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Abstract: Catalytic lignin solvolysis (CLS) holds promise for efficient lignin
utilization, yielding small molecules with minimal or no char formation. However, the
role of different active sites of catalyst in CLS are rarely discussed. Here, Ni catalysts
on different supports, i.e., SiO2, Al203, MgO, and ZrO2, were prepared with the aim of
manipulating the relative importance of metal and acid-base functionalities to

investigate the role of different active sites in the enzymatic hydrolysis of lignin (EHL)

* Corresponding author. E-mail address: chenhong_0405@tju.edu.cn (H. Chen).

* Corresponding author. E-mail: yongdan.li@aalto.fi (Y. Li)
1



ethanolysis. The main ether linkage, i.e., -O-4, in EHL is cleaved without the
participation of a catalyst. Metal sites suppress repolymerization through hydrogenating
active intermediates, while acid and base sites facilitate the conversion of phenolic
monomers into complex alkylated and etherified products and also promote
repolymerization reactions. Among the catalysts, Ni/SiO2 demonstrated the highest
hydrogenation activity and yielded the most monomers (24.7 wt%) at 280 °C for 6 h
under 2 MPa Hz in ethanol. These findings shed light on the catalytic mechanisms in

CLS, offering valuable insights for future catalyst design.

Graphical abstract

OH
OCH;

— Metal sites
N

0"/}'
HO” SO  Hyco

Catalytic H
Reaction

HO

OH

—~ CH,CH,
[ :] CH,
Acid and base sites

Keywords: Biomass, Lignin, Ethanolysis, Nickel catalyst, Reaction pathway

1. Introduction
Lignocellulose is the most abundant form of biomass, which mainly contains
cellulose, hemicellulose and lignin [1]. As one of the important renewable resources,

lignocellulose conversion into chemicals and fuels has been widely investigated.
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Nowadays, second-generation (2G) biorefining technologies using agricultural and
forestry residues have been developed for bioethanol production as a gasoline blend,
with enzymatic hydrolysis lignin (EHL) as a large-scale by-product. To date, EHL has
been burned for energy recovery and its efficient utilization technologies are in high
demand. Lignin is a complex three-dimensional amorphous polymer, mainly consisting
of three phenylpropanoid units: sinapyl, coniferyl and p-coumaryl alcohols [2]. As the
only renewable resource containing rich aromatic units, lignin is an alternative
feedstock to replace non-renewable petroleum to produce aromatic chemicals and fuels
[3]. Meanwhile, efficient utilization of EHL to produce aromatic chemicals and fuels
significantly improves the economy of the 2G biorefinery.

Catalytic solvolysis of lignin has received immense attention [3]. Some milestone
works achieved complete lignin liquefaction and high monomer yields. Barta et al. [4]
reported that CuMgAIlOx was active in converting organosolv lignin into cyclohexyl
derivatives in methanol at 300 °C under an Ar atmosphere without the formation of char.
Ma et al. [5] depolymerized Kraft lignin over an a-MoCi1x/AC catalyst in ethanol at
280 °C under N2 atmosphere and achieved an overall yield of small-molecular
chemicals, including esters, alcohols, arenes, phenols, and benzyl alcohols, was as high
as 1.64 g/lignin. Huang et al. [6-8] depolymerized alkali lignin with CuMgAI1Ox catalyst
in ethanol and obtained 60 wt% of alkylated mono-aromatics at 380 °C under Ar
atmosphere. Recently, we examined EHL solvolysis in ethanol and methanol with
various catalysts, including WO3/Al203 [9], NiMo/AL203 [10], unsupported Ni [11, 12]

and MoS:z [13, 14], and obtained high yields of alkylphenols (200-300 mg/g EHL)



without char formation. Compared to Mo and W-based catalysts, Ni catalysts typically
yield higher monomer yields under relatively mild reaction conditions due to their
higher hydrogenation activities [15]. Despite the widespread use of Ni catalysts
supported on different metal oxides, such as SiO2, Al2O3, MgO, and ZrOz, in lignin
solvolysis [16-19], the effect of catalyst support and the specific roles of different
catalytic sites in lignin solvolysis have yet to be elucidated.

Herein, Ni catalysts on different supports, i.e., SiO2, Al2O3, MgO, and ZrO2, were
prepared with the aim of manipulating the relative importance of metal and acid-base
functionalities. Through comprehensive catalyst characterization and product analysis,
the impact of catalyst support on enzymatic hydrolysis lignin (EHL) solvolysis was
explored. With monitoring the cleavage of linkages in EHL using HSQC-NMR analysis,
along with analyzing phenol conversion and adsorption over these catalysts, the process

of EHL ethanolysis and the role of different catalytic sites are discussed.

2. Materials and methods
2.1. Materials

The EHL, a byproduct of the enzymatic hydrolysis of corncob, was provided by
Shandong Longlive Co., and has a composition of 91.2 wt% lignin, 0.12 wt% residual
carbohydrate and 1.42 wt% ash [10]. Ethanol and phenol of AR reagent grade were
purchased from Guangfu Inc. Ni (NO3)2:6H20, SiO2, Al203, MgO and ZrO: were
purchased from Aladdin Co., Ltd.

2.2. Methods



2.2.1 Reaction conditions

The EHL ethanolysis and phenol conversion were carried out in a 300 mL batch
reactor (Parr 4566, made of Hastelloy) equipped with a temperature controller (Parr
4848) and a pressure sensor. Typically, 1.0 g of EHL or phenol and 60 mL of ethanol
without catalyst or with 0.5 g catalyst were loaded into the reactor. The reactor was
purged with 0 MPa N2 for a non-catalytic reaction, and pressurized to 2 MPa H: for a
catalytic reaction. The reactor was then heated to the prescribed temperature and kept
for the prescribed time with stirring at 600 rpm. After the reaction, the product was
filtrated to separate solid residue and liquid products.
2.2.2. Product analysis

The liquid product obtained in EHL ethanolysis and phenol conversion reactions
were injected neatly into an Agilent 6890-5973 GC-MS for qualitative analysis. The
monomer products were further analyzed quantitatively with an Agilent 6890 GC
equipped with an FID. The working conditions for both GCs were the same as our
previous works [11, 12]. Anisole was used as the internal standard to quantify the

products. The total monomer yield was calculated with equation (1):

The weight of total monomers

Total monomer yield (wt%) = X 100% (1

The weight of EHL putinto the reactor

When using phenol, the conversion of reactants and yield of products were

calculated based on equations (2) and (3), respectively.

n(reactant)jpitia] —n(reactant)residual

Reactant conversion (mol%) = x 100% ?2)

n(reactant)jpijtial

n(product)

Product yield(mol%) = x 100% 3)

n(reactant)initial

Where "n" represents the mole number.



Heteronuclear single quantum coherence-nuclear magnetic resonance (HSQC-
NMR) spectra were recorded on a Bruker AVANCE III HD 400 MHz. 40 mg liquid
product after the removal of ethanol was dissolved in DMSO-ds (0.5 mL as the
deuterated NMR solvent). The molecular weights of large molecules produced from
phenol conversion were measured with a matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) 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.

The solid residue obtained from EHL ethanolysis was washed with 60 mL of ethanol,
and then dried at 100 °C for 12 h. The mass was measured with an analytical balance.

The yield of char was calculated using equation (4):

The weight of solid residue—The weight of the catalyst

Char yield =

The weight of EHL put into the reactor x 100% )
2.2.3. Phenol adsorption on a catalyst

0.1 g of catalyst was put into 10 mL phenol/cyclohexane solution (1:9, v:v). After
12 h, the catalyst was separated from the solution by centrifugation, and then washed
with 20 mL pure cyclohexane for six times. The FTIR spectra of adsorbed phenol were
collected with a Fourier transform infrared spectrometer (Thermo Fisher, Nicolet IS50)
equipped with an MCT narrowband detector. The scan number was 256 and the spectral
resolution was set as 4 cm™.
2.2.4. Catalyst preparation and characterization

All the catalyst samples were prepared through an incipient wetness impregnation

technique with prescribed 10 wt% Ni loading. The sample was dried at 100 °C for 12



h, and then calcined at 450 °C for 4 h in air. The reduction was carried out in flowing
H2 (100 mL/min, STP) at 450 °C for 4 h with a heating rate of 10 °C /min.

X-ray diffraction (XRD) patterns were obtained with a Rigaku D/max 2500 v/pc
instrument (Rigaku Corp. Japan) with Cu Ko radiation at a scanning rate of 5 %/min”".
The Ni content of the samples was determined with an inductive coupled plasma-optical
emission spectroscope (ICP-OES, VISTA-MPX, Varian). H2 chemisorption was
determined with a Micromeritics AutoChem 2920 instrument equipped with a quartz
U-tube reactor and a thermal conductivity detector. Ha temperature-programmed
reduction (H2-TPR) was carried out on TPDRO (TP-5080, Xianquan Co.) with a
thermal conductivity detector (TCD). NHs and CO: temperature programmed
desorption (NH3-TPD and CO2-TPD) were carried out in a fixed bed reactor using a gas
mass spectrometer (HPR20, Hiden) as the detector. Brunauer-Emmett-Teller (BET)
surface area of the samples was measured with a Micromeritics ASAP2020M system.
Raman spectrometer (Renishaw inVia) with a 633 nm He-Ne laser excitation source
was used for Raman analysis. X-ray photoelectron spectra (XPS) were recorded with
an ESCALAB 250 Xi XPS spectrometer equipped with an Al-Ka (hv = 1486.6 eV)

3. Results
3.1. EHL ethanolysis

The gas chromatogram of products and structure of monomers obtained from EHL
ethanolysis are shown in Figure 1. Without a catalyst, phenols without alky sidechain
(1 and 3) and para-ethyl phenols (5 and 7) are the main products, while esters derived

from p-coumaric and ferulic acids (12, 13 and 14), as well as ortho-ethyl and ethyl



etherified products (4, 8 and 9), are also detected. With Ni/MgO as the catalyst, the
product becomes more complex. Although phenols without side chains (1 and 3) and
para-alkyl phenols (2, 5-7) are also detected, ortho-alkylated and etherified products (4,
8,9, 15-24) become the main products. Alkylated products (17, 18, 22, 23, and 26) with
isopropyl and tert-butyl side chains are also measured. In addition, the phenolic
hydroxyls of esters (25 and 14) are also etherified. The molecules obtained with
Ni/Al2O2 are similar to those obtained with Ni/MgO, but two tert-butyl substituted
molecules (22 and 23) disappear and a double isopropyl substituted molecule (27)
appears. In the case of Ni/ZrOz, comparatively small amounts of ortho-alkylated and
etherified molecules (8 and 27) are detected, and most of the monomers are para-alkyl
phenols (2, 5-7, 10, 11, 28) and esters (12 and 13). In addition, para-propanol substituted
phenol (31) appears. In Ni/SiO2 catalyzed reaction, no ortho-alkylated and etherified
molecules are detected. Compared to Ni/ZrO2, Ni/SiO2 produced larger amounts of
esters (12 and 13) and para-propanol substituted phenol (31), but lower amounts of
para-ethyl phenols (5 and 7). The formation of 12, 13 and 31 is attributed to the effective
hydrogenation of C=C double bonds in the side chains of primary monomers,
effectively suppressing their decomposition reactions [11, 12]. The higher amounts of
these compounds obtained with Ni/SiO2 compared to Ni/ZrO2 suggest that Ni/SiO2
exhibits superior hydrogenation activity compared to Ni/ZrOx.

The monomers obtained from EHL depolymerization are classified into two types
(Figure 2(a)): Ortho-alkylated and etherified products are derived from alkylation and

etherification reactions, and are sorted as Os. Phenols without side chains, para-alkyl



phenols, aromatic esters, and propanol-substituted phenols are derived from the primary
lignin monomers, as revealed in our previous works [11, 12], and are sorted as Ls. The
monomer and char yields obtained without and with different catalysts are given in
Figure 2(b). Without a catalyst, 29.8 wt% char is formed, and 10.2 wt% total monomer
yield is obtained, mainly including Ls. With the presence of a catalyst, the yield of char
significantly decreases. The yields of char obtained with Ni/MgO and Ni/Al2Os are 7.3
and 3.7 wt%, respectively, and no char was formed with Ni/ZrO: and Ni/SiOz2 as
catalysts, indicating a complete EHL liquefaction. High yields of Os are produced with
Ni/MgO and Ni/Al2Os as catalysts, while Ni/ZrO2 and Ni/SiO2 nearly only produce Ls.
The total monomer yields obtained with Ni/ZrO2 and Ni/SiOz are also higher than those
obtained with Ni/MgO and Ni/Al203, and the highest total monomer yield, i.e. 24.7wt%,
is obtained with Ni/SiOx.

The HSQC-NMR spectra are given in Figure 3 and the signals are assigned
according to the literature [8, 20, 21]. In the spectrum of original EHL, strong signals
of aryl ethers with -O-4 linkage (Aq, Ap, Ay) are recognized. After the reaction without
a catalyst, these signals completely disappear, indicating that the cleavage of -O-4
linkage can be achieved without a catalyst. The addition of different catalysts do not
affect the B-O-4 linkage cleavage but affects the intensity of the signals of phenolic
products. High yields of alkylated and etherified phenols are produced in Ni/Al2O3 and
Ni/MgO catalyzed reactions, and hence the intensive signals of the alkyl and alkoxy are
observed in their spectra. Ni/Al2O3 and Ni/MgO also show high activities for

demethylation or/and demethoxylation reactions, as the signal of methoxyl (-OCH3) is



significantly weakened. With Ni/ZrOz and Ni/SiO: as the catalysts, the signal of -OCH3
is strengthened, and the signal of alkyl is weakened, while the signal of alkoxy
disappears. Additionally, stronger signals of phenolic esters are observed with Ni/ZrO2
and Ni/SiOz catalysts compared to Ni/Al203 and Ni/MgO catalysts, consistent with the
higher yields of phenolic esters produced in reactions catalyzed by Ni/ZrO2 and Ni/SiOsx.
However, the signal of phenolic esters is also observed in the spectrum obtained without
a catalyst, although phenolic esters are not detected in the non-catalytic reaction. This
may be due to the fact that phenolic esters with carbon-carbon double bonds readily
undergo condensation reactions [15], forming larger molecules that cannot be detected
by GC-MS.
3.4. Phenol conversion and adsorption
3.4.1. Phenol conversion

Phenol conversion gives the comparative activities of the catalyst for
hydrogenation and alkylation/etherification. The product yields and phenol conversions
are shown in Figure 4(a). With Ni/MgO and Ni/Al2Os as catalysts, etherified and
alkylated phenols (APs) are the main products, with the yields of 36.9 and 34.0 mol%,
respectively, and small amounts of benzene ring hydrogenated products (HPs) are also
produced, with the yields of 6.7 and 15.3 mol%, respectively. Nevertheless, HPs are the
main products for Ni/ZrOz and Ni/SiOz. The yield of HPs obtained with Ni/ZrO: is 65.4
mol%, and increases to 86.8 mol% with Ni/SiO2. The yield of APs obtained with
Ni/ZrOz2 is 8.5 mol% and decreases to 2.1 mol% with Ni/SiO2. Without a catalyst, only

5.3 mol% of APs are detected. The phenol conversions for Ni/MgO and Ni/Al2O3 are
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54.5 and 63.7 mol%, respectively, lower than that of Ni/ZrO2 and Ni/SiO2, which are
82.8 and 91.2 mol%, respectively. For the reaction without a catalyst, the phenol
conversion is only 6.7 mol %. The results indicate that Ni/SiO2 has the highest
hydrogenation activity among the catalyst samples, while Ni/MgO and Ni/Al203 have
high activities for alkylation and etherification reactions.

The MALDI-TOF-MS is used to analyze the large molecules formed in phenol
conversion, and the results are presented in Figure 4 (b). During the non-catalytic
phenol conversion, strong peaks of large molecules appear in the range of 250-300 m/z,
together with several weak peaks in the range of 300-400 m/z. When Ni/MgO and
Ni/AL203 are used as catalysts, strong peaks at above 400 m/z appear, indicating the
formation of large molecules. In the cases with Ni/ZrOz as a catalyst, the number of
peaks obviously decreases, but several peaks still appear in the range of 250-350 m/z.
With Ni/SiOz, the peaks of large molecules at above 250 m/z disappear, indicating that
Ni/Si0: efficiently suppresses the condensation reactions of phenol.

3.4.1. Phenol adsorption

Phenol adsorption on the surface of catalysts was studied by FTIR analysis to
reveal the interaction between lignin monomer and catalyst. The FTIR spectra are
depicted in Figure 5, and the bands are assigned according to the literature [22-26]. In
the spectrum of phenol adsorbed on Ni/MgO, the bands related to phenolic O-H (1475-
1450 cm™, 1380-1360 cm™) disappear, and a band of C-O in phenolate species (1300-
1230 cm™) is detected. Similar to Ni/MgO, bands of C-O in phenolate species are
recorded and the bands related to phenolic O-H disappear, in the spectrum of phenol
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adsorbed on Ni/Al20s. In the case of Ni/ZrO2, both the bands of phenolate species and
phenolic O-H appear, indicating incomplete phenol dissociation over Ni/ZrOz. In the
spectrum of phenol adsorbed on Ni/SiO2, the bands related to phenolic O-H are
observed, and the bands of C-O in phenolate species are almost invisible, indicating
non-dissociative over Ni/SiOx.
3.5. Catalyst characterization

The NH3-TPD profiles of catalyst supports are shown in Figure 6 (a). Al2O3 shows
two desorption peaks centered at 180 and 410 °C, which are ascribed to the desorption
of NH3 from weak and strong acid sites, respectively. For MgO, the desorption peak
ascribed to weak acid sites is also centered at around 180 °C, but the other desorption
peak shifts to 320 °C, which is ascribed to medium acid sites. The desorption peaks of
ZrO2 and SiO2 are much lower than those of other supports, but still two peaks are
visible in their curves. Meanwhile, the first desorption peaks of ZrO2 and SiOz shift to
lower temperatures, centered at 150 and 160 °C, respectively, indicating that the
strengths of weak acid sites on ZrOz and SiO: are weaker than those on Al2O3 and MgO.
Nevertheless, the strengths of strong acid sites on ZrO2 and SiO2 are both similar to
those on Al203, as their second peaks are also centered at around 400 °C. The CO2-TPD
profiles of catalyst supports are shown in Figure 6 (b). MgO has two high desorption
peaks centered at 240 and 500 °C, which are ascribed to the desorption of CO2 from
weak and strong base sites, respectively. The strength of base sites of Al2Os3 is slightly
weaker than that of MgO, as the desorption peaks of Al2O3 are centered at 210 °C and

430 °C. The strengths of base sites of ZrO: is weaker than those of MgO and Al2Os,
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with its desorption peaks centered at 150 and 330 °C, respectively. Nevertheless, SiO2
does not show desorption peaks of COx.

The total amounts of acidic/basic sites of different catalyst supports were
calculared based on the areas of desorption peaks (Table 1). Al2O3 has the highest
amounts of acidic sites and MgO has the highest amounts of basic sites among the
samples, which are 29.5 umol NH3/g and 42.3 umol CO2/g, respectively. Meanwhile,
AL2Os3 contains small amounts of basic sites (8.7pumol CO2/g) and MgO contains small
amounts of acidic sites (7.7 pmol NH3/g). Small amounts of acidic (4.2 umol NH3/g)
and basic sites (3.6 pmol NHs/g) exist on ZrOz. SiO: has trace amounts of acidic sites
(1.5 umol NH3/g) and contains no basic sites. The BET surface areas of these catalyst
supports are also listed in Table 1. The BET surface areas of MgO and Al2O3 are 173.3
and 209.6 m%/g, respectively. ZrO> has the smallest BET surface area, which is 67.6
m?/g, and SiO> has the largest BET surface area, which is 313.2 m?/g.

The H2-TPR curves of catalysts are plotted in Figure 6 (c). The reduction peaks
below 400 °C are ascribed to the reduction of easily reducible NiO to metallic Ni, and
the peaks in the temperature range of 400-500 °C are attributed to the reduction of NiO
in weak interaction with supports, and the peaks above 500 °C are related to the
reduction of NiO in strong interaction with supports [27-31]. Ni/SiO2 has two reduction
peaks at 370 and 440 °C, and Ni/ZrO2 has one peak at 400 °C, indicating the weak
interaction between Ni and SiO2 and ZrO> supports. Hence, Ni** ions in Ni/SiO2 and
Ni/ZrOz2 can be easily reduced when the reduction temperature was set as 450 °C.
Nevertheless, NiO has strong interaction with Al2O3 and MgO supports, as the peaks
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above 500 °C appear in the curves of Ni/Al203 and Ni/MgO. In particular, peaks at 770
and 760 °C in the curves of Ni/Al203 and Ni/MgO are ascribed to the reduction of
NiAl204and NiO-MgO solid solution, respectively [29, 30].

The XRD patterns of the catalyst samples after reduction in H2 at 450 °C are shown
in Figure 6 (d). The diffraction peaks of metallic Ni (PDF#65-2865) can be observed in
the patterns of the reduced catalyst samples except for that of Ni/MgO in which only
the diffraction peaks of MgO are visible. In the pattern of Ni/Al2Os, the diffraction
peaks of NiAl2O4 are also observed, indicating that NiAl.O4 cannot be completely
reduced under this condition. The ratio of metallic Ni (Ni° to ionic Ni (Ni**) on the
catalyst surface is determined with XPS analysis (Figure 6 (e)). The ratio of Ni®and
Ni** on Ni/SiO2 and Ni/ZrO:> are 0.42 and 0.37, respectively, but these values on
Ni/Al203 and Ni/MgO are only 0.18 and 0.10, respectively. This indicates that the
reduction degree of Ni in Ni/Al2O3 and Ni/MgO is much lower than that in Ni/SiO2 and
Ni/ZrOx.

The real Ni loadings and Ni dispersions of different catalysts are listed in Table 2.
The real Ni loadings are close to the prescribed value of 10 %. Ni/MgO exhibits the
highest Ni dispersion, i.e., 23.1% among the samples, due to the strong interaction
between Ni and MgO. Following Ni/MgO, the Ni dispersion of Ni/SiO2 and Ni/Al2O3
are 14.5% and 12.0 %, respectively. Nevertheless, Ni/ZrO: has the lowest Ni dispersion,

i.e., 6.1 %, among these catalysts.

4. Discussion
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4.1. Non-catalytic reaction

The HSQC-NMR results indicate that the cleavage of main ether linkages, i.e., B-O-
4, occurs via homogeneous steps and does not need a catalyst. In the early works, non-
catalytic ethanolysis of Kraft lignin was supposed to be induced with the radicals
formed from ethanol homolysis [5, 32, 33]. However, the bond dissociation energies
(BDEs) of B-O-4 ether linkages in lignin are lower (54-72 kcal/mol) than the BDEs of
chemical bonds in ethanol (94-110 kcal/mol) [34, 35], indicating that ethanol
decomposition into free radicals is more challenging than homolysis of ether linkages.
In addition, only 1,1-diethoxyethane was detected as the product of ethanol self-
conversion in the non-catalytic reaction. These observations suggest that the non-
catalytic reaction should not follow a free radical reaction mechanism. Recently, Li et
al. [36] reported that the homolysis of B-O-4 linkages in lignin model compound with
phenolic hydroxyl end-units readily occur at around 200 °C, but is difficult in the
compounds with methoxy end-units. Here, we clarify the process of non-catalytic lignin
depolymerization, and show it in Scheme 1. The reaction starts from the phenolic
hydroxyl end-units which undergo a homolysis reaction first. The radical formed from
homolysis snatch H from ethanol or Hz, forming new phenolic hydroxyl end-units, and
then repeat homolysis reaction. Although EHL is efficiently depolymerized at 280 °C
in the non-catalytic reaction, achieving complete cleavage of B-O-4 linkages, radical-
induced repolymerization reactions occur extensively in the absence of a catalyst [37],
leading to the formation of a high yield of char.
4.2. The role of the catalytic sites
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As ZrO: and SiO2 have minimal acid/base sites, the activity of Ni/ZrO2 and Ni/SiO2
in EHL ethanolysis predominantly relies on the hydrogenation activity of Ni metal sites.
Notably, Ni/SiO2, with high BET specific surface area and moderate Ni and SiO2
interaction, exhibits superior Ni dispersion compared to Ni/ZrOz2, thus showing higher
hydrogenation activity. In Ni/SiO2 and Ni/ZrOz catalyzed EHL ethanolysis, the absence
of char formation indicates the effective suppression of repolymerization reactions
through hydrogenation reaction. Ni/SiO2 is more efficient than Ni/ZrO2, yielding a
higher monomer yield in EHL ethnaolysis owing to its higher hydrogenation activity.
As reported, monomers and intermediates containing carbon-carbon and carbon-
oxygen double bonds in their chains are prone to undergo repolymerization reactions,
but can be stabilized through hydrogenation reactions [38-41]. In addition, the active
hydrogen species generated from H: dissociation over metal sites act as radical
scavengers, effectively impeding radical-induced repolymerization reactions [42].

Strong interactions between Ni and supports form in Ni/Al2O3 and Ni/MgO after
calcination, which result in their low Ni reduction degree at a moderate temperature
reduction. Compard to Ni/SiO2 and Ni/ZrO2, Ni/Al2O3 and Ni/MgO display lower
hydrogenation activity, but, with higher amounts of acid/base sites, they exhibit higher
activity for phenol alkylation and etherification, indicating that acid and base sites serve
as active sites for these reactions. Phenol is strongly adsorbed on Ni/MgO and Ni/Al203,
and dissociated into phenolate, which is supported to be the intermediate of phenol
alkylation and etherification reactions [43-45]. In EHL ethanolysis reactions, Ni/MgO
and Ni/Al20s catalysts also promote demethylation or/and demethoxylation reaction of

16



monomers, as revealed with HSQC-NMR analysis, and methyl and methoxy may also
involve into alkylation and etherification reaction, forming complex Os. In the previous
works, alkylation and etherification reactions are supposed to stabilize active phenolic
monomers, hence suppressing repolymerization reactions [6, 7, 9, 10]. However, In
Ni/Al203 and Ni/MgO catalyzed EHL ethanolysis reactions, inefficient suppression of
repolymerization reactions leads to char formation. This indicate that alkylation and
etherification reactions are less efficient than hydrogenation reaction in suppressing
repolymerization reaction.

In Ni/MgO and Ni/Al2Os3 catalyzed phenol conversion, we observed the formation
of larger molecules compared to those generated in the non-catalytic reaction,
indicating that acid and base sites also facilitate phenol polymerization. Phenol
polymerization and phenol alkylation and etherification may proceed via the same
intermediates, i.e., phenolates. Alkylation and etherification reactions can occur if
phenolates react with alkoxy or alkyl groups, while repolymerization reactions may
take place if two phenolates react with each other. In addition, larger molecules also
cover the Ni metal sites, hindering the hydrogenation of intermediates.

4.2.3. Catalytic reaction

Early works proposed a two-step mechanism for catalytic lignin ethanolysis.
Herein, the cleavage of lignin linkages and the role of different catalytic sites are further
clarified. The reaction pathways of catalytic EHL ethanolysis are shown in Scheme 2.
In the reaction, main ether linkages in EHL are cleaved via a non-catalytic reaction, and
the intermediates are further converted over a catalyst. Metal sites dissociate Hz into
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active H which serves as radical scavengers, hindering the radical-induced coupling
reactions [42]. In addition, carbon-carbon double bonds in p-coumaric and ferulic acids
as well as coniferyl and sinapyl alcohols are hydrogenated over metal sites, preventing
their decomposition reactions into alkenyl-phenols and phenols without sidechains [11,
12], and hence high yields of esters and para-propanol phenols are formed in Ni/SiO2
catalyzed reaction. Acid and base sites promote the demethylation or/and
demethoxylation reactions of lignin monomers, and methyl, methoxy, and ethanol
further undergo alkylation and etherification with lignin monomers over acid and base
sites, producing etherified and ortho-alkylated products [5, 46-50]. In addition, lignin
monomers that are strongly adsorbed on the acid and base sites readily undergo
condensation reactions.
4. Conclusion

Ni catalysts, including Ni/SiO2, Ni/Al2O3, Ni/MgO, and Ni/ZrOz, with different
hydrogenation activity and acid/base functions are prepared and employed in EHL
ethanolysis at 280 °C for 6 h under 2 MPa Hz. Ni/MgO and Ni/Al>O3 with high amounts
of acid and base sites gave low total monomer yields but high yields of Os. Ni/SiOz
with the highest hydrogenation activity achieves the highest yield of monomers of 24.7
wt%, among the catalysts examined.

The cleavage of main ether linkage, i.e., B-O-4, in EHL is achieved through a non-
catalytic reaction, but the unstable monomers and intermediates formed undergo
repolymerization steps. These unstable monomers and intermediates are stabilized

through hydrogenation over the metal sites of the catalyst. The acid and base sites of
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the catalyst not only promote alkylation and etherification reactions of monomers but

also facilitate repolymerization steps.
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Table 1. Total acidic/basic sites and BET surface areas of different supports

Total acidic sites Total basic sites BET surface area

Catalyst ol NHy/g)  (umol COug) (m2lg)
MgO 1.7 42.3 173.3
Al,O3 29.5 8.7 209.6
ZrO» 4.2 3.6 67.6
SiO, 15 0 313.2

Table 2. Ni loading and Ni dispersion of different Ni catalysts

Catalyst Ni loading (%) Ni dispersion (%)

Ni/MgO 10.7 23.1
Ni/Al,O3 9.7 145
Ni/ZrO, 95 6.1
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Figure 1. Gas chromatograms of products and structures of monomers obtained from EHL
ethanolysis without catalyst and with the different Ni catalysts. (Reaction conditions: 1.0 g EHL,
0.5 g catalyst, 60 mL ethanol, 280 °C, 6 h, 2 MPa H>)
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Figure 3. The HSQC NMR spectra of original EHL and liquid products obtained from EHL
ethanolysis without catalyst and with the different Ni catalysts. (Reaction conditions: 1.0 g EHL,

0.5 g catalyst, 60 mL ethanol, 280 °C, 6 h, 2 MPa H>)
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Figure 4. (a) the reactant conversion and product yield and (b) the MALDI-TOF-MS profiles of
the products obtained from phenol conversion without catalyst and with the different Ni catalysts.
(Reaction conditions: 1.0 g phenol, 0.5 g catalyst, 60 mL ethanol, 280 °C, 6 h, 2 MPa H,)

25



—_
1)

Intensity (a. u.)

o
¥

Ni/SiO,

Aromatic ring vibrations

<

S

Q | Ni/ALO,

c

©

el

—_

o]

7]

¥e

<C | Nifzro,
Phenolic O-

«~ H stretching

vibration

C-0 stretching
: vibration of
phenolate

species

T

v

1700 1600

1500

1400 1300 1200

Wavenumber (cm™)

1100

Figure 5. The FTIR spectrum of phenol adsorbed on different Ni catalysts

(a) 180°C (b)
240 °C
500 °C
— —~
> =]
@ L MgO
= =y
@ 180 °C @
c C
& 320°C 5] 210°C
2 Mo [ E w
~ [ 1s0°C
RS mve | ao | [wee s 20,
160 °C 400 °C Sio, Sio,
T r T T T T T T T
100 200 300 400 500 600 400 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
e (@ © p—
440°C Ni
Si Ni/SIO, E
NI/SIO, o ', . NifSIO NIONZ=0.42
T * '
400 °C — | NIPDF#65-2865 - i
= ‘ S P
NiiZ o T e ™
i1Zr0, - . = Ni/ZrO, NUNE*=0.37
430°C 530°C = Mottt =
2 710, PDF#85-1449 & ) N
70°C @ |NiIALO, fol .
NitA,O, € o . o | ENmo,  gonieodse
650°C 760°C | | |~ =T [ - .
AlLO, PDF#78-1558 =
330°C 05 A
NilMgO x =
NiMgO e | N/Mg© NIO/NiZ*=0710
; : ; : . . . MgQO PDF#79-0612 | ~ —
100 200 300 400 500 600 700 800 900 20 30 40 50 60 70 80 860 855 850

Temperature (°C)

20 (Degree)

Binding Energy (eV)
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Highlights

1. EHL ethanolysis with Ni/SiO2, Ni/Al203, Ni/MgO, and Ni/ZrO: were examined.
2. The role of metal sites and acid/base sites on EHL ethanolysis were investigated.
3. The B-O-4 in EHL is cleaved via homolysis reaction.

4. Metal sites suppress product repolymerization through hydrogenation reactions.

5. Acid/base sites promote alkylation, etherification and condensation reactions.
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