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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Highly dispersed Ru/ZrPO4 catalyst synthesized via microfluidic-assisted ethylene glycol reduction.

■   Ru/ZrPO4-MIC shows small Ru particle size (3.03 nm) with excellent dispersion and H2 activation.

■   Complete guaiacol conversion with 97.9% cyclohexane selectivity under mild conditions.

■   Superior activity and stability compared with impregnation and hydrothermal catalysts.

■   Microfluidic strategy enables low metal loading and is applicable to other noble metal catalysts.
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To  address  the  demand  for  efficient  hydrodeoxygenation  (HDO)  of  lignin-
derived phenolic compounds into high-value hydrocarbon fuels,  this study
designed and synthesized highly dispersed Ru/ZrPO4 catalysts by employ-
ing  a  novel  microfluidic  technology  coupled  with  ethylene  glycol  thermal
reduction. The traditional impregnation (Ru/ZrPO4-IMP) and the hydrother-
mal  method  (Ru/ZrPO4-HYD)  were  also  conducted  to  compare  with  the
microfluidic method (Ru/ZrPO4-MIC). Comprehensive characterizations via
XRD,  TEM,  XPS,  H2-TPD and NH3-TPD reveal  that  Ru/ZrPO4-MIC presents
superior  properties  of  small  average  Ru  particle  size  (3.03  nm),  excellent
metal dispersion,  outstanding  hydrogen  dissociation  capability  and  suit-
able  acid  strength,  which  improve  the  HDO  performance  significantly.
Under  mild  reaction  condition  (240  °C,  1  MPa  H2),  the  Ru/ZrPO4-MIC
achieves  complete  conversion  of  guaiacol  and  97.9%  selectivity  toward
cyclohexane,  significantly  outperforming  the  Ru/ZrPO4-IMP  (47.4%)  and
Ru/ZrPO4-HYD (79.7%) catalysts, as well as most of the reported catalysts.
Comparative  studies  confirm  that  the  microfluidic  approach  effectively
prevents  metal  agglomeration  and  enhances  metal  dispersion.  Ru/ZrPO4-
MIC  catalyst  also  presents  a  high  stability  after  5  recycles,  with  little
catalytic activity loss.  Moreover,  in the HDO upgrading of lignin oil,  hydro-
carbon  content  increases  from  10.5%  to  91.8%.  This  novel  microfluidic
method is also suitable for the preparation of other highly dispersed noble
metal-based  catalysts,  which  enables  to  achieve  high  catalytic  activity
under the low metal loading.

 INTRODUCTION
Fossil  fuels  have  played  a  key  role  in  global  industrialization.  While,  their

limited resources and environmental  pollution pose severe energy and envi-
ronmental  challenges.1,2 Biomass  energy,  with  its  renewability  and  carbon-
neutral  characteristics,  has  become  a  critical  direction  for  the  alternative  of
fossil  fuels.3,4 Lignin  is  one  of  the  three  components  of  lignocellulosic
biomass, as well as the only one aromatic polymer in nature. It suffers from
the low energy density. This problem can be solved by pyrolysis to yield lignin
oil  that  rich in  phenolic  compounds (e.g.,  guaiacol).5-7 However,  the lignin oil
still  can’t  match with  the  high calorific  value  and chemical  stability  of  fossil
fuels  because  of  its  abundance  of  oxygen  atoms  and  unsaturated  bonds.8,9

Hydrodeoxygenation (HDO) technology enables to effectively reduce oxygen-
containing groups and break unsaturated bonds (e.g.,  C=C,  C=O),  represent-
ing one of the most promising strategies to produce high-quality fuels.

The  synergy  between  metal  sites  and  acid  sites  is  crucial  for  an  efficient
HDO catalyst.10-12 Metal sites utilize the unique electronic structures to adsorb
hydrogen molecules and dissociate H–H bonds,  generating active hydrogen
source  for  subsequent  hydrogenation  procedure.  Simultaneously,  acid  sites
on the carrier interact with C-O bonds in substrate, reducing activation energy
of the bonds through electron cloud rearrangement to improve the breakage
of C-O bonds. Metals are typically categorized into noble metals (e.g., Pt, Ru,
Pd) and non-noble metals. Non-noble metals (e.g., Co, Ni, Mo) are cost-effec-
tive but require high reaction temperature to show catalytic activity.13-15 Noble
metal  catalysts  enables  to  present  superior  hydrogenation  capability  under
mild condition.16-19 For instance, our previous study prepared a Pt/Al2O3-TiO2

catalyst with  photochemical  method  and  achieved  100%  guaiacol  conver-
sion at 260 °C with cyclohexane selectivity of 99.9%.20 Newman et al. synthe-

sized different Ru-based catalysts on C, SiO2, Al2O3, and TiO2 supports, which
were  employed  for  the  HDO  of  phenol  at  300 oC.  The  high  dispersed  Ru-
based catalyst presented a high phenol conversion.21 Yan et al. compared the
Ru/ZSM-5  and  Ru/BEA  catalysts  with  atomically  dispersed  Ru  metal  in  the
guaiacol HDO reaction. Ru/ZSM-5 achieved 67.7% yield of cyclohexane at the
temperature of 250 oC.22 Overall, the results show that metal particle size and
metal  dispersion  significantly  impact  HDO  efficiency.  As  for  the  acid  sites,
phosphate  carriers  such  as  AlPO4 and  ZrPO4 provide  both  Brønsted  and
Lewis acid sites, which facilitates the deoxygenation procedure. Our previous
study developed a Ni/AlPO4 catalyst, demonstrating excellent catalytic activ-
ity and stability in the HDO of guaiacol. 99.9% conversion and 91.1% yield of
cyclohexane  were  obtained  at  250 oC.23 Han et  al. compared  the  catalytic
performance  of  Co/ZrPO4 and  Ni/ZrPO4 catalysts  in  the  guaiacol  HDO  at
300  °C.  Results  showed  that  the  acid  site  derived  from  ZrPO4 support
promoted the deoxygenation process significantly.24

Traditional  catalyst  preparation methods such as co-impregnation gener-
ally  suffer  from  metal  agglomeration  during  high-temperature  reduction,
leading  to  large  metal  particles  that  makes  negative  effect  on  the  specific
catalytic activity, against the green chemistry concept. To address this chal-
lenge,  researchers have recently devoted efforts to developing various novel
synthesis  strategies  capable  of  achieving  high  metal  dispersion.25-30 For
instance,  constructing  single-atom  catalysts  is  regarded  as  an  effective
approach to  realizing  high  metal  dispersion.  Hu  et  al.  successfully  synthe-
sized  a  Mo  single-atom  catalyst  anchored  on  an  LDH-derived  support  via
cationic vacancy engineering, which exhibited nearly 100% cyclohexane yield
and excellent  stability  in  the  HDO of  guaiacol  under  mild  conditions.31 Addi-
tionally,  other  strategies,  such  as  metal-organic  framework  (MOF)  derived
methods,  have  also  shown  remarkable  progress  in  constructing  highly
dispersed  nanocatalysts.32 However,  the  above  strategies  often  involve
complex  multi-step synthesis  processes,  which  limits  their  general  applica-
bility  and  potential  for  scalable  production  to  some  extent.  Microfluidic
continuous synthesis enables to address this problem. The core advantages
of the microfluidic approach lie in its ability to provide precise fluidic control
and  uniform  reaction  conditions,  thereby  overcoming  limitations  inherent  in
traditional  batch  synthesis  such  as  reaction  heterogeneity  and  particle
agglomeration.  Zhang et  al. designed  a  rapid  approach  to  synthesize  Pt-Bi
bimetallic  nanoparticles  in  microfluidic  tube,  which  realized  the  particle  size
controlling.  By  adjusting  reaction  temperature  and  solvent,  Pt1Bi1 and  Pt1Bi2
nanoparticles with tunable sizes were obtained, exhibiting superior methanol
electrocatalytic  activity.33 Similarly,  Kunal et  al. used  a  continuous  flow
system  with  multistage  microreactors  to  synthesize  Rh  and  RhAg  alloy
nanoparticles,  suppressing  agglomeration  and  ripening  via  hydrodynamic
confinement.34 These successful cases further underscore the inherent bene-
fits of microfluidic synthesis. By tuning preparation parameters, the distribu-
tion of metal particle size enables to be regulated and the particle growth can
be controlled. However, the supported metal-based catalysts using microflu-
idic methods have not yet been reported before.

In  this  work,  we  employed  microfluidic  technology  coupled  with  ethylene
glycol reduction to prepare the high dispersed Ru/ZrPO4 catalyst, which was
systematically  evaluated  in  the  HDO  of  lignin-derived  phenolic  compounds
and  lignin  oil.  High  dispersed  Ru/ZrPO4 catalyst enables  to  take  full  advan-
tage  of  the  catalytic  activity  of  each  metal  atom that  meets  the  demand of
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green  chemistry.  Different  preparation  methods  were  compared  to  produce
Ru/ZrPO4 catalyst,  including  impregnation,  hydrothermal  reduction  and
microfluidic synthesis. The process parameters during microfluidic synthesis
were  also  investigated  and  a  series  of  catalyst  characterizations  were
conducted.  In  addition,  the  preparation  of  other  Ru-based  catalysts  using
microfluidic  synthesis  was  also  tested  to  confirm  the  method  universality.
This novel microfluidic method offers a potential alternative for the develop-
ment of fine catalyst designs.

 MATERIALS AND METHODS
 Materials

RuCl3,  NH4H2PO4,  ZrOCl2·8H2O,  ethanol, n-octane  solvent,  guaiacol,  and
other  phenolic  compounds were derived from Shanghai  Aladdin Co.,  Ltd.  All
reagents were analytical grade. Lignin oil was obtained from the cotton straw
pyrolysis  and  fractional  condensation  was  used  to  extract  the  phenolic
components based on the reported study.35

 Catalyst preparation
Preparation of  ZrPO4 carrier: The preparation process of  the ZrPO4 carrier

was  conducted  as  following.  Under  stirring  condition  at  room  temperature,
NH4H2PO4 solution  (1.0  mol/L,  100  mL)  was  added  to  ZrOCl2·8H2O  solution
(1.0 mol/L, 50mL). Then the mixture was placed in a high-pressure reactor at
120  °C  all  day  long.  The  resulting  white  solution  was  centrifugally  washed
alternately with water  and ethanol,  and dried at  80 °C for  18 h to obtain the
ZrPO4 carrier.

Preparation  of  Ru/ZrPO4-IMP  catalyst: The  Ru/ZrPO4-IMP  catalyst  was
prepared using impregnation method.  1  g  of  ZrPO4 was added in  a  crucible
with  specific  amount  of  RuCl3 solution  (4wt%  Ru  loading)  and  deionized
water. After magnetic stirring at 300 r/min for 6 h, the mixture was dried at 60
°C.  Then  the  crucible  was  transferred  into  a  vacuum  drying  oven  at  100  °C
overnight.  A  tube  furnace  was  used  to  conduct  the  reduction  procedure  at
400 °C with a hydrogen flow rate of 60 mL/min for 3 h. Finally, the supported
Ru/ZrPO4-IMP catalyst was obtained.

Preparation  of  Ru/ZrPO4-HYD  catalyst: The  Ru/ZrPO4-HYD  catalyst  was
prepared  by  hydrothermal  method  with  ethylene  glycol  reduction.  Based  on
our  previous  study,36 1  g  of  ZrPO4 was  added  in  a  hydrothermal  autoclave.
Then,  a  calculated  specific  volume of  RuCl3 solution  (4wt% Ru loading)  and
50 mL ethylene glycol  solvent  were added and heated to 200 °C under stir-
ring at a speed of 300 r/min for 2 h. After cooling down, the catalyst sample
was centrifuged and placed in  a  vacuum drying oven at  70 °C overnight  for
drying to obtain the Ru/ZrPO4-HYD catalyst.

Preparation  of  Ru/ZrPO4-MIC  catalyst: The  Ru/ZrPO4-MIC  catalyst  was
prepared  by  microfluidic  method,  combining  with  ethylene  glycol  reduction,
as  shown in Figure  1A.  As  the  ethylene  glycol  reduction  method mentioned
above,  the  highly  dispersed metal-based catalyst  can be  obtained by  react-
ing  the  ethylene  glycol  solution  of  Ru  precursor  at  200  °C.  Besides,  the
confinement effect of microfluidic method further facilitates the self-assem-
bly and the high metal dispersion during the preparation process. The precur-
sor  solutions  consist  of  1  g  of  ZrPO4 carrier  mixed  with  50  mL  of  ethylene
glycol solution and specific volume of RuCl3 solution (4wt% Ru loading). The
microfluidic  system  setup  consists  of  an  injection  pump,  a  T-junction,  a
capillary tube (inner diameter 1.5 mm, outer diameter 1.9 mm, length 2.0 m)
coiled  in  an  oil  bath  maintained  at  200  °C,  and  a  cooling  section.  First,  the
precursor solutions were separately sealed in syringes, and then injected into
a  fixed  capillary  at  a  controlled  flow  rate.  The  two  solutions  were  mixed
together  through a  T-junction.  After  the  mixture  passed  through the  heated
microfluidic  capillary  in  heating oil  bath (200 oC),  the reduction process was
completed. Then, the microfluidic capillary was introduced into cooling parts
and a collection tube. The total process took only 30 seconds. The collected
Ru/ZrPO4-MIC  catalyst  was  centrifuged  and  washed,  and  then  placed  in  a
vacuum drying oven at 70 °C overnight.

Preparation of other Ru-based catalysts with microfluidic method: In order
to test the universal applicability of the microfluidic method, other Ru-based
catalysts with microfluidic method were also tested. The preparation proce-
dures are as following. When preparing Ru/TiO2, Ru/Al2O3, and Ru/ZrO2 cata-
lysts, TiO2, Al2O3, and ZrO2 supports were used. 1 g of each carrier was added
with  50  mL of  ethylene  glycol  to  form one  solution.  The  other  solution  was

specific  volume  of  RuCl3 solution  (4wt%  Ru  loading).  Both  of  them  were
injected  simultaneously  in  a  flow  rate  of  1.5  mL/min  to  mix  together.  The
afterward  procedures  were  conducted  as  above.  When  preparing  Pt/ZrPO4,
Pd/ZrPO4 and  Ag/ZrPO4 catalysts,  the  procedures  were  the  same,  and
specific  volume  of  noble  metal  solution  (4wt%  noble  metal  loading)  were
used.

 Catalyst characterization
The  nitrogen  adsorption-desorption  isotherms  at  77K  were  measured

using  a  Micromeritics  ASAP 2460 analyzer.  The  specific  surface  area  was
calculated based on the Brunauer-Emmett-Teller (BET) method. The average
pore  diameter  was  measured  by  the  Barrett-Joyner-Halenda  (BJH)  method
from  the  desorption  branch.  Inductively  coupled  plasma-atomic  emission
spectrometry (ICP-AES) was conducted on the instrument of OPTIMA 8000.
X-ray  powder  diffraction  (XRD)  analysis  was  carried  out  using  a  Shimadzu
XRD- 6000 instrument in the 2θ range of 5°-90°. The catalyst crystallite size
was calculated based on the Debye-Scherrer equation: 

D=
K×λ

β×cosθ

where  D  represents  the  crystallite  size  (Å).  K=0.89.  λ=1.5406 Å.  θ  is  the
diffraction angle, and β is the full width at half-maximum. Scanning electron
microscopy  (SEM)  images  were  acquired  using  a  Thermo  Fisher  Quattro  S
device. Additionally, transmission electron microscopy (TEM), high-resolution
TEM  (HRTEM),  scanning  TEM  (STEM)  images,  and  energy-dispersive spec-
troscopy (EDS) images were from Thermo Talos F200S instrument.  Ammo-
nia  temperature-programmed  desorption  (NH3-TPD)  experiments  were
conducted  on  a  Bayer  BELCAT-A  instrument  equipped  with  a  thermal
conductivity detector (TCD) to study the catalyst acidity. X-ray photoelectron
spectroscopy (XPS)  measurements  were  performed using  a  Thermo Scien-
tific ESCALAB 250Xi system, with the C 1s peak at 284.8eV used as the refer-
ence.  Finally,  electron  paramagnetic  resonance  (EPR)  data  were  collected
using  a  Bruker  EMX  PLUS  spectrometer.  Thermogravimetric  analysis  (TGA)
was  conducted  in  the  instrument  of  NETZSCH-STA  449  F5  for  catalyst
detection. H2 programmed temperature desorption (H2-TPD) was carried out
on a chemisorption instrument equipped a TCD. The Ru metal  dispersion is
calculated  based  on  the  quantitative  results  of  H2-TPD  and  ICP-AES.  The
standard assumption for calculating dispersion based on H2-TPD is that one
H2 molecule undergoes dissociative adsorption on two surface Ru atoms (H:
Ru surface = 1:1). The formula is as follows: 

D(%) =
2×Hads×MRu

m×ω
×100%

MRu m
ω

where Hads is the hydrogen adsorption amount,  = 101.07 g/mol,  is the
sample mass, and  is the Ru metal loading.

 HDO of phenolic compounds and lignin oil
The HDO reaction of phenolic compounds was carried out in a 50 mL high-

pressure  316L  stainless  steel  reactor  (Four-station  parallel  reactor,  Guizhou
Shanli Experimental  Instrument  Co.,  Ltd).  The  specific  experimental  proce-
dure is  as following.  First,  0.1 g of  the phenolic compound was dissolved in
20  mL  of n-octane,  with  addition  of  0.05  g  of  the  catalyst.  Then  purge  the
reactor with hydrogen to 1 MPa (displacing air three times at first), and heat
the reactor to the preset temperature at a rate of 3 °C/min while stirred at 400
rpm. The reaction time was maintained for 4 hours.

For the HDO upgrading treatment of lignin oil, 3.0 g of raw lignin bio-oil was
added  to  20  mL  of n-octane  to  extract  the  components  of  phenolic
compounds. Then, the HDO reaction of the lignin oil was conducted following
the same steps as the HDO of phenolic compounds. After reaction, the reac-
tor  was cooled down.  Filtration were used to collect  the liquid products and
their chemical composition was analyzed using a gas chromatography-mass
spectrometry (GC-MS, Thermo Fisher Scientific Trace 1300) equipped with a
TG-5  Sil  MS  capillary  column  (30m×0.25mm×0.25μm  film  thickness).
Substrate conversion and product selectivity were calculated by Equation (1)
and Equation (2). 
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Conversion(%) = 100%×Molesinitial GUA−Molesremaining GUA

Molesinitial GUA

(1)
 

Selectivity(%) = 100%× Molesproducti

∑Molesproduct

(2)

 RESULTS AND DISCUSSION
 Catalyst characterization

Various characterizations were conducted to investigate the differences in
the physicochemical properties among Ru/ZrPO4 catalysts. The XRD patterns
in Figure 1B show that the characteristic diffraction peaks of Ru phase are at
42.1°  (002)  and  44.0°  (101),  which  matches  the  standard  Ru  pattern  of
PDF#06-0663.  This  indicates  that  the  Ru  particle  in  the  catalyst  is  in  the
metallic phase rather than oxide phase. The Ru metal peak in the Ru/ZrPO4-
IMP catalyst is sharp, and the Ru particle size is approximately 9.67 nm. For

the  other  two  catalysts,  the  positions  of  Ru  characteristic  peaks  are  broad
peaks.  The average grain  sizes  of  Ru on Ru/ZrPO4-HYD and Ru/ZrPO4-MIC
are  3.95  nm  and  3.15  nm,  respectively.  Ru/ZrPO4-MIC  catalyst  shows  the
best  Ru  dispersion,  which  is  probably  related  to  the  confinement  effect  of
microfluidic method. With a limited capillary volume, the contact between the
support  and  the  Ru  precursor  solution  is  restricted.  As  the  ethylene  glycol
reduction  reaction  proceeds,  highly  dispersed  Ru  is  loaded  onto  the  ZrPO4

support surface.
TEM  measurement  was  employed  to  further  observe  and  analyze  the

distribution and morphology of Ru metal particles in the catalysts, as images
presented in Figure 1C. The sizes of 50 randomly selected Ru nanoparticles
within the region are statistically analyzed. The Ru particle sizes of Ru/ZrPO4-
IMP,  Ru/ZrPO4-HYD and Ru/ZrPO4-MIC are 9.97 nm, 3.32 nm and 3.03 nm,
respectively. The results derived from TEM are consistent with those deduced
from the XRD analysis. The Ru/ZrPO4-MIC catalyst exhibits excellent loading
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Figure 1.  (A) Schematic diagram of the microfluidic synthesis procedure of Ru/ZrPO4-MIC catalyst compared with traditional impregnation and hydrothermal methods. (B)
XRD patterns of the different Ru/ZrPO4 catalysts. (C) TEM images and EDS energy spectra of (a) Ru/ZrPO4-IMP, (b) Ru/ZrPO4-HYD, and (c) Ru/ZrPO4-MIC catalysts.
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and  uniform  Ru  dispersion,  with  no  agglomeration  observed.  During  the
occurrence  of  the  Ru  precursor  reduction  in  the  microfluidic  capillary,  Ru
particle agglomeration  on  the  loading  surface  can  be  suppressed  signifi-
cantly. Ethylene glycol not only acts as a reducing agent but also serves as a
protective  agent  to  remain  the  metallic  phase  of  Ru  and  prevent  from  the
agglomeration of Ru nanoparticles. As seen from the images, all Ru particles
are  loaded  onto  the  support,  indicating  that  the  nucleation  process  of  Ru
preferentially occurs heterogeneously on the surface. In addition, the disper-
sion state of Ru particles is further verified by EDS scanning, and the results
are consistent with the statistical analysis.

The specific surface area and metal loading of the catalysts are measured,
as the results presented in Table 1. Among them, the Ru/ZrPO4-IMP catalyst
has  a  specific  surface  area  of  62.93  m2/g  and  a  pore  diameter  of  6.14  nm.
The  Ru/ZrPO4-HYD  catalyst  exhibits  a  specific  surface  area  of  70.83  m2/g
and  a  pore  diameter  of  7.52  nm.  In  contrast,  the  Ru/ZrPO4-MIC  catalyst
presents  a  specific  surface area of  76.11 m2/g  and a  pore  diameter  of  6.57
nm. This may be related to the pore-blocking effect after metal loading.37 The
Ru/ZrPO4-IMP  catalyst  prepared  by  the  impregnation  method  has  relatively
large  particles,  which  tends  to  cover  the  mesopores  on  the  surface  of  the
support. In comparison, the Ru/ZrPO4-MIC catalyst prepared by the microflu-
idic technology has much smaller particles, which is beneficial for the subse-
quent hydrogenation process. According to the metal-loading results, the Ru
loadings  of  Ru/ZrPO4-IMP,  Ru/ZrPO4-HYD,  and  Ru/ZrPO4-MIC  are  3.91%,
3.11%,  and  2.85%,  respectively.  The  significant  deviation  from  the  expected
proportion  may  be  attributed  to  the  relatively  small  surface  area  of  the
support.38 However,  considering  the  preparation  time  of  the  three  catalysts,
the  loading  result  of  Ru/ZrPO4-MIC  can  be  reasonable.  Moreover,  based  on
the  quantitative  results  of  H2-TPD  and  ICP-AES,  the  Ru  metal  dispersion  is
also  provided.  Results  show  that  Ru/ZrPO4-MIC  possesses  the  highest  Ru
dispersion,  with  the  value  of  35.09%,  which  is  superior  to  Ru/ZrPO4-IMP
(8.89%) and Ru/ZrPO4-HYD (32.58%).

XPS technology was utilized to observe the electronic states of different Ru
3d  orbitals.  The  Ru  electronic  states  of  the  catalysts  prepared  by  the  three
methods  are  similar.  According  to  relevant  literature,21 the  Ru  3d  peak  at
284.8  eV  overlaps  with  the  calibrated  carbon  peak.  The  characteristic  peak
corresponding to Ru0 3d3/2 is at 284.8 eV, and the characteristic peak corre-
sponding to Ru0 3d5/2 is near 280.5 eV. The Ru2+ 3d5/2 peak corresponds to a
value near 281.7 eV, corresponding to RuOx. Regarding the carbon peak C 1s,
the XPS spectra all exhibit double peaks. Specifically, the peaks near 284.8 eV
and  286  eV  correspond  to  the  C-C  and  C-OH chemical  bonds,  respectively.
The  peak  of  Ru0 3d5/2 at  280.4  eV  is  higher  than  the  standard  peak  at
280.2  eV.  This  may  be  due  to  the  electron  exchange  between  Ru  and  the
highly  electronegative  P  on  the  support,  resulting  in  an  increase  of  binding
energy.37 By  deconvoluting  the  spectra  to  calculate  the  Ru0/Ru2+ ratio,  the
ratios  for  Ru/ZrPO4-IMP,  Ru/ZrPO4-HYD  and  Ru/ZrPO4-MIC  are  1.59,  1.95,
and 1.99, respectively. The proportion of Ru0 of the Ru/ZrPO4-MIC catalyst is
the  highest,  which  demonstrates  that  the  microfluidic  method  successfully
reduces  and  loads  Ru  metal  onto  the  surface  of  ZrPO4 in  a  short  time.
Combining  with  TEM  image  results,  Ru/ZrPO4-MIC  possesses  the  special
features of smallest particle size and highest Ru0/Ru2+ ratio at the same time.
As for the reason, based on the aforementioned analysis of the positive bind-
ing  energy  shift  of  Ru  3d5/2 and  the  increased  Ru0/Ru2+ratio,  the  synergistic
phenomenon  demonstrates  the  formation  of  a  strong  metal-support elec-
tronic  interaction  in  the  Ru/ZrPO4-MIC  catalyst.  The  interaction  strength  is
likely influenced by the preparation method, as evidenced by that microfluidic
technology  provides  the  rapid  mixing  and  stable  mass  transfer  conditions
and  promotes  the  uniform  distribution  of  metal  precursors  on  the  support

surface.39 Meanwhile, the fast reduction kinetics of the ethylene glycol reduc-
tant  within  the  confined  space  facilitate  the  formation  of  Ru  nanoparticles
with uniform size and strong adhesion to the support. This strong electronic
interaction may  modulate  the  catalytic  activity  and  selectivity  in  HDO  reac-
tions by influencing the adsorption property of substrate.

The  hydrogen  adsorption  and  dissociation  abilities  of  different  Ru/ZrPO4

catalysts  were  compared  through  the  H2-TPD  experiment.  The  adsorption
peaks  are  classified  into  a  low-temperature  peak  (100-300  °C),  a  medium-
temperature  peak  (300-500  °C),  and  a  high-temperature  peak  (above
500  °C).39 The  low-temperature  adsorption  peak  corresponds  to  physically
adsorbed  hydrogen  on  the  surface  or  weakly  adsorbed  hydrogen.  The
medium-temperature adsorption peak corresponds to metallic hydrogen, that
is, dissociated hydrogen at the metal sites. The high-temperature adsorption
peak corresponds to hydrogen with a  strong interaction with the support  or
the  hydrogen  spillover  phenomenon.  The  Ru/ZrPO4-IMP  catalyst  has  a
medium-temperature adsorption peak at 372.2 °C, with a relatively low peak
intensity.  This  is  mainly  caused  by  the  agglomeration  of  Ru  particles.
Agglomeration  leads  to  a  decrease  in  the  dissociation  of  hydrogen  on  the
available  metal  surface,  which  also  corresponds  to  the  smallest  adsorption
peak area. Both Ru/ZrPO4-HYD and Ru/ZrPO4-MIC have an adsorption peak
at  the  metal  sites  in  the  medium- temperature  peak  region.  The  adsorption
peak temperature of Ru/ZrPO4-MIC is 394.5 °C, which is a higher adsorption
temperature peak,  indicating better  dispersion of  Ru and a stronger interac-
tion  with  the  support.  Based  on  the  peak  areas,  the  quantitative  hydrogen
adsorption  amount  is  also  calculated  out,  and  the  results  show  that  the
hydrogen adsorption amount of Ru/ZrPO4-MIC is the largest.

NH3-TPD  measurement  was  used  to  characterize  the  acidity  property  of
the different Ru/ZrPO4 catalysts,  including the acid amount (reflected by the
total  amount  of  desorbed  NH3)  and  the  acid  strength  (indicated  by  the
desorption  peak  temperature).  Based  on  the  desorption  temperature  range,
acid sites are typically classified as weak acid (<200 °C), medium acid (200-
400  °C),  and  strong  acid  (>400  °C)36 (Figure  2C).  The  Ru/ZrPO4 catalysts
prepared  by  different  synthesis  methods  exhibit  significant  differences.  As
shown in Table S1,  Ru/ZrPO4-IMP has the lowest  total  acid amount of  0.73
mmol/g, with desorption peaks at 108.2 °C, 390.5 °C, and 565.0 °C, indicating
the  coexistence  of  weak,  medium,  and  strong  acid  sites  on  its  surface.  In
contrast,  the total  acid  amount  of  Ru/ZrPO4-MIC increases to  2.16 mmol/g,
with  desorption  peaks  at  159.6  °C  and  385.9  °C,  demonstrating  that  its
predominant  acid  sites  are  weak  and  medium  acids.  It  is  notable  that  the
peak of medium acid is very large, and the medium acid is the suitable acid
species for HDO reaction. Weak acid can’t cleave the C-O bond efficiently and
strong  acid  probably  leads  to  the  condensation  of  intermediate  products.
Ru/ZrPO4-HYD possesses the highest total acid amount of 3.56 mmol/g. Its
desorption peaks are observed at 148.6 °C, 379.2 °C, and 492.8 °C, indicating
that this catalyst also features a distribution of acid sites ranging from weak
acid to strong acid. Overall, although Ru/ZrPO4-MIC catalyst hasn’t presented
the  highest  total  acid  amount,  the  dominant  of  medium  acid  makes  it
possess the superiority on the HDO reaction.

 Catalytic HDO of guaiacol
Regarding the role of ethylene glycol during catalyst preparation, TGA char-

acterization  was  conducted  to  detect  the  decomposition  products  in  the
Ru/ZrPO4-MIC  catalyst.  The  TG  curve  in Figure  S1 shows  no  characteristic
weight loss peak of ethylene glycol within the volatilization temperature range
(195–200  °C).  The  mass  change  observed  before  200  °C  is  primarily
attributed to the removal of crystalline and adsorbed water.  This result  indi-
cates  that  ethylene  glycol  has  been  effectively  removed  during  the  catalyst

 

Table 1.  Surface property and Ru metal property of different Ru/ZrPO4 catalysts.

Catalysts Specific surface areaa (m2/g) Total porosityb (nm) Ru contentc (wt.%) Ru dispersiond (%)

Ru/ZrPO4-IMP 62.93 6.14 3.91 8.89

Ru/ZrPO4-HYD 70.83 7.52 3.11 32.58

Ru/ZrPO4-MIC 76.11 6.57 2.85 35.09

a Data measured by BET method. b Data measured by BJH method. c Data measured by ICP-AES. d Based on the H2-TPD quantitative measurement.
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washing  process  and  the  effect  of  ethylene  glycol  residues  on  the  catalytic
performance  has  been  eliminated. Table  2 presents  the  reaction  results  of
guaiacol  reacting for  4  hours on different  Ru/ZrPO4 catalysts  at  240 °C and
1.0  MPa H2.  The  conversion  rates  of  guaiacol  all  reach  over  99%,  achieving
complete conversion. The main reaction products are cyclohexane, cyclohex-
anol,  methoxycyclohexanol,  and  phenol.  The  deoxygenation  efficiency  of
Ru/ZrPO4-IMP is relatively low, with a cyclohexane yield of only 47.4%. As for
the  Ru/ZrPO4-HYD  catalyst,  the  selectivity  increases  from  47.4%  to  79.7%.
And the Ru/ZrPO4-MIC catalyst presents the highest cyclohexane selectivity
of  97.9%.  When  a  blank  experiment  is  conducted  on  the  single  ZrPO4,  the
conversion rate is only 9.5%, indicating that the loading of metallic Ru is a key
factor affecting conversion and selectivity. The occurrence of HDO reactions
needs  active  hydrogen  generated  by  the  dissociation  of  active  metals.  And

catalysts with smaller metal particle size and higher metal dispersion expose
more active metal sites,  facilitating the occurrence of HDO. During the ethy-
lene glycol reduction process,  ethylene glycol acts as both a reducing agent
and an inhibitor of metal agglomeration, resulting in a higher dispersion of Ru
compared  to  the  impregnation  method.  In  terms  of  reaction  activity,  highly
dispersed  Ru  sites  can  expose  more  adsorbed  and  dissociated  hydrogen,
thus  enhancing  the  breakage  of  C(Ar)-OCH3 and  C(Ar)-OH  bonds,  and
improving  deoxygenation  activity.  Comparing  the  Ru/ZrPO4-HYD  and
Ru/ZrPO4-MIC  catalysts,  the  difference  in  their  activities  is  not  significant.
This  can  be  primarily  attributed  to  the  fact  that  both  reduction  methods
employ ethylene glycol as the reducing agent and share the same reduction
mechanism.  However,  the  practical  advantage  of  the  microfluidic  method
mainly  lies  in  the  synthesis  process  itself.  Compared  to  the  hydrothermal
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Figure 2.  (A) XPS profiles in the C 1s and Ru 3d regions of the different Ru/ZrPO4 catalysts. (B) H2-TPD spectra of different Ru/ZrPO4 catalysts. (C) NH3-TPD profiles of the
Ru/ZrPO4 catalysts prepared by different methods.
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batch process (Ru/ZrPO4-HYD) that takes several hours, microfluidic synthe-
sis (Ru/ZrPO4-MIC) is a continuous process that reduces the reaction time to
only 30 seconds. This continuous and rapid synthesis approach avoids batch-
to-batch variations and ensures good reproducibility. Moreover, the microflu-
idic  method  possesses  the  feature  of  confinement  effect,  which  enables  to
achieve strong metal-support interaction and improve the HDO efficiency and
catalyst stability.

The  optimal  reaction  conditions  were  investigated  in  detail  by  employing
the  Ru/ZrPO4-MIC catalyst.  Reaction  condition  parameters  such  as  hydro-
gen pressure, reaction temperature, and reaction time can significantly influ-
ence the reaction efficiency. As seen from Figure 3A, increasing the hydrogen
pressure  improves  the  conversion  rate  and  alkane  selectivity.  When  the
hydrogen pressure is 0.6 MPa, the guaiacol conversion and the alkanes yield
reach  71.3%  and  25.4%,  respectively.  Additionally,  the  higher  the  hydrogen
pressure achieves the deeper HDO degree to form cyclohexane. When hydro-
gen  pressure  is  1  MPa,  the  guaiacol  conversion  and  the  cyclohexane  yield
both  exceed  95%.  However,  when  the  hydrogen  pressure  exceeds  1.2  MPa,
there are no significant changes in the conversion rate and product selectiv-
ity. Under the condition of low hydrogen pressures, only a low-concentration
phenol intermediate is  detected,  indicating that  the catalyst  has high hydro-
genation activity  and the substrate can be hydrogenated efficiently.  In  addi-
tion, the reaction temperature effect was also tested. Increasing the reaction
temperature  is  beneficial  to  the  conversion  of  guaiacol,  as  shown  in Figure
3B.  Guaiacol  is  completely  converted  at  210  °C  with  a  reaction  time of  4  h.
Meanwhile,  the  cyclohexane  yield  increases  with  the  enhancement  of  the
reaction temperature.  In  contrast,  the  amount  of  the  intermediate  methoxy-
cyclohexanol  decreases  as  the  reaction  temperature  rises.  This  is  mainly
because  at  low  temperatures  below  200  °C,  the  highly  dispersed  Ru  metal
surface  first  adsorbs  the  benzene ring  plane to  carry  out  the  hydrogenation
reaction, generating  intermediate  products  cyclohexanol  and  methoxycyclo-
hexanol. Moreover, the yield of intermediate cyclohexanol first increases and
then decreases,  indicating that  methoxycyclohexanol  is  the primary  product
of  the  hydrogenation  reaction,  rather  than  cyclohexanol  formed  by
demethoxylation.

The reaction time was also optimized to enhance the HDO of guaiacol. As
seen from Figure 3C, the guaiacol conversion is 40.3% and the yield of alka-
nes  is  26.6%  after  1  h.  After  3  h,  the  conversion  rate  exceeds  99%  and  the
alkane selectivity reaches 72.6%. With the reaction time further extended to 4
h,  the  yield  of  cycloalkanes  reaches  97.9%,  achieving  complete  conversion
and selectivity. Based on the above results, it can be reasonably deduced that
the guaiacol  molecule  is  first  adsorbed onto the catalyst  surface,  where the
C=C bonds in the aromatic ring and the C=O bond undergo hydrogenation at
the Ru active sites, forming intermediates (such as 2-methoxycyclohexanol).
This  intermediate  then undergoes cleavage of  the C–O bond to  yield  cyclo-
hexanol, which is finally dehydrated or directly deoxygenated to form the end
product of cyclohexane. Moreover, the catalyst preparation process was also
optimized and the effect of the injection flow rate was investigated. As results
shown  in Figure  3D,  when  the  flow  rate  increases  from  1  mL/min  to  3
mL/min during catalyst  preparation,  the reaction conversion rate  of  catalyst
first remains unchanged and then gradually decreases. The increase in flow
rate corresponds to a shortening of the reaction time in the microfluidic capil-

lary. The shortened reduction time means an increased difficulty in reducing
metallic Ru, and the Ru3+ in the precursor is initially reduced to Ru2+ instead of
Ru0. When the flow rate is decreased, metal agglomeration may occur, along
with potential capillary blockage. When the reaction flow rate is 2 mL/min, the
reaction  conversion  rate  of  the  catalyst  drops  to  72.8%.  When the  flow rate
increases  to  3mL/min,  the  reaction  conversion  rate  of  the  catalyst  further
decreases to 50.6%. This may be due to the poor crystallinity of Ru produced
by  the  reduction  reaction,  resulting  in  an  inefficient  reduction  of  Ru  and
affecting  the  conversion  process  of  the  reaction.40 Therefore,  1.5  mL/min  is
adopted  as  the  optimal  injection  parameter  to  prepare  the  Ru/ZrPO4-MIC
catalyst.

The Ru/ZrPO4-MIC catalyst was used to conduct recycle in the HDO reac-
tions of guaiacol to verify its stability (Figure S2). As the number of recycles
increase,  the  guaiacol  conversion  remains  basically  unchanged  while  the
cycloalkane  selectivity  decreases  slightly.  The  cycloalkane  selectivity
decreases  from  97.9%  in  the  first  reaction  to  86.5%  in  the  fifth  reaction.  To
elucidate the reasons for the activity slight decline of the spent Ru/ZrPO4-MIC
catalyst  after  five  recycles,  a  series  of  catalyst  characterizations  were
conducted,  including  SEM,  XRD  and  XPS  measurements.  SEM  images  in
Figure S3 exhibit little morphology change, indicating the high stability of the
catalyst.  XRD patterns (Figure S4a) show that after five recycle reaction, the
Ru  characteristic  peaks  appear  obviously,  demonstrating  grain  growth  and
agglomeration  of  Ru  nanoparticles.  In  addition,  XPS  analysis  in Figure  S4b
indicates that the binding energy of the characteristic peak of Ru0 3d5/2 of the
spent  catalyst  presents  an  increasing shift.  This  may be  due to  that  the  Ru
metal  particles  are  tend  to  be  oxidized  during  long-term  reaction.41-43 The
intensity  increase  of  the  two  peaks  of  carbon  phase  (sp2-carbon  and  sp3-
carbon) indicates the formation of carbon deposits.44 In summary, the slight
decline in catalytic activity is attributed to a combination of multiple factors,
including the agglomeration of Ru metal particles, oxidation of active Ru sites,
and carbon deposits on the catalyst surface. Moreover,  we further extended
the  recycle  number  to  evaluate  the  catalyst  durability.  Result  in Figure  S2
shows that  after  ten  recycle,  the  guaiacol  conversion  decreases  to  approxi-
mately 50%, as well as the cyclohexane selectivity.

The  comparison  of  this  work  with  other  similar  reported  studies  is
conducted and the results are shown in Table 3. In contrast to the reported Pt-
based,  Pd-based  and  Ru-based  catalysts,45-54 the  HDO  performance  of
Ru/ZrPO4-MIC catalyst  in  this  work is  much outstanding.  The superior  HDO
performance  is  due  to  that  Ru/ZrPO4-MIC  catalyst  possesses  a  high  Ru
metal dispersion derived from the confinement effect of microfluidic technol-
ogy, which allows a  full  HDO effect  at  relative  low temperatures under  rela-
tive  low  hydrogen  pressures.  The  quick  preparation  process  is  also  the
advantage of this novel method.

 HDO of other phenolic compounds and lignin oil
The  Ru/ZrPO4-MIC  catalyst  was  also  employed  for  the  HDO  reactions  of

other lignin-derived phenolic compounds at 240 °C, including 4-methylguaia-
col,  anisole,  eugenol,  2,6-dimethoxyphenol,  phenol  and  diphenyl  ether.  The
reaction results are presented in Table 4. For phenol and anisole those have
simple structures with only one functional group, complete conversion can be
achieved  and  the  yield  of  the  target  alkane  products  can  exceed  95%.  For

 

Table 2.  HDO performance of guaiacol over different Ru/ZrPO4 catalysts.

Catalysts Conversion (%)

Product selectivity (%)

Ru/ZrPO4–IMP 99.2 47.4 39.7 12.9 –

Ru/ZrPO4–HYD 99.6 79.7 12.2 1.5 6.4

Ru/ZrPO4–MIC 99.9 97.9 2.1 – –

ZrPO4 9.5 – – – –

Condition: 20 mL n–octane solvent, 0.1 g guaiacol, 0.05 g catalyst, 240 oC, 1 MPa H2，4 h.
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Figure 3.  Effects of (A) hydrogen pressure (B) reaction temperature (C) reaction time (D) injection flow rate on the HDO of guaiacol.

 

Table 3.  Overview of guaiacol HDO catalysts based on the preparation condition and reaction performance.

Entry Catalyst Catalyst preparation
temperature (oC)

Catalyst preparation
time

Reaction temperature
(°C)

Reaction hydrogen
pressure (MPa)

Cyclohexane
yield (%) Reference

1 Pt/Zeolite HY(5.1) 350 3 h 240 3 69 [45]

2 Pt/ZSM-5/Al2O3 420 3 h 300 4 67 [46]

3 Pt/TiO2 500 4 h 280 1 95 [47]

4 Pt-Mo/TiO2 260 3 h 285 4 69 [48]

5 TiO2-Pd/SiO2 450 2 h 280 2 80 [49]

6 Ru/BEA-12.5 550 6 h 250 4 72 [50]

7 Ru/Cl(5)/TiO2 250 2 h 240 1 70 [51]

8 Ru/TiO2 ultraviolet radiation 4 h 260 1 91 [52]

9 Ru-Co/C 600 3 h 260 1 77 [53]

10 Ni/SiO2 + Hβ(50) 600 2 h 140 3 91.7 [54]

11 Ru/ZrPO4-MIC 200 30 s 240 1 98 This work
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more complex monomers with two or more functional groups, the selectivity
of the target alkane decreases after the reaction, indicating that the presence
of  functional  groups  affects  the  reaction  activity  and  thus  influences  the
distribution  of  reaction  products.  The  propyl  group  in  eugenol  affects  the
adsorption  steric  hindrance  of  the  catalyst  to  the  reaction  substrate  during
the  reaction,  suppressing  the  occurrence  of  the  HDO  reaction.  When  4-
methylguaiacol undergoes  the  HDO  reaction,  the  selectivity  of  methylcyclo-
hexanol  after  the  reaction  is  as  high  as  21.4%.  This  is  mainly  because  the
para-methyl group affects the electron density of the aromatic ring, resulting
in  a  decrease  in  the  removal  rate  of  the  Caryl- OR  (R=H  or  CH3)  bond.  2,6-
Dimethoxyphenol  exhibits  high  selectivity  towards  oxygen-containing  cyclic
alcohols  (e.g.,  methoxycyclohexanol),  which may be attributed to  the  strong
electron-donating effects  of  the  two  methoxy  groups.  This  electron  enrich-
ment increases the electron density on the aromatic ring, thereby enhancing
the  strength  of  the  C-O bond  and  posing  certain  challenges  for  the  deoxy-
genation.55,56 Consequently, the  reaction  pathway tends  to  favor  hydrogena-
tion of the aromatic ring prior to C-O bond cleavage, leading to the observed
formation  of  intermediate  products.  The  dimer  diphenyl  ether  shows  higher
reaction activity in the HDO reaction, which is mainly related to the relatively
low bond energy of  the dimer-connecting bond (210-310 KJ/mol).55 Overall,
the  Ru/ZrPO4-MIC  catalyst  efficiently  removes  the  C-O  bonds  of  lignin-
derived  phenols  and  accomplishes  the  conversion  of  phenolic  compounds
into alkane compounds, exhibiting high HDO reaction activity.

The  Ru/ZrPO4-MIC  catalyst  was  also  applied  to  the  HDO  upgrading
process  of  lignin  oil.  The  results  of  the  component  changes  in  the  reaction
over  time are  shown in Figure  S5.  The hydrocarbon content  of  the  lignin  oil
increases from 10.5% to 91.8%. Most of the products are fully HDO products,
including cycloalkanes (86.5%) and a small  amount of straight-chain hydro-
carbon products (5.3%).  The proportions of alkylphenols and guaiacols after
the reaction decrease to 2.3% and 0%, respectively. The detailed components
of the lignin oil before and after the HDO upgrading are also listed in Table S2.
During the reaction, the proportion of other oxygen-containing compounds is
first increased and then decreased, mainly because phenolic compounds are
first  hydrogenated  to  form  alcohol  compounds.  Overall,  the  Ru/ZrPO4-MIC
catalyst exhibits high HDO reaction activity on the complicated feedstock.

 Extended application of microfluidic preparation methods
To  verify  the  universality  of  this  novel  microfluidic  preparation  method,  a

series of different noble metal-based HDO catalysts were prepared and their
catalytic  activities  for  guaiacol  HDO  were  tested.  The  results  are  shown  in
Figure 4. When Ru metal is loaded onto different supports (TiO2, Al2O3, ZrO2),
the reaction conversion rates all reach over 95%, indicating that this method
remains applicable for other different supports to achieve a high dispersion of
Ru  metal.  Similarly,  when  different  metals  (Pt,  Pd,  Ag)  are  loaded  onto  the
ZrPO4 support, the reaction conversion rates can still reach over 95% as well,
and  the  cyclohexane  yields  are  above  70%.  This  also  demonstrates  that
different noble metals all  enables to be highly dispersed onto ZrPO4 support
through this novel microfluidic method in the same way. Overall, microfluidic
technology  coupled  with  ethylene  glycol  reduction  can  stabilize  the  metal
particles  to  achieve  a  high  dispersion,  finally  obtaining  a  high  HDO catalytic
activity.  Based on a review of the literature and experimental results,57,58 it  is
speculated  that  during  the  ethylene  glycol  reduction  process,  oxalic  acid,
which  stabilizes  the  metal  precursor,  is  first  formed.  Under  the  protective
effect  of  oxalic  acid,  the  metal  colloid  can  be  stably  deposited  onto  the
support  surface,  and  then  a  reduction  reaction  occurs  under  the  help  of in-
situ action heat. Therefore, there is no need to provide a high temperature for
the metal reduction process, and a low temperature of only 200 oC is enough
in this work.

 CONCLUSIONS
In  this  study,  an  innovative  approach  combining  microfluidic  technology

with the ethylene glycol reduction was employed to efficiently synthesize the
Ru/ZrPO4-MIC  catalyst  in  one  step,  with  Ru  metal  highly  dispersed  on  the
ZrPO4 surface. This catalyst is compared with those prepared by the impreg-
nation method  and  the  hydrothermal  method  in  terms  of  catalyst  physico-
chemical  property  and  catalytic  activity.  Characterization  results  show  that
the  microfluidic  prepared  Ru/ZrPO4-MIC  catalyst  exhibits  an  average  Ru
metal particle size of only 3.03 nm, with high metal  dispersion and no obvi-
ous  agglomeration.  XPS  and  H2-TPD  analysis  confirms  the  efficient  metal
reduction and the outstanding hydrogen activation capability. Ru/ZrPO4-MIC
catalyst  achieves  99%  conversion  and  97.6%  cyclohexane  selectivity  in  the
guaiacol  HDO  reaction  at  240 oC,  significantly  outperforming  Ru/ZrPO4-IMP
and Ru/ZrPO4-HYD catalysts, as well as most of the reported studies. For the
HDO  of  lignin  oil,  the  hydrocarbon  content  increases  from  10.5%  to  91.8%
(cycloalkanes accounting for 86.5%), meanwhile the proportions of alkylphe-
nols and guaiacols decrease to 2.3% and 0%, respectively. Recycle tests indi-

 

Table 4.  HDO results of other typical phenolic compounds on Ru/ZrPO4-MIC catalyst.

Substrates Conversion (%) Product selectivity (%)

99.9
78.6 21.4

99.9
98.2  1.8

99.9
83.5 16.5

99.9
30.5 50.1 19.4

99.9
99.9

99.9
99.9

Condition: 20 mL n-octane, 0.1 g phenolic compounds, 0.05 g catalyst, 1 MPa H2, 4 h, 240 °C.
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cate that the conversion rate remains stable after 5 reaction recycles, with a
slight decrease of cyclohexane selectivity (from 97.6% to 86.5%). Leveraging
the  advantages  of  confinement  effect  of  microfluidic  technology,  the
Ru/ZrPO4-MIC  catalyst  excels  in  metal  dispersion,  catalytic  activity,  and
stability.  More  importantly,  this  novel  microfluidic  preparation  method
presents  a  great  universality,  and  the  prepared  different  metal-based cata-
lysts  (including  Ru/TiO2,  Ru/Al2O3,  Ru/ZrO2,  Pt/ZrPO4,  Pd/ZrPO4,  Ag/ZrPO4)
are  all  showed  high  metal  dispersion  and  high  catalytic  activity.  This  work
provides  a  highly  efficient  catalyst  system  for  the  HDO  of  lignin-derived
compounds towards green chemistry and holds significant value for biomass
energy  conversion.  Furthermore,  this  method  demonstrates  promising
prospects for industrial application, because its continuous-flow characteris-
tics facilitate scalable production while maintaining consistent product qual-
ity. Additionally,  its  applicability  to  various  metal  and  support  systems  indi-
cates its potential as a versatile platform for catalyst preparation.
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Figure 4.  Effects of (A) different supports (B) different metal-based catalysts on the HDO of guaiacol.
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