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A B S T R A C T   

Herein, we reported a one-pot method that directly converting enzymatic hydrolysis lignin (EHL) into cyclo
alkane fuels using a Ni catalyst derived from Ni-Al hydrotalcite (NiAl-LDH). The effects of Ni/Al ratio and 
reduction condition on the catalytic activity have been examined. The catalyst obtained from the reduction of 
NiAl-LDH at 460 ◦C (Ni2Al1-re460) shows the highest activity among the catalyst samples examined, attributed 
to its abundant Lewis acidic sites, small-sized Ni metal particles, and large specific surface area. At optimized 
reaction conditions (320 ◦C, 3 MPa H2, 6 h), this catalyst achieves 100% EHL conversion and complete oxygen 
removal and improves the calorific value of the products from 25.0 MJ kg−1 to 42.5 MJ kg−1. The detected 
products are cycloalkane dimers and monomers with their carbon numbers within the range suitable for gasoline 
and diesel, and other large molecules with uncertain structures also predominantly consist of cycloalkane rings.   

1. Introduction 

Due to the concerns about the reserves and environmental pollution 
from fossil fuel combustions, it is crucial to find sustainable energy 
sources and chemical production processes based on renewable re
sources. Lignin is a key component of biomass, which is composed of 
three benzene propane units, including p-hydroxyphenyl (H), guaiacyl 
(G), and syringyl (S), randomly linked with C-O-C and C-C bonds [1,2]. 
Enzymatic hydrolysis lignin (EHL) emerges as a by-product in the 2nd 

generation bioethanol production industry [3,4]. Due to its aromatic 
nature, EHL holds promise as a viable alternative to petroleum for the 
production of chemicals and fuels. Nevertheless, the depolymerization 
of EHL into small molecules remains a challenge because of its complex 
structure and chemical inertness [5]. 

Catalytic lignin alcoholysis presents a promising approach for 
depolymerizing lignin into valuable small molecules. In our previous 
works, Kraft lignin has been completely depolymerized into small mol
ecules via catalytic alcoholysis using Mo-based catalysts [6–11]. 
Recently, we examined catalytic EHL alcoholysis with different cata
lysts. Mai et al. [12] employed WO3/Al2O3 as a catalyst for EHL etha
nolysis under N2 atmosphere at 320 ◦C and obtained 32 wt% yields of 
phenolic monomers, primarily complex alkylphenols. Sang et al. [13,14] 

developed unsupported Ni catalysts for EHL ethanolysis and obtained 
28 wt% yields of aromatic esters and alkylphenols at 280 ◦C under 2 
MPa H2. Ma et al. [15] investigated the activity of MoS2 in EHL etha
nolysis at 320 ◦C under N2 atmosphere and obtained a high yield of 
2-(tert-butyl)−3-methylphenol. Although these studies achieved com
plete EHL conversion and high monomer yields, a notable drawback was 
the high oxygen content in the obtained products. Therefore, additional 
upgrading, particularly hydrodeoxygenation (HDO), is necessary to 
remove methoxyls, hydroxyls, and other oxygenated side chains in the 
products [16,17]. 

HDO of lignin-derived phenolics, such as phenol and guaiacol, has 
been intensively investigated for nearly two decades, and different 
catalysts have been developed, including Ni and noble metal catalysts, 
Ni and Co-based phosphides, and Mo and W-based sulfides, carbides, 
nitrides and oxides [18–20]. Among these catalysts, Ni and noble metal 
catalysts exhibit higher hydrogenation activity and typically produce 
cycloalkanes as the main products [18–20]. Recently, a one-pot method 
combining lignin depolymerization and simultaneous HDO of the 
products has been developed [21–29]. Noble metal catalysts, such as 
Ru/Al2O3, Pd/NbOPO4, Ru/NbOPO4 and Pt/HAP, show high activities 
for lignin HDO reactions, due to their superior hydrogenation activities 
[26–30]. However, these noble metal catalysts require a high loading of 
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up to 5 wt% to achieve complete lignin conversion and maximize hy
drocarbon yields. Despite their excellent performance, the high cost of 
noble metal catalysts limits their practical application [19]. In our 
recent work, we employed NiMo/Al2O3 for the direct HDO of EHL, 
achieving complete EHL conversion and a yield of 104.4 mg g−1 of 
cycloalkanes at 320 ◦C under 3 MPa H2 [31]. Although this result pre
sents a promising alternative for lignin HDO reaction with a 
cost-effective Ni-based catalyst, a novel catalyst with higher activity 
needs to be further developed. 

Hydrotalcite-derived catalysts have been widely employed in many 
industrial chemical reactions. For lignin depolymerization reaction, 
significant advancements have been made using hydrotalcite-derived 
catalysts, achieving complete lignin liquefaction and high yields of 
monomers [11,32,33]. In this work, Ni catalysts derived from Ni-Al 
hydrotalcite were employed for the HDO reaction of EHL in cyclo
hexane solvent. The effects of Ni/Al ratio and the reduction temperature 
of the catalyst on the activity have been investigated. The reaction pa
rameters are also optimized to obtain a high yield of cycloalkanes. At 
optimized reaction conditions, 100% EHL conversion and complete 
oxygen removal were achieved, direct conversing EHL to cycloalkane 
fuels. This research presents a promising method for producing renew
able biofuels from the solid waste generated in the biomass refining 
process. 

2. Experimental 

2.1. Materials 

The EHL was purchased from Shandong Longlive Biotechnology Co. 
Ltd, and has been characterized in our previous work [13,14,34]. The 
content of lignin in EHL is 91.2 wt% and the carbon content of EHL is 
61.3 wt%, respectively. Analytical reagents (AR), including cyclohexane 
(CYH), veratrole, Ni(NO3)2⋅6 H2O, Al(NO3)3⋅9 H2O, and urea were 
purchased from Aladdin Co. Ltd. and used as received. The water was 
provided by an ultrapure water purification system (UPH-1–10). The 
gases used in this work include H2 (99.999 vol%), Ar (99.9 vol%), He 
(99.5 vol%), and N2 (99.999 vol%). Moreover, the air was supplied with 
an air pump. 

2.2. Catalyst preparation and characterization 

The synthetic route of the catalyst precursor is as follows. Ni 
(NO3)2⋅6 H2O (21.2 g), Al(NO3)3⋅9 H2O (13.6 g) and urea (47.1 g) are 
completely dissolved in de-ionized water (120 mL), and the solution is 
heated at 105 ◦C for 12 h with vigorous stirring in a three-necked bottle, 
and aged at 60 ◦C for 24 h. After that, the precipitate is separated 
through filtration and washed with de-ionized water and then dried at 
110 ◦C. To investigate the role of Al species on the catalyst structure, 
catalysts with different molar ratios of Ni/Al were prepared following 
the above procedure, and the samples were denoted as NixAly. The 
NixAly was reduced at different temperatures (460, 520, and 580 ◦C) for 
4 h to obtain the catalyst and named as NixAly-reT (T = 460, 520, 
580 ◦C). To prevent oxidation before characterization, the catalyst un
derwent passivation at room temperature in 5% O2/95%Ar and was 
subsequently stored in sealed containers purged with pure N2. 

The X-ray powder diffraction (XRD) patterns are collected with the 
Bruker D8-Focus diffractometer (Cu Kα, λ = 1.5406 Å) at 40 kV and 40 
mA from 20◦ to 80◦ at a speed of 8◦ min−1. The morphology and 
structure of samples are observed with a scanning electron microscope 

(SEM, S-4800, JEOL) and a transmission electron microscope (TEM, 
JEM-2100 F, Hitachi). The specific surface area of a sample is measured 
with the nitrogen adsorption-desorption at − 196 ◦C and analyzed with 
the multipoint BET method (Quantachrome Auntosorb−1). Before the 
nitrogen adsorption-desorption test, the samples are pre-treated at 
300 ◦C for 3 h under a vacuum. The X-ray photoelectron spectroscopy 
(XPS) was performed with a PHI-1600 ESCA system spectrometer using 
Mg Kα as the X-ray source (1253.6 eV) under a residual pressure of 5 ×
10−6 Pa, with the binding energy calibrated using C1s at 284.8 eV as the 
internal standard. The Fourier transform infrared spectra of pyridine 
adsorption (Py-IR) were recorded on a Tensor 27 infrared spectrometer. 
The catalyst was first heated in a vacuum at 350 ◦C for 1 h and then 
cooled to 50 ◦C for the record of background spectra. After that, the 
sample was exposed to the pyridine vapor at 50 ◦C for 1 h and then 
treated in a vacuum at 150 ◦C for 1 h to remove the physically adsorbed 
pyridine. The Py-IR spectrum was recorded in the 1400–1700 cm−1 

range after the sample was cooled down to room temperature. A ther
mogravimetric analyzer (TG, PE TGA) was used to determine the weight 
of adsorbed species on the catalyst after the reaction. The sample was 
heated from 50 ◦C to 650 ◦C at a rate of 5 ◦C min−1 in N2 (80 mL min−1). 
The Raman spectra of samples were obtained on Raman spectrometer 
(Raman, HORIBA LabRAM HR Evolution, France) using excitation light 
at 532 nm as the light source and a scan range of 1400–1700 cm−1. 

2.3. Reaction condition 

The reaction is carried out in a 300 mL batch reactor (Parr 4566, 
made of Hastelloy) equipped with a temperature controller (Parr 4848) 
and a pressure sensor. In a typical run, EHL (1.0 g), catalyst (0.5 g), and 
solvent (100 mL) were loaded into the reactor. After six purges with 
nitrogen and three purges with hydrogen, the reactor was filled with a 
prescribed hydrogen pressure. The sealed reactor was then heated to the 
prescribed temperature with the stirring fixed at 600 rpm for a pre
scribed time. After the reaction, the reaction mixture is filtrated to 
separate the liquid product and solid residue. 

2.4. Product analysis 

The liquid product was quickly injected into an Agilent 6890–5973 
GC-MS system and an Agilent 6890 GC equipped with FID for qualitative 
and quantitative analysis, respectively. Both GC and GC-MS were 
operated under the same conditions. The columns used in both GCs were 
HP-5 MS capillary columns. The ramp-up procedure was set to increase 
from an initial temperature of 45 ◦C at a rate of 10 ◦C min−1 to a final 
temperature of 250 ◦C. The column was held at 250 ◦C for 7 mins. The 
split ratio was set to 50. The mass detector was set to scan from 10 to 
500 m/z. The identification of the compounds was achieved with GC-MS 
by comparing the obtained mass spectra with those in the database 
(NIST02). Veratrole is used as the internal standard for the quantitative 
analysis of products. The total product yield is expressed as mg/g EHL 
and is calculated with Eq. (1). 

Total product yield of EHL reaction ​ (mg ​ g−1EHL)

=
The mass weight of total products

The mass weight of the initial EHL
(1) 

The solid residue was washed with ethanol and then dried in vacuum 
oven at 60 ◦C. EHL conversion is calculated with Eq. (2), in which "the 
mass weight of recovered catalyst" is obtained from the blank reaction 
without EHL. 

EHL conversion (wt%) = (1 −
The mass weight of solid residue − the mass weight of recovered catalyst

The mass weight of the initial EHL
) × 100% (2)   
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Heteronuclear single quantum coherence-nuclear magnetic reso
nance (HSQC NMR) spectra were recorded on a Bruker AVANCE III HD 
400 MHz. The solvent in the product mixture was removed by evapo
ration, and then the liquid residue was dissolved in 0.5 mL of DMSO-d6 
as the deuteration NMR solvent. The matrix-assisted laser desorption/ 
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis 
of liquid residue was measured with an Autoflex tof/toflll equipment 
made by American Bruker Dalton Corporation. A 15 g/L solution of 2, 5- 
dihydroxyl benzoic acid (DHB) (Sigma) in ethanol was used as a matrix. 

3. Results and discussion 

3.1. Catalytic activity 

The performance of Ni2Al1-re460 catalyst in the HDO reaction of 
EHL was evaluated in CYH at 320 ◦C for 6 h under 3 MPa H2. As shown 
in Fig. 1(a) and (b), this catalyst only produces cycloalkanes, including 
monomers and dimers, with a total yield of 133.2 mg g−1 EHL. As all of 
the oxygen has been removed in the detected products, the total yield of 
cycloalkanes is also calculated based on the carbon content of EHL, and 
this value is 21.7 wt%. The detected monomers, mainly including 
methyl-, ethyl-, and propyl-cycloalkanes, are well-suited as additives for 
gasoline, and the detected dimers with carbon numbers ranging from 

C13 to C16 are suitable as additives for diesel. In contrast, the reaction 
without a catalyst only produced phenolic compounds with a total yield 
of 33.6 mg g−1 EHL. The liquid product obtained without a catalyst 
exhibits a brown color, while the product obtained with the Ni2Al1- 
re460 catalyst appears as a colorless liquid, indicating the removal of 
oxygen-containing functional groups (Fig. S1). In addition, with the 
introduction of the Ni2Al1-re460 catalyst, the calorific value of the 
products increased significantly from 25.0 MJ kg−1 to 42.5 MJ kg−1. 
CYH is stable during the reaction and no products were detected in the 
absence of EHL feedstock, indicating that the catalyst cannot open the 
cycloalkane ring. 

CYH is also a major product derived from the HDO reaction of lignin, 
but it cannot be identified when it is used as the solvent in this study. We 
also tested other alkanes, including n-pentane and n-dodecane, as sol
vents. However, the reaction pressure became too high when n-pentane 
was used, necessitating the termination of the experiment, due to its low 
boiling point (36.7 ◦C). On the other hand, n-dodecane was unstable 
under our reaction conditions, and the alkanes derived from n-dodecane 
interfered with product analysis. Therefore, CYH was selected as the 
solvent for further investigation, despite the fact that it leads to an un
derestimation of the product yield. 

GC-MS analysis is limited to detecting only the monomer and dimer 
products. Hence, HSQC NMR and MALDI-TOF-MS are employed to 
characterize the structure and molecular weight distribution of the 
whole product mixture, respectively. In the HSQC NMR spectrum of 

Fig. 1. (a) The structures of the detected product obtained from EHL conversion without catalyst and with Ni2Al1-re460 catalyst. (b) The total yield of the detected 
product and the calorific value of the whole product mixture with solvent obtained from EHL conversion without catalyst and with Ni2Al1-re460 catalyst. (c) HSQC 
NMR and (d) MALDI-TOF-MS spectra of the product mixture from EHL conversion with Ni2Al1-re460 catalyst. (Reaction condition: 1.0 g EHL, 0.5 g catalyst or 
without catalyst, 100 mL CYH, 320 ◦C, 3 MPa initial H2 pressure, 6 h). 
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product mixture obtained with the Ni2Al1-re460 catalyst (Fig. 1(c)), the 
signals of aromatic C-H bonds are significantly attenuated, and the 
signals corresponding to C-O bonds disappear, while the signals of 
aliphatic C-H bonds are enhanced, compared to that of original EHL 
(Fig. S2). These results indicate that the O in the product mixture has 
been completely removed, and most of benzene rings are hydrogenated 
and the molecules primarily consist of cycloalkane rings. The MALDI- 
TOF-MS spectrum of the product mixture is shown in Fig. 1(d). The 

molecules with m/z in the range of 100–400 are the major products, 
with carbon numbers in the range suitable for gasoline and diesel. The 
product mixture also contains small amounts of molecules with m/z in 
the range of 450–750 and trace amounts of molecules with m/z in the 
range of 900–1050. 

By comparing the direct HDO conversion of lignin or biomass to 
hydrocarbons (Table S1), it is found that the catalytic activity of Ni2Al1- 
re460 is comparable to that of precious metal-based catalysts in terms of 

Fig. 2. The product yields obtained with catalysts at different molar Ni/Al ratios (a) and reduced under different temperatures (b). The effects of reaction tem
perature (c), time (d), initial H2 pressure (e) on the product yields with Ni2Al1-re460 catalyst. (Reaction condition: 1.0 g EHL, 0.5 g catalyst, 100 mL CYH). 
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the yield of hydrocarbons. At the same time, a significant increase in the 
calorific value of EHL is realized, exclusively yielding cycloalkanes at 
100% EHL conversion. 

3.2. Effect of Ni/Al ratio and reduction temperature 

The activities of the catalysts with different Ni/Al ratios reduced at 
460 ◦C (Ni1Al2-re460, Ni1Al1-re460, Ni2Al1-re460, and Ni2Al0-re460) 
and reduced Ni2Al1 at different temperatures (Ni2Al1-re460, Ni2Al1- 
re520 and Ni2Al1-re580) are shown in Fig. 2(a) and (b), respectively. 
Among the catalysts with different Ni/Al ratios, the Ni2Al1-re460 cata
lyst achieves complete EHL conversion and the highest total product 
yield of 133.2 mg g−1 EHL, with only cycloalkane monomers and dimers 
as detected products. In contrast, when Ni1Al2-re460, Ni1Al1-re460 and 
Ni2Al0-re460 are used, EHL is not completely converted, and the total 
product yields obtained are much lower than that obtained with Ni2Al1- 
re460. In addition, these catalysts also show low activities for HDO re
action, as high amounts of phenols and arenes are detected. The increase 

of reduction temperature from 460 to 580 ◦C of Ni2Al1 catalyst does not 
affect the EHL conversion, which remained at 100.0 wt%, and product 
distribution, which only contains cycloalkanes, but reduces the total 
product yield from 133.2 to 104.6 mg g−1 EHL. 

3.3. Effect of reaction conditions 

The effects of reaction temperature, time, and initial H2 pressure on 
the product yield and distribution are examined with Ni2Al1-re460 as 
the catalyst, and the results are shown in Fig. 2(c-e). 

The effect of reaction temperature was examined with the reaction 
time and initial H2 pressure fixed at 6 h and 3 MPa, respectively. At 
260 ◦C, the EHL conversion and total product yield are only 86.3 wt% 
and 46.8 mg g−1 EHL, respectively, and high contents of unsaturated 
products (phenols and arenes) are produced. With the increase of the 
reaction temperature from 260 to 320 ◦C, both the EHL conversion and 
total product yield increase， indicating the enhancement of EHL 
depolymerization. Moreover, the increase in reaction temperature also 

Fig. 3. XRD patterns of catalysts with different Ni/Al molar ratios before (a) and after reduction (b) and reduced Ni2Al1 at different reduction temperatures (c). SEM 
images of (d) Ni2Al1 and (e) Ni2Al1-re460. (f) TEM image of the Ni2Al1-re460 catalyst. (g) Average Ni particle size counted according to TEM images. (h) The ratios of 
surface Ni0 to Ni2+ species of reduced catalysts determined with XPS analysis. (i) The specific surface area of reduced catalysts calculated with the BET method. 
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promotes HDO reaction, which leads to the transformation of unsatu
rated products into cycloalkanes. At 320 ◦C, the EHL conversion and 
total product yield reach the maximum values, and only cycloalkane 
monomers and dimers are detected. 

The effect of reaction time was examined with the reaction temper
ature and initial H2 pressure fixed at 320 ◦C and 3 MPa, respectively 
(Fig. 2(d)). When the reaction time is 1 h, cycloalkanes have been the 
main products (56.2 mg g−1 EHL) and the EHL conversion has been up 
to 85.8 wt%. With the reaction time extending to 2 h, alcohols are 
detected, and the yields of arenes and cycloalkanes increase, but the 
yield of phenols decreases. Further increasing the reaction time to 3 h, 
only cycloalkanes and cycloalkane dimer are detected and the EHL 
conversion is up to 100 wt%. Hence, phenols are the primary products 
that are converted into alcohols and arenes and further converted into 
cycloalkanes during a 3 h reaction. From 3 to 6 h, the yield of cyclo
alkane dimer increases from 11.5 to 19.3 mg g−1 EHL, more obvious 
than the yield of cycloalkane monomer. This indicates that the HDO 
reaction rates of lignin dimers are slower than that of lignin monomers. 
The HDO of lignin monomers is nearly completed in 3 h, but the HDO of 
lignin dimers is gradually completed over 6 h. 

The effect of initial H2 pressure was examined with the reaction 
temperature and time fixed at 320 ◦C and 6 h, respectively (Fig. 2(e)). 
When the initial H2 pressure is 0 MPa, the EHL conversion is only 
68.5 wt% and high yield of arenes and small amounts of phenols and 
cycloalkanes are produced with a total yield of 53.4 mg g−1 EHL. The 
increase of the initial H2 pressure facilitates both EHL depolymerization 
and product HDO reaction. At 2 MPa H2, a total product yield of 
128.5 mg g−1 was obtained at 100 wt% EHL conversion, and only 
cycloalkane monomers and dimers are produced. Interestingly, a further 
increase of the initial hydrogen pressure from 2 MPa to 4 MPa leads to a 
decrease in the cycloalkane monomer yield, but an increase in the 
cycloalkane dimer yield. The reason may be that the hydrogenolysis of 
lignin dimers to monomers over the catalyst is hindered by the 
adsorption of H2 at high hydrogen pressure [35]. 

3.4. Catalyst characterization 

Fig. 3(a) shows the XRD patterns of catalyst precursors with different 
ratios of Ni and Al (Ni1Al2, Ni1Al1, Ni2Al1, and Ni2Al0) before reduction. 
Ni2Al1 exhibits diffraction peaks corresponding to NiAl-LDH (PDF 
#15–0087). However, in the patterns of Ni1Al2 and Ni1Al1, no diffrac
tion peaks of NiAl-LDH were found but peaks of NiAl(OH)x (PDF 
#22–0452) were observed. In the XRD pattern of Ni2Al0, only the peaks 
related to α-Ni(OH)2 appear. Therefore, NiAl-LDH can only be synthe
sized at Ni/Al= 2 under this condition. The XRD patterns of the reduced 
catalysts at 460 ◦C (Ni1Al2-re460, Ni1Al1-re460, Ni2Al1-re460 and 
Ni2Al0-re460) are shown in Fig. 3(b). Both the peaks of NiO and Ni are 

observed in the XRD patterns of Ni1Al2-re460, Ni1Al1-re460, and Ni2Al1- 
re460, but only the peaks attributed to Ni appear in the XRD patterns of 
Ni2Al0-re460. In addition, the diffraction peaks of Ni in Ni2Al0-re460 are 
more intense compared to those in Ni1Al2-re460, Ni1Al1-re460, and 
Ni2Al1-re460, indicating that larger Ni particles form in Ni2Al0-re460. 
Fig. 3(c) shows the XRD patterns of Ni2Al1 reduced at different tem
peratures (460, 520, and 580 ◦C). The XRD patterns of Ni2Al1-re460 and 
Ni2Al1-re520 are similar, in which both the peaks of NiO and Ni are 
observed. The coexistence of Ni and NiO on Ni2Al1-re460 is also 
confirmed by its SAED pattern (Fig. S3). Nevertheless, in the XRD 
pattern of Ni2Al1-re580, the peaks of NiO are nearly invisible and the 
peaks of Ni are more intense compared to those in Ni2Al1-re460 and 
Ni2Al1-re520. 

Fig. 3(d) and (e) display the SEM images of Ni2Al1 before and after 
reduction at 460 ◦C. Ni2Al1 has distinct lamellar structures, and these 
lamellar structures are maintained after reduction at 460 ◦C. The stacked 
layered structures in Ni2Al1-re460 result in the formation of large pores, 
which are favorable for the adsorption of lignin macromolecules. 
Nevertheless, Ni1Al2, Ni1Al1, and Ni2Al0 samples do not show a lamellar 
structure before and after reduction (Figs. S5 (a) and (b)). The high 
reduction temperature (520 and 580 ◦C) of Ni2Al1 results in the collapse 
of the lamellar structures (Fig. S6 (a)). Fig. 3(f) displays the TEM image 
of Ni2Al1-re460. Black particles on the catalyst surface are identified as 
Ni particles according to their lattice fringes (Fig. S4). The average Ni 
particle sizes of different reduced catalysts are counted according to 
their TEM images (Fig. 3(f), Fig. S5 (c) and Fig. S6 (b)), and the results 
are shown in Fig. 3(g). Among the Ni1Al2-re460, Ni1Al1-re460, and 
Ni2Al0-re460 samples, Ni2Al1-re460 has the smallest Ni particle size 
(7.4 nm), indicating that the employment of NiAl-LDH precursor effi
ciently restrains the growth of Ni particle size during the reduction 
process. The increase of the reduction temperature from 460 to 580 ◦C 
results in the increase of average Ni particle size from 7.4 to 12.0 nm. 

The ratios of Ni0 to Ni2+ species on the surface of reduced catalysts 
are determined with XPS analysis (Fig. S7), and the results are shown in 
Fig. 3(i). The ratio of surface Ni0/Ni2+ species gradually decreased from 
0.20 to 0.14 with the decrease of Ni/Al ratio from 2/1 to 1/2, indicating 
that the reduction degree of Ni decreases with the increase of Al content. 
The Ni2Al1-re460 with a higher Ni reduction degree shows a higher 
hydrogenation activity. With the increase of the reaction temperature, 
the Ni0/Ni2+ ratio increases, and Ni2Al1-re580 has more surface Ni0 

species than Ni2Al1-re480 and Ni2Al1-re520. However, the large Ni 
particles due to the sintering of Ni at 580 ◦C result in the low hydro
genation activity of Ni2Al1-re580. 

The specific surface areas of reduced catalysts are shown in Fig. 3(i). 
Owing to its LDH structure, Ni2Al1-re460 has a high specific surface area 
(208.3 m2 g−1), much higher than that of Ni2Al0-re460, Ni1Al2-re460 
and Ni1Al1-re460 samples. With the increase of the reduction 

Fig. 4. Py-IR spectra of (a) Ni2Al1-re460 and Ni2Al0-re460, and (b) reduced Ni2Al1 at different reduction temperatures.  
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temperature from 460 to 580 ◦C, the specific surface area of catalysts is 
significantly reduced from 208.3 to 75.1 m2 g−1 due to the collapse of 
the lamellar structures (Fig. S6 (a)). 

The acidity of catalysts also plays an important role in HDO re
actions. Py-IR was used to analyze the surface acidic sites of reduced 
catalysts, and the results are shown in Fig. 4. In all of these spectra, only 
the peaks ascribed to the vibration absorption of pyridine adsorbed on 

Lewis acid sites (1450, 1490 and 1610 cm−1) are observed, while the 
peak related to the Brønsted acid sites does not appear at 1535 cm−1 

[36–39]. Therefore, the reduced catalysts only have Lewis acid sites. The 
amount of Lewis acid sites on Ni2Al1-re460 is 0.151 mmol g−1, much 
higher than that on Ni2Al0-460, which is only 0.032 mmol g−1. Hence, 
the addition of Al significantly improves the amount of Lewis acid sites 
on the catalyst. In Ni2Al1-re460, Al and Ni species cannot be completely 

Fig. 5. Recycle of the Ni2Al1-re460 catalyst (a). Raman spectra (b) and TG curves (c) of fresh, first and fourth used Ni2Al1-re460 catalyst in N2. SEM (d) and TEM (e) 
images of fourth used Ni2Al1-re460 catalyst. 
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reduced at our reduction condition, and oxygen vacancies formed after 
reduction serves as Lewis acid sites. With the increase of reduction 
temperature from 460 to 580 ◦C, the amount of Lewis acid sites gradu
ally decreases from 0.151 to 0.127 mmol g−1 due to the reduction of 
more Ni species to metal Ni. 

3.5. Catalyst stability 

The stability of Ni2Al1-re460 was examined and the results are shown 
in Fig. 5(a). The EHL conversion, total product yield, and product dis
tributions are not obviously changed in two times run. In the 3th run, the 
catalyst slightly loses its activity, yielding 8.7 mg g−1 EHL of phenols at 
100 wt% EHL conversion. Nevertheless, in the 4th run, the EHL con
version and total product yield significantly decrease to 60.0 wt% and 
75.2 mg g−1 EHL, respectively, and 21.8 mg g−1 EHL yield of phenols is 
detected, indicating the deactivation of the catalyst. 

The Ni/Al ratio showed no significant difference between the fresh 
and 4th used catalysts (Fig. S8), indicating negligible Ni species leaching 
during reusability tests. The Raman spectra of used catalysts (Fig. 5(b)) 
indicate that carbon deposition has occurred on the 4th used catalyst but 
not on the 1st used catalyst. The TG and DTG curves of the fresh catalyst 
as well as the 1st and 4th used catalysts in N2 are shown in Fig. 5(c). From 
50 to 650 ◦C, there is no weight loss for the fresh and the first used 
catalyst, but the weight loss of 4th used catalyst is up to 35%. The DTG 
curve of the 4th used catalyst has two peaks at 220 ◦C and 450 ◦C, which 
may be attributed to the desorption of lignin fragments and large 
condensed structures from the catalyst, respectively [40,41]. Fig. 5(d) 
and (e) show the SEM and TEM images of the 4th used catalyst. After 4 
runs, the catalyst keeps its lamellar structure, but carbon particles are 
observed on the catalyst, and the average Ni particle size increases to 
12.56 nm. 

4. Discussion 

4.1. Reaction pathways 

In the previous works about lignin depolymerization in alcohol, 
lignin alcoholysis was considered to be the first step, in which alcohol 
was decomposed into active H and ethoxy, which depolymerized lignin 
to fragments and monomers [8,42,43]. For EHL depolymerization in 
CYH, the non-catalytic reaction that depolymerizes EHL to lignin frag
ments and monomers should be also the first step, because large lignin 
molecules cannot directly contact the solid catalyst. However, our re
sults indicate that CYH remains stable under our reaction conditions and 
does not generate active groups that facilitate lignin solvolysis. This 
suggests that the non-catalytic reaction of EHL may be a thermal 
decomposition process (Scheme 1, step 1) [25]. The role of CYH is to 
dissolve lignin fragments and monomers produced through the pyrolysis 
process, suppressing their condensation reactions. 

The second step is further depolymerization of lignin fragments and 
HDO of dimers and monomers over a catalyst (Scheme 1, step 2). Lignin 
fragments containing C-O-C linkages undergo hydrogenolysis, produc
ing phenolics that are subsequently hydrogenated into cycloalkanols 
over the Ni metal sites. The cycloalkanols are then dehydroxylated over 
Lewis acid sites and finally hydrogenated into cycloalkanes over the Ni 
metal sites. The catalyst may not be able to depolymerize fragments with 
C-C linkages but converts them into cycloalkane dimer. Consequently, 
cycloalkane dimers with C-C linkages are identified in the products of 
EHL conversion. The HDO of lignin fragments to cycloalkanes shifts the 
solubility equilibrium of lignin fragments in CYH and hence hinders 
their condensation to char [23]. 

4.2. The activity of catalyst 

The catalysts derived from NiAl-LDH (Ni2Al1-re460) show higher 
activities than catalysts without LDH structures (Ni1Al2-re460, Ni1Al1- 

Scheme 1. Reaction pathways of the direct HDO of EHL.  
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re460, and Ni2Al0-re460). The presence of the NiAl-LDH phase leads to 
maximum specific surface area and the formation of large pores, which 
facilitates reactant adsorption [44]. The interaction between Ni and Al 
facilitates the formation of small metal Ni particles, resulting in the high 
hydrogenation activity of the catalyst. Moreover, due to the Ni-Al 
interaction, only a portion of Ni in NiAl-LDH is reduced to metal Ni 
nanoparticles, while the partially reduced Al and Ni act as Lewis acid 
sites, which absorb oxygen-containing functional groups in the reactants 
and promote the deoxygenation reaction [45–47]. Hence, Ni2Al1-re460 
with high hydrogenation and deoxygenation activities achieve complete 
HDO of EHL. With the enhancement of the reduction condition, the size 
of metal Ni in the catalyst increases, and the amount of Lewis acid sites 
and specific surface area decreases. Hence, NiAl-LDH reduced at a low 
temperature, i.e., Ni2Al1-re460, has a higher HDO activity than 
Ni2Al1-re520 and Ni2Al1-re580. 

With the increase of the number of runs, NiO is gradually reduced to 
Ni, resulting in the growth of Ni particles. When the average size of Ni 
particles reaches 12.56 nm in 4th run, the hydrogenation activity of the 
catalyst is significantly reduced and lignin fragments are strongly 
adsorbed on the large Ni particles. These adsorbed lignin fragments 
cannot be hydrogenated and further converted to condensed structures 
and char [48], which will also cover the active sites of catalysts, 
aggravating catalyst deactivation. 

5. Conclusions 

The Ni catalyst derived from NiAl-LDH was employed for the direct 
HDO reaction of EHL. NiAl-LDH is synthesized when the molar ratio of 
Ni and Al is 2. The NiAl-LDH reduced at 460 ◦C (Ni2Al1-re460) shows the 
highest activity among the catalysts tested, due to the high number of 
acidic Lewis sites, small size metal Ni particles and a large specific 
surface area. At optimized reaction conditions (320 ◦C, 3 MPa H2, 6 h), 
EHL is completely converted and hydro-deoxygenated. The calorific 
value of liquid products is up to 42.5 MJ kg−1, much higher than that of 
liquid products obtained without a catalyst. 

The reaction pathways are proposed. EHL is firstly depolymerized 
via thermal decomposition process. CYH solvent dissolves lignin frag
ments and monomers. The catalyst further depolymerizes fragments and 
oligomers and converts phenolic monomers and dimers to cycloalkanes. 
The HDO of lignin fragments to cycloalkanes shifts the solubility equi
librium of lignin fragments in CYH, hindering their condensation to 
char. 

The catalyst is reused up to three times without any loss of activity, 
and its deactivation is caused by the growth of Ni particles and active 
site coverage with highly absorbed species and char. 
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