

TABLE 2 | Percentage of lignin aromatic inter-unit linkages and the selectivity of
the major products via Pd-zeolite Y catalysis.

Lignin inter-unit linkages Major products selectivity
(oA,)a (o/o)b

p-0-4 p5 pp p1 P, P, P, P, Ps P, P

43 44 9 4 29 199 28 103 54 178 157

“Percentage data are from our previous NMR results, assuming $-O-4, p-5, p-p, and
B-1 add up to 100% (Wang et al., 2015).
bAssuming products (P+—P7) add up to 100%.

and Ni-based catalysts (Zakzeski and Weckhuysen, 2011; Song
et al.,, 2012). For the next step, three routes can react in parallel.
One route is to generate guaiacol (P,, Figure 5) through remov-
ing the hydroxyl-containing side chains. The second route is the
formation of a double bond through dehydration reaction of
Ca, which can further generate P; (Figure 5) by hydrogenation.
The methoxy group linked on the benzene ring can be activated
by the adjacent hydroxyl group and converted into hydroxyl
through demethylation and further generate phenol structure
P, (Figure 5) (Peters et al,, 2015). On the other hand, dehy-
droxylation may also happen on the Cy position to generate Ps
and P, through further dehydration and hydrogenation reaction
successively (Li et al., 2015). For product 6, biphenyl structure
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FIGURE 7 | GC-MS spectrum of the products from lignin depolymerization
on Pd-zeolite Y and zeolite at 180°C.
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FIGURE 8 | GC-MS spectrum of the products from lignin depolymerization
on Pd-zeolite (a) and commercial Pd/Al,Os—zeolite composites catalysts [(b)
40 mg of Pd/Al,Os + 200 mg of zeolite and (c) 4 mg of Pd/Al,Os + 200 mg of
zeolite] at 200°C.

may be generated by coupling reaction between two aromatics
(Hong et al., 2010).

Besides the catalysts as mentioned in the previous mecha-
nism, hydrogen also plays a pivotal role in lignin depolymeriza-
tion. From previous reports, lignin depolymerization in aqueous
phase through hydrolysis by a solid acid catalyst is the dominant
route (Taarning et al., 2011; Deepa and Dhepe, 2014). However,
after Pd was loaded, results showed that hydrogenolysis was the
principal route for bonds cleavage in hydrogen atmosphere at
200°C. To further verify the significant role of hydrogen in this
depolymerization process, lignin conversion without hydrogen
was performed. As shown in Figure 6, under the same tempera-
ture and catalyst conditions, almost no product was detected in
the N, atmosphere. It is plausible that due to the existence of
Pd, the hydrogen-activation ability was significantly increased,
thus further promoted lignin conversion. While in the N,
atmosphere, Pd-zeolite Y showed very low hydrolysis activity at

the relatively low temperature. On the other hand, the product
selectivity was also different on Pd-zeolite from that on zeolite
because of the different hydrogen reactive ability. For example,
about 18% Ps (Table 2) was obtained from Pd-zeolite while
almost no obvious Ps peak could be found in zeolite Y catalysis
because Pd showed high activity toward coupling reactions to
form biphenyls.

Furthermore, compositions of lignin inter-unit linkages
obtained from NMR analysis and the major product selectivity
are shown in Table 2. The alkali lignin used in this study was
prepared and analyzed as reported in our previous work (Wang
et al., 2015). Results suggested that the major products were
divided into two categories: ~82% phenols and ~18% biphenyls.
More than half (56.8%) of the phenols were guaiacols, indicating
the high preeminent selectivity of Pd-zeolite toward lignin deg-
radation. The catalytic performance of Pd-zeolite Y and zeolite
Y alone toward lignin degradation at even lower temperature
(180°C, initial H, pressure 3.5 MPa) was studied. As shown in
Figure 7, similar products selectivity was obtained on Pd-zeolite
Y as compared with the reaction under 200°C, and the products
P,-P; were clearly observed. Pd-zeolite Y still exhibited much
better catalytic performance than zeolite at 180°C. Results indi-
cated that lignin was depolymerized at the temperature as low
as 180°C.

Lignin depolymerization on the state-of-the-art commercial
Pd/ALOs-zeolite composites catalysts with equal amount of Pd
and zeolite was tested to compare with the catalytic performance
of Pd-zeolite Y. As shown in Figure 8, 4 mg of Pd/ALO; (0.2 mg
Pd) with 200 mg of zeolite displayed much lower catalytic activ-
ity than Pd-zeolite. Generation of P;-P; products remained
similar even with 10 times Pd/ALO; loading, which proves the
high Pd atom efficiency of the Pd-zeolite Y catalyst developed in
this study. From the abovementioned TEM images (Figure 1),
it is observed that the particle size of the Pd is quite small, cor-
responding to the “atom economy” catalysis. The high catalytic
activity of Pd-zeolite Y can be attributed to the high efficiency
of surficial Pd atoms and the synergistic effects between Pd and
zeolite Y.

CONCLUSION

Herein, we demonstrated that the Pd-zeolite Y catalysts prepared
via the facile method were effective catalysts to depolymerize
lignin to phenols and phenol derivatives at 99% yield. Due to the
synergistic effects, Pd-zeolite led to much higher total yield of
products than non-metalized zeolite or Pd** did when applied
separately. In addition to catalysts, hydrogen was proved to
have a critical role in lignin depolymerization. Although the
as-prepared Pd-zeolite Y exhibited excellent catalytic perfor-
mance toward the cleavage of ether bonds, its dehydroxylation
and demethoxylation (on benzene) performance needs further
improvement. Taking the advantage of the synergy effect of
palladium and zeolite Y, the Pd-zeolite Y catalyst in this study
could be more cost effective and efficient than many other previ-
ously reported catalysts for conversion of lignin to value-added
chemicals and fuels.
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