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Abstract: In this paper, liquefaction of sodium lignosulfonate (SL) over SO4
2−/TiO2 catalyst in

methanol/glycerol was investigated. Effects of temperature, time, the ratio of methanol to glycerol and
catalyst dosage were also studied. It was indicated that optimal reaction condition (the temperature
of 160 ◦C, the time of 1 h, solvent ratio (methanol/glycerol) of 2:1, catalyst dosage of 5 wt % (based on
lignin input)) was obtained after sets of experiments. The maximum yields of liquefaction (89.8%)
and bio-oil (86.8%) were gained under the optimal reaction conditions. Bio-oil was analyzed by
elemental analysis, FT-IR and gas chromatogram and mass spectrometry (GC/MS). It was shown that
the functional groups of bio-oil were enriched and calorific value of bio-oil was increased. Finally, it
can be seen from GC/MS analysis that the type of products included alcohols, ethers, phenols, ketones,
esters and acids. Phenolic compounds mainly consisted of G (guaiacyl)-type phenols.

Keywords: sodium lignosulfonate; bio-oil; Liquefaction; SO4
2−/TiO2

1. Introduction

The increasing demand for energy and fossil fuels has aroused great interest in exploring
alternative energy sources. To date, the study of efficient conversion and utilization of biomass has
become a research hotspot due to lower price and wider distribution. Lignocellulose is considered
to be a sustainable biomass resource for preparing liquid transportation fuels [1]. Lignin, which
accounts for 15–30% of lignocellulosic biomass, is a natural aromatic polymer composed of three
primary phenylpropane units, including guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H), connected
by various linkages (β-O-4, α-O-4, α-O-5 and so on) [2,3]. On one hand, lignin can be converted
through the linkage breaking caused by catalytic depolymerization into high-value chemicals or other
valuable precursors for plastics, cosmetics, pharmaceuticals and perfumes (i.e., from large-molecule to
small-molecule products) [4–6]. On the other hand, some research reports found that lignin could be
directly transformed into bio-oil, which can be utilized as liquid biofuels [7–9].

Catalytic liquefaction is a promising technology for producing liquid biofuels such as bio-oil from
solid substrates under mild reaction conditions over suitable catalysts [10]. In addition, the suitable
solvent can increase the production and quality of bio-oil [11]. According to literature, various solvents
such ass methanol and methanol-water mixture were proved to be effective choices for the catalytic
liquefaction of lignin pretreated with hydrogen peroxide at 200 ◦C [12]. Besides, ethanol, ethylene
glycol, glycerol and polyethylene glycol [13–17] were also be applied as suitable solvents for lignin
liquefaction. Moreover, the mixed solvent of polyethyleneglycol and glycerol was also employed for
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lignin liquefaction at the temperature range of 130–150 ◦C [17]. Above results show that both alcohols
and mixed alcohols are all suitable choice as efficient solvents for lignin liquefaction.

Moreover, efficient catalysts, such as acid catalyst [18–20], base catalyst [21,22], metal supported
catalyst [23,24] also play an important role in lignin liquefaction, as the active sites in catalysts can
promote reaction greatly. For example, Huang et al. [19] reported that the utilization of Lewis acid
metal triflates realized the effective transformation of lignin to lignin-derived alkylmethoxyphenols
through metal-catalyzed hydrogenolysis under mild conditions. Dabral et al. [21] found that lignin,
which was the sustainable alternative to petroleum-derived aromatics, was converted into methylated
phenol derivatives by base-catalyzed depolymerization (BCD). In addition, Jin et al. [23] applied metal
supported catalyst HTMoO6 to complete the depolymerization of Kraft lignin in dioxane-water system,
resulting in a higher petroleum ether soluble fraction yield of 58.7% at 320 ◦C for 24 h. However, these
studies of lignin depolymerization all contained high temperatures and pressures, few reports had
investigated the depolymerization of lignin under mild conditions. Therefore, the goal of this study
was to explore a mild condition for operating the lignin depolymerization.

In this work, the lignin liquefaction was conducted in the mixed solvent of methanol/glycerol
over SO4

2−/TiO2 catalyst. For finding the optimal reaction condition, effects of temperature, time,
solvent ratio and catalyst dosage were investigated. The bio-oil obtained by catalytic liquefaction was
collected and characterized by elemental analysis, Fourier-transform infrared spectroscopy (FT-IR) and
gas chromatography/mass spectrometry (GC-MS). The characterization of sodium lignosulfonate (SL)
and solid residue was carried out by elemental analysis and FT-IR.

2. Results and Discussion

2.1. Effect of Different Reaction Conditions on Lignin Liquefaction

2.1.1. Effect of Temperature

Reaction temperature is an important factor for the yield of bio-oil. Increasing temperature
can promote the depolymerization of SL and the re-polymerization of lignin intermediates
simultaneously [25]. As can be seen from Figure 1, yields of conversion and bio-oil increase with the
increase of temperature from 150 to 160 ◦C then decrease when the temperature exceeds 170 ◦C, which
indicates that increasing temperature (before 160 ◦C) can promote the lignin conversionwhen the
temperature is higher than 160 ◦C, the yield of bio-oil decreases due to the re-polymerization reaction
of lignin intermediates.
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Figure 1. Effect of reaction temperature on lignin conversion. Reaction conditions: reaction time was
1 h, solvent ratio of methanol to glycerol was 2:1, catalyst dosage was 5.0 wt %.
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2.1.2. Effect of Reaction Time

From Figure 2, yields of conversion and bio-oil reach their maximum values of 89.8% and 86.8%,
respectively, as the reaction time is 1h. When the reaction time increases, yields of conversion and bio-oil
all decrease, which might be due to condensation between reactive lignin intermediates. As the reaction
time prolongs, lignin conversion gradually tends to balance (i.e., the rate of depolymerization is equal
to that of condensation). However, when the reaction time exceeds 1h, the condensation between lignin
intermediates will gradually dominate the remaining liquefaction reaction (i.e., the rate of condensation
will be higher than that of depolymerization), which will greatly promote the re-polymerization
reaction of liquefied products (i.e., reactive lignin intermediates with small-molecular weight) [26].
On the other hand, the solid products with large-molecular weight obtained after liquefaction reaction
will be adsorbed on the surface of catalyst to block the active acid sites, which decreases the catalytic
activity of solid super catalyst to some extent [27].
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Figure 2. Effect of reaction time on lignin conversion. Reaction conditions: reaction temperature was
160 ◦C, solvent ratio of methanol to glycerol was 2:1, catalyst dosage was 5.0 wt %.

2.1.3. Effect of Solvent Ratio

It is clear from Figure 3, yields of conversion and bio-oil reach their maximum values of 89.8% and
86.8% respectively when the solvent ratio of methanol to glycerol is 2:1. However, when the solvent
system is single alcohol (e.g., only glycerol or methanol added), both yields of oil and liquefaction
all decrease markedly. Both the dissolution of lignin and the dispersion of liquefied products all
become worse in single-alcohol solvent system than that in mixed-alcohol solvent system, which leads
to the formation of char or other large-molecular products (e.g., coke) to reduce the yields of lignin
conversion. As the ratio of methanol to glycerol is higher than 2, yields of conversion and bio-oil all
decrease, which might be due to the effect of dissolution and dispersion derived from glycerol with
more active hydroxyl groups (-OH), which can promote the dissolution of lignin and the dispersion of
lignin intermediates during the conversion reaction [11].
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Figure 3. Effect of solvent ratio on lignin conversion. Reaction conditions: reaction temperature was
160 ◦C, reaction time was 1 h, catalyst dosage was 5.0 wt %.

2.1.4. Effect of Catalyst Dosage

Basically, acid sites provided by solid super catalyst can promote the depolymerization of SL
and re-polymerization of lignin intermediates simultaneously [15,17]. As shown in Figure 4, when no
catalyst is added in the experiment, both yields of oil and conversion are all relative low, which might
be due to the insufficient conversion of lignin without the addition of catalyst. With the increase of
catalyst dosage (from 2.5 to 10.0 wt %, based on lignin input), yields of conversion and bio-oil increase
until the maximum value at the dosage of 5.0 wt % then decrease with the growth of dosage from 5.0
to 10.0 wt %. For example, when the addition of catalyst is 5 wt %, yields of conversion and bio-oil all
reach their maximum value of 89.8% and 86.8%, respectively. With the higher catalyst addition, acid
sites increase rapidly, resulting in the stronger acidic environment during lignin conversion reaction,
which is advantageous for the re-polymerization of lignin intermediates.
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Figure 4. Effect of catalyst amount on lignin conversion. Reaction conditions: reaction temperature
was 160 ◦C, reaction time was 1 h, solvent ratio of methanol to glycerol was 2:1.
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2.2. Analysis of Liquefaction Products

2.2.1. FTIR Analysis

FTIR analysis of SL, bio-oil and solid residue can be obtained from Figure 5. The curve of SL
is similar with that of solid residue, which illustrates that solid residue gained after the liquefaction
reaction basically retains the main structure of SL. However, some subtle changes can also be observed,
which shows that the structure of solid residue is more abundant than that of SL. For example, the
absorbance of peaks residue at 1141 (stretching vibration of C-H bonds on benzene rings) and 1034 cm−1

(C-O vibration on primary alcohols) for solid residue are higher than those for SL, indicating that solid
residue contains more aromaticity and primary alcohols located in side chains. The peak at 618 cm−1

is related to the absorbance of aliphatic ketone, indicating that solid residue contains more aliphatic
ketones than SL, which might be due to the oxidation of hydroxyl groups.
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From Table 1, the bands at 3450–3300 cm−1, 2935 cm−1 and 2841 cm−1 are corresponding
to the stretching vibrations of hydroxyl (-OH), methoxy (-OCH3) and methylene (-CH2-) groups,
respectively [27]. Among them, the absorption vibration of methoxy and methylene groups in bio-oil
are remarkably enhanced, indicating that the linking bonds in SL are effectively broken. Peak at
1713 cm−1 is considered to be the stretching vibration of carbonyl (-C=O-) groups [28], while the
stretching vibration of carbonyls in carboxylic acid is around 1700–1707 cm−1 [29]. The peak at 843 cm−1

is the characteristic vibration of G-type phenols, the peak at 1215 cm−1 is related to the C-O stretching
in S- and G-type phenols [30]. Obviously, peaks for bio-oil at 843 cm−1 and 1215 cm−1 are enhanced,
indicating that SL is depolymerized effectively under mild reaction conditions.

Table 1. Functional group structure of bio-oil sample.

Wavenumbers (cm−1) Functional Groups

3450–3300 O-H stretching vibration
2935 C-H stretching vibration of -CH3
2841 C-H stretching vibration of -CH2
1713 C=O stretching vibration

1514,1462 Aromatic C=C ring breathing
1215,1032 Ar-O stretching breathing

1141 Aromatic C-H in-plane deformation

1034 Aromatic C-H in-plane deformation plus C-O
deformation in primary alcohols plus C-H stretching.

843 Aromatic C-H ring out-of-plane vibration breathing
618 Aliphatic ketone vibration breathing
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2.2.2. Elemental Analysis

The content of carbon (C), hydrogen (H) and nitrogen (N) of SL, bio-oil and residue were all
measured, the content of oxygen (O) was calculated by difference. As can be seen from Table 2, the
calorific value of bio-oil is 18.45 MJ/kg, which is higher than that of SL and solid residue.

Table 2. Elemental analysis of bio-oil, SL and solid residue.

Sample C/% N/% H/% O% 1 O/C H/C HHV 2/(MJ/kg)

Bio-oil 40.61 0.92 6.96 51.40 1.27 0.17 18.45

SL 39.74 0.26 4.3 55.7 1.40 0.11 9.66

Solid residue 35.48 0.27 3.27 60.98 1.72 0.09 5.81

Note: 1 The content of oxygen was calculated by the difference; 2 High calorific value (HHV) was evaluated by
Dulong Formula [31]: HHV (MJ/kg) = 0.3383 × C + 1.422 × (H-O/8).

The H/C and O/C ratios are all important parameters affecting the calorific value [16]. From Table 2,
compared to SL and solid residue, the H/C ratio of bio-oil increases, while the O/C ratio decreases, the
calorific value of bio-oil increases significantly. The elemental content (including C, H, N and O) of
solid residue is similar to that of SL. Compared to SL, the content of C and H in solid residue decreases,
while that of O in solid residue increases, which might be due to the generation of CO2, CH4, CO
during the reaction caused by the consumption of C. Compared to SL and solid residue, bio-oil has
lower O/C ratio and higher H/C ratio, which results in the higher calorific value.

2.2.3. GC-MS Analysis

As can be seen from Figure 6, the product distribution of bio-oil is plentiful, which mainly
includes acids, esters, alcohols, ethers, ketones, phenols and its derivatives. In addition, G-type
phenols are the dominant product which are formed by the cleavage of C-O-C bonds (e.g., β-O-4), such
as 4-vinyl-2-methoxyphenol, 1,4-benzenediol, vanillin, 4-hydroxy-3-methoxyacetophenone, methyl
vanillate, 4-hydroxy-3-methoxypropiophenone, 4-hydroxy-3-methoxybenzaldehyde, homovanillic
acid, etc. The most abundant compound among them is 1,4-benzenediol, which accounts for 7.38%
(See Table 3). It is worth noting that S-type phenols have not been detected, which is owing to the
demethoxylation reaction.
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Table 3. GC-MS analysis of bio-oil a.

No Compounds Formula Mol. Weight
(g/mol) Type R.T. b

(min)
Relative

Content c/%

1 Acetic acid C2H4O2 60 Acid 2.79 39.52
2 Methyl glycolate C3H6O3 90 Ester 3.15 5.70
3 Furfuryl alcohol C5H6O2 98 Alcohol 4.96 3.66
4 Di(Ethylene Glycol) Vinyl Ether C6H12O3 132 Ether 5.34 2.65
5 Methylcyclopentenolone C6H8O2 112 Ketone 7.45 1.39
6 4-Vinyl-2-methoxyphenol C9H10O2 153 Phenol-G 11.81 4.78
7 1,4-Benzenediol C6H6O2 110 Phenol-H 12.20 16.55
8 Vanillin C8H8O3 152 Phenol-G 13.01 4.55
9 4-Hydroxy-3-methoxyacetophenone C9H10O3 166 Phenol-G 14.20 2.42
10 Methyl vanillate C9H10O4 182 Phenol-G 14.43 1.35
11 4-Hydroxy-3-methoxypropiophenone C10H12O3 180 Phenol-G 14.59 3.36
12 4-Hydroxy-3-methoxybenzaldehyde C8H8O3 152 Phenol-G 15.31 0.49
13 Homovanillic acid C9H10O4 182 Phenol-G 16.06 2.40
14 N-hexadecanoic acid C16H32O2 256 Acid 19.28 7.90
15 Octadecanoic acid C18H32O2 284 Acid 21.09 3.07

a The bio-oil was obtained at the optimal condition (the temperature is 160 ◦C, the time is 1h, ratio of methanol to
glycerol is 2 and the catalyst dosage is 5.0 wt %). b Retention time. c Calculated by normalization of peak area.

From Table 3, the dominate products of bio-oil are acid, reaching 50.49 %. Some esters, ketones,
alcohols and ethers with small-molecular weight are mainly obtained from the interaction of solvents
(e.g., oxidation, dehydration, aldol condensation and esterification), which account for a small certain
proportion. The phenols are derived from the depolymerization of SL, which is composed of 8 different
phenolic compounds. Although SL is a macromolecular polymer with many complex structures,
which is difficult to be converted into the pure product. However, except for 1,4-Benzenediol, which is
utilized as a polymerization inhibitor, remaining products are all G-type phenols, which means this
catalyst can exhibit good selectivity under mild conditions. Moreover, the possible reaction mechanism
has been presented in Figure 7.
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3. Materials and Methods

3.1. Materials

The raw material used in this study was sodium lignosulfonate (SL), which was purchased at TCI
Chemical Industry Development Co., Ltd., Shanghai, China. (CAS: 8068-05-1, TCI number: L0082).
Methanol (AR, mass fraction ≥99.5%), glycerol (AR, mass fraction ≥99%), ethyl acetate (AR, mass
fraction ≥99.5%), anhydrous sodium sulphate (AR, mass fraction ≥99%) and hydroquinone (AR, mass
fraction ≥ 99%) were all purchased at Nanjing Chemical Reagent Co., Ltd., Nanjing, China.

3.2. Preparation of Catalyst

The TiO2 used in this experiment was anatase, which was impregnated in sulfuric acid (1 mol/L)
for 30 min, washed with deionized water and filtered for several times, then dried at 90 ◦C overnight.
Finally, it was placed in a muffle furnace and calcined at 450 ◦C for 2 h to obtain SO4

2−/TiO2 catalyst.
Characterization, e.g., XRD, SEM, FT-IR and Py-FTIR of the SO4

2−/TiO2 catalyst was presented in our
previous paper [32].

3.3. Experimental Set-Up

As shown in Figure 8, 3 g of SL, 30 g of solvent (methanol/glycerol with the ratio of 2:1) and
catalysts (SO4

2−/TiO2) with different dosages (2.5, 5.0, 7.5 and 10.0 wt %, based on lignin input) were
sequentially added into the stainless steel reactor (non-stirred, 100 mL). In order to explore the effect of
various reaction conditions on lignin liquefaction, different experiments were designed with different
temperatures (150–180 ◦C), time (1–4 h), solvent ratios (methanol/glycerol = 1:1, 2:1, 3:1 and 4:1) and
catalyst dosages. The mixed alcohol system of methanol and glycerol can dissolve liquefied products
well and prevent re-polymerization of SL intermediates effectively. On the other hand, the mixed
system of alcohol was more conducive to the dissolution of SL than the single alcohol due to the
presence of more active hydroxyls [11]. The addition of hydroquinone (0.05 g) played an important
role in preventing re-polymerization, although it was detected by GC/MS analysis. After the end of
reaction, the reactor was quenched immediately with ice water. After that, solid and liquid phases
were separated by filtration with a pre-weighted membrane, the remaining solid residue was washed
with methanol (10 g) for three times and the filtrate was merged into liquid phase. The solid residue
was dried at 105 ◦C overnight, the yield of liquefaction was calculated by weighting. Methanol was
then removed by rotary evaporation at 70 ◦C for 5 min, while glycerol could not be removed due to
its high boiling point (at 290 ◦C). Actually, glycerol was easily soluble in water, while the liquefied
products were extracted by adding ethyl acetate. In order to complete the separation step, 30 mL
of deionized water was added to dissolve with glycerol to form the aqueous phase and 10 mL of
ethyl acetate were added into the aqueous phase to extract the organic components for three times.
After that, the organic phase (containing ethyl acetate and organic components) and aqueous phase
(containing water and glycerol) were separated by a separating funnel. For removing the remained
water thoroughly, anhydrous sodium sulfate was added in the ethyl acetate phase to operate the drying
process overnight. Finally, the ethyl acetate phase with no water was obtained for the collection of
bio-oil through rotary evaporation at 70 ◦C for 5 min. Each experiment was conducted in duplicate
and the error was within ±2%. The solid residue was characterized by elemental analysis and FT-IR,
bio-oil was characterized by FT-IR, elemental analysis and GC-MS analysis.
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Yields of liquefaction and bio-oil were calculated according to Equations (1) and (2).

Lignin conversion = 100%− solid residue yield , (1)

where in the solid residue yield was equal to the mass of solid residue/the mass of lignin input.

Bio− oil yield =
ma f ter−mglycerol

mlignin
, (2)

where in ma f ter was the mass of liquid phase after methanol removal, mglycerol was the mass of glycerol
input before experiment and mlignin was the mass of lignin input.

Actually, the yield of bio-oil was calculated before the separation step to remove glycerol, because
liquefied products include not only organic products but also aqueous products. Most of the aqueous
products would be taken away by the process of glycerol removal, which would decrease the yield of
bio-oil significantly. Unlike other studies, the yield of bio-oil contained the sum of the yields of organic
and aqueous products. Therefore, the difference in bio-oil and liquefaction yields was not obvious.

3.4. Characterizations of Experiment

3.4.1. FT-IR

Fourier transform infrared spectrometer (FTIR) analysis was carried out by VERTEX 70
spectrometer. The range of detected wavenumber was 500–4000 cm−1 and 32 scans per spectrum were
collected with a resolution of 4 wavenumbers.
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3.4.2. Elemental Analysis

The bio-oil, solid residue and SL were analyzed by elemental analysis in CHN mode with a
VarioEL III from Elementar. The content of oxygen was calculated by difference.

3.4.3. GC/MS

The composition of bio-oil was determined by gas chromatography/mass spectrometer (GC/MS)
on a Trace Ultra GC coupled with a DSQ II quadrupole MS Thermo Scientific. For this analysis, the
sample was dissolved in methanol (1:1 v/v, p.a. grade) to form the concentration of 0.05 mg mL−1,
the injection volume was 1 µL. Gas (helium) flow was 1 mL/min and temperature program were
programed: First, start temperature (50 ◦C) was held for 1 min. Then, two heating rate were installed,
one was 8 ◦C/min maintained for 1 min, final temperature was 220 ◦C, the other was 10 ◦C/min held
for 1 min and final temperature was 300 ◦C. Finally, products were measured by Xcalibur software and
NIST 2.0 library.

4. Conclusions

The optimal reaction conditions were as follows: the temperature was 160 ◦C, the time was
1 h, catalyst dosage was 5 wt % and the ratio of methanol to glycerol was 2:1. Yields liquefaction
and bio-oil reached maximum values of 89.8% and 86.8%, respectively. FT-IR analysis of bio-oil
showed that linkages of lignin, such as C-O-C and C-C bonds, effectively broke to some extent during
liquefaction over SO4

2−/TiO2 catalyst. The elemental analysis showed that the calorific value of bio-oil
increased significantly. GC-MS analysis the primary products were acids and the phenolic product
was dominated by G-type phenols.
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