Chemical Engineering Journal 453 (2023) 139730

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Chemical
Engineering
.. Journal

Check for

Extracting high p-O-4 content lignin and by-producing substrate susceptible &
to enzymatic hydrolysis by a green flow through process

Cheng Cai?, Ning Li®, Huifang Liu?, Jian Zhang?, J.Y. Zhu"™, Feng Wang®"

2 State Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023,

Liaoning, China
b USDA Forest Service, Forest Products Laboratory, Madison, WI, USA

ARTICLE INFO ABSTRACT

Keywords:

Lignin extraction
Maleic acid

Flow through
Atmospheric pressure
Monophenol
Enzymatic hydrolysis

Maleic acid (MA), a solid dicarboxylic acid can be obtained from renewable lignocellulose, was used to extract
lignin through flow through (FT) process for the first time. Due to the high boiling point and flash point of MA,
the FT process was carried out at atmospheric pressure without VOCs release and explosion risk. 50 wt% MA
aqueous solution could extract 60 % lignin from birch wood, and the dilution factor for precipitating lignin was
only 3. MA-extracted lignin preserved more than 80 % of p—O—4 bonds and a monophenol yield (> 30 %)
comparable to that of milled wood lignin was obtained by catalytic hydrogenolysis. The recyclability of MA was

demonstrated through three rounds of lignin extraction by recovered MA. And the cellulose-rich residue could be
efficiently converted into glucose (glucose yield > 90 %) at a low cellulase loading of 10 FPU/g glucan due to the
rich carboxyl groups of lignin. In addition, the low corrosiveness of MA and the mild operating conditions make
the process have strong industrial application prospects.

1. Introduction

Lignin accounts for 15-40 % of the content of lignocellulosic biomass
and is the most abundant natural aromatic compound [1]. The special
three-dimensional network structure and abundant groups of lignin
make it widely used in various fields, such as materials, construction,
cosmetics, agriculture, energy and so on [2-6]. Because lignin and
carbohydrates are tightly intertwined, extraction of lignin usually re-
quires relatively severe conditions, such as high temperature and high
pressure [7]. The severe extraction conditions result in an altered
chemical structure of the extracted lignin, such as C—O bond cleavage
and C—C bond formation, as well as the generation of chromophores
[8]. As a result, the extracted lignin is usually in dark brown color, to
limit its subsequent application in high-end materials and preparation
chemicals [9-11].

Extracting lignin by flow through (FT) process, in which the
extraction solution flows through a reactor containing lignocellulose to
extract lignin, currently receiving extensive attention [12,13]. Due to
the short residence time of the dissolved lignin in the reactor during FL
process, lignin is not easily reacted to cause structural changes [14].
Wang et al. [14,15] used formic acid to extract lignin through FT pro-
cess, 76 % of lignin in wheat straw could be extracted at 130 °C and a
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liquid-solid ratio of 26, and the extracted lignin preserved more than 75
% of the total —0—4 bonds. David et al. [16] used methanol as solvent
to extract lignin close to native lignin by FT process at 225 °C, proving
that simultaneous catalytic degradation of lignin to obtain mono-
phenolic compounds is not necessary in the FT process. Douwe et al.
[17] extracted 57 % of lignin in walnut shells by FT process at 120 °C
with acidic n-propanol/water (80:20, v/v) system, the resulting lignin
contains 66 p—0O—4 bonds per 100 aromatic rings. However, the sol-
vents used to extract lignin typically have low boiling points (Table S1),
resulting in high pressures in the reactor during extraction, requiring
pressure-resistant reactors. At the same time, the open system of FT
process is prone to volatile organic compounds (VOCs) and explosion
risks. And the utilization of cellulose-rich residue, the main part of
feedstocks, is often neglected, resulting in potential waste of resources.

Recently, some organic solid acids have been successively used to
fractionate lignocellulosic feedstocks at normal pressure and low tem-
perature, among which aromatic sulfonic acids are the most widely
studied [18-21]. Zhu et al. [22] pioneered the application of p-tolue-
nesulfonic acid (p-TsOH) to treat poplar wood, and found that more than
90 % delignification and more than 85 % xylan dissolution were ach-
ieved at 80 wt% p-TsOH concentration and a temperature of 80 °C. Next,
p-TsOH was used to extract pinkish lignin from poplar by FT process
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Scheme 1. Schematic diagram of MA extraction of lignin by FT process. Step 1: injected 50 wt% MA solution; step 2: injected DI water twice the mass of MA solution.

Yield (%) = Mionophenot/ (20 mg x Purity) x 100% 3)

where M monophenot and Purity were the mass of the monophenols after
hydrogenolysis and the purity of the corresponding lignin, respectively.

2.6. Engymatic hydrolysis

Cellulose-rich residue was hydrolyzed by cellulase CTec2 as before
[30], with a solid content of 10 % and an enzyme loading of 10 FPU/g
glucan. The initial pH of buffer was set to different values, from 4.0 to
7.0. Dilute acid (DA)-treated birch was used as a reference, the pre-
treatment conditions referred to previous work [31]. Composition
analysis of the two substrates was shown in Table S2.

3. Results and discussion
3.1. Lignin extraction by FT process

Due to the acidity of MA, part of lignin and carbohydrates (mainly
hemicellulose) were degraded, and they were also esterified to introduce
free carboxyl groups as shown in Fig. 1 [26]. Extracting lignin from birch
wood under different temperature, acid flow rate and liquid-solid ratio
was investigated.

When the acid flow rate was 8 mL min ™ at liquid—solid ratio of 15:1,
increasing the extraction temperature from 110 °C to 120 °C could
effectively increase the yield of lignin from 34.4 % to 60.6 %, and the
purity of lignin also increased from 88.4 % to 91.5 % (Table 1). When
the extraction temperature was further increased to 130 °C, the yield
and purity of lignin were slightly improved. Under extraction temper-
ature 120 °C with liquid-solid ratio of 15:1, increasing the flow rate of
MA solution from 5 to 8 mL min!, the yield and purity of lignin
decreased slightly because the reaction time was significantly shortened.

. . )
Lignin o
OH OH -
HO_ MeO
o HO [0 _ o
o . OHO o Ho AN /E\f
Me peO ",l U HO™ ~0
—_— Ik HO.
o - 0 (0}
o T: 110~130 °C e —Q—i
MeQ MeO MeO
HO ¥ HO ¥ MeO' OMe
H H H
MeO
k MeO )
. )
Hemicellulose
OHO, HO O
(o) HO
R'OM ? D N_OR OUOH H OH
H o H HO P +  CH,coOH
H T: 110~130 °C R;0 O
0 R;0
Hy R, OR;
\ Ry—Hor -CO-C-C-COOH

Fig. 1. Chemical reactions of lignin and hemicellulose with MA during FT process.
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Table 1

Yield and purity of extracted lignin under different conditions.
No.  Temperature Flow rate Liquid solid Lignin Purity

(9] (mL/min) mass ratio yield (%) (%)

1 110 8 15:1 34.0.4 88.4
2 120 8 15:1 60.6 91.5
3 130 8 15:1 63.5 92.3
4 120 5 15:1 62.3 92.1
5 120 10 15:1 52.2 89.4
6 120 8 10:1 48.6 88.6
7 120 8 20:1 63.1 92.1

When the acid flow rate was further increased to 10 mL min ", the lignin
yield decreased from 60.6 % to 52.2 %. At 120 °C and the acid flow rate
8 mL min~}, increasing the liquid-solid ratio from 10:1 to 15:1, the yield
of lignin was increased from 48.6 % to 60.6 %. Further increasing the
liquid-solid ratio to 20:1, the yield of lignin slightly increased to 63.1 %,
suggesting lignin yield was not significantly improved at the late stage of
extraction. After comprehensive consideration, the extraction tempera-
ture of 120 °C, the flow rate of 8 mL min~! and the liquid-solid ratio of
15:1 were selected as the subsequent lignin extraction conditions.

3.2. Physical and chemical properties of extracted lignin

3.2.1. Component and molecular weight analysis

MA-extracted lignin was divided into DL1 and DL2 (precipitated
from extraction liquid before and after 15 min) to study the structure
variation of lignin fraction at different extraction stages, and compare
them with MWL.

Yield and component analysis of different kinds of lignin were shown
in Table 2. Since MWL has been repeatedly purified by various organic
reagents, its purity was the highest at 93.8 %, but its yield was only 8.6
%. Compared with DL 2, DL 1 had a lower purity of 89.3 %, and the
content of carbohydrates was higher. Which was due to the shorter
contact time between lignin in DL 1 and acid solution, resulting in less
chemical bond breakage between lignin and carbohydrates. The yield of
DL 1 was significantly higher than that of DL 2, which shown that the
extraction efficiency in the early stage of the FL process was higher than
that in the later stage. Although the purity of lignin extracted by MA was
slightly lower than that of MWL, its yield was 7 times higher than the
yield of MWL, which was beneficial to reflect the overall properties of
lignin in the raw materials and the large-scale application of lignin.

As shown in Fig. 2, both MWL and DL1 were creamy color, and the
color of DL1 was slightly darker. While the color of DL2 was slightly
pinkish creamy, and the color of the whole extracted lignin (abbreviated
as Whole) was between DL1 and DL2. The color is an indicative of the
formation of chromophores through the FT process, and more chromo-
phores in DL2 than in DL1, due to longer exposure time in the MA so-
lution before dissolution. Overall, the extracted lignin was very light in
color compared to commercial technical lignin.

Since the extraction of MWL only used non-polar solvents, the
chemical bonds in lignin molecules were less broken, so the molecular
weight of MWL was relatively large, with a number average molecular
weight (Mn) of 3443 Da and a weight average molecular weight (Mw) of
14142 Da (Table S2). Compared with MWL, the molecular weight of the
whole lignin extracted by MA was lower, with a Mn of 1318 Da and a
Mw of 4185 Da. Because the ether bonds and ester bonds of lignin were

Table 2
Yield and component analysis of lignin.

Sample Yield (wt%) Purity (%) Glucose (%) Xylose (%) Others (%)
MWL 8.6 93.8 2.4 1.3 4.5
DL1 38.4 89.3 3.6 2.1 5.0
DL2 22.2 92.4 2.1 1.2 4.3
Whole 60.6 91.5 2.6 1.4 4.5
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Fig. 2. Molecular weight distribution of different kinds of lignin.

easier to break under acidic conditions. Compared with DL1, the dis-
tribution of DL2 is broader. DL2 contains very low MW lignin due to
more extensive depolymerization by MA, and high MW lignin due to
lignin repolymerization as reflected from the second peak shown in
Fig. 2, as a result DL2 has a greater polydispersity index than DL1
(Table S3).

3.2.2. 2D 'H-'3C NMR andlysis

The structural information of aromatic rings and side chains in lignin
molecules can be detected by 2D 'H-'3C NMR. Compared with MWL, the
overall signal of MA-extracted lignin in the aromatic region and side
chain region did not change significantly, which indicated that the MA-
extracted lignin was structurally similar to MWL (Fig. 3). MA-extracted
lignin showed a condensed Sy signal response, indicating that
condensation occurred in lignin. MA-extracted lignin contained 53.2
—O—4 bonds per 100 aromatic rings, which was 83.4 % of the amount
in MWL (Table 3). Compared with MWL, the relative content of f—@
bond in MA-extracted lignin was slightly increased, indicating slightly
more C—C condensation. The relative content of p—0O—4 bond in DL2
was decreased and the relative content of p—f bond increased compared
with their corresponding value in DL1 due to the longer lignin exposure
time to acid, as a result, S/G ratio in DL2 was increased compared with
that in DL1.

The whole lignin was also compared with lignin extracted by batch
reaction (1-Batch, with a condition of 60 wt% MA and 120 °C for 30
mins), both had a yield around 60 % [29]. It could be seen that the signal
of condensed Sy/6 in 1-Batch was stronger, and the ratio of S/G was
larger. The relative content of f—0O—4 bonds in L.-Batch was only 50 % of
the whole lignin extracted by FT process, which shown that the FT
process could effectively prevent the condensation of lignin and retain
more p—O—4 bonds.

3.2.3. 3P NMR and FTIR spectra analysis

Hydroxyl group is an important active functional group in lignin,
which not only increases the hydrophilicity of lignin, but also facilitates
various chemical reactions of lignin. The content of different types of
hydroxyl groups was calculated via 3'P NMR results (Fig. 4A). The
content of alcoholic hydroxyl groups in both MWL and MA-extracted
lignin was the highest, above 3.0 mmol/g, but the alcoholic hydroxyl
group in MA-extracted lignin was slightly less than that in MWL.
Compared with MWL, the contents of 5-substitued OH and Guaiacyl OH
were increased in MA-extracted lignin, because more phenolic hydroxyl
groups were generated by the cleavage of phenolic ether bonds under
acidic conditions. However, comparing DL2 with DL1, Guaiacyl OH was
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Fig. 3. 2D 'H-'3C NMR spectrum of MWL and MA-extracted lignin.

Table 3

Structural characteristics (interunit linkages, aromatic units, and S/G ratio) of lignin from integrating 'H-'3C correlation peaks in the HSQC spectra (the condensed Sy,

6 is abbreviated as Scona)-

Sample Sa/6 S2/6

Scond S G S/G p-0-4 (%) -5 (%) B-p (%)
MWL 76.7 4.1 - 80.8 19.2 4.2 64.0 1.1 11.8
DL1 79.0 3.3 1.8 84.1 15.9 5.3 57.2 1.0 12,5
DL 2 74.9 32 12.4 90.5 9.5 9.5 45.6 0.5 14.5
Whole 73.7 3.3 9.5 86.5 13,5 6.4 53.2 0.8 13.6
L-Batch 62.9 3.2 25.4 91.5 8.5 10.7 26.7 0.1 8.9

decreased, perhaps partly due to the low content of G units in DL2
(Table 4). The content of carboxyl groups in MA-extracted lignin was
obviously increased due to esterification reaction of MA with lignin
alcohol hydroxyl groups to introduce a free carboxyl group [26]. which
could also explain the decrease in the alcoholic hydroxyl groups in
lignin. Furthermore, DL2 from longer exposure time with acid (or a
greater reaction severity) has a lower amount of alcoholic OH but a
substantially greater amount of carboxy groups than DL1 does.

The FTIR spectra of MWL and MA-extracted lignin were shown in
Fig. 4B. It could be seen that the FTIR spectra of MWL and MA-extracted
lignin samples were very similar, and there were no obvious differences
between the FTIR spectra of DL1 and DL2. Their FTIR spectra all have

clear characteristic absorption peaks of benzene ring (835, 1595, 1505,
1464 cm™!), methoxy group (1423 cm™!), methyl group (2935, 2845
em™ 1), carboxyl group (1730 ecm™1) and hydroxyl group (3420 cm™1)
[32]. An obvious difference was that the absorption peak at 1730 em™?
in DL2 was the strongest among them four lignin samples, as a result of
the greatest lignin carboxylation (Table 4).

3.3. Catalytic hydrogenolysis

Hydrogenolysis of lignin to prepare aromatic compounds can be an
important pathway to achieve high-value lignin utilization [33]. The
yield of monophenols is an indicative measurer of the potential for
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Table 4
Content of different types of hydroxyl groups calculated according to *'P NMR.
Sample  Aliphatic OH 5-substituted OH Guaiacyl OH COOH
(mmol/g) (mmol/g) (mmol/g) (mmol/
)
MWL 3.69 0.40 0.31 0.20
DL1 3.54 0.61 0.45 0.39
DL 2 3.14 0.68 0.35 0.81
Whole 3.32 0.66 0.40 0.67

producing aromatic compounds from lignin. As shown in Fig. 5. The
main catalytic hydrogenolysis products from all four lignin samples
were dihydroeugenol, 4-propyl syringol, dihydroconiferyl alcohol, and
dihydrosinapyl alcohol. Among them, the yields of dihydroeugenol and
dihydroconiferyl alcohol were higher than 4-propyl syringol and dihy-
drosinapyl alcohol because there were more S units than G units in birch
MWL and MA-extracted birch lignin. The monophenol yield from DL1
after catalytic hydrogenolysis was 34.2 %, almost identical to 34.4 %
from MWL. This indicate that the content of p—0—4 linkages is not the
only factor affecting the yield of monophenols. The smaller molecular
weight of DL1 may be beneficial to increase molecular contact with
catalyst to improve the efficiency of hydrogenation reaction. The
monophenol yield of DL2 was 25.2 %, lower than that from DL1, perhaps
due to the lower f—0—4 content and partially condensed structure. The
monophenol yield of the whole lignin extracted by MA was 30.3 %,

which was quite good, and the product distribution is relatively uniform,
conducive to subsequent high-value conversions.

Compared with the monophenol yield of 1-Batch (which was 20.2 %)
[29], the monophenol yield of the whole lignin extracted by FT process
was increased by 50 %. Although the conditions of catalytic hydro-
genolysis in the two systems were different, taking MWL as a reference,
the monophenol yield of the whole lignin obtained by FT process (87.9
% of MWL’s) was significantly higher than that obtained by batch re-
action (56.3 % of MWL’s).

3.4. Recycling of MA

To verify the recyclability of MA, the diluted extraction liquid
(120 °C; flow rate: 8 mL/min; liquor to solid: 15:1) after separating
lignin was concentrated to 50 wt% MA and reused to extracting lignin.
As shown in Fig. 6A, with the increase of the recovery times of MA, the
extraction yield of lignin decreased slightly, and 54.3 % of lignin in birch
powder could still be extracted by MA after three rounds of recovery.
And the purity of extracted lignin by recovered MA did not decrease, it
was all about 92 %. The 2D *H-'3C NMR spectra of the extracted lignin
by recovered MA (mixed three rounds of lignin together) was shown in
Fig. 6B. It could be seen that the NMR signal of the extracted lignin by
recovered MA had no obvious change compared with that by fresh MA.
The relative contents of f—0—4, p—f and p—5 were 52.1 %, 0.9 % and
14.1 %, respectively (Table S4). This indicated that the recycling of MA
did not significantly affect the quality of the extracted lignin.
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After repeated use of MA solution, monosaccharides, degraded by
hemicellulose and cellulose, accumulated in the solution, and their
massive accumulation would affect the extraction of lignin. However,
our previous work has proved that high purity of MA can be recovered
from MA aqueous solution by cooling and crystallization [29,34], and
the degraded monosaccharides can also be obtained after purification.

3.5. Engymatic hydrolysis of cellulose-rich residue

To realize the comprehensive utilization of all components, high-
value utilization of cellulose-rich residues is also required. Enzymatic
hydrolysis of cellulose to glucose, and further biological and chemical
conversion into different chemicals and materials is an important part of
biorefinery.

Here, the experiments compared the differences of enzymatic hy-
drolysis between DA-treated and MA-treated Birch. As shown in Fig. 7A,
with the increase of the pH, the enzymatic hydrolysis yields of the two
substrates increased first and then decreased. Typically, the enzymatic
activity of cellulase CTec2 was highest at around pH 5.0, but the hy-
drolysis yield of substrates treated by DA and MA reached the highest at
pH 5.5 and pH 6.5, respectively, which were 48.4 % and 91.3 %. Because
the negative charge of cellulase (with an isoelectric point of about 3.6)
and lignin in the substrate increased at higher pH, the electrostatic
repulsion between them increased, so the non-productive adsorption of
the cellulase on lignin reduced, resulting in an improved substrate

100
W —@—MA /§

~1
(=
T

Hydrolysis yield at 96h (%) >
g & 2 8

(3
=
T

[y
]

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Initial pH

hydrolysis yield [35,36].

However, compared with DA-treated substrate, the hydrolysis yield
of the MA-treated substrate was increased more significantly with the
increase of pH. When the pH was increased from 4.8 to 6.0, the enzy-
matic hydrolysis yield of the MA-treated substrate increased from 42.5
% to 83.4 %, and the DA-treated substrate increased from 33.6 % to 47.0
%. It is speculated that the reason was that the content of carboxyl
groups in the MA-treated substrate was higher. At higher pH, these
carboxyl groups carried obvious negative charges after ionization,
which effectively reduced the hydrophobic interaction between cellu-
lase and lignin, and increased the electrostatic repulsion between them.
Therefore, the non-productive adsorption of cellulase was reduced, and
the enzymatic hydrolysis yield of the substrate was improved (Fig. 7B).

4. Conclusions

Extracting lignin with MA aqueous solution by FT process was car-
ried out at atmospheric pressure without VOCs release and explosion
risk. MA-extracted lignin preserved more than 80 % of p—0O—4 bonds
which was twice that of 1-Batch. And it can be effectively hydro-
genolyzed into four monophenols by Ru/C catalyst (monophenol yield
exceeded 30 %). During the FT process, MA solution could be recycled
after simple concentration, and the quality of the extracted lignin by
recovered MA was not obviously affected. The cellulose-rich residue was
easily hydrolyzed to glucose by cellulases at relative high pH due to its

B Cellulase

Cellulose

I
Lignin
a\‘ 9\7 Ele
O, ,0_ CN
I

Fig. 7. (A) Enzymatic hydrolysis yields of DA-treated and MA-treated substrates at different initial pH; (B) Schematic diagram of the adsorption of cellulase on

different substrates, I: DA-treated substrate, II: MA-treated substrate.
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rich carboxyl groups. In a word, the renewable extraction reagent, the
mild operating conditions, and the high-value utilization of all compo-
nents make the extraction process green and sustainable.
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