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ARTICLE INFO ABSTRACT

Keywords: Furfural (CsH4053) is a high-value platform chemical that is traditionally derived from the solvolysis of hemi-
Furfural cellulose. However, its production from pyrolysis is far from satisfactory. In particular, the abundant cellulose
Cellulose

within lignocellulosic biomass has yet to be successfully upgraded into furfural. Consequently, the overall yield
of furfural from a lignocellulosic biomass is extremely low. Herein, we report a facile heterogeneous catalyst
prepared from a simple impregnation of palladium (Pd) onto MCM-41 mesoporous silica. The catalyst demon-
strated a remarkably high selectivity of ~58.5% and yield of ~32.5 wt% for furfural from the fast pyrolysis of
wet cellulose. It was also confirmed to reach a selectivity of 65.4% and yield of 44.5 wt% for furfural from wet
xylan, as well as a furfural yield of 23.9 wt% from wet sugarcane bagasse. All these values are superior to the
literature reports. Through advanced characterisation including in-situ synchrotron high-temperature XRD and
DRIFTS measurement, the loading of Pd in a tiny quantity of 1 mol% was confirmed to be sufficient in enhancing
the surface hydrophilicity of the MCM-41 support, promoting the adsorption of reactants especially the form-
aldehyde group (HCHO), as well as the desorption of the target product furfural. In addition, Pd oxide (i.e.,
Pd%T0) was confirmed to be the catalytic active site. However, it was partly reduced into metallic Pd° during the
cellulose pyrolysis, due to the preferred reduction by adsorbed formaldehyde group and other reductants
including Hy and CO in the vicinity of the PdO sites on the Pd-O-Si interface. Nevertheless, the catalyst was
proven to retain the memory of its initial state after combustive regeneration in air, having oxidation state of Pd,
particle size, and dispersion degree being reversed to its original construction. Accordingly, its activity remained
stable upon cyclic testing. All these results demonstrate a high practical viability of this heterogenous catalyst for
the valorisation of cellulose-rich biomass, an otherwise abundant crop waste across the world.

Fast pyrolysis

Surface hydrophilicity
Phase change of Pd
Structural reversion

1. Introduction

Biomass is an abundant renewable source that can convert into
various value-added products such as bio-oil and platform chemicals
[1]. Out of the twelve platform chemicals defined by the Department of
Energy, USA [2-5], furfural (CsH403) has a broad range of applications
in the production of critical end-use chemicals such as pharmaceuticals,
resins, food, and fuel additives. Its global market reached $817.9 million
in 2022 and is further forecast to grow at a compound annual rate of
4.2% up to 2028 [6]. Nevertheless, regarding the production of furfural
from pyrolysis, so far, almost all the studies (e.g. [7]) focused on
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maximising the dehydration of hemicellulose-rich feedstock (xylose as
monomers, CsHj00s), per Eq. (1) below. As hemicellulose only makes
up ~15% of a typical lignocellulosic biomass, whilst the other compo-
nents such as cellulose ((CgH190s),) can account for 40-45 wt%, the
pyrolysis technology for furfural production is far from economically
viable. Substantial efforts are thus needed in tailoring the pyrolysis
conditions and the design of novel catalysts in maximising the yield and
selectivity of furfural from the abundant cellulose within a lignocellu-
losic biomass.
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selectivity of furfural over the other liquid derivatives from hemicellu-
lose [7]. In combining MCM-41 and Pd via a simple loading of PdO (~1
mol%), this paper aims to explore the activity of the resultant Pd-laden
MCM-41 catalyst for the derivation of furfural from the fast pyrolysis
of cellulose. As far as the authors are aware, there is still no study on the
application of this catalyst to the pyrolysis of biomass. Instead, it has
been partially examined during the hydrogenation of 1-hexene and the
dehydrogenation of formic acid [16-19]. Compared to these two ap-
plications, the pyrolysis of cellulose is more complicated, and it is also
expected to generate plenty of oxygen-bearing species/oxidant such as
H30 on the catalyst surface. As such, the active phase of Pd and its phase
transformation, if any, are expected to differ noticeably from the pre-
vious hydrogenation/deydrogenation studies. Moreover, we speculate
that, on the one hand, the surface hydrophilicity of MCM-41 could be
altered by the doping of Pd, which in turn could affect the adsorption/

(€))

HO. o HO (0} OH o CHO (4)
C6H1206 s OH — 3H20 + HCHO + C5H4,02 Q/
ng om O HO \ /

OH

To date, cellulose (glucose as one of its monomers, CgH120¢) has
been confirmed to mainly undertake dehydration reaction during fast
pyrolysis, leading to the production of two principal C6 products, lev-
oglucosenone (LGO, CsHgO3) and levoglucosan (LGA, CgH1¢Os) per Egs.
(2) and (3) above [1,8-10]. To facilitate the production of furfural
which is a C5 component, apart from the dehydration reaction, iso-
merisation and subsequent Grob fragmentation reaction to eliminate the
formaldehyde (HCHO) site group (Eq. (4)) are essential [11]. However,
the study in this attempt is sporadic. Bai et al. [12] reported a Na/Fe-
solid acid catalyst that is active in achieving a furfural selectivity of
61.4% from the fast pyrolysis of cellulose at 550 °C, with the use of a
high catalyst to cellulose mass ratio of 10, whilst the mass yield of
furfural and the stability of catalysts were not reported. More recently,
we reported a Pd-PdO/ZnSO, bifunctional catalyst with a high furfural
yield of 74-82 mol% from the pyrolysis of a variety of C6-rich feedstock,
at a typical temperature of 400 °C and catalyst to feedstock mass ratio of
8 [11]. Nonetheless, the hydrothermal stability of ZnSO4 during the
reaction process remains concerning. Consequently, it is imperative to
further fine-tune the catalyst properties such as the use of a more stable
support. In addition, there are still a number of unknown research
questions to be addressed, including the identification of the Pd-bearing
active site, reaction mechanism, and more importantly, assessment of
the stability and reusability of the catalyst.

Compared to the highly water-soluble ZnSO4, a mesoporous silica
support can offer better mechanical strength, hydrothermal stability,
and even other tuneable properties such as pore size that is large enough
for the selectivity of a specific product such as furfural with a molecular
size of 0.55 nm. For a typical vapor phase derived from the pyrolysis of
cellulose to furfural, its glucose monomers, the intermediate LGA and
target product furfural have varying kinetic diameters ranging from
0.55 nm to 1.5 nm [13]. As a mesoporous silica support, MCM-41 has
been confirmed for a superior activity in dehydrating C5 hemicellulose
into furfural [14,15]. Its highly ordered and abundant mesopore
(2.5-4.5 nm) structure was also confirmed to promote the shape

desorprtion of nearly all the oxygenates derived from pyrolysis. On the
other hand, this combination is expected to be bifunctional for both
dehydration and Grob fragmentation to cleave and oxidise formalde-
hyde. The noble metal catalysts including Pd are even highly active for
the oxidation of formaldehyde at room temperature [20,21]. Never-
theless, the phase stability of Pd during the high-temperature pyrolysis
of cellulose is still unknown.

Herein, a micro-reactor, namely Pyro-probe coupled with a variety of
real-time gas and liquid detectors was employed to test the catalysts. A
relatively larger fixed-bed reactor, xylan and real biomass (i.e. wet
sugarcane bagasse) was further used to validate the results from Pyro-
probe micro-reactor. Various advanced characterisation methods were
implemented to explore both bulk and surface properties of the catalyst,
whilst the active site and the underpinning mechanism were examined
via synchrotron high-temperature in-situ XRD and DRIFTS. Finally, cy-
clic tests and regeneration of the spent catalyst via air combustion were
performed to test the stability and reusability of the catalyst, as well as to
further provide insights on the reconstruction of the Pd-bearing active
site upon the alternation of reaction and regeneration. These detailed
studies are beneficial in advancing the furfural production from
biomass, and the underpinning knowledge governing the activity of the
Pd-centered site and its strong metal-support interaction with MCM-41
that are yet to be understood under the typical high-temperature
biomass upgrading conditions.

2. Experimental
2.1. Materials

A variety of feedstocks and chemicals were explored, including cel-
lulose (Sigma-Aldrich, product number: 435363, the particle size of 51
pm), xylan from corn core (TCI America, product number: X0078), LGO
(CgHeO3, Sigma-Aldrich, product number: SMB00504), LGA (C¢H10Os,
Sigma-Aldrich, product number: 06724), 5-HMF (CcHgO3, Sigma-
Aldrich, product number: H40807), furfural (CsH402, Sigma-Aldrich,
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Physiochemical properties of the Pd-MCM-41 catalyst (fresh, spent, and regenerated) with 1 mol% Pd.

Pd Porosity analysis Acidity, by NH3-TPD (mmol/g) B/LY, Crystalline TEM particle
. Lo e .
rma;(;/; Sper’, Vpb, Dp¢, Weak Medium Strong Total Il:%;yrldme- size’, (nm) size, (nm)
(m%/g) (cm®/g)  (nm) (<200 (200-600 (600-800
°Q) °Q) °Q)
Fresh PdO 100 2 0.0028 5.5 0 0 4.48 4.48 0.024 - -
MCM- 0 907 0.93 3.7 0.11 0.01 — 0.12 0.023 - -
41
Pd- 1* 830 0.84 3.5 0.14 0.04 — 0.18 0.028 8.1 4.5
MCM-
41
Spent  MCM- 0 624 0.42 2.9 - - - - -
41
Pd- 1 683 0.57 3.0 - - — - - 10.3 6.2
MCM-
41
Regenerated 1 785 0.76 3.7 - - - — - 9.1 5.3
Pd-MCM-41

*Determined by ICP-MS;

a-BET specific surface area;

b-Total pore volume estimated at P/PO = 0.99;

c-Average pore size, 4 V/A by BET;

d-Brgnsted acid/Lewis acid, semi-quantified by area%;
e-Averaged crystallite size as estimated by the Scherrer equation.

product number: 319910), and formaldehyde solution (HCHO, 37 wt%
in water, Sigma-Aldrich, product number: F8775). The chemicals for
catalyst synthesis include ethanol (ACS reagent, > 99.5%, absolute),
palladium (II) nitrate dihydrate (Pd(NOs)2-2H;0, ~40% Pd basis,
product number: 76070, batch number: BCCL4834), poly-
vinylpyrrolidone (PVP, My, = 40000 g/mol, product number: PVP40,
batch number: 0000343982), and commercial MCM-41 (SiO3, product
number: 643645, batch number: BCCK7273) were also purchased from
Sigma-Aldrich. The gases used include helium (He, 99.999%), 5% H; in
Ny, 1% Hj in Ny, and 1% CO in N purchased from BOC Australia.

2.2. Synthesis of Pd-MCM-41 catalysts

The Pd-MCM-41 catalysts were synthesised using the ligand assisted
impregnation method, per the literature [22,23]. MCM-41 was pre-
treated at 500 °C in air for 2 h. PVP ((CgHgNO),) was used as the
ligand, which is one of the most common ligands for preparing metal
nanoparticles with high dispersion and minimal agglomeration [23].
Firstly, 0.0274 g of PA(NO3)»-2H50 and 0.274 g of PVP were mixed and
dispersed in 30 mL ethanol (ACS reagent, > 99.5%, absolute) with a
continual stirring and sonication in 30 min. Secondly, 0.548 g MCM-41
was added into the mixture, stirred and sonicated twice for 1 h, followed
by being placed overnight (without stirring) under the ambient condi-
tions to ensure a thorough impregnation of the support with Pd species.
Thirdly, the mixture was filtered and oven-dried at 80 °C for 12 h, and
finally, the solid was calcined at 500 °C at a heating rate of 1 °C/min and
then held for 2 h in air. The nominal loading of Pd was varied between
0 and 10 mol%. For comparison, a pure PdO catalyst was prepared by
simply calcining PA(NO3)2-2H20 at 500 °C. To explore the catalytic role
of metallic Pd’, the fresh Pd-MCM-41 with 1 mol% Pd was purposely
reduced in 5% Hj at 400 °C for 2 h, and the obtained catalyst was named
rPd-MCM-41.

2.3. Catalyst characterisation

The fresh, spent, and regenerated catalysts were characterised by a
number of bench-top analytical instruments, including X-ray powder
diffraction (XRD); X-ray photoelectron spectroscopy (XPS); Brunauer-
Emmett-Teller (BET) surface analysis; high-resolution transmission
electron microscopy (HRTEM); scanning electron microscopy (SEM) on
a JEOL 7001F FEGSEM — BH equipped with back-scattered electron

(BSE) detectors; ammonia-temperature programmed desorption (NHs-
TPD) for acidity; CO-pulse chemisorption for metal dispersion; Pyridine-
FTIR for the Brgnsted (B) and Lewis (L) acidic sites; ICP-MS for elemental
composition; and CHNS analyser to quantify the content of coke. In
addition, the catalysts were subjected to synchrotron high-temperature
XRD (HT-XRD) and X-ray absorption spectroscopy (XAS) analysis.
Detailed conditions for each analysis can be found in Section 4 of SI.

2.4. Fast pyrolysis experiments

The fast pyrolysis experiments were carried out on a Pyro-probe
microreactor (CDS 5200) coupled with a GC-TCD/FID/MS (Agilent
7890B) detector. As in Fig. S1, the quartz reactor was loaded with
feedstock in the front, whilst the catalyst was placed after it. Quartz wool
was also placed between feedstock and catalyst to separate them,
whereas the pyrolysis vapor from biomass was entrained by the carrier
gas (>99.999% He, 26 mL/min) to flow through the catalyst. The
reactor was surrounded by a Pt-filament with an estimated particle
heating rate of ~150 °C/s within the quartz reactor, according to
COMSOL simulation results reported elsewhere [24]. The amount of
feedstock in each experiment was fixed at around 0.5 mg, whereas the
mass of the catalyst was varied at different mass ratios of 1-4 to the
feedstock. Apart from the dried feedstock, the wet feedstock with
varying amounts of water added was also tested. This is to mimic the wet
biomass, e.g. bagasse, that can contain up to 45-50 wt% moisture [25].
The pyrolysis temperature was set at 350-550 °C for a duration of 25 s at
each temperature. At least three repetitions were conducted for each
condition. The mass balance calculation results in Section 3.1 of SI
verified the high accuracy of the Pyro-probe system.

The total yield of gas and liquid (%) was defined as the difference of
the original mass of cellulose (dry-and-ash free) to the residue, per Eq.
(5) below. For the yields of individual non-condensable gases, including
Hy, CO9, CoHy, CoHg, CHy, and CO, and H0, they were detected and
quantified via a TCD detector with a Molseive column and a Hayesep Q
column. Standard gases were used for the calibration of individual gases,
as detailed in Section 3.2 of SI. Accordingly, the sum of the yields for
these gases was defined as the yield of the total non-condensable gas.
Consequently, the yield of total liquid (i.e., condensable organic vapors
without the inclusion of water) was defined as the difference between
the overall conversion of cellulose and total gas yield, per Eq. (6) blow.
Finally, regarding the liquid products, they were analysed by an online
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Fig. 1. (a) Surface functional group of fresh MCM-41 and Pd-MCM-41 catalysts; (b) XRD patterns of fresh Pd-MCM-41 and MCM-41 catalysts; (c-d) HRTEM and
typical TEM patterns of fresh Pd-MCM-41 catalyst with its particle size distribution calculated per the counting of 122 particles.

MS detector with a capillary column (HP-5MS). The chromatographic
peaks in MS spectra were summarised in Table S1. The selectivity of our
target product furfural was calculated based on the peak area ratio in the
GC-MS spectra, per Eq. (7). To quantify the mass yield of furfural, we
further calibrated the furfural peak area upon the use of known con-
centrations of furfural in furan solvent, as shown in Eq. (S7) with details
in Section 3.3 of SI and our previous work [11]. Afterwards, based on
the total liquid yield and furfural mass concentration, we determined the
furfural mass yield per Eq. (8).

Mass of cellulose — mass of residual solid — mass of H,O

30 min, and the resultant vapor passed through an impinger train for
collection. Finally, the liquid condensate was analysed by a GC-MS (DB-
5MS column) offline. The averaged heating rate, as determined from the
measured temperature of the crucible inside the hot furnace, is around
30 °C/min. The gas residence time is around 70 s through the entire
quartz reactor.

2.5. In-situ reflectance infrared Fourier transform spectroscopic
measurement (in-situ DRIFTS)

Total yield of gas and liquid (%) =

Yield of liquid (wt%) = Total of gas and liquid — Yyield of total gas
(6)

Area of furfural

Selectivity of furfural (%) = Area of all compounds

x 100% @

Yield of furfural (wt%) = Yield of liquid
x furfural mass concentration (8)

To further corroborate the catalytic activity, pyrolysis of cellulose,
xylan, and sugarcane bagasse were conducted in a relatively large fixed-
bed reactor, as detailed in Section 3.4 of SI. In brief, for each run,
approximately 0.5 g feedstock was loaded into a crucible with and
without the same quantity of catalyst on the top of the feedstock. The
furnace was pre-heated to a set temperature; the feedstock-laden cru-
cible was then quickly inserted into the hot furnace and kept on hold for

Mass of cellulose

x 100% ()

To explore the surface hydrophobicity of catalyst and the adsorp-
tion/desorption of the species of interest on the catalyst surface, in-situ
DRIFTS measurement was conducted upon the flow of a variety of
molecules, including water vapor, HCHO, and furfural through the
catalyst surface. Furthermore, to capture the probable phase change of
Pd, temperature-programmed reduction (TPR) of Pd-MCM-41 in HCHO,
Hj, or CO was also examined using in-situ DRIFTS. The detailed mea-
surement conditions are presented in Section 3.5 of SIL

3. Results and discussion
3.1. Properties of fresh catalyst with 1 mol% Pd

For a typical fresh Pd-MCM-41 catalyst with 1 mol% Pd (which is
also the optimum Pd quantity, as detailed later), its physicochemical

properties, along with two references, pure PdO and blank MCM-41 are
shown in Table 1. The respective result of Pd quantification and the
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Fig. 2. (a) XPS Pd 3d3,» spectrum for Pd-MCM-41 catalyst with 1 mol% Pd; (b) Pd K-edge XANES spectra for Pd-MCM-41 catalyst, PdO standard, and Pd foil; (c) Pd
K-edge EXAFS fitting spectra for Pd-MCM-41, shown in R-space; (d) proposed synthesis of fresh Pd-MCM-41 catalyst.

patterns of BET, NH3-TPD, and Pyridine-FTIR can be found in Figs. S2-
S3. Asin Table 1, the MCM-41 reference has a large specific surface area
of 907 m?/g, a pore volume of 0.93 cm®/g, and an average pore size of
3.7 nm, all of which are for a typical mesoporous structure [26]. Upon
the doping of 1 mol% Pd, the specific surface area and pore volume for
the resultant Pd-MCM-41 catalyst slightly dropped to 830 m2/g and
0.84 cm®/g, respectively. Presumably, the majority of Pd reside on the
outside of the MCM-41 matrix. Indeed, Fig. S2 show similar patterns
between Pd-MCM-41 and blank MCM-41 both in specific surface area
and pore size distribution. The CO-impulse measurement also confirmed
a surface dispersion of 48% for Pd. Regarding the surface acidity in
Table 1, the pure PdO reference has the strongest acidity at 600-800 °C,
while MCM-41 has a relatively weak acidity < 200 °C, and a negligible
medium acidity at 200-400 °C. The doping of 1 mol% Pd slightly
increased the strength for both weak and medium acids, and the the
resultant Brgnsted to Lewis acid (B/L) ratio.

Fig. 1(a) show a similar pattern between Pd-MCM-41 and blank
MCM-41 in surface functional group distribution. XRD patterns in Fig. 1
(b) show a broad lump at 20 = 23.9° for MCM-41 reference reflecting the
amorphous nature of the pore wall within the MCM-41 matrix [27,28].
As expected, the pure PdO reference (Fig. S4(a)) is fully consistent with
the standard oxide (JCPDS: 96-100-9032). Regarding Pd-MCM-41, the
most discernible peak is for the (101) plane of PdO oxide, followed by
tiny ones including (110), (112), (103), (211), and (114). This agrees
with the HRTEM images (Fig. 1(c)) for the presence of spherical PdO
nanoparticles with a featuring d-space of 0.26 nm for its (101) facet.
Furthermore, per the Scherrer equation, the formed PdO particles on Pd-
MCM-41 are estimated to have a crystallite size of ~8.1 nm, broadly
agreeing with the averaged PdO particle size of ~4.5 nm per HRTEM
observation in Fig. 1(c) and Fig. 1(d). As this is larger than the average
pore size of ~3.7 nm in MCM-41, it is confirmed that the loaded Pd

mostly resides on the outer wall of the support.

Fig. 2(a) for the XPS Pd 3d analysis of catalyst surface shows the
primary existence of 77.2% Pd as Pd*"0,, along with a small fraction of
22.8% as PdOx (0 < x < 1). This broadly agrees with Fig. 2(b) for the
XANES profile of bulk Pd K-edge, where the Pd-MCM-41 shows a blue-
shift towards higher absorption energy for a higher oxidation valance.
This shall be caused by the chelation of the original Pd?* by the PVP
ligand. The abundant oxygen molecules within PVP are in favour of the
oxidation of Pd®t. The Fourier transferred EXAFS spectra in Fig. 2(c)
and Fig. S5, along with the corresponding fitting results detailed in
Table S2, confirmed a Pd-O bond length of 2.04 A and coordination
number of 5 for the first shell, which is respectively slightly different
from the standard length of 2.01 A and coordination number of 4 for the
pure Pd%*0O [29]. For the second shell, the Pd-Pd bond length is 3.07 A,
also deviating from the pure Pd?*O standard length of 3.02 A. Finally,
based on all the characterisation results, the corresponding synthesis of
loading Pd on MCM-41 is proposed in Fig. 2(d), where Pd colloid is
expected to be formed during the PVP chelation stage [22], promoting a
highly dispersed Pd species on the MCM-41 support, as proved by the
BET and TEM results for the dried Pd-MCM-41 prior to calcination in
Fig. S6. The subsequent calcination removed the abundant nitrogen (N)
and carbon (C) within the PVP (as confirmed by the CHNS result in
Table S3), causing the growth of the Pd nanoparticles into larger clus-
ters that are mostly excluded out of the MCM-41 matrix.

3.2. Catalytic performance of Pd-MCM-41

3.2.1. Product distribution from dried cellulose pyrolysis

Fig. 3 shows the product distribution from the pyrolysis of dried
cellulose at 450 °C, upon the use of different catalysts with an equal mass
ratio of catalyst to cellulose. Note that the Pd content was fixed at 1 mol
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Fig. 3. Products distribution from dried cellulose fast pyrolysis at 450 °C with and without the use of catalysts at an equal mass ratio to cellulose. (a) Total yield of
Gas (G) and Liquid (L); (b) H, yield; (c) CO yield; (d) Liquid yield; (e) Furfural selectivity; and (f) Furfural yield. Note that the content of Pd is 1 mol% in the Pd-MCM-

41 catalyst.

% in the Pd-MCM-41 catalyst. The corresponding GC-MS spectra are
shown in Fig. S7, and the detailed results are listed in Table S4. As in
Fig. 3(a), over the blank MCM-41, the total yield of gas and liquid out of
cellulose reached ~68 wt%, which is similar with the blank case of
cellulose alone. For the pure PdO reference, the total yield of gas and
liquid reached ~89 wt%, due to the strongest cracking of the C-C bonds
in the sugar rings. In contrast, the use of Pd-MCM-41 can achieve a
comparably high total yield of gas and liquid with its pure PdO coun-
terpart (Fig. 3(a)), whilst the formation of permanent gases was greatly
suppressed. As in Fig. 3(b)-(c), the pure PdO led to a high H; yield of
~1.0 wt% and CO of ~21.7 wt%, which is also accompanied by ~41.2
wt% COy (Table S4). In contrast, the gas product from Pd-MCM-41
mainly consists of Hy and CO, and the CO; yield is only ~6.8 wt%.
Accordingly, the highest liquid yield is obtained over the Pd-MCM-41
catalyst, as shown in Fig. 3(d).

For the furfural selectivity and yield in Fig. 3(e)-(f), clearly, the pure
PdO was able to selectively cleave the unwanted species, thereby
increasing the furfural selectivity. Nevertheless, its over-cracking ac-
tivity deteriorated the overall liquid amount, thereby leading to the least
furfural yield. The use of MCM-41 alone led to an improved furfural

Table 2

selectivity of ~29.6%. However, the selectivity of other compounds,
including LGO is also remarkably high, as evident in Table S4 and
Fig. S7. These products can be formed simply by the dehydration of
cellulose over MCM-41 [30,31], as illustrated in Eq. (2). Notably, the
Pd-MCM-41 catalyst achieved the highest selectivity and yield of
furfural with ~32.3% and ~18.2 wt%, respectively, while the selectivity
of heavy compounds decreases sharply (Table S4). Following this, a
parametric examination was conducted to optimise the loading of Pd,
mass ratio of catalyst to cellulose, and reaction temperature. As in
Fig. S8, the results confirmed that 1 mol% is the best Pd loading per-
centage, 450 °C is the optimum temperature, whilst an equal mass ratio
of catalyst to cellulose is sufficient for the Pd-MCM-41 catalyst devel-
oped here. These conditions were used to further test the pyrolysis of wet
cellulose in the following section.

3.2.2. Effect of water addition (wet cellulose) on product distribution

The results for wet cellulose are summarised in Fig. 4(a)-(d) and the
corresponding GC-MS spectra for liquid species are in Fig. S9. Note that
the drying curve of cellulose with various moisture contents in Fig. S10
suggested an approximate 4-5 s delay upon a three-times increase on the

Furfural selectivity and yield from fast pyrolysis of cellulose, xylan and sugarcane bagasse in a fixed-bed reactor.

Dry cellulose® Wet cellulose®® With Pd-MCM-4

1¢

Wet cellulose® Wet xylan® Wet sugarcane bagasse?
450 °C 450 °C 400 °C 450 °C 500 °C 550 °C 450 °C 450 °C
Sturfural, %0 8.1 19.3 22.2 47.5 43.0 40.4 65.4 35.1
Yiurfural, Wt% 6.2 13.9 13.8 31.3 25.8 18.6 44.5 23.9

“without catalyst;

bMass ratio of 3 for water to feedstock;

“An equi-mass ratio of catalyst to feedstock;

450% moisture based on the mass of sugarcane bagasse.
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dried cellulose and wet cellulose are without the use of catalyst.

Table 3
Furfural selectivity from the pyrolysis of cellulose in Pyro-probe reactor.

Catalysts Reaction conditions Sturfural (%)%, Reference, years
Yiurfural (Wt%6)°
Pd-MCM-41 450 °C, 255, R°=1 58.5%, This work
32.5 wt%
Pd-PdO/ZnS04 400 °C, 25s,R° =8 55.4%, [11], 2023 (Our previous work)
33.7 wt%
WOs3/y-Al,03 600 °C, 155, R° = 4 13.4% [36], 2022
Cd-MCM-41 550 °C, 155, R°=5 23.9% [37], 2021
Impregnated with 2.75% H3SO4 300 °C, 20 s 6.6%, [38], 2020
2 wt%
Na/FeCl3 550 °C, 155, R° = 10 61.4% [12], 2019
MCM-41 650 °C, 18 s,R°=9 18.5% [39], 2018
ZrCu-SAPO-18 600 °C, 155, R° =8 27.6% [40], 2018
GaN 550 °C, 10 s, R = 23% [41], 2017

“Sturfural (%) represents selectivity of furfural (%);
Y eurfural (Wt%) represents yield of furfural (wt%);
‘R stands for the mass ratio of catalyst to feedstock.

moisture content [32]. Such a delay should be insignificant in compar-
ison to the total 25 s residence time within the micro-reactor.
Regarding the total yield of gas and liquid out of wet cellulose in
Fig. 4(a), it is evident that the Pd-MCM-41 catalyst is still highly active,
which increased the overall conversion of wet cellulose to around 90%.
This is accompanied by a remarkable increase in both Hy and CO in
Fig. 4(b) and (c), respectively, compared to wet cellulose without a
catalyst. In addition, as the yield of the undesired CO5 remained rather
stable in Table S5, it is inferred that, instead of decarboxylation of
cellulose, the secondary reactions such as steam reforming or the
decomposition of aldehyde (which is formaldehyde here) or ketone-type
compounds [33] was promoted by the Pd-MCM-41 catalyst. More
importantly, as in Fig. 4(d), using MCM-41 with and without the loading
of Pd, both the selectivity and yield of our target product furfural were
improved remarkably. This indicates a strong promotion effect of water

on the production of furfural. However, in terms of other liquid products
in Fig. 4(e) and (f), in comparison to MCM-41 alone, the use of Pd-MCM-
41 is clearly beneficial in surpassing the production of LGO, 5-HMF, and
furanone. As the yields of Hy and CO are the highest for this catalyst in
Fig. 4(b) and (c), here again, it is inferred that these undesired species
were successfully steam-reformed by the Pd-MCM-41 catalyst. In addi-
tion, we found that a further increase of the water mass ratio to 4 is
detrimental (as shown in Fig. S11), which reduced the furfural yield and
selectivity considerably. This shall be due to the enhanced steam
reforming reaction for furfural leading to the formation of excessive
light compounds.

Finally, the catalytic activity of Pd-MCM-41 was validated by the
fixed-bed reactor, under the optimised conditions of an equal mass ratio
of catalyst to cellulose, a threefold mass ratio of water to cellulose, and a
pyrolysis temperature of 450 °C. Intriguingly, as summarised in Table 2,
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with the detailed product distribution in Table S6, and MS spectra in
Fig. S12, although the heating rate and residence time within the fixed-
bed differ from Pyro-probe, the results are quite comparable between
the two rigs. The selectivity and yield of furfural are relatively low from
dry cellulose pyrolysis, with LGA as the primary product. In the case of
wet cellulose, the furfural selectivity and yield were increased, whilst
the Pd-MCM-41 catalyst promoted the selectivity and yield of furfural to
47.5% and 31.3 wt%, respectively. These results are comparable with
the Pyro-probe data in Fig. 4(d), although LGA was not detected by
Pyro-probe. Moreover, our results are superior over those reported
based on the solvolysis of cellulose, a conventional commercial
approach for furfural production. For instance, based on the use of

y-valerolcatone (GVL)-water as a solvent with a 0.6 wt% FeCls-6H30
catalyst at 70 °C for 80 min, furfural yield reaches only 14.3 wt% [34].
With the use of y-butyrolactone (GBL)-water solvent and 1 wt% Hp
zeolite catalyst at 150 °C, 2 MPa N pressure, and 1 h, the furfural yield
only reaches 22.8 wt% [35]. Regarding the pyrolysis method, we also
compared our catalyst with those reported based on Pyro-probe. As
tabulated in Table 3, the results in this work are clearly comparable with
our previous Pd-PdO/ZnSO4 catalyst, and even with the Na/FeCls
catalyst in terms of furfural selectivity. Additionally, an extra experi-
ment using MCM-41 physically mixed with 1 mol% PdO was conducted
at 450 °C, with an equal mass ratio of catalyst to cellulose and a
threefold mass ratio of water to cellulose. As MS spectra shown in
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Fig. S13, a furfural selectivity and yield of 37.5% and 22.5 wt% were
achieved, respectively, confirming the necessity of the impregnation of
PdO onto MCM-41. More strikingly, back to Table 2, the catalyst and its
optimum application condition can also be successfully extended to the
pyrolysis of xylan (i.e., hemicellulose) and a real biomass which is
sugarcane bagasse here. For the pyrolysis of wet xylan in fixed-bed
reactor, its furfural selectivity and yield reached 65.4% and 44.5 wt%,
respectively. Likewise, for the wet sugarcane bagasse, its furfural
selectivity and yield achieved 35.1% and 23.9 wt%, respectively. These
results even surpass our previous Pd-PdO/ZnSOy catalyst which yielded
43.8 wt% and 18.3 wt% furfural from the pyrolysis of xylan and sug-
arcane bagasse, respectively. Moreover, the conditions used in this work
are milder than the case for Na/FeCls catalyst, which required a higher
optimum temperature of 550 °C and a larger catalyst to feedstock ratio
of 10 [12].

3.3. Reaction pathways for the evolution of individual products and
intermediates

The time-resolved release of volatile products from slow pyrolysis
was analysed by TGA-MS (methods detailed in Section 3.6, SI), to
capture and differentiate the evolution of individual products and in-
termediate ones that might be missed in the fast-heating scheme. As
illustrated for dried cellulose with and without catalysts in Fig. 5(a),
H20 (m/z = 18) is unanimously the first product released at 350 °C and
peaked at ~400 °C, echoing the predominance of the dehydration step
for the overall conversion (Egs. (1)-(4)). Upon the use of MCM-41 alone,
the peak intensity of HyO increases, along with a peak shift towards
lower temperatures. Following this is the release of formaldehyde
(HCHO, m/z = 30), furfural (m/z = 96), furanone (m/z = 55), and LGO
(m/z = 98). The first product is derived from the Grob fragmentation of
the methyl side group on the isomerised intermediate D-fructofuranose,
per Eq. (4). Its extent was also improved remarkably by the Pd-MCM-41
catalyst. Furthermore, in agreeing with the Pyro-probe results in Fig. 3,
the release of furfural and furanone was intensified by this catalyst,

whilst the release of LGO was suppressed remarkably in comparison to
both the dried cellulose and MCM-41 catalyst. Additionally, LGA was
not detected in these cases, which agrees with the Pyro-probe results but
differs from the fixed-bed reactor. As LGA is a major anhydro-
monosaccharide produced from the primary pyrolysis of cellulose
[7,42,43], its presence in the fixed-bed derived liquid could be due to a
relatively slow heating rate of 30 °C/min within the fixed-bed reactor. In
contrast, higher heating rates of 150 °C/s and 80 °C/min were employed
in the Pyro-probe reactor and TGA, respectively. Presumably, the
dehydration of LGA to LGO was too fast to be captured under these two
high heating rates.

Fig. 5(b) demonstrates the slow pyrolysis results for both dried and
wet cellulose with the use of Pd-MCM-41 catalyst. Clearly, upon the use
of wet cellulose, the peaks of HyO and HCHO further shifted to a lower
temperature with enhanced intensity, indicating that both dehydration
and Grob fragmentation reactions were promoted. More strikingly, the
release of furanone was reduced, whilst the release of LGO was nearly
undetectable. This suggests a catalytic conversion of LGO to furfural, or
a direct conversion of the precursor of LGO (e.g. LGA) into furfural. To
confirm the former speculation, LGO was used as feedstock, blended
with and without MCM-41 and Pd-MCM-41 catalysts, and tested at
450 °C and an equal mass ratio of catalyst to feedstock in Pyro-Probe. As
evident by the GC-MS spectra of the liquid products in Fig. S14, the LGO
intermediate remained intact under all the conditions examined, con-
firming that it is a competitor to furfural. Once formed, LGO was unable
to convert into furfural. In contrast, for the use of LGA as the feedstock in
Fig. 5(¢), its pyrolysis with the absence of catalysts resulted in a broad
range of products from furanone to furfural, 5-MF, LGO, and 5-HMF.
However, the use of Pd-MCM-41 improved the selectivity of furfural
over LGO, whereas the addition of water further intensified the
discrepancy between the selectivity of the two products, making furfural
the predominant one. Regarding another principal intermediate 5-HMF
formed by dehydration of dried cellulose in Fig. 4, we also used it as a
feedstock and tested it with different catalysts. As evident in Fig. 5(d),
the use of MCM-41 only is in favour of the isomerisation of 5-HMF into
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of the fresh and the spent Pd-MCM-41 catalysts.

LGO, and the hydrogenolysis of 5-HMF into 5-MF. In contrast, the use of
Pd-MCM-41 catalyst promoted the formation of both 5-MF and furfural,
whilst the addition of extra water reduced the intensity of the LGO
competitor. Finally, regarding another light product furanone (C4H405),
it was only detected by fast pyrolysis in Fig. 4(f). Irrespective of the use
of a catalyst, the use of wet cellulose is sufficient to reduce the fraction of
furanone. This can be due to accelerated hydrolysis of furanone and
even its high-temperature decarbonylation reaction [29,44], leading to
the formation of CO. Therefore, the combination of MCM-41 and PdO is
in favour of both dehydration and Grob fragmentation to remove the
undesired HCHO, and more importantly, it is effective in surpassing the
undesired LGO and 5-HMF competitors.
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3.4. Catalyst active sites and phase change between PdO and Pd’

3.4.1. Cyclic tests and characterisation of spent Pd-MCM-41 catalyst
Effort was then made to assess the reusability of the spent Pd-MCM-
41 and its characteristics post each single test. As in Fig. 6(a), a steady
decrease was confirmed for the cyclic tests on both yield and selectivity
of furfural (GC-MS spectra in Fig. S15). For comparison, the MCM-41
support alone also demonstrated a descending trend with a much
faster decrease rate upon the increase on the cycle number (Fig. S16).
The CHNS results in Table S7 and BET pore distribution in Fig. S17 of
the spent catalysts indicated a larger quantity of coke deposition on the
spent MCM-41 than the spent Pd-MCM-41, underscoring the detrimental
role of coke on the deactivation of MCM-41 with and without the
loading of Pd. Additionally, in parallel to the coke deposition on Pd-
MCM-41, the phase change of Pd was also found. As in Fig. 6(b), the
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Fig. 8. In-situ XRD analysis of (a) Pd-MCM-41 mixed with cellulose and (b) fresh Pd-MCM-41 catalyst during temperature-programmed heating from 100 °C to

450 °C in N». The heating rate was set at 10 °C/min.
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metallic Pd° (JCPDS: 95-900-9521) is the only Pd-bearing species in all
the spent catalysts, confirming an in-situ reduction of PdO species under
the cellulose pyrolysis condition, although the oxygenates and oxidising
gases such as steam is predominant. The XPS surface analysis of Pd 3d in
Fig. 6(c) confirmed the presence of 55.2% metallic Pd® in the spent
catalyst, along with 44.8% PdO,. The TEM observation in Fig. 6(d) also
confirmed the presence of Pd® and PdO, with rings corresponding to the
Pd (100), (012), (112), and PdO (112) and (020). Statistic counting
inset in Fig. 6(e) confirmed a relatively broad size distribution for Pd in
the spent catalyst, with a relatively bimodal distribution for two peaks
of ~4.5 nm and 7 nm, respectively. Likewise, based on the XRD pattern,
the Pd crystallite size was confirmed to gradually increase from 8.1 nm
in fresh catalyst to 10.3 nm, 11.3 nm, and 12.7 nm after each cycle
(detailed in Table S7). Presumably, upon in-situ reduction, the resultant
Pd® lost its surrounding oxygen atom, and subsequently aggregated.
To confirm that the reduction of PdO is one of the principal causes for
catalyst deactivation, the fresh Pd-MCM-41 was purposely reduced by
5% Hj at 400 °C, resulting in a new catalyst rPd-MCM-41. As in Fig. 7(a),
metallic Pd° (96-901-2963) was confirmed to be the sole Pd-bearing
species in fresh rPd-MCM-41 and all its spent counterparts after the
cyclic tests. For the activity test results in Fig. 7(b), the first use of fresh
rPd-MCM-41 resulted in a 54.6% selectivity and 29.8 wt% yield for
furfural. Both values are considerably lower than that of the fresh Pd-
MCM-41 catalyst for a selectivity of ~60% and yield of ~33 wt% for
furfural (Fig. 6(a)). Instead, its activity is very much in line with the
spent Pd-MCM-41 in Fig. 6(a), where the selectivity of 54.1% and yield
of 28.8 wt% were witnessed in the second cycle. These results provide
strong evidence for PdO as the active site during cellulose pyrolysis.
More interestingly, upon a subsequent regeneration at 500 °C for 30 min
in air, the catalyst activity was restored back to the same level as the
fresh one, as evident in Fig. 7(c). The regenerated catalyst, through three
consecutive reaction — regeneration cycles, demonstrated nearly
consistent selectivity and yield of furfural as its fresh counterpart.
Through characterisation of the regenerated catalysts including XRD in
Fig. 7(d), TEM in Fig. 7(e), BET in Fig. S18, XPS Pd 3ds/» in Fig. 519,
CHNS in Table S7, and CO-pulse, we also confirmed that nearly all the
physical properties of the catalyst are restored back to the original state,
including an averaged particle size of ~5.3 nm for Pd, surface dispersion
of ~44.4% and an average pore size of 3.7 nm that are all nearly
identical with the fresh one (Table 1). The XPS surface analysis of Pd 3d
confirmed the primary existence of 78.7% Pd** as PdO; in the regen-
erated catalyst, along with the presence of 21.3% PdOy (0 < x < 1).
Compared to the fresh Pd-MCM-41 catalyst, the slight drop on the BET
surface area and total pore volume could be due to the regeneration
condition which is not optimised yet (hence, the MCM-41 matrix slightly
collapsed). Nevertheless, it is evident that the catalyst is thermally
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robust and its Pd carries a strong memory back to its initial state upon
the air-combustion regeneration. Inferably, this memory function
should be initiated from the preferred loss of the bridging oxygen atom
between Pd and Si on their interface. This is supported by the XPS Si 2p
analysis of the fresh and spent Pd-MCM-41 catalysts in Fig. 7(f), where
the Si binding energy of the spent Pd-MCM-41 shifted to a lower position
for C-Si (C-Si-O3) in which one O atom in the tetrahedral coordination of
SiO, was replaced by C atom [45,46]. Indeed, the XPS C 1 s for the spent
Pd-MCM-41 in Fig. S20(a)) confirmed the formation of C-Si bonding
[46]. Plus, the FTIR analysis for the spent Pd-MCM-41 in Fig. S20(b)
confirmed that the formation of a tiny Si-CHy adsorption band (990
cm 1) on the surface. All these results support an important role of the
Pd-O-Si interface on the fresh Pd-MCM-41 catalyst, which is clearly the
primary sites for the adsorption and surface reactions during the cellu-
lose pyrolysis.

3.4.2. In-situ reduction of PdO in Pd-MCM-41

Given that PdO serves as the active site, it is imperative to investigate
the rationale behind the reduction of PdO during cellulose pyrolysis. In
this regard, in-situ synchrotron XRD was conducted during the
temperature-programmed heating of fresh Pd-MCM-41 catalyst, with
and without the presence of cellulose. As in Fig. 8(a) for the blending of
cellulose with fresh catalyst, at the starting temperature of 100 °C, the
featuring patterns of PdO are present at 16.92°, 20.85°, 26.85°, 29.65°,
and 34.23°, which are accompanied by SiO, at 10.76°, and cellulose at
7.90°, 10.19°, 11.45°, 17.18°, and 22.40° (same peaks were confirmed
for pure cellulose in Fig. S21). Remarkably, with the temperature
increasing to 250 °C, the cellulose characteristic peaks diminished,
suggesting the start of cellulose pyrolysis. Simultaneously, the intensity
of the PdO characteristic peaks decreased, which is accompanied by
metallic Pd° at 19.53°, 22.59°, 32.16°, and 37.91°. These peaks also
remained stable until 450 °C. In contrast, in the absence of cellulose in
Fig. 8(b), the temperature-programmed heating of Pd-MCM-41 in Ny
failed to show any phase change for PdO. Clearly, the reducing species
such as HCHO, Hj, and CO generated from cellulose pyrolysis are more
accountable for the reduction of PdO. These species are also preferen-
tially adsorbed on the PdO active sites on the Pd-O-Si interface.
Regarding the HCHO fragment derived from the Grob fragmentation
reaction, its decomposition per Eq. (9) below, could lead to the subse-
quent reduction of PdO by the resultant Hp and CO via Egs. (10) and
(11). In addition, the oxidation of HCHO by the lattice oxygen of PdO
could also occur, leading to the products of CO5 and Hy0 per Eq. (12)
below. This phenomenon even occurs on the supported noble metal
catalysts at room temperature [47,48].

HCHO (43y—CO qq) + 2H aq) (C)]
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2H (qg) + Oy = H20 aq) (10)
CO(ad) + O(1>—>C02(ad) (11)
HCHO(ad) + 20(1)—>C02(ad) + HgO(ad) (12)

Where the symbol ad stands for the adsorbed state, and [ for lattice ox-
ygen of PdO which also includes the bridging oxygen between Si and Pd
illustrated in Fig. 2(d).

To confirm these two speculated reactions, temperature-
programmed adsorption of the three reducing species were individu-
ally performed via in-situ DRIFTS. Regarding the adsorption of HCHO
vapor in Fig. 9(a), the adsorption at 1590 cm™! for asymmetric COO
stretching indicates the presence of formate for the adsorbed HCHO
[49,50], whilst the adsorption bands at 1800 cm’l, 1940 cm’l, and
2110 cm ! refer to the formation of hydride (H-Pd) for the uptake of
hydrogen on metallic Pd°, CO bonding on metallic Pd°, and linearly
bound CO on Pd®*, respectively [50-52]. More notably, a baseline shift
was detected from 225 °C onwards, which is an indicator of the reduc-
tion of PdO to Pd® leading to the variation in the refractive index of the
material [53,54]. This transition temperature also nicely agrees with the
high-temperature XRD observation in Fig. 8(a). Regarding the two
reducing gases, Hy and CO, each gas (1%) was bubbled with water vapor
with an approximate 3 vol% concentration before entering the in-situ
DRIFTS chamber. This is to mimic the abundance of water vapor
derived from the dehydration of cellulose. Clearly, as in Fig. 9(b) and
(c), the uplift of the baseline for the reduction of PdO into metallic pd°
was further confirmed. The use of Hy induced a transition temperature of
around 200 °C, in comparison to the temperature of 300 °C observed
upon the use of CO. The adsorption bands induced by the two reducing
gases are also mostly in line with the adsorption of HCHO in Fig. 9(a).
Regarding the extra adsorption bands such as 1610 cm ™! and 3250 cm™*
in Fig. 9(b), they refer to the stretching of OH and H,O molecules formed
by the oxidation of PdO by Hy [53,54]. Likewise, for the extra bands
including 1940 cm ! and 2160 ecm™! in Fig. 9(c), they can be attributed
to the linear-bonded CO on Pd and PdO, respectively [51,52]. Never-
theless, their intensities are much weaker than the other two bands
including 1590 cm ™! and 1810 cm ™! for the coverage of CO, molecules
and the linear-bonded CO on the reduced Pd’, respectively.

3.4.3. Surface adsorption of water, HCHO and furfural

Finally, it is noteworthy that, the variation in product distribution
observed in cellulose pyrolysis over MCM-41 and Pd-MCM-41 may not
only be ascribed to the Pd-centred active site, but also to the difference
of the hydrophilicity of their surfaces. For the overall conversion of
cellulose to furfural, the cellulose feedstock, its glucose monomers, and
the intermediate LGA are highly water soluble. Therefore, a hydrophilic
surface is beneficial for their initial adsorption and subsequent
reactions.

In-situ DRIFTS isothermal measurements were conducted to examine
the surface properties of MCM-41 and Pd-MCM-41 for the adsorption of
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water and HCHO at 200 °C. Regarding the continuous flow of water
vapor through the catalyst surface, as in Fig. 10(a) and (b), a broad
range of adsorption bands for water vapor can be assigned at ~1635
em™}, ~3550 ecm™!, and ~3745 ecm™! [55,56]. Fig. S22 quantitively
confirmed a noticeable stronger intensity for the middle band over Pd-
MCM-41 than that of MCM-41, supporting an enhanced hydrophilicity
of the MCM-41 surface upon the doping of Pd species even in a tiny
amount. Additionally, the temperature-programmed desorption of
water vapor was investigated by in-situ DRIFTS. As shown in Fig. S23(a)
and (b), the desorption of water vapor from Pd-MCM-41 occurs at a
higher temperature than from MCM-41, further supporting a stronger
adsorption of water vapor on the former catalyst surface.

For the adsorption of HCHO, as in Fig. 10(c), there is no discernible
peak associated with HCHO in the whole duration of 30 min on the
surface of MCM-41. In contrast, for the Pd-MCM-41 catalyst in Fig. 10
(d), a variety of peaks appeared in 15 min, which are also in line with
those confirmed for the temperature-programmed adsorption of HCHO
in Fig. 9(a). Presumably, this species is preferentially adsorbed on PdO
site. The adsorption propensity of the target product furfural at 200 °C is
also intriguing. As in Fig. 10(e) and (f), the adsorption of furfural is
distinct on the surface of MCM-41, showing three feature bands
including 2860 cm ! and 2930 cm ! for the —C=C— stretch, and 2960
em ™! for its aldehyde group (-CH=0) [57,58]. These adsorption bands
also grew stably with the elongation of the exposure time. In contrast,
for the Pd-MCM-41 surface, the adsorption band of furfural is even
invisible in the whole 30 min. Moreover, the adsorption of furfural at
20 °C was investigated and the results are shown in Fig. $23(c) and (d).
Interestingly, no peaks were found on both catalysts, which may suggest
a very weak Van der Waals force for the adsorption of furfural at low
temperature. Regarding the strong adsorption bands for furfural on the
MCM-41 surface at 200 °C (Fig. 10(e)), it should be caused by the
chemical adsorption. This strong adsorption should lead to the decom-
position of furfural and even deactivation of MCM-41 for the larger coke
deposition on it.

3.4.4. Schematic on the phase change of Pd-MCM-41 catalyst

Based on the detailed characterisation results, Fig. 11 summarises
the phase change of the Pd-MCM-41 catalyst during the fast pyrolysis of
cellulose, and its reactivation upon a subsequent combustive regenera-
tion. It is conclusive that the loading of 1 mol% Pd, although tiny, is
beneficial in enhancing the hydrophilicity of the MCM-41 surface,
thereby promoting the adsorption of feedstock and HCHO molecules in
the vicinity of Pd-centred sites, whilst repelling the target product
furfural readily. However, this triggered an in-situ reduction of PdO and
the loss of the bridging oxygen atom to silica matrix via the reduction by
the HCHO fragment, Hy and/or CO. In addition, coking of the heavy
compounds is induced in the vicinity of the active site. Consequently, the
resultant metallic Pd® is less active, and aggregates. Nevertheless, the
catalyst was proven to have a memory function, with its dominance of
PdO and high dispersion being restored easily upon a mild combustion
regeneration approach. Accordingly, the catalyst reactivity can be
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restored as well.
4. Conclusions

A facile loading of MCM-41 silica support with 1 mol% Pd was
attempted to maximise the production of furfural from cellulose via fast
pyrolysis. Advanced reactor systems and full-picture product distribu-
tion analysis were employed to elaborate the reaction pathways.
Detailed characterisation of both fresh, spent, and regenerated catalysts
was conducted to reveal the active site and the phase change of Pd. The
major conclusions can be drawn as follows:

1) The as-prepared facile Pd-MCM-41 catalyst achieved a high selec-
tivity of 47.5-58.5% and a yield of 31.3-32.5 wt% for furfural. It is
distinct in catalysing a direct conversion of cellulose to furfural over
the C6 by-products including LGO, 5-HMF, and 5-MF. The catalyst is
also relatively stable, with a slower deactivation rate than the MCM-
41 reference.

Cationic Pd?* as PAO was found to be the active site, which was
readily deactivated by the coke deposition. In addition, it was
reduced to metallic Pd° by the adsorbed HCHO molecule and even
the gaseous products including Hp and CO on the Pd-O-Si interface.
Nevertheless, mild combustion regeneration is effective in restoring
the catalyst activity, due to a strong memory of the catalyst which is
in favour of restoring the active phase, Pd dispersion, and size during
the regeneration process.

The loading of 1 mol% Pd is effective in enhancing the surface hy-
drophilicity of MCM-41 support, promoting the adsorption and
subsequent decompositions of the undesired formaldehyde (HCHO),
as well as the desorption of furfural product which otherwise would
undertake excessive secondary reactions on the original hydrophobic
MCM-41 surface.
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