'™ forests

Article

Thermal Characteristics and Simulation of Enzymatic Lignin
Isolated from Chinese Fir and Birch

Jinyue Wang, Suyun Hou, Ziling Shen, Jialong Wen

check for
updates

Citation: Wang, J.; Hou, S.; Shen, Z,;
Wen, J.; Qi, C. Thermal
Characteristics and Simulation of
Enzymatic Lignin Isolated from
Chinese Fir and Birch. Forests 2022,
13,914. https://doi.org/10.3390/
13060914

Academic Editor: Zeki Candan

Received: 21 May 2022
Accepted: 9 June 2022
Published: 11 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chusheng Qi *

MOE Key Laboratory of Wood Material Science and Utilization, Beijing Forestry University, Beijing 100083, China;
wjyl123@bjfu.edu.cn (J.W.); housuyun_0111@outlook.com (S.H.); shenziling@bjfu.edu.cn (Z.S.);
wenjialonghello@126.com (J.W.)

* Correspondence: gichusheng@bjfu.edu.cn

Abstract: Lignin is one of the main components of the plant cell wall, and the thermal properties
of in situ biomass lignin are crucial for the multi-scale modeling of biomass properties and the
thermodynamic modeling of lignin. In this study, high yields of double enzymatic lignin (DEL)
were successfully isolated from softwood Chinese fir (Cunninghamia lanceolate (Lamb.) Hook.) and
hardwood white birch (Betula platyphylla Suk.) to represent the in situ wood lignin. Their thermal
properties, including specific heat capacity, thermal conductivity, thermal stability, and thermal
degradation kinetic parameters, were tested and simulated. The results showed that Chinese fir
DEL has different chemical structural units and thermal properties than birch DEL. The specific
heat capacities of Chinese fir DEL and birch DEL at 20 °C were 1301 and 1468 J/ (kg-K), respectively,
and their thermal conductivities were 0.30 and 0.32 W/(m-K). Their specific heat capacity and
thermal conductivity showed a positive linear relationship over a temperature range of 20-120 °C.
Chinese fir DEL had a better thermal stability and a higher carbon residue than birch DEL. The
average activation energy and pre-exponential factor changed with the conversion rate, and their
relationships were simulated using linear or quadratic equations in the conversion rate range of
0.02-0.60. A second-order reaction function was found to be the best mechanism function for DEL
thermal degradation.

Keywords: enzymatic lignin; thermal properties; simulation; wood

1. Introduction

Lignin is the most abundant natural phenolic polymer in the world [1]; it is also one of
the main components of the plant cell wall and usually forms ether or ester linkages with
hemicellulose [2]. Lignin is mainly composed of three units: p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) units. Softwood lignin is composed mainly of G units, whereas
hardwood lignin is composed mainly of G and S units [3]. Lignin is particularly important
for the formation of cell walls, especially in wood and bark, because it provides rigidity
and is less prone to decay. Lignin can be used in bio-based materials [4,5], pharmaceutical
excipients [6], resin synthesis [7], and lignin nanoparticles [8]. In addition, it can be used to
manufacture carbon-based materials, such as carbon conductive materials [9] and carbon
fibers [10], through high-temperature treatments.

In the past few decades, several chemical and mechanical isolation methods have
been used to isolate lignins, including kraft lignin, lignosulfonate, klason lignin, and
alkali lignin, but ether bond breakage, methoxy group elimination, depolymerization, and
condensation reactions may occur during isolation [11], resulting in differences in the
chemical structure relative to in situ wood lignin. Milled wood lignin (MWL) has little
chemical structural damage and is recognized as having a structure that is closest to natural
in situ lignin [12-14], but its yield is very low, at only 20%-30%, and this isolation method
should be further developed to obtain higher yields of lignin for its physical and mechanical
analysis. Cellulolytic enzyme lignin (CEL) is obtained via the combination of the enzymatic
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hydrolysis of cellulose with ball-milling; the chemical structure of CEL is similar to that of
MWL, and yields of 75%-80% can be obtained. Chen et al. [15] modified the CEL isolation
process to produce double enzymatic lignin (DEL). DEL has a higher yield than CEL and
is produced using an easier process; it largely retains the original chemical structure of
lignin, and it is similar to groundwood lignin. This lignin not only solves the problem of
low yield, but it also has a chemical structure that is close to in situ wood lignin [16]. DEL
has generally been obtained from hardwood in previous research, and whether pure DEL
can also be obtained from softwood remains to be verified. It has been hypothesized that
the physical and mechanical properties of hardwood DEL and softwood DEL are different,
as their structural units are different, but this hypothesis should be verified.

The thermal properties of wood are very important, affecting its use in the fields
of construction and materials. Thermal conductivity, specific heat capacity, and heat
capacity are the key thermodynamic parameters for simulating and calculating heat and
mass transfer during the processing of wood materials. These are also important thermal
properties for wood processing and utilization. Thermal degradation kinetic parameters,
including activation energy (Ea) and pre-exponential factor (A) provide a fundamental
explanation for the thermal processing of wood, and predict the properties of the final
product; the end-use temperature of wood materials depends on their thermal stability [17].
Wood is composed mainly of cellulose, hemicellulose, and lignin, and it is very important to
understand the thermal properties above for every individual wood chemical component
during multi-scale analysis and the simulation of wood thermal properties, and for its
thermodynamic analysis. Qi et al. [17] tested and simulated the thermal conductivity,
specific heat capacity, heat capacity, and thermal degradation kinetic parameters of cellulose
and hemicellulose isolated from birch using mild chemicals, but these thermal properties
of in situ lignin require further investigation.

The process of lignin isolation has a great influence on its properties [18]. The thermal
properties of kraft lignin, alcoholysis lignin, and dioxane lignin have been investigated
by a number of researchers. However, the chemical structures of these lignins differ
markedly from those of in situ lignin, and therefore, they cannot be used to directly
demonstrate the properties of in situ biomass lignin. The thermal stability of hardwood
and softwood MWL was analyzed by Wang et al. [19], and their results showed that the
thermal stability of softwood MWL was higher than that of hardwood MWL. However, the
thermal conductivity and heat capacity of MWLs were not reported, as it is a challenge to
obtain sufficient amounts of MWL material for these tests. The thermal properties of lignin
vary among sources and isolation methods, and Jiang et al. [20] demonstrated that thermal
stability and thermal degradation kinetics differed among the four types of lignin. The
thermal stability of CEL was analyzed by Qin Zhao et al. [21], but other thermal properties
of CEL and DEL were not reported. The yield of DEL is higher than that of CEL, and the
chemical structures of both are close to those of in situ lignin; it is therefore possible to
obtain sufficient amounts of DEL to analyze its thermal conductivity, heat capacity, and
thermal degradation properties.

In this study, a high yield of DEL with a chemical structure similar to that of in situ
wood lignin was obtained from both hardwood and softwood via the combining of double
ball-milling with enzymatic hydrolysis of cellulose. We hypothesized that hardwood DEL
would have a different specific heat capacity, thermal conductivity, and thermal stability
than softwood DEL. FTIR and 2D-HSQC experiments were performed to identify lignin
structure. High-accuracy thermal degradation kinetic parameters of DEL were calculated
using the Flynn-Wall-Ozawa (FWO) and Friedman methods with a conversion rate («)
interval of 0.01, and the relationship between the degradation kinetic parameters and
conversion rate was simulated.
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2. Materials and Methods
2.1. Materials

The softwood Chinese fir (Cunninghamia lanceolate (Lamb.) Hook.) was obtained from
Ya’an City, Sichuan Province, China, and the hardwood white birch (Betula platyphylla Suk.)
was purchased from Linyi City, Shandong Province, China. Both Chinese fir and white
birch were 15 years old and were crushed into wood powder with a grinder; wood powder
with a size of 80-100 mesh was screened out for use in subsequent experiments. Cellulose
complex enzyme (Cellic CTec3, Novozymes, Denmark; 100 FPU/mL) and analytical grade
chemicals were used in this study.

2.2. Lignin Isolation

As shown in Figure 1, the process of isolating DEL was modified based on a method
described in the literature [15]. First, wood powder (80-100 mesh) from Chinese fir and
birch was dried at 80 °C for at least 5 h to a constant weight. Then, the dried wood powder
was extracted with a benzene alcohol mixture (benzene/alcohol = 2:1, v/v) at 97 °C for
8 h using a Soxhlet extractor to remove the extractives. After that, the extracted wood
powder was air-dried overnight, followed by vacuum drying for 3 h at 80 °C. The extracted
and dried wood powder was ground in a planetary ball mill at a grinding frequency of
300 rpm for an effective grinding time of 5 h. To prevent the oxidation of raw materials
during ball milling, the ball mill was set to mill for 10 min and pause for 10 min. The
first ball-milled wood powder samples were mixed with acetic acid buffer (pH = 4.8) at
a solid-to-solution ratio of 1:20 (g/mL) to obtain a uniform solution, and liquid cellulose
complex enzyme (Cellic CTec3, 100 FPU/mL) was added to form a mixed solution with
a solid-to-solution ratio of 2:1 (g/mL). The mixed solution was transferred to a conical
flask and placed in a shaker at 50 °C to react for 48 h. After the enzymatic hydrolysis was
complete, the flask containing the mixed solution was immersed in boiling water for 10 min
to inactivate the cellulose complex enzyme, then cooled to room temperature. After cooling,
the sample residue was phase-separated with deactivated cellulose complex enzyme, the
upper deactivated enzyme was removed, and the sample residue was washed with a
large amount of distilled water, centrifuged, and freeze-dried. The enzymolysis residue
after lyophilization was ball milled again, and the enzymatic hydrolysis steps above were
repeated, with the effective ball milling time changed to 4 h. Finally, double enzymatic
lignin was obtained after another round of lyophilization.

Dried wood powder (80-100 mesh)

Soxhlet extraction with
benzene/ethanol (2:1 v/v) for 8 h

Extractive-free wood powder

Milled by planetary ball milled
for 5 h, 300 rpm

Ball-milled wood powder

Hydrolyzed by enzyme at 50 °C for 48 h,
enzyme inactivation, freeze dried

l l

Enzyme residue Wood residue
Milled for 2 h, 300 rpm, hydrolyzed by
enzyme at 50 °C for 48 h once again,
enzyme inactivation, freeze dried

Double enzymatic lignin (DEL)

Figure 1. Isolation process of DEL from Chinese fir and birch.
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2.3. Fourier-Transform Infrared Spectroscopy

The chemical structure of DEL was analyzed using Fourier transform infrared spec-
troscopy (FTIR). The infrared spectra of lignin were obtained using the potassium bromide
tablet method. The spectra in the range of 4004000 cm ™! were scanned with a resolution
of 4 cm~1, and each spectrum was scanned 36 times using a Nicolet iS20 FTIR spectrometer
(Thermo Fisher Scientific Corporation, Waltham, MA, USA).

2.4. Quantitative 2D-Heteronuclear Single Quantum Coherence (2D-HSQC) NMR Spectroscopy

Approximately 50 mg DEL was dissolved in 0.5 mL DMSO-dé6 (99.8% D), and 2D-
HSQC experiments were performed using the Bruker standard pulse program [16,22].
The spectral widths of the 'H- and '3C-dimensions were 5000 and 20,000 Hz, respectively.
The number of complex points collected was 1024 for the IH dimension, with a loop
latency of 1.5 s. The number of transients was 64 recording 256-time increments in the 1*C
dimension. Before the Fourier transform, the data matrix was filled to zero at 1024 points
in the 13C dimension.

2.5. Heat Flow and Specific Heat Capacity Test

Following the international standard ISO 11357-2:2013 and ASTM E1269-11, the heat
flow and specific heat capacity of the DEL samples were measured under a nitrogen
atmosphere using differential scanning calorimetry (TA Q2000, New Castle, DE, USA). The
DEL was pressed into a bulk solid with a length and width of 3 mm, and a thickness of
2 mm under 30 MPa for 15 min before the test. The samples were heated from —20 °C
to 220 °C at a heating rate of 20 °C/min, and the experiment was repeated at least twice,
with consistent results. The value of specific heat capacity in the temperature range of
20—120 °C was fitted using linear equations.

2.6. Thermal Conductivity Test

Following the international standard ISO 22007-2, the thermal conductivities of DEL
were measured at 20, 40, 60, 80, 100, and 120 °C with a hot disk meter (TPS 2500S, Gothen-
burg, Sweden). The thermal conductivities of the samples were measured directly by hot
disk according to the transient plane heat source method. During the test, the sample was
protected by nitrogen gas. The DEL was pressed into a solid disk with a diameter of 13 mm,
a thickness of 3 mm, and a density of 1.31 g/cm® under 30 MPa. The value of the thermal
conductivity in the temperature range of 20-120 °C was fitted using linear equations.

2.7. Thermogravimetric Test

The thermal stabilities of DEL were studied using thermogravimetric analysis (TA
Q600, New Castle, DE, USA) in a nitrogen atmosphere. The samples (~7 mg) were heated
from room temperature to 750 °C at a heating rate of 20 °C/min. The weight loss below
100 °C was set to zero mass loss to eliminate the influence of any moisture when investigat-
ing the thermal stability of the material. Each experiment was performed at least twice to
ensure the repeatability and accuracy of the experiment.

2.8. Calculation and Simulation of Thermal Degradation Kinetic Parameters

The thermal degradation kinetic parameters (activation energy and pre-exponential
factor) of Chinese fir DEL and birch DEL were calculated using the Flynn-Wall-Ozawa [23,24]
and Friedman methods [25]; these two methods were embedded in self-developed software.
This software can calculate the changing values of Ea and In(A) over conversion rate with a
high accuracy and a conversion rate interval of 0.01, and it is freely available online [26].
The optimal kinetic mechanism function (f(«)) of thermal degradation was selected by
comparing the value of the Coats—Redfern integral equation [27] and the Achar-Bridly-
Sharp differential equation [28]. The samples (~7 mg) were heated from room temperature
to 750 °C at heating rates of 5, 10, 15, 20, and 25 °C/min to obtain thermal degradation
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kinetic parameters. The values of Ea and [n(A) were fitted piecewise using linear or
quadratic equations.

3. Results and Discussion
3.1. FTIR Analysis

Lignin has three alcohol monomer precursors: p-coumarol, coniferyl alcohol, and
sinapyl alcohol. These three monomers form structural units in lignin macromolecules
through polymerization: p-hydroxyphenyl (H), guaiac group (G), and syringyl (S), which
are rich in aromatic ring structures, aliphatic and aromatic hydroxyl groups, and quinone
groups and other active groups; these characteristic groups will show clear characteristic
peaks in the infrared spectrum, which can used to characterize lignin. FTIR spectroscopy
is an important tool for structural characterization between hardwood and softwood
lignin samples.

Figure 2 shows the FTIR characteristic peaks of Chinese fir DEL and white birch DEL.
The assignments of the characteristic infrared absorption peaks of Chinese fir and birch
DEL are shown in Table 1. The infrared spectrum of DEL had clear characteristic peaks at
1600-1590 cm~! and 1510-1505 cm ™!, which were attributed to the skeleton vibration of
aromatic rings [29]. The characteristic peaks at 1660-1665 cm ! and 1455-1465 cm ™! were
conjugated carbonyl group and C-H bending vibrations of methyl and methylene groups,
respectively [30]. All these peaks are characteristic peaks of lignin.

— Birch DCL
Fir DEL

1124

®
=
=+
[}

Absorbance

1 1 1 |
4000 3500 3000 2500 2000 1500 1000 500

Wave Number (em™)

Figure 2. FTIR spectra of Chinese fir DEL and birch DEL.

Table 1. Infrared characteristic absorption peaks of Chinese fir and birch DEL.

Wave Number (cm—1) Absorption Peak Assignment

3393, 3418 Hydroxyl (O-H)
2931, 2937 Methyl, Methylene, Methine (C-H)
1715~1710 Non-conjugated carbonyl (C=0), Ester group
1660~1665 Conjugated carbonyl (C=0)
1600~1590 Aromatic ring (skeletal vibration)
1510-1505 Aromatic ring (skeletal vibration)
1455~1465 C-H bending vibrations of methyl and methylene
1420, 1422 Aromatic ring (skeletal vibration)

1327 Lilac Ring (C-O)
1228, 1266 Ring of Guaiac (C-O)

1124 Lilac Ring (C-O)
1029, 1031 Secondary alcohols, Ethers (C-O bending vibrations)

830 Aromatic rings (C-H bending vibrations)
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Compared with Chinese fir DEL, birch DEL showed the typical characteristics of
hardwood lignin, with a strong maximum absorption peak at 1124 cm™ !, which is a
vibrational peak of syringyl units (S) [31]. Chinese fir DEL showed a vibrational peak
associated with guaiacol structural units (G) at 1266 cm ™! [32]. The FTIR results indicate
that Chinese fir DEL, as softwood lignin, contains G units, whereas birch DEL, as hardwood
lignin, contains S units, consistent with previous research [3].

3.2. 2D-HSQC NMR Analysis

2D-HSQC NMR techniques are suitable for analyzing the detailed structural character-
istics, including substructures, of isolated lignin samples [33,34], and Figure 3 shows the
2D-HSQC spectra of Chinese fir DEL and birch DEL. The two-dimensional NMR is divided
into two regions, the side chain region (8¢ /8y 45-90/2.5-5.9 ppm) and the aromatic ring
region/unsaturated region (8¢ /by 100-140/6.0-7.8 ppm) [35]. In the side chain region of
the 2D-HSQC spectra in Figure 3, there are clear methoxy (OMe) groups in both the Chinese
fir DEL and birch DEL. However, substructures such as (3-O-4 aryl ether (A), resinol (B),
and phenylcoumarin (C) were more abundant in hardwood birch DEL, consistent with
previous research [36].

ppm ppm
OMe
' =60 - 60
(=3
%ﬂ F70 A e @ =70
By
80 - 80
oAB(G)
C B.©
T AB(S)
=90 =90
T T T T T T | T T | T T
55 50 45 40 35 3.0 55 50 45 40 35 3.0
105 $26 105
G2 110 G 110
G5 oD F115 G5 D F115
G6 < =
2 L 120 Go (== 120
Has 125 M 125
- 130 - ~130
Fir DEL Birch DEL
I \ T T 135 T T T T 135
7.5 7.0 6.5 6.0 ppm 7.5 7.0 6.5 6.0 ppm

Figure 3. 2D-HSQC spectra of Chinese fir DEL and birch DEL.

In the aromatic ring region in Figure 3, Chinese fir DEL is mainly a guaiacol-based
structure (G), whereas birch DEL is a syringyl-based (S) and guaiacol-based (G) structure.
This result is consistent with the FTIR results above, and aligns with the conclusion of
Kathahira et al. that softwood lignin is composed mainly of G units and hardwood lignin
is composed mainly of G and S units [3]. This result also shows that DEL can be isolated
from both softwood and hardwood via combining double ball-milling with the enzymatic
hydrolysis of cellulose. Wang et al. [16] concluded that DEL shows the typical spectrum
of natural lignin, with very little structural damage relative to in situ biomass lignin, and
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0.0
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it can therefore be used to represent in situ lignin. In this study, the yield of Chinese fir
DEL was 106.4 £ 2% and that of birch DEL was 108.3 & 2%, and these yields are similar to
previous studies [16]. Following the delignification method in Chinese national standard
GBT 35818-2018, and the sugar contents of Chinese fir DEL and birch DEL were measured
as 2.1 + 3% and 1.7 & 3%, respectively, indicating that the isolated DEL contained a very
small amount of residual cellulose and hemicellulose, and that this had little effect on the
DEL thermal properties.

3.3. Glass Transition Temperature and Heat Capacity Analysis

Figure 4a,b show the heat flow of DEL. The glass transition temperatures (Tg) of
Chinese fir DEL and birch DEL were 137.2 °C and 132.5 °C, respectively. The Tg of lignin
depends on the sample source, isolation method, molecular weight, molecular weight
distribution, thermal history, and other factors. The T of Chinese fir DEL was higher than
that of birch DEL, mainly resulting from differences in their chemical structural units. An
endothermic peak appeared below 100 °C in Figure 4a,b, corresponding to the removal of
moisture [37]. The Ty of kraft lignin has been reported to be in the range of 100-130 °C [38];
that of commercial alkali lignin was 158 °C, organosolv lignin was 144 °C [39], and lignin
sulfate was ~135 °C [40]. These obvious differences in lignin Ty value show that lignin Ty
varies with the isolation method and material source, indicating that the thermal properties
of kraft lignin, alkali lignin, and organosolv lignin cannot be used to describe the thermal
properties of WML, DEL, or in situ wood lignin. The advantage of preparing DEL is that
sufficient lignin materials that represent in situ wood lignin are easy to obtain, enabling an
investigation of its thermal properties.

(a) 0o (b)
Fir DEL T Birch DEL
o
= 05k
z
=
=
=
= -0}
-
15}
1 1 1 1 1 1 1 1 1 1 1 _20 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-40 -20 0 20 40 60 80 100 120 140 160 180 200 220 -40 -20 0 20 40 60 80 100 120 140 180 180 200 220
Temprature (°C) Temprature (°C)
2800 F  ——Fir DEL (c)
—— Birch DEL

_ 2600 = = -Linear fit of fir DEL 7

2 - = - Linear fit of birch DEL

to 2400 |

<

= 2200

:.

& 2000

&

]

“
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=

1600

1400
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Figure 4. (a) Heat flow of Chinese fir; (b) Heat flow of birch DEL; (c) Specific heat capacities of
Chinese fir DEL and birch DEL.
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Figure 4c shows the specific heat capacities (Cp) of Chinese fir DEL and birch DEL.
The specific heat capacity of DEL increases almost linearly with temperature. The specific
heat capacity of birch DEL is higher than that of Chinese fir DEL, which may be related to
their different types of structural units. In the range of 20-120 °C, the specific heat capacity
can be well fitted with linear equations as follows:

Chinese fir DEL:
Cp =13.09 (T +273.15) — 2536.4

R%=0.99 @
Birch DEL:
Cp =11.98 (T +273.15) — 2043.7
R% =0.99 2)

where C, is the specific heat capacity (J/(kg-K)) and T is the temperature (°C). Figure 4c
shows that a linear equation described the relationship between DEL specific heat capacity
and temperature well. At room temperature (20 °C), the specific heat capacities of Chinese
fir DEL and birch DEL in this study were 1301 J/(kg-K) and 1468 J/(kg-K), respectively.
The specific heat capacity of sulfuric lignin was reported to be 1542 J / (kg-K) at 25 °C [40],
and that of dioxane lignin was reported to be 1342 J/(kg-K) at 52.9 °C [41]. These results
show that the material source and isolation method have clear effects on specific heat
capacity. Qi et al. [17] measured the specific heat capacities of cellulose and hemicellulose
isolated from the same type of birch used in this study. The C,, values were 1209 J/ (kg-K)
for cellulose and 1305 ]/ (kg-K) for hemicellulose, suggesting that wood lignin may have
a larger specific heat capacity than wood cellulose and hemicellulose. This speculation
should be further verified via a comparison of the C, of chemical components in wood
from various species.

3.4. Thermal Conductivity Analysis

Figure 5 describes the thermal conductivity (A) of Chinese fir DEL and birch DEL. In
general, the thermal conductivity of lignin increases with temperature. It is difficult to test
the thermal conductivity of DEL above 120 °C, as it becomes soft and cracks easily above
the glass transition temperature. The thermal conductivity above 120 °C was therefore not
investigated here. The thermal conductivity of birch DEL was slightly higher than that of
Chinese fir DEL, with a discrepancy within 7%. In the temperature range of 20-120 °C, the
thermal conductivity can be well fitted with linear equations as follows:

Chinese fir lignin:

A =0.0003T + 0.285 3)
R?=0.88

Birch lignin:
A =0.0004T + 0.292 @)
R*=0.96

where A is the thermal conductivity (W/(m-K)) and T is the temperature (°C). The ther-
mal conductivities of Chinese fir DEL and birch DEL at 20 °C were 0.29 W/(m-K) and
0.30 W/ (m-K), respectively, and the thermal conductivities of these two DELs were there-
fore very close. The average thermal conductivity of Chinese fir DEL in the range of
20-120 °C was 0.30 W/(m-K) with a coefficient of variance (COV) of 3.7%; these values
were 0.32 W/(m-K) and 4.6% for birch DEL. The thermal conductivity of lignin is rarely
reported in the literature. Qi et al. [17] reported the thermal conductivities of birch cel-
lulose and hemicellulose at 20 °C to be 0.24 W/(m-K) and 0.38 W/(m-K), respectively.
Therefore, the thermal conductivity of lignin measured here fell between that of cellulose
and hemicellulose.
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Figure 5. Thermal conductivities of Chinese fir DEL and birch DEL.

3.5. Thermal Stability Analysis

Figure 6 compares the thermal stabilities of Chinese fir DEL and birch DEL at a heating
rate of 20 °C/min (Figure 6a) and at 750 °C for 30 min (Figure 6b). Chinese fir DEL had a
derivative thermogravimetry (DTG) maximum peak at 332 °C, with a small shoulder peak
at 435 °C, and birch DEL had a DTG maximum peak at 331 °C, with a small shoulder peak
at 425 °C. The thermal degradation peak temperature was much lower than the reported
DTG peak for kraft lignin at 380 °C [38]. It is reported in the literature that MWL achieves a
maximum weight loss rate at 365 °C and it has a shoulder peak at 433 °C [42], and therefore,
DEL has a lower DTG peak temperature than kraft lignin and MWL. The DEL began to
thermally degrade at approximately 150 °C, with a very small amount (0.7%) of degradation
below 200 °C, and dehydration, demethoxylation, demethylation, and decarboxylation
reactions occur between the terminal groups and the branches during this stage. In the
following active pyrolysis stage at 200-450 °C, the most important, poorly thermally stable
[3-O-4 linkage was broken, and C-C bonds and C-O bonds were further broken at a higher
temperature. Above 450 °C, the material mainly exhibited a slow decomposition and
carbonization of DEL primary products and residues [11].

(@ Fir DEL 709 100 | (b) Fir DEL
Al Birch DEL - - - Birch DEL
-105
ey 80 -
O
404 2
~ -
Joz = & eof
B 3
t B
o2 2
g 4}
=
<401
20}
v 5 -4 0.0
1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 0 5 10 15 20 25 30 35 40
Temperature (°C) Time (min)

Figure 6. (a) Weight losses of Chinese fir DEL and birch DEL at a heating rate of 20 °C/min; (b) Weight
losses of Chinese fir DEL and birch DEL at 750 °C for 30 min. (The left arrow indicates the Y axis of
the curve is on the left side, and the right arrow indicates the Y axis of the curve is on the right side).
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After heating at 750 °C for 30 min, the carbon residues of Chinese fir DEL and birch
DEL were 30.8% and 24.5%, respectively. Both Figure 6a,b show that Chinese fir DEL had
better thermal stability than birch DEL, especially at high temperatures. This may be due
to the different molecular structural units of softwood and hardwood lignin. The carbon
residues of commercial alkali lignin and organic solvent lignin were reported to be 52%

and 36%, respectively [39], and therefore, DEL had a much lower amount of carbon residue
than these lignins.

3.6. Thermal Degradation Kinetics

Thermogravimetric analysis (TG) and DTG curves of Chinese fir DEL and birch DEL
at different heating rates were measured and are shown in Figure 7a,b. All TG and DTG
curves shifted to the right with an increase in heating rate, because at a higher heating rate,
the heat transfer from the sample surface to the core requires more time. This phenomenon
is described as the temperature lag phenomenon.
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Figure 7. (a) TG and DTG curves of Chinese fir DEL at heating rates of 5, 10, 15, 20, and 25 °C/min;
(b) TG and DTG curves of birch DEL at heating rates of 5, 10, 15, 20, and 25 °C/min.

The Ea and In(A) of Chinese fir DEL and birch DEL were calculated using our own
in-house software with a conversion rate interval of 0.01, which improved the calculation
accuracy and efficiency, as shown in Figure 8. The activation energy and pre-exponential
factor calculated using the FWO method were similar to but different from those measured
using the Friedman method. The results of the FWO method were much smoother than
those of the Friedman method, especially at a low conversion rate. The FWO method
is an integral method that calculates the activation energy without knowing the kinetic
mechanism function. By contrast, the Friedman method is a different method, and f(«)
must first be set in order to obtain Ea. At the same time, the data approximation also causes
the results to be unstable and fluctuate greatly [17]. Therefore, we used only the FWO
method to fit Ea and In(A) for further analysis and simulation.

Based on the changing trend of activation energy and the pre-exponential factor, the
conversion rates of Chinese fir lignin and birch lignin were divided into three stages:
0.02-0.15, 0.16-0.45, and 0.46-0.60. Conversion rates above 0.6 correspond to sample
temperatures above 350 °C, far above general application temperatures, and the thermal
degradation kinetic parameters at conversion rates above 0.6 were therefore not investigated
in this study. Figure 8a,b show the Ea and [n(A) results for Chinese fir DEL and birch
DEL. Both Ea and In(A) first decreased with increasing conversion rate and then slightly
increased above a conversion rate of 0.45. An inflection point appeared at a conversion
rate of approximately 0.45, indicating that the thermal degradation of small molecular
weight components in Chinese fir DEL was completed at this point. In the conversion rate
range of 0.02-0.60, the Ea values of Chinese fir DEL and birch DEL were in the range of
134-150 and 90-148 kJ/mol, with averages of 141.3 and 112.7 kJ /mol, respectively, and
the In(A) values were in the range of 26-34 and 17-33 min !, with averages of 29.0 and
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22.9 min~!. Table 2 lists the average Ea and In(A) values in the conversion rate range
of 0.02-0.15, 0.16-0.45, and 0.45-0.60. Both Ea and In(A) values of Chinese fir DEL were
higher than those of birch DEL. Activation energies have been reported to be 128 kJ/mol
for alkaline lignin [43], 144.2 k] /mol for hardwood organosolv lignin, 151.1 kJ/mol for
hardwood klason lignin [44], and 148.7 kJ/mol for lauan WML [42]. [n(A) has been
reported to be 25.68 min~! for hardwood organosolv lignin, and 26.80 min~! for hardwood
klason lignin [44]. These obvious disparities in Ea and In(A) among lignin types indicate
that these properties are affected by lignin isolation methods and materials sources. In
addition, hardwood lignin has different thermal degradation kinetic parameters than
softwood lignin.

70
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Figure 8. Activation energy and natural logarithm pre-exponential factor of (a) Chinese fir DEL and
(b) birch DEL. (The left arrow indicates the Y axis of the curve is on the left side, and the right arrow
indicates the Y axis of the curve is on the right side).
Table 2. Kinetic parameters of thermal degradation of fir DEL and birch DEL at different conversion rates.
Conversation Rates
Sample Parameters
0.02 0.02-0.30 0.31-0.45 0.46-0.60 0.02-0.60
f(@) (1—a)? 1—ua (1—a)?
E, average 150.0 147.5 135.8 140.1 141.2
Chinese fir E, fitting —39.7a + 150.9 239.6a% — 200.3a + 176.9 103.1a + 86.3 127.1a% — 95.1a + 154.9
lienin equation R% =091 R?=0.74 R% =091 R2=0.78
& In(A) average 34.1 32.3 27.1 26.97 29.0
In(A) fitting —19.5a + 34.0 —10.5a + 31.1 12.9a + 20.2 —12.3a + 32.7
equation R2=098 R2 =091 R2=083 R2=0.83
fa) (1—a)?
E, average 148.4 133.4 106.5 105.32 112.7
E, fitting —163.0a + 147.5 —148.7a + 156.6 / 258.7a% — 224.2a + 149.75
Birch lignin equation R%=0.96 R?=093 R?=0.84
In(A) average 33.2 28.6 214 20.4 229
In(A) fitting —43.2a + 324 —33.8a +32.7 / 64.9a> — 58.6a + 33.0
equation R%=0.96 R?=0.94 R?=0.90

It should be noted that both Ea and In(A) change with conversion rate, as the material
is transformed by lignin dehydration, demethoxylation, demethylation, and decarboxy-
lation reactions during the thermal degradation process. Therefore, a fixed Ea and In(A)
throughout the entire thermal degradation process oversimplifies the actual facts. Linear
or quadratic equations can accurately reflect the changing trends in DEL activation energy
and pre-exponential factor, and Table 1 list the simulation results. Quadratic equations
were used to simulate the relationships of Ea and In(A), with a conversion rate («) in the «
range of 0.02-0.60 as follows:
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Chinese fir lignin:

Ea=127.1a% — 95.1a + 154.9 5)
R%Z=0.78

In(A) = —12.3a + 32.7
R?=0.83 ©)

Birch lignin:
Ea =258.7a2 — 22420 + 149.8 %
R% =0.80

In(A) = 64.90% — 58.6a + 33.0 ®)
R2=0.90

For the mechanism function, a second-order reaction function produced the best fit
for the thermal degradation of DEL to obtain the minimum numerical difference between
the Coats—Redfern integral equation and the Achar-Bridly-Sharp differential equation. Its
expression is as follows:

f@)=(1 - a)? ©)

4. Conclusions

High yields of double enzymatic lignin were successfully isolated from the softwood
Chinese fir and the hardwood white birch using a combination of double ball-milling with
the enzymatic hydrolysis of cellulose. Chinese fir DEL is mainly composed of G structural
units, different from the G and S units of birch DEL. Chinese fir DEL differed from birch EDL
in specific heat capacity, thermal conductivity, thermal stability, and thermal degradation
kinetic parameters, and these thermal properties of the DELs clearly differed from those of
kraft lignin, alkaline lignin, and organosolv lignin. The glass transition temperatures of
Chinese fir DEL and birch DEL were 137.2 °C and 132.5 °C, respectively. The specific heat
capacities and thermal conductivities of Chinese fir DEL and birch DEL displayed linear
relationships with temperature over the 20-120 °C range, and prediction equations were
fitted. Chinese fir DEL had a better thermal stability and a higher number of carbon residues
than birch DEL. The activation energies and pre-exponential factors of both Chinese fir
DEL and birch DEL changed with conversion rate, and their prediction equations were
fitted. In the future, the mechanical properties of DEL should be investigated to expand its
use in the multi-scale modeling of biomass and biomass-based composites.
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