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on efficient lignin depolymerization†
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To improve the utilization of lignin, much effort has been devoted to lignin depolymerization with the aim to

decrease waste and enhance profitability. Here, a dual property (acid and base) catalyst, namely S2O8
2�–

K2O/TiO2, was carefully researched. Upon loading S2O8
2� and K2O onto TiO2, acid and base sites

emerged, and S2O8
2� and K2O mutually enhanced the acid and base strengths of the catalyst

enormously; this indeed facilitated lignin depolymerization. Under appropriate conditions, the yields of

liquid product, petroleum ether soluble (PE-soluble) product and total monomer products were 83.76%,

50.4% and 28.96%, respectively. The constituents of the PE-soluble fraction, which are mainly

monomers and dimers, can be used as liquid fuels or additives. In addition, after the catalyst was

modified by Ni, better results were obtained. Surprisingly, it was found that the Ni enhanced not only the

hydrogenation capacity but also the acidity. The highest high heating value (HHV) of the liquid product

(33.6 MJ kg�1) was obtained, and the yield of PE-soluble product increased from 50.4 to 56.4%. The

product can be utilized as a fuel additive or be converted to bio-fuel. This catalysis system has significant

potential in the conversion of lignin to bio-fuel.
1. Introduction

Increasing awareness of global environmental protection and
the niteness of petroleum-based fuels are among key reasons
for seeking a series of promising alternatives to traditional
fossil fuels. Biomass, the only carbon-neutral energy source, is
renowned as a promising source of synthetic liquid fuels and
ne chemicals.1 However, the scale of the biomass industry is
not as large as it should be for many reasons. In China, for
example, the lack of proper handling methods of the abundant
agricultural crop residues causes many problems; therefore,
nding efficient handling methods has drawn much atten-
tion.2,3 Lignocellulosic biomass contains cellulose, hemi-
cellulose and lignin.4 Cellulose and hemicelluloses can be easily
converted into fuels or other useful products.5–9 However, the
complex, three-dimensional, amorphous polymeric structure of
lignin10 prevents its wide usage in industrial ne chemical
production. In fact, little lignin, a byproduct of the paper
industry, is efficiently utilized.11 Therefore, the lignin research
community is unrelenting in its quest to nd efficient methods
of lignin depolymerization. Depolymerization is an important
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method for utilizing lignin well as it can convert lignin into
aromatic monomers,12,13 which can serve as valuable precursors
to obtain further biopolymers or additives for biofuels.14,15

The major thermochemical routes for catalytic lignin trans-
formation are pyrolysis, solvolysis, and hydrothermal catalytic
processes.16,17 Pyrolysis takes place at high temperatures (over
500 �C), usually with zeolite catalysts, to obtain liquid fuels and
aromatics.18–20 However, high temperature affords low-value
char (20 to 40 wt%) and low yields of aromatics.21 Lignin
solvolysis generates a wide range of monomer products;
however, their yields cannot be compared with those obtained
by other methods.23 Hydrothermal catalytic processes for lignin
depolymerization have many advantages, such as moderate
reaction conditions, high depolymerization efficiency and high
conversion rate.22,23 Hence, such a process was considered in
this work. According to the phase of a catalyst, the catalytic
process can be simply divided into two categories, namely
homogeneous and heterogeneous catalysis.23 Homogeneous
catalysts generally afford higher production yields; however,
due to the difficulty of separation, they are less desirable.24–26

Because heterogeneous catalysts can be more easily recycled in
most conditions, researchers have paid more attention to
heterogeneous catalytic depolymerization of lignin.27 The
heterogeneous catalytic process mainly includes acid catalysis,
base catalysis, hydroprocessing and oxidation.22 Past studies
have mostly focused on the use of mono-functional catalysts in
depolymerization processes. For example, X. Zhang reported
a method of hydrodeoxygenation of lignin-derived phenolic
This journal is © The Royal Society of Chemistry 2020
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compounds over Ni/SiO2–ZrO2 catalysts.28 M. Grilc and B.
Likozar employed a series of Ni–Mo catalysts for lignin hydro-
deoxygenation.29,30 Y. Ye used Ru/C to selectively produce 4-
ethylphenolics from lignin.31 A. K. Deepa and Paresh L. Dhepe
carried out solid acid-catalyzed lignin depolymerization to
obtain value-added aromatic monomers.32 A. Toledano reduced
lignin repolymerization by improving base-catalyzed depoly-
merization.33 However, in recent years, researchers have found
that combining various catalytic methods at the same time can
afford better lignin depolymerization results. S. Riyang
employed an acid catalyst, CrCl3, and a hydrogenation catalyst,
Pd/C, together to convert lignin into low molecular weight
products.34 H. Ma employed Ni/ZrP in his work.35 Y. Fei used
MoC1�x and Cu–MgAlOz in lignin depolymerization.36 Limarta
used Ru/C and MgO/ZrO2 and L. Jinxing used Ru/C and NaOH
in lignin degradation.37,38 In the above examples, the
researchers combined acid catalysis and hydroprocessing,34,36

and other studies combined base catalysis and hydro-
processing.37,38 There are reports of joint use of acid catalysis
and oxidation39,40 and the use of base catalysis and oxida-
tion.41,42 Some of these results are shown in Table S8.†
Compared with this work, our work has some unique advan-
tages (as shown in Part 3.7).

From previous work, it is known that both acid and base
catalytic methods are helpful in lignin depolymerization, and
the combination of different catalytic methods may be more
effective for lignin depolymerization.23,35,37 However, there have
been few studies about utilizing combined acid and base cata-
lysts for lignin depolymerization. In this work, acid and base
catalysts were combined in a synthesized catalyst, S2O8

2�–K2O/
TiO2. The effects of the acid and base sites, temperature, and
reaction time were investigated. However, in this bond breaking
process, many highly reactive carbon intermediates were
produced, which can easily polymerize. Because hydro-
processing is known to reduce repolymerization, it was
employed in this study aer S2O8

2�–K2O/TiO2 was modied by
Ni. The effects of the solvent type were also studied in this work
because the solvent greatly affects these kinds of studies.43,44

2. Materials and methods
2.1 Materials

Kra lignin (Indulin AT™) was purchased from MeadWestvaco
(Wuxi, China). Indulin AT is a kind of kra lignin. Indulin AT is
obtained from pine and has been commercialized by Mead-
Westvaco for the past 60 years; it is precipitated from the black
liquor of linerboard grade pulp. The main characteristics of
Indulin AT™ are shown in the ESI.† As shown in Table S3,†
there are only 8.2 b-O-40 per 100 Ar in Indulin AT™, compared
with 41 b-O-40 in pine-milled wood lignin. Indulin AT™ is a type
of lignin which is relatively difficult to depolymerize.

(NH4)2S2O8, acetophenone, phenol, 2-methoxyphenol, vera-
trole, 4-ethylphenol, 4-methylguaiacol, 3,4-dimethoxytoluene,
4-ethylguaiacol, syringol, eugenol, 4-propylguaiacol, vanillin,
isoeugenol, acetovanillone, 2,6-di-tert-butyl-4-methylphenol,
4-hydroxyl-3-methoxypropiophenone and homovanillic acid
were bought from Aladdin. TiO2, methanol, tetrahydrofuran,
This journal is © The Royal Society of Chemistry 2020
formic acid, potassium nitrate, 1,4-dioxane, Ni(NO3)2$6H2O and
petroleum ether (PE) were analytical grade reagents and were
bought from SCR Co., Ltd. All chemicals were used without
purication.

2.2 Preparation of catalysts

The S2O8
2�–K2O/TiO2 catalyst was prepared by the impregna-

tion method. S2O8
2�–K2O/TiO2 modied by 5% Ni was prepared

by the same method with an additional step of adding 0.2477 g
Ni(NO3)2$6H2O to the distilled water. The details are shown in
the ESI (Preparation of catalysts section).†

2.3 Depolymerization of lignin

The experimental procedure is shown in the ESI (Depolymeriza-
tion of lignin section).† The product distribution was measured
and the HHV of the liquid product was analyzed.45,46 The mono-
mers were investigated by GC-MS and GC. The details of the
above characterization methods are also shown in the ESI.†

2.4 Analytical methods

The surface morphology of the catalyst was investigated by
a scanning electron microscope (SEM) (SIRION 200, FEI, Amer-
ica), and its elemental analysis was performed using an energy
dispersive spectrometer (EDS, SIRION 200, FEI, America).

NH3-temperature programmed desorption (NH3-TPD) and
CO2-temperature programmed desorption (CO2-TPD) measure-
ments were carried out on an automatic chemical adsorption
instrument (Quantachrome Instruments, American). 100 mg of
catalyst sample was pretreated in a ow of helium (30
mL min�1) at 300 �C for 1 hour, and aer cooling to 100 �C, it
was saturated with 6% NH3/He (10% CO2/He) at 300 �C.
Subsequently, the excess physically adsorbed ammonia was
removed by purging with helium at a ow rate of 30 mL min�1

at 100 �C. Lastly, the desorption process started and the
temperature rose to 1200 �C at a rate of 20 �C min�1. The
highest permitted temperature of the instrument is 1200 �C;
also, because high temperature is harmful, the NH3-TPD and
CO2-TPD were subjected to a temperature of 1100 �C. This had
no effect on the results.

H2-temperature programmed reduction (H2-TPR) was
carried out on the same automatic chemical adsorption
instrument. 100 mg of catalyst sample was pretreated in a ow
of argon (30 mL min�1) at 300 �C for 1 hour. Aer cooling to
25 �C, the reduction process started with 10% H2/Ar at a ow
rate of 30mLmin�1, and the temperature rose to 550 �C at a rate
of 10 �C min�1.

X-ray powder diffraction (XRD) patterns were obtained with
a TTR-III instrument (Rigaku Corporation, Japan). All the XRD
peaks were assigned according to Joint Committee on Powder
Diffraction Standards (JCPDS) cards.

3. Results and discussion
3.1 Catalyst characterization

The SEM images of TiO2 and S2O8
2�–K2O/TiO2 are shown in

Fig. S1a and b.† It can be seen that the average particle sizes
RSC Adv., 2020, 10, 8558–8567 | 8559



Fig. 1 (a) NH3-TPD images (1: TiO2; 2: 40% S2O8
2�–40% K2O/TiO2; 3:

Ni–40% S2O8
2�–40% K2O/TiO2). (b) H2-TPR images (1: 40% S2O8

2�–
40%K2O/TiO2; 2: Ni–40% S2O8

2�–40% K2O/TiO2).
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were similar, and there was no obvious agglomeration
phenomenon aer loading S2O8

2� and K2O. The EDS results are
shown in Fig. S1c.† Pt and Cu were added to increase the surface
conductivity of the catalyst to ensure its clarity when investi-
gated by SEM. The data showed that the catalyst contained Ti,
O, K, S, and there was no N. This can be explained by the fact
that KNO3 was converted into K2O aer calcination, and it can
be seen that K2O and S2O8

2� were successfully loaded.
Tables S5 and S6† show the acid and base sites measured

using the automatic chemical adsorption instrument (more
details are shown in Fig. S2 and S3†). In general, the tempera-
ture where the peak of the acid sites appears represents the
strength of the acid sites, and a higher temperature represents
stronger acid sites.47 Therefore, from Table S5,† there are 3
kinds of acid sites, namely weak acid (WA), strong acid (SA) and
super strong acid (SSA), whose peaks occur at about 200 �C,
800 �C and 1100 �C, respectively. The desorbed amount of the
peak represents the amount of corresponding acid sites. It is
known that when only S2O8

2� is present, two acid sites appear.
Peaks 1 and 2, which occur at 255 �C and 730 �C, are expected to
be a WA and SA, respectively. With only K2O on the support,
there is only one peak at 720 �C, which represents an SA.
Because the area under the peak is large, this catalytic cong-
uration has a large quantity of active sites. Meanwhile, it can be
seen that the acidity of the catalyst was enhanced aer both
S2O8

2� and K2O were loaded because a SSA peak emerged. The
table indicates that both S2O8

2� and K2O can increase the
desorbed amount and number of SA active sites. Meanwhile,
the increasing load of K2O on the support decreased the des-
orbed amount and temperature of WA, but it increased the
temperature of the SA. Increasing the load of S2O8

2� also
increased the temperature of the SA. This proves that increasing
the loading of S2O8

2� and K2O can enhance the acidity of SA.
When the compositions of S2O8

2� and K2O in the catalyst were
both 40%, an SSA emerged at 1020 �C. Because the highest
permitted temperature of the instrument is 1200 �C, only
a small part of this SSA peak could emerge, and the peak
temperature was higher than those of the SA and WA (shown in
Fig. S2†). The desorbed amount of the appeared partial peak of
40% S2O8

2�–40% K2O/TiO2 was 653.24 mmol g�1. This repre-
sents stronger acid sites and more active sites. Additionally,
from the data of 20% S2O8

2�–20% K2O/TiO2, the 1 : 1 ratio of
S2O8

2� and K2O may be responsible for the emergence of a SSA.
Table S6† shows 3 kinds of base sites, namely weak base (WB),
strong base (SB) and super strong base (SSB), at about 250 �C,
750 �C, and 1000 �C, respectively. With only S2O8

2�, there were
two base sites at 260 �C and 755 �C, and with only K2O, a peak
was obtained at 690 �C. Although there was a difference in the
desorbed amounts using NH3-TPD and CO2-TPD, similar trends
were obtained with the twomethods. Therefore, the explanation
for the quantication of the base sites is similar to that of the
acid sites. S2O8

2� and K2O can both enhance the SB, and a SSB
appeared when S2O8

2� and K2O were loaded at the same time. It
should be noted that the peaks of the acid and base sites
appeared under similar conditions. According to X. Zhang's
paper,49 the Lewis acids and Lewis bases come in pairs. For
example, in the Ti–O bond, the O part can provide a lone pair
8560 | RSC Adv., 2020, 10, 8558–8567
electron as a Lewis base and the Ti part contains a vacant site to
receive a lone pair electron as a Lewis acid. Then, from W. Liu's
paper,48 these phenomena can be explained by the formation of
S–O–Ti and K–O–Ti bonds by S2O8

2� and K2O; this then
changed the properties of Ti–O, resulting in the emergence and
enhancement of stronger acid and base sites.

The acidity and H2-absorption capacity of the Ni-modied
catalyst were characterized and compared. The results are
shown in Fig. 1. Generally speaking, the Ni modifying method
can improve the H2-absorption capacity and enhance the
hydrogenation ability of a catalyst. However, from Fig. 1a, it can
be seen that the acidity of the catalyst was enhanced aer Ni
modication. Comparing lines 2 and 3, Ni–40% S2O8

2�–40%
K2O/TiO2 obviously desorbed more NH3 than 40% S2O8

2�–40%
K2O/TiO2 between 150 �C and 750 �C. This proves the conclu-
sion. From Fig. 1b, it can be easily found that Ni–40% S2O8

2�–
40% K2O/TiO2 had stronger H2-absorption capacity than 40%
This journal is © The Royal Society of Chemistry 2020
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S2O8
2�–40% K2O/TiO2. In summary, the Ni modifying method

can both enhance the hydrogenation ability and the acidity of
the catalyst.

Fig. S4† shows the XRD patterns of the catalysts. The
purchased untreated TiO2 was all in anatase tetragonal phase
(a). Aer 40% K2O was loaded, in addition to the peak of
tetragonal TiO2 (a), new peaks of K2Ti2O5 (b), K2Ti8O17 (c) and
K2Ti6O13 (d) appeared. These peaks denitely indicate that the
K and Ti combined through K–O–Ti bonds and new crystal
structures were formed. Aer TiO2 was modied by S2O8

2�,
there were no obvious changes in its crystal structure. When
S2O8

2� and K2O were loaded at the same time, a surprising
result was obtained. Not only did new peaks of K2SO4 (e) appear,
but an orthorhombic TiO2 (f) diffraction peak appeared. The
amounts of S2O8

2� and K2O obviously affected the intensity of
the peaks of brookite orthorhombic TiO2 (d). The peak of
orthorhombic TiO2 (d) was more intense than that of tetragonal
TiO2 (a) aer loading 40% S2O8

2� and 40% K2O on TiO2.
Considering the TPD results, the formation of new peaks for
orthorhombic TiO2 (d) and K2SO4 (e) may be related to the
enhancement of the acid and base sites. From Table 2, K2SO4/
TiO2 showed poor catalytic properties. Thus, the transformation
of tetragonal and orthorhombic TiO2 probably has a correlation
with the enhancement of the acid and base sites. Additionally,
according to the gure, loading Ni had no obvious effect on the
XRD pattern of the catalyst. The specic JCPDS le numbers for
the peaks are provided in the ESI.†
3.2 Effects of the solvent

The effects of the solvent type were researched. The results are
shown in Table 1. The experiments were performed at 320 �C,
and the reaction time was 1 h. Different solvents were used in
the reaction. 1,4-Dioxane and another chemical reagent
(methanol, formic, water or tetrahydrofuran) were mixed as
composite solvents. The volume of 1,4-dioxane was xed in the
reaction, while that of the other chemical reagent was varied.
Different ratios of the two constituent solvents were used to
ensure that lignin completely dissolved in the resulting solvent.
The yield of liquid product reected the liquefaction degree of
lignin depolymerization. The yield of solid product represented
the condensation degree of lignin depolymerization during the
reaction. In the process of lignin depolymerization, poly-
condensation of the degradation products also occurs. The
solid products are mainly polycondensates of the degradation
products.23 According to Jiang,50 the PE-soluble product consists
of monomers, dimers, trimers and slightly larger multimers
Table 1 Effects of the solvent and product distributionsa

Solvent Liquid product/%

30 mL 1,4-dioxane and 1 mL distilled water 69.76 � 2.37
30 mL 1,4-dioxane and 6 mL methanol 65.23 � 1.92
30 mL 1,4-dioxane and 0.5 mL tetrahydrofuran 70.13 � 1.41
30 mL 1,4-dioxane and 3 mL formic acid 72.87 � 3.12

a Conditions: 0.5 g lignin, 0.2 g catalyst, 4 MPa H2, 320 �C, 1 h, 900 rpm.

This journal is © The Royal Society of Chemistry 2020
because its number-average molecular weight is about 364.
Thus, the yield of PE-soluble product represents the depoly-
merization degree of lignin. That is, the more PE-soluble the
product, the better the efficiency of lignin depolymerization.

Table 1 shows that the choice of solvent can exert an inu-
ence on lignin depolymerization, and four different solvents
were investigated. When 1,4-dioxane/methanol and 1,4-
dioxane/formic acid were used, the yields of liquid product
were 72.23% and 72.87%, respectively; these are higher than
those of 1,4-dioxane/water and 1,4-dioxane/tetrahydrofuran
(69.76% and 70.13%, respectively). This demonstrates that
methanol and formic acid can promote lignin depolymerization
to a degree, and these two reagents played different roles in the
reaction. Methanol is the hydrogen donor, and it can reduce
repolymerization.27,44 Because formic acid is unstable at high
temperatures and will decompose to form carbon dioxide and
hydrogen when the temperature rises over 160 �C, it can only
promote lignin depolymerization at low temperatures. The yield
of PE-soluble product was highest at 40.54% with 1,4-dioxane/
methanol; this was markedly higher than the other yields.
These results show that methanol can promote lignin depoly-
merization as the hydrogen donor solvent. Due to the reasons
above, 1,4-dioxane/methanol was chosen as the solvent in the
following experiments.
3.3 Effects of the acid and base sites on lignin
depolymerization

The catalytic lignin depolymerization results are shown in Table
2. From Tables S5, S6† and 2, increasing the loading of K2O
decreased the temperatures of the WA and WB sites, and the
liquid product yield decreased from 95.28% to 67.44%. These
results indicate that the strengths of WA and WB are negatively
correlated with char formation. Meanwhile, the yield of the
residue increased from 3.99% to 31.89%. A similar trend was
observed when S2O8

2�was decreased; it was found that the yield
of the liquid product declined from 67.44% to 38.32%. The
decreased loading of S2O8

2� and increased loading of K2O may
have enhanced the char formation and diminished the yield of
the liquid product. Because the PE-soluble product comprised
low molecular weight compounds, the amount of PE-soluble
product can better represent the degree of lignin depolymer-
ization. From Table 2, it can be seen that the highest yield
(22.86%) of the PE-soluble product was obtained with the use of
40% S2O8

2�–40% K2O/TiO2, the strongest acid–base catalyst
formulation. When the loading amounts of S2O8

2� and K2O
were 20%, an acceptable result (17.1%) of PE-soluble product
Solid product/% Gas product/% PE-soluble product/%

24.99 � 1.37 5.25 � 1.04 31.25 � 3.15
30.04 � 2.14 4.73 � 1.84 40.54 � 2.83
23.93 � 2.93 5.94 � 0.69 33.86 � 1.77
21.71 � 2.06 5.42 � 1.13 33.49 � 2.36

RSC Adv., 2020, 10, 8558–8567 | 8561



Table 2 Effects of the acid and base sites and product distributionsa

Catalyst Liquid product/% Solid product/% Gas product/% PE-soluble product/%

40% S2O8
2�–0% K2O/TiO2 95.28 � 2.04 3.99 � 1.47 0.73 � 0.52 12.16 � 0.87

40% S2O8
2�–20% K2O/TiO2 78.38 � 1.83 20.5 � 1.22 1.12 � 0.60 15.38 � 0.93

40% S2O8
2�–40% K2O/TiO2 67.44 � 1.57 31.01 � 2.28 1.55 � 0.35 22.86 � 1.04

20% S2O8
2�–40% K2O/TiO2 43.94 � 2.62 54.12 � 1.73 1.94 � 0.52 14.28 � 2.01

0% S2O8
2�–40% K2O/TiO2 38.32 � 1.87 59.9 � 1.07 1.78 � 0.62 11.9 � 1.32

20% S2O8
2�–20% K2O/TiO2 76.06 � 3.10 22.96 � 2.61 0.98 � 0.73 17.1 � 2.18

40% K2SO4/TiO2 78.90 � 1.95 20.06 � 1.40 1.04 � 0.42 7.42 � 2.07

a Conditions: 0.5 g lignin, 0.2 g catalyst, 30 mL 1,4-dioxane and 6 mL methanol, 4 MPa H2, 280 �C, 1 h, 900 rpm.

RSC Advances Paper
was obtained. This demonstrates that the inuence of the
strength is greater than that of the amount. From Fig. S4,†when
S2O8

2� and K2O were loaded at the same time, some K2SO4 was
generated. However, the last entry in Table 2 shows that K2SO4

had poor catalytic properties. These results denitely prove the
importance of using a solid super acid–base composite with an
appropriate loading amount.
Fig. 2 Effects of temperature and product distribution. (a) The solvent
was 1,4-dioxane/water. (b) The solvent was 1,4-dioxane/methanol.
Other conditions: 0.5 g lignin, 0.2 g catalyst, 4 MPa H , 1 h, 900 rpm.
3.4 Effects of temperature on lignin depolymerization

The effects of temperature on lignin depolymerization were also
studied. The reaction was carried out at different temperatures
(260 �C, 280 �C, 300 �C and 320 �C), and the other conditions
were the same as above except for the solvent type. Because
tetrahydrofuran is harmful to health and formic acid is
unstable, 1,4-dioxane/water and 1,4-dioxane/methanol were
chosen as solvents. The effects of temperature in 1,4-dioxane/
water are shown in Fig. 2a, and the effects of temperature in
1,4-dioxane/methanol are shown in Fig. 2b. From Fig. 2, it can
be seen that the yield of liquid product in 1,4-dioxane/water
increased as the temperature changed from 260 �C to 280 �C
(73.78% to 78.86%); the yield then decreased to 320 �C
(69.76%). However, in 1,4-dioxane/methanol, increasing the
temperature diminished the liquid product from 70.52% to
61.58%. Unlike the results of the liquid product, the PE-soluble
product variations were similar in the two solvents. The yields of
PE-soluble product rose markedly from 260 �C to 320 �C (1,4-
dioxane/water: 6.85% to 31.25%; 1,4-dioxane/methanol:
12.96% to 40.54%). From the gures, it can be easily seen that
the yield of PE-soluble product was obviously higher with 1,4-
dioxane/methanol than with 1,4-dioxane/water as the solvent.
This indeed shows that a hydrogen-donating reagent can
promote lignin depolymerization. Additionally, high tempera-
tures afforded more gas product. For 1,4-dioxane/water, the gas
product yield increased from 2.24% to 5.25%, while for 1,4-
dioxane/methanol, it increased from 0.67% to 4.73% when
the temperature increased from 260 �C to 320 �C. Generally,
high temperatures can promote lignin depolymerization.
2

3.5 Effects of reaction time

The effects of the reaction time were researched. The experiments
were performed at 260 �C and 320 �C in 1,4-dioxane/methanol
with S2O8

2�–K2O/TiO2 for different reaction times (1, 6, 12 and
24 h). The resulting data of the experiment are shown in Fig. 3.
8562 | RSC Adv., 2020, 10, 8558–8567
Fig. 3a shows the results at 260 �C with S2O8
2�–K2O/TiO2 and

Fig. 3b shows those at 320 �C with S2O8
2�–K2O/TiO2. Fig. 3a

shows that when using S2O8
2�–K2O/TiO2 at 260 �C, prolonging

the reaction time did not favour the yield of liquid product (1 h to
24 h: 70.52% to 61.58%) but enhanced the formation of PE-
This journal is © The Royal Society of Chemistry 2020



Fig. 4 Effects of the Ni-modified catalyst and product distribution. (a)
The reaction was performed with Ni–S2O8

2�–K2O/TiO2 at 260 �C. (b)
The reaction was performed with Ni–S2O8

2�–K2O/TiO2 at 320 �C.
Other conditions: 0.5 g lignin, 0.2 g catalyst, 30 mL 1,4-dioxane and
6 mL methanol, 4 MPa H2, 1 h, 900 rpm.

Fig. 3 Effects of reaction time and product distribution. (a) The
reaction was performed with S2O8

2�–K2O/TiO2 at 260 �C. (b) The
reaction was performed with S2O8

2�–K2O/TiO2 at 320 �C. Other
conditions: 0.5 g lignin, 0.2 g catalyst, 30 mL 1,4-dioxane and 6 mL
methanol, 4 MPa H2, 1 h, 900 rpm.

Paper RSC Advances
soluble product (1 h to 24 h: 12.96% to 19.88%). However, from
Fig. 3b, the two yields (liquid and PE-soluble product) increased
from 65.23% and 40.54% to 82.4% and 50.4%, respectively. It can
be seen from the two gures that extending the reaction time
could depolymerize lignin better and increase the yield of the PE-
soluble product. It should also be noted that S2O8

2�–K2O/TiO2

has the ability to stabilize the intermediate and reduce char
formation at high temperatures (about 320 �C). Hence, prolong-
ing the reaction time can facilitate lignin depolymerization and
produce more monomers and dimers.

3.6 Effects of Ni-modied catalyst

The experiment was performed at 260 �C and 320 �C in 1,4-
dioxane/methanol with Ni–S2O8

2�–K2O/TiO2 for different
This journal is © The Royal Society of Chemistry 2020
reaction times (1, 6, 12 and 24 h). The results of the experiment
are shown in Fig. 4. Fig. 4a shows the results at 260 �C with Ni–
S2O8

2�–K2O/TiO2 and Fig. 4b shows those at 320 �C with Ni–
S2O8

2�–K2O/TiO2. Fig. 4a shows that when Ni–S2O8
2�–K2O/TiO2

was used at 260 �C, prolonging the reaction time increased the
yield of the liquid product and PE-soluble product from 60.22%
and 23.51% to 77.68% and 31.24%, respectively. This can be
explained by the fact that the enhanced acidity rapidly
promoted the reaction degree and affordedmore char andmore
PE-soluble product. However, the hydrogenation was corre-
spondingly slow, and more time was needed to stabilize the
reaction intermediate. At a higher temperature (320 �C), this
phenomenon was more obvious. As shown in Fig. 4b, the two
yields increased from 50.32% and 41.08% to 70.12% and 56.4%,
RSC Adv., 2020, 10, 8558–8567 | 8563



RSC Advances Paper
respectively, when the reaction time was extended to 24 h. From
Fig. 3a and 4a, it can be found that the Ni-modied catalyst had
obvious effects and effectively increased the two yields. At
260 �C and 24 h, the two yields increased from 61.58% and
19.88% to 77.68% and 31.24%, respectively, for the catalyst
modied by Ni. It can be seen from Fig. 3b and 4b that the two
catalysts led to similar results, in which extending the reaction
time at 320 �C reduced char formation and increased the yield
of the other products. However, the Ni-modied catalyst caused
about 10% lowering of the yield of liquid product and increased
the yield of PE-soluble product by about 6%. Comparing the
results of the two catalysts (S2O8

2�–K2O/TiO2 and Ni–S2O8
2�–

K2O/TiO2) at different temperatures, it can be seen that the
performance of Ni–S2O8

2�–K2O/TiO2 was obviously more effec-
tive at 260 �C than at 320 �C. Combined with the conclusions in
Section 3.1 and Fig. 1, this can be explained by the fact that the
Ni modifying process enhanced the hydrogenation ability and
the acidity of the catalyst. The stronger acidity promotes the
reaction degree and the enhanced hydrogenation ability stabi-
lizes the reaction intermediate well aer prolonging the reac-
tion time at 260 �C. However, at 320 �C, the reaction degree was
sufficiently strong. Then, the reaction promoted by the stronger
acidity led to more char formation, and the enhanced hydro-
genation ability could not sufficiently stabilize the reaction
intermediate. Meanwhile, the stronger reaction and enhanced
hydrogenation afforded more micromolecular products and PE-
soluble product. In total, increasing the acidity of the catalyst
will promote the reaction degree, and the hydrogenation will
stabilize the reaction intermediate. However, at high tempera-
ture (about 320 �C), the acidity of the catalyst should be limited
and the hydrogenation ability should be enhanced as much as
possible.

3.7 The analysis of liquid product

The results of the GC-MS analysis are shown in Fig. S5.†
According to the GC-MS analysis, the monomer products were
phenol, 2-methoxyphenol, veratrole, 4-ethylphenol, 4-methyl-
guaiacol, 3,4-dimethoxytoluene, 4-ethylguaiacol, syringol,
eugenol, 4-propylguaiacol, vanillin, isoeugenol, acetovanillone,
2,6-di-tert-butyl-4-methylphenol, 4-hydroxyl-3-
methoxypropiophenone and homovanillic acid. Other prod-
ucts could not be identied because they have many isomers
and too many possible structural formulas. Another reason that
these products could not be identied and quantied is that
Table 3 The GC results of the monomer productsa

Catalyst Reaction time Reaction temperature

S2O8
2�–K2O/TiO2 1 h 260 �C

Ni–S2O8
2�–K2O/TiO2 1 h 260 �C

S2O8
2�–K2O/TiO2 1 h 320 �C

Ni–S2O8
2�–K2O/TiO2 1 h 320 �C

S2O8
2�–K2O/TiO2 12 h 320 �C

Ni–S2O8
2�–K2O/TiO2 12 h 320 �C

a Conditions: 0.5 g lignin, 0.2 g catalyst, 4 MPa H2, 900 rpm.
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their standard samples cannot be purchased. Thus, the yields of
unknown monomers were calculated by the mean of the cor-
recting coefficients of the known monomers. The GC results of
the monomer products are shown in Table 3 (the details are
shown in Table S7†). From the results, it can be seen that the
yield of total monomers increased obviously aer increasing the
temperature and prolonging the reaction time. When the
reaction time was short (1 h), the ratio of the yields of identied
monomers (mainly guaiacol and some derivates) and total
monomers was greater than the ratio of the yields at 12 h. This
indicates that a short reaction time benets the formation of
guaiacol and some derivates, and the simple identied mono-
mers become more complex with increasing reaction time.
When the reaction time was prolonged from 1 h to 12 h at
320 �C, the decrease of the yield of 2-methoxy-phenol supported
this opinion. In summary, increasing the reaction temperature
and prolonging the reaction time increased the yield of total
monomers; however, a long reaction time affords more complex
monomer products.

Table 4 shows the elemental contents of the liquid product
and PE-soluble product. The results show that the amount of
oxygen decreased while those of carbon and hydrogen increased
aer the reaction. Meanwhile, the reaction also reduced the S
content. The N content changed slightly aer the lignin depo-
lymerization reaction. As shown in Table 4, increasing both the
reaction temperature and the reaction time promoted
hydrodeoxygenation and desulfuration. Meanwhile, the HHV
increased. At 260 �C and 1 h, the HHV increments are
1.2 MJ kg�1 (25.7 to 26.9) and 2.0 MJ kg�1 (25.7 to 27.7).
However, at 320 �C and 24 h, the respective increments are
much greater: 7.1 MJ kg�1 (25.7 to 32.8) and 7.9 MJ kg�1 (25.7 to
33.6). The table also demonstrates that the Ni-modied catalytic
system promoted the hydrodeoxygenation ability of the catalyst.
Under most conditions, the liquid product obtained with the Ni-
modied catalyst included more H content and less O content
and increased the HHV. Additionally, it can be found that the
HHV of the PE-soluble product was obviously higher than that
of the liquid product from the same depolymerization reaction.
The highest HHV (37.4 MJ kg�1) was obtained with Ni–S2O8

2�–
K2O/TiO2 at 320 �C and 24 h.

In order to better illustrate the advantages of S2O8
2�–K2O/

TiO2, a comparison of its lignin depolymerization performance
with the literature is summarized in Table S8.† It can be easily
found that S2O8

2�–K2O/TiO2 shows comparable catalytic
Total unknown
monomers/%

Total identied
monomers/% Total monomers/%

6.78 � 0.17 3.01 � 0.12 9.79 � 0.22
5.43 � 0.29 3.10 � 0.09 8.53 � 0.37
7.56 � 0.41 5.81 � 0.35 13.37 � 0.62
7.43 � 0.26 7.52 � 0.42 14.95 � 0.57

20.07 � 0.64 8.89 � 0.41 28.96 � 0.72
17.17 � 0.52 7.80 � 0.50 24.97 � 0.83

This journal is © The Royal Society of Chemistry 2020



Table 4 Elemental contents after the reactionsa

Catalyst Reaction temperature
Reaction
time

Elemental content (wt%)

HHV (MJ kg�1)C H O N S

Indulin AT — — — 65.5 5.6 25.2 0.4 3.3 25.7
Liquid product S2O8

2�–K2O/TiO2 260 �C 1 h 65.4 6.5 24.8 0.6 2.7 26.9
Ni–S2O8

2�–K2O/TiO2 260 �C 1 h 65.3 7.0 24.5 0.4 2.8 27.7
S2O8

2�–K2O/TiO2 260 �C 24 h 69.1 6.8 21.2 0.6 2.3 29.2
Ni–S2O8

2�–K2O/TiO2 260 �C 24 h 69.2 7.1 21.1 0.5 2.1 29.6
S2O8

2�–K2O/TiO2 320 �C 1 h 69.5 7.1 21.7 0.6 1.1 29.5
Ni–S2O8

2�–K2O/TiO2 320 �C 1 h 70.1 6.9 21.4 0.4 1.2 29.5
S2O8

2�–K2O/TiO2 320 �C 24 h 71.7 8.5 18.5 0.5 0.8 32.8
Ni–S2O8

2�–K2O/TiO2 320 �C 24 h 72.6 8.7 17.5 0.5 0.7 33.6
PE-soluble product S2O8

2�–K2O/TiO2 320 �C 24 h 70.7 10.7 17.9 0.4 0.3 35.7
Ni–S2O8

2�–K2O/TiO2 320 �C 24 h 70.3 11.9 17.2 0.4 0.2 37.4

a Conditions: 0.5 g lignin, 0.2 g catalyst, 4 MPa H2, 900 rpm.
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performance to these catalysts. Compared with the catalysts in
ref. 34, 35 and 37, the reaction temperature and time are higher,
but the yield of monomer products is also higher. Additionally,
from Limarta's work,38 it is known that organosolv lignin has
higher depolymerization efficiency due to its less condensed
structure and the absence of catalyst-poisoning sulfur. Another
advantage of S2O8

2�–K2O/TiO2 is that there is no noble metal in
the catalyst; therefore, the catalyst is inexpensive to prepare.
The comparison results show that S2O8

2�–K2O/TiO2 is an effi-
cient, inexpensive and high-industrial-value catalyst.
3.8 Stability examination of S2O8
2�–K2O/TiO2 and Ni–

S2O8
2�–K2O/TiO2

Catalyst stability is signicant to consider before adopting
a catalyst on a large scale. To investigate the stabilities of
S2O8

2�–K2O/TiO2 and Ni–S2O8
2�–K2O/TiO2, 2 reactions were

performed at 260 �C; the other conditions were 0.5 g lignin,
0.2 g catalyst, 4 MPa H2, 1 h, and 900 rpm. The results are shown
Fig. 5 Results of the stability tests of the catalysts.

This journal is © The Royal Society of Chemistry 2020
in Fig. 5. Aer every cycle, the catalyst was ltered, washed with
acetone and then dried in an oven. The results for S2O8

2�–K2O/
TiO2 showed that the catalyst has acceptable stability. Aer 5
cycles, the effects of the catalyst decreased by about 25% and
the yields of liquid product and PE-soluble product decreased
from 70.52% and 12.96% to 50.69% and 8.42%, respectively.
From the gure, it can be found that the Ni modication
stabilized the catalyst and reduced the 25% loss to about 17%.
The yields of liquid product and PE-soluble product changed
from 60.22% and 23.51% to 51.37% and 18.67%, respectively.
4. Conclusion

Here, a dual property (acid and base) catalyst, S2O8
2�–K2O/TiO2,

was carefully researched, and the effects of the acid and base
sites, solvent, temperature and reaction time on lignin depoly-
merization were investigated. The Ni-modied catalyst and the
effects of its acidity and hydrogenation capacity were also
researched. From the NH3-TPD, CO2-TPD and H2-TPR results, it
was found that loading S2O8

2� and K2O together could
immensely strengthen the acid and base sites of the catalyst and
effectively facilitate lignin depolymerization; also, Ni modica-
tion could enhance the acidity and hydrogenation capacity. In
this research, it was found that 1,4-dioxane/methanol promoted
lignin depolymerization better than the other solvents. To
obtain better depolymerization results, a higher temperature
(about 320 �C) and longer reaction time (at least 12 h) are
necessary; this can obviously promote hydrodeoxygenation and
desulfuration. In the presence of hydrogen, the Ni-modied
method can effectively promote the catalytic activity and stabi-
lize the catalyst. Under appropriate conditions, the yields of
liquid product, PE-soluble product and total monomer products
were 82.4%, 50.4% and 28.96%, respectively, and the HHV of
the liquid product was 32.8 MJ kg�1. In addition, aer the
catalyst was modied by Ni, the yield of PE-soluble
product increased to 56.4%, while the highest product HHV
(33.6 MJ kg�1) was obtained aer the reaction.
RSC Adv., 2020, 10, 8558–8567 | 8565
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