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Acidic Solvolysis of Softwood in Recycled Polyethylene
Glycol System
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The acidic solvolysis of lignocellulose using a glycol solvent such as
polyethylene glycol (PEG) is a promising process for separating its
components and producing a valuable lignin product that can be used as
thermoplastic and fusible materials. To decrease operational costs, a
glycol solvent that is used as a solvolysis reagent must be recovered and
reused. In the present study, PEG was recovered by the removal of water
by evaporation from the supernatant after glycol lignin production by acidic
solvolysis of Japanese cedar using PEG with an average molecular weight
of 200 (PEG200). The recovered PEG200 worked as a solvolysis reagent
and produced glycol lignin with appropriate yield. The thermomechanical
analysis of glycol lignin from the fresh and recovered PEG200 systems
exhibited two inflection points, which were assigned to a glass transition
point (Tg) and a thermal softening point (Ts). The Ts of the glycol lignin from
the recovered PEG200 system was higher than that from the fresh
PEG200 system. These results suggest that the glycol lignin from the
recovered PEG200 system had high thermostability as well as high
thermal fusibility.
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INTRODUCTION

Solvolysis of lignocellulose using an organic solvent has been investigated as a
pulping process (Sarkanen 1980; Johansson et al. 1987). A wide variety of organic solvents
have been applied as delignification solvents, with or without acidic catalysts (Sarkanen
1980; Johansson et al. 1987; Muurinen 2000). The solvents used include ethanol (Kleinert
1974; Lora and Aziz 1985), methanol (Aronovsky and Gortner 1936; Nakano et al. 1976),
ethylene glycol (Nelson 1977; Gast and Puls 1985; Thring et al. 1989), acetic acid (Pan et
al. 1999), and phenol (Funaoka and Abe 1989).

Kleinert (1974) reported that an aqueous mixture of 45 wt.% ethanol was a strong
delignification agent for hardwood and softwood pulping. The pulps produced by aqueous
ethanol pulping gave about 4 to 4.5% higher yields than the conventional kraft pulps of the
same lignin content. Gast and Puls (1985) investigated an ethylene glycol-water (1:1 v/v)
system with respect to the component separation of hardwoods. A sufficient quantity of
delignified pulp was obtained from the system, and the lignins produced showed promising
results as extenders in phenolic resin adhesives. High-boiling solvent (HBS) pulping using
aqueous high-boiling solvents such as 1,4-butanediol, 1,3-butanediol, and tetrahydro-
furfuryl alcohol has been suggested (Kajimoto et al. 2000; Kishimoto and Sano 2003).
HBS pulping has an apparent advantage because of the lower pressure attained during
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solvolysis than pulping using low-boiling solvents such as ethanol. The solvolysis of wheat
straw using aqueous 1,4-butanediol under atmospheric pressure was reported by Li et al.
(2015).

Sarkanen (1980) stated in a review that the separation of lignocellulose into its
components by solvolysis represents one of the simplest options for the integrated
utilization of lignocellulose. Cellulosic fibers obtained by solvolysis are suitable for
papermaking (Kleinert 1974; Nelson et al. 1977) or conversion to glucose by enzymatic
hydrolysis (Zhang et al. 2013; Sun and Cheng 2002). Lignins isolated by solvolysis are
usable as fuel and adhesives (Gast and Puls 1985), resin (Lora and Aziz 1985), and starting
materials for several application (Espinoza-Acosta et al. 2014; Moghaddam et al. 2014).
Thring et al. (1989) isolated lignin from the spent black liquor produced during the
solvolysis of poplar using ethylene glycol, with the aim of using the lignin fraction as
chemical feedstocks for conversion into monomeric chemicals.

Recent studies (Kubo et al. 2007; Lin et al. 2012) revealed that lignin isolated from
softwood by acidic solvolysis using a glycol solvent such as ethylene glycol or
polyethylene glycol (PEG) exhibited thermal fusibility. In the current report, the lignin
used is defined as “glycol lignin.” Thermal fusibility is an important property for utilization
as an industrial material in terms of moldability. Kraft lignin and acetic acid lignin isolated
from softwood do not show thermal fusibility (Uraki et al. 1995; Kubo et al. 1997), which
is one of the reasons their material utilization is limited. Glycol lignin was converted into
fibers by melt spinning without additional chemical modification (Lin et al. 2012). These
findings indicated that solvolysis using a glycol solvent such as PEG is a promising process
for isolating cellulose and lignin for use as industrial materials. To decrease the operational
costs, it is necessary to recover and reuse the solvolysis solvent. Few papers concerning
solvent recovery have been published (Kajimoto et al. 2000; Muurinen 2000). Distillation
is preferable for recovering the solvent from solvolysis pulping in a low-boiling solvent
system (Muurinen 2000). In the case of high-boiling solvents such as ethylene glycol, PEG,
and 1,4-butanediol, distillation of the solvents involves high separation energy
consumption and investment costs. Kajimoto et al. (2000) reported that the recovery of the
high-boiling solvent 1,4-butanediol was prepared by the evaporation of water from the
spent liquor and the recovered solvent was reused as a solvolysis solvent for HBS pulping.

The purpose of this study was to investigate acidic solvolysis of softwood using
recovered PEG with an average molecular weight of 200 (PEG200). PEG200 was used for
solvolysis, and a small amount of sulfuric acid was added as a catalyst. Solvolysis was
performed as described in a previous report (Lin et al. 2012), with some modifications.

EXPERIMENTAL

Materials

Japanese cedar (Cryptomeria japonica), which is the most popular species in
conifer plantations in Japan, was used as a lignocellulosic material. The bark-free wood
was air-dried, milled, and sieved. The air-dried wood meal (smaller than 1 mm in size)
contained about 10 to 13 wt.% water. It was dried in an oven at 80 °C for 18 h and kept in
a desiccator at room temperature until the use. The water content of the wood meal was 2.6
wt.%. The Klason lignin content of the wood meal was 34.1 wt.%.
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PEG200 was purchased from the Lion Corporation (Tokyo, Japan). All other extra-
pure grade chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan) and Junsei Chemical Co., Ltd. (Tokyo, Japan).
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Fig. 1. Acidic solvolysis with fresh and recovered PEG200

Acidic Solvolysis

Figure 1 shows the process for acidic solvolysis, as described previously (Lin et al.
2012). Solvolysis was performed in a 20-mL glass flask equipped with a mechanical stirrer.
PEG200 and 0.3 wt.% sulfuric acid were mixed well, and the mixture was used as a
solvolysis reagent. Wood meal (1.0 g) and the solvolysis reagent (5.0 g) were mixed in a
flask, and the flask was immersed in an oil bath preheated to 140 °C to start the solvolysis
reaction. The reaction was carried out with stirring (150 rpm) under atmospheric pressure.
After prescribed reaction times (0.5 to 3.0 h), the flask was quenched in a water bath to
stop the reaction.

The reaction products were diluted with 12 mL of 0.1 M NaOH and stirred with a
magnetic stirrer for 15 min at room temperature. The diluted products were separated into
a pulp fraction and a soluble fraction by centrifugation at 2300 x g for 20 min. The pulp
fraction was washed with water (30 mL) and centrifuged again. The washing step was
carried out twice, and the rinsing water was combined with the soluble fraction. The pulp
fraction was oven-dried at 105 °C for 18 h and then weighed to calculate the yield.

The soluble fraction was adjusted to pH 2 with 1.5 M sulfuric acid to produce a
precipitate, which was centrifuged at 2300 x g for 20 min to separate the supernatant, which
contained a high amount of unreacted PEG200. The precipitate was subsequently washed
with dilute sulfuric acid (pH 2.5) to remove unreacted PEG200 and recovered by
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centrifugation. The washing step was performed twice, and the rinsing solution was
combined with the supernatant. The glycol lignin precipitate was collected as the target
product, dried at room temperature in a vacuum oven, and weighed to measure the yield.

The supernatant separated from the glycol lignin precipitate (2-h reaction using
fresh PEG200) was transferred into a flask equipped with a distillation apparatus and then
heated to its boiling point under nitrogen gas bubbling to remove water. When almost all
the water was removed, the internal temperature increased to over 100 °C. The evaporation
was stopped when the internal temperature reached 120 °C. The remaining liquid in the
flask was collected and used as recovered PEG200. Acidic solvolysis of Japanese cedar
with the recovered PEG200 and the subsequent separation were carried out as described
above.

Analyses

The glycol lignin was washed thoroughly with water to remove residual sulfuric
acid. Subsequently, it was recovered by centrifugation, dried at room temperature in a
vacuum oven, and used as an analytical-grade sample for chemical and thermal analyses.

Measurement of lignin content and phenolic hydroxyl group content

The Klason lignin content of the glycol lignin was estimated from the absorption
coefficient of a UV method (Lin and Dence 1992; Takahashi et al. 2015). The dried glycol
lignin was weighed in a volumetric flask and dissolved completely in dioxane/0.2 M NaOH
(v/iv = 1:1). Each sample solution was adjusted to pH 5.0 with acetic acid, and the
absorbance at 280 nm was measured. The absorption coefficient was determined as
previously described (Takahashi et al. 2014). The Klason lignin content of the glycol lignin
produced by the solvolysis of Japanese cedar (using PEG200 containing 0.3 wt.% sulfuric
acid, 140 °C, 2 h) was measured using the Klason method (Lin and Dence 1992). The
absorption coefficient of glycol lignin was determined on the basis of the relationship
between the concentration and the UV absorbance at 280 nm of the glycol lignin, which
was 25.2 L/g-cm.

The lignin content in the recovered PEG200 fraction was determined using a
modified UV method as follows. The recovered PEG200 fraction was diluted by
dioxane/0.2 M NaOH (v/v = 1:1) and reduced by NaBH4 for one week to eliminate UV-
absorbing furans (Chi et al. 2009). The reduced sample was adjusted to pH 5.0 with acetic
acid, and the absorbance at 280 nm was measured as described above.

The phenolic hydroxyl group content of glycol lignin was estimated via the
ionization difference method (Lin and Dence 1992; Takahashi et al. 2014). Glycol lignin
dissolved in dioxane/0.2 M NaOH (v/v = 1:1) was reduced by NaBH4 for two weeks. The
difference between the UV absorbance at 300 nm of the glycol lignin solution in alkaline
conditions and that in acidic conditions was measured to calculate the phenolic hydroxyl
group content on the basis of a molar extinction coefficient of 4100 L/mol-cm.

Size exclusion chromatography analysis

Size exclusion chromatography (SEC) was performed to determine the molecular
weight and molecular weight distribution of the glycol lignin and the recovered PEG
fraction. A Shimadzu Prominence GPC system (Kyoto, Japan) equipped with a UV
detector and a RI detector on a two-column sequence of Shodex KD-802 and KD-806M
was used to analyze the samples. N,N-dimethylformamide (DMF) containing 10 mM LiBr
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was used as an eluent with a flow rate of 1.0 mL/min. The samples were prepared in the
eluent and filtered through a 0.45-um syringe filter. The molecular weight of the samples
was calculated based on the polyethylene glycol standard (ReadyCal Set Mp 102-40000
and ReadyCal Set Mp 200-1200000, Sigma-Aldrich, St. Louis, MO, USA).

Thermomechanical analysis

Thermomechanical analysis (TMA) of the glycol lignin was performed on a TA
Instruments Q400 thermomechanical analyzer (New Castle, DE, USA; Lin et al. 2012).
The dried glycol lignin powder (5 mg) was placed in a platinum pan (6 mm inner diameter
x 2.5 mm depth) with a lid. The sample was heated from room temperature to 450 °C at a
rate of 5 °C/min with a force of 0.050 N under a N2 stream at 100 mL/min.
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Fig. 2. Yield of solvolysis residue and glycol lignin with fresh and recovered PEG200. Error bars
show the variation from the average (n = 2).

RESULTS AND DISCUSSION

Acidic Solvolysis Reaction of Softwood with Fresh PEG200

The acidic solvolysis of softwood with fresh PEG200 was carried out with 0.3 wt.%
sulfuric acid at 140 °C for 0.5 to 3 h (Fig. 1). The solid lines in Fig. 2 show the yields of
the solvolysis residue and glycol lignin. The yield of the residue gradually decreased to
48.1 wt.% after 1 h and then slightly decreased after a longer reaction time. However, the
yield of glycol lignin increased with reaction time. The yield of glycol lignin was 38.9
wt.% after 3 h.

Acidic Solvolysis of Softwood with Recovered PEG200
SEC analysis of the recovered PEG200

The recovered PEG200 was prepared by removing water by evaporation from the
supernatant after glycol lignin preparation. The weight recovery of the recovered PEG200
was about 83%, and the water content was very low (0.2 wt.%). Figure 3 shows RI
chromatograms of fresh and recovered PEG200 from SEC analysis. Table 1 shows the ratio
of each peak area to the total peak area in the RI chromatogram and the weight-average
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molecular weight (Mw) of each peak. The retention time of peak 3 in the recovered
PEG200 was almost the same as that of fresh PEG200, and the ratio of peak area 3 to the
total peak area was 75%. Two other peaks in the chromatogram of the recovered PEG200
had molecular weights of approximately 910 and 470. The recovered PEG200 was
expected to include soluble lignin, soluble lignin derivatives, sugars, and sugar derivatives
derived from the wood. The two additional peaks may have indicated the presence of these
soluble compounds.

Table 1. The Ratio of Each Peak Area and the Weight-average Molecular Weight
(Mw) in the Chromatogram of Fresh and Recovered PEG200

Peak Area in the Chromatogram

Type of PEG200 Value
Area 1 Area 2 Area 3
%Area? 0% 5.1% 94.9%
Fresh

Mw - 451 260

%Area? 7.5% 17.5% 75.0%
Recovered
Mw 908 474 251

2 The %area was calculated from the ratio of each peak area to total peak area
in the RI chromatogram shown in Fig. 3.

Area 2

Refractive index

Area 1
Recovered

__________________

15 17 19 21 23
Retention time (min)

Fig. 3. Rl chromatograms of fresh and recovered PEG200 by SEC analysis

Acidic solvolysis with the recovered PEG200

Acidic solvolysis of softwood with the recovered PEG200 was performed with 0.3
wt.% sulfuric acid at 140 °C for 0.5 to 3 h. The dashed lines in Fig. 2 show the yield of
solvolysis residue and glycol lignin. The yield of residue in the recovered PEG200
gradually decreased after 1 h and then slightly decreased after 2 h. Thus, the recovered
PEG200 worked as a solvolysis reagent of softwood.

In the reactions with recovered PEG200, the yield of glycol lignin increased
sequentially (Fig. 2). The 2-h reaction gave the highest yield of glycol lignin, which was
42.2 wt.%. The yield of glycol lignin produced from recovered PEG200 were
approximately 2 to 7 wt.% higher than the glycol lignin produced using fresh PEG200.
Because the recovered PEG200 contained soluble compounds, such as soluble lignin, the
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yield of glycol lignin might have been increased by reactions with soluble compounds. The
UV method indicated that the amount of soluble lignin in the recovered PEG200 was 0.57
wt.% of the solution. This study revealed for the first time that recovered PEG200 worked
as a solvolysis medium and produced glycol lignin.

Lignin Content and Phenolic Hydroxyl Group Content in the Glycol Lignin

The lignin content of glycol lignin was determined using the UV method (Table 2).
In the fresh PEG200 series, lignin content in the glycol lignin increased with reaction time.
The lignin content was 81.8% after 2 h and increased to 94.5% after 3 h. When the reactions
were performed with recovered PEG200, the lignin contents in the glycol lignin increased
with reaction times up to 2 h. The lignin contents of the glycol lignin after reaction times
of 2 h and 3 h were almost the same (approximately 86%).

The phenolic hydroxyl group content of the glycol lignin was determined by the
ionization difference method and was calculated on the basis of 100 C9 units (Mw 180)
(Table 2). In both the fresh and the recovered PEG200 series, the phenolic hydroxyl group
contents showed almost the same values. The phenolic hydroxyl group contents of the
glycol lignin were calculated as 28 to 29 per 100 C9 units after 2 h of solvolysis with fresh
and recovered PEG200, which was higher than the values for typical milled wood lignin
and soda-anthraquinone lignin prepared from Japanese cedar (16.9 and 19.1, respectively
(Ikeda and Magara 2015)).

Table 2. Lignin Content and Phenolic Hydroxyl Group Content in Glycol Lignin
from Solvolysis with Fresh and Recovered PEG200

Type of Reaction Time
Value
PEG200 0.5h 1h 2h 3h
Lignin content (%) 2 +?)9é91* 74.6£0.49 81.8+0.86 94.5+1.37
Fresh Phenolic OH content®
(based on 100 C9 272201 29.8+1.45 29.2+0.48 26.1#1.17
units)
Lignin content (%) @ n.d. 77.2+0.43 85.4+254 86.0+0.04
Recovered  Phenolic OH content®
(based on 100 C9 n.d. 30.0+0.99 28.3+0.30 27.9+1.26
units)

@ Lignin content is shown as a %yield of the glycol lignin.

b Phenolic hydroxyl group content is shown as a number based on 100 C9 units (Mw 180).

* The plus-minus sign (x) shows the variation from the average (n = 2).

n.d., the values could not be measured because of poor solubility in the analytical solvent
(dioxane/0.2 N NaOH (v/iv = 1:1)).

Molecular Weight of the Glycol Lignin

Figure 4 shows SEC-UV chromatograms of glycol lignin from solvolysis reactions
with fresh and recovered PEG200 from 0.5 to 3 h. Table 3 shows the weight-average
molecular weights and the molecular weight distributions calculated from these
chromatograms. In the fresh PEG200 series, the molecular weights of the glycol lignin
gradually decreased with reaction time. The molecular weight was approximately 9800
after 0.5 h and approximately 4400 after 2 h (Table 3).
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During the initial stages of the reaction in the recovered PEG200 system (0.5and 1
h), the glycol lignin showed quite high molecular weights (37000 and 14100, respectively).
The chromatograms had broad peaks in the high-molecular-weight region after reaction
times of 0.5 and 1.0 h (Fig. 4). However, the broad peaks disappeared when the reaction
time was prolonged. The molecular weight of the glycol lignin after 2.0 h of reaction was
approximately 4500, which was almost the same as for the corresponding reaction using
fresh PEG200 (Table 3).

Fresh S 3h

UV at 280 nm

Recovered Ay

10 125 15 17.5 20 225 25

Retention time (min)
Fig. 4. SEC-UV chromatograms of glycol lignin from solvolysis with fresh and recovered PEG200

Table 3. Molecular Weights (Mw) and Molecular Weight Distributions (Mw/Mn) of
Glycol Lignin from Solvolysis with Fresh and Recovered PEG200

Reaction Time

Type of
Value
PEG200 0.5h 1h 2h 3h
Fresh Mw 9781 £ 511* 6848 + 701 4442 +5 4072 + 240
Mw/Mn 7.6 5.9 4.4 4.4
Mw 36717 £+ 389 14096 + 3116 4524 + 398 4149 + 37
Recovered
Mw/Mn 32.7 13.2 4.9 4.6

* The plus-minus sign () shows the variation from the average (n = 2).

Thermomechanical Analysis of the Glycol Lignin

The thermophysical properties of glycol lignin were studied using TMA, where
changes in the volume of lignin with rising temperature were detected by changes in the
position of a probe. Two clear phase-transition points on the TMA curve were assigned to
the glass transition point (Tg) and the thermal softening point (Ts) (Kubo et al. 1996).
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Figure 5 shows TMA curves for glycol lignin in the fresh PEG200 series (0.5 to 3
h). The TMA curve for glycol lignin produced after 0.5 h showed that a remarkable
decrease in volume began at 116.1 °C, followed by a slight increase at 142.5 °C. The
decrease in volume was attributable to the glass transition, and a final increase in the
volume was attributed to swelling and foaming solids (Kubo et al. 1996). The TMA curves
of glycol lignin produced after 1 and 3 h also exhibited only one phase transition, i.e., T,
at 122.3 °C and 149.2 °C, respectively. In contrast, the glycol lignin produced after 2 h of
reaction showed two points of inflection when the volume decreased. The first of these was
assigned to the Ty, which was 132.6 °C. The second was assigned to the thermal softening
point (Ts), which was 181.2 °C.

0% |
20% |-

40% |

Volume (%)

-60% r

80% L
0 50 100 150 200 250

Temperature (°C)

Fig. 5. TMA curves of glycol lignin from solvolysis with fresh PEG200

In the fresh PEG200 series, only the glycol lignin produced after 2 h exhibited a Ts
in the TMA curve. The thermal fusibility of glycol lignin has been attributed to the PEG
moiety being substituted for the hydroxyl group of lignin side chains (Kubo et al. 2007;
Lin et al. 2012). It is thought that when glycol lignin is substituted by a greater amount of
PEG, it exhibits better thermal fusibility. The lignin content of the glycol lignin indicates
the content of components other than lignin in the glycol lignin, such as PEG. The lignin
content of the glycol lignin was 81.8% after 2 h (Table 2). The glycol lignin produced after
2 h appeared to be substituted with enough of the PEG moiety to give it thermal fusibility.
After 0.5 and 1.0 h, the solvolysis of softwood was still in its initial stages, thus the amount
of introduced PEG moiety might have been insufficient to confer thermal fusibility.
Although the lignin contents of the glycol lignin produced after 0.5 and 1 h of reaction
were lower (69.9% and 74.6%, respectively) than that produced after 2 h, in the initial
stages, the glycol lignin contained components other than the introduced PEG moiety.
Decomposition products derived from hemicelluloses might be candidate substances.
However, the lignin content of the glycol lignin was very high (94.5%) after 3 h. This data
suggested that the content of introduced PEG moiety was very low in the glycol lignin
produced after 3 h. It appears that when the reaction time was prolonged to 3 h, the
introduced PEG moiety was partially cleaved, and the thermal properties of the resultant
glycol lignin were thus changed.

Figure 6 shows TMA curves of glycol lignin in the recovered PEG200 series (0.5
to 3 h of reaction). Surprisingly, all of the TMA curves displayed two inflection points.
The first transition points (Tg) were 122.1, 129.0, 134.2, and 133.7 °C after 0.5, 1, 2, and 3
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h, respectively. The Tg of the glycol lignin produced after 2 h was almost the same as that
of the glycol lignin produced after 2 h with fresh PEG200 (132.6 °C). The second transition
points ranged from 333.1 °C to 342.3 °C, which were much higher than the glycol lignin
produced after 2 h with fresh PEG200 (181.2 °C). These results suggested that glycol lignin
from the recovered PEG200 system had a higher thermostability.

All glycol lignin samples in the recovered PEG200 series had two transition points,
although they had different lignin contents and molecular weights. It was considered that
the thermophysical properties of the glycol lignin were influenced by the compounds in
the recovered PEG200, such as soluble lignin, soluble lignin derivatives, sugars, and sugar
derivatives derived from the wood. The effect of each component will be determined in a
future investigation.

0% L
. -20% |-
= L
o i
E q0% [
3 =
> L
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-80% |
0 100 200 300 400 500

Temperature (°C)

Fig. 6. TMA curves of glycol lignin from solvolysis with recovered PEG200

CONCLUSIONS

1. Thisstudy revealed for the first time that recovered PEG worked in the acidic solvolysis
of softwood, producing an appropriate amount of glycol lignin (the highest yield; 42.2
wt.%). PEG200 was recovered by removing water by evaporation from the supernatant
after glycol lignin production.

2. The thermal properties of the glycol lignin from the recovered PEG200 system were
largely different from those of the glycol lignin from the fresh PEG200 system. TMA
results indicated that glycol lignin from the recovered PEG200 system had a higher
thermostability than that from the fresh PEG200 system.
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