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Abstract The thermo-oxidative stability of acetic acid
lignin-containing polyurethane (LPU) that contains cross-
linking agents, such as l-aminopropyltriethoxy-silane
(APTS) and/or trimethylolpropane (TMP) was investigated
based on the thermogravimetric analysis (TGA) method,
their kinetic parameters in the thermo-oxidative process
was determined. FT-IR certified the occurrence of inter-
action between lignin and polyurethane (PU). It was found
that continuous membrane can be formed when lignin
concentration was 43.3%, but rupture took place when it
increased to 50%. When the degradation was performed in
nitrogen, TG and dynamic differential thermogravimetry
(DTG) results demonstrated that the PU underwent three
stages of degradation while the LPU involved one main
degradation stage with a shoulder, and the degradation
stability increased with the increase in the lignin concen-
tration and PEG length. It was also found that the addition
of a cross-linking agent is beneficial to the improvement of
thermal stability and, in particular, APTS gave the best
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thermal stability for the LPU produced, among the cross-
linking agents tested. Furthermore, LPU exhibited multi-
stage degradation process in air and displayed higher
thermo-oxidative stability than PU. At the same time, the
kinetic study showed that LPU modified with APTS
exhibited higher activation energy than LPU modified with
TMP. And the maximum activation energy was found for
the sample modified with the simultaneous addition of
APTS and TMP.

Keywords Acetic acid lignin - Polyurethane - Thermal
degradation - Thermo-oxidative stability - Kinetics

Introduction

Lignin, as a nontoxic, low-cost, and renewable resource,
has been considered as substitute for some petrochemical
products to deal with petroleum resources crisis and envi-
ronment pollution caused by non-biodegradable polymers
[1, 2]. For instance, lignin as part of the starting material,
has been studied to produce different polymers, such as
polyurethane (PU) [3-5], phenol-formaldehyde resin [6, 7],
polyester [8, 9]. It can also be used for blending with
poly(ethylene oxide) [10], polyolefin [11, 12], polyester
[13], and starch [14] and soy protein [15] to improve the
strength, water resistance, thermal stability of the products.
At present, the heat deformability/stability and compati-
bility with other components represent the major obstacles
for the lignin-based polymer materials [2].

To minimize the use of chlorine- and sulfur-based
chemicals in pulping and bleaching process, alternative
pulping processes received much attention [16]. Organo-
solv methods are recognized as viable sulfur-free alterna-
tives for traditional pulping techniques [17]. And lignin
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produced from the so-called organic solvent pulping pro-
cesses, is known to have better properties to be used as a
potential raw material for polymers [18]. Mixture of eth-
anol/water [19, 20], in particular, a 60% ethanol solution
[21], can be used to dissolve lignin in woody biomass, for
example, mixed hardwood. Acetic acid and formic acid
[22-24] are also effective organic solvents for lignin dis-
solution. In this investigation, we used acetic acid lignin
(AL).

For PU, lignin and its derivatives can alternatively act as
soft and hard-segment depending on its physical and
chemical properties. To reduce the rigidity and brittleness,
flexible diisocyanates and linear soft-segments such as
polyethylene glycol (PEG) with different molecular
weights were used [25, 26]. It was found that a low loading
level of lignin could simultaneously enhance strength and
elongation. However, a high lignin loading led to decrease
in the toughness and other strength properties [27].

Chemical modifications such as esterification and
etherification with alkylene oxides (especially ethylene
oxide) have also been carried out on lignin to overcome the
technical limitations and constraints imposed by lignin
when directly used [5, 28]. The modified lignin can have
similar functional characteristics (e.g. the hydroxyl group
content) similar to conventional polyols used in PU syn-
thesis. However, this type of modification increased the
complexity of the process, thus, the production cost.

Cross-linking, from both physical and chemical mech-
anisms, can significantly affect the morphologies and
properties of PU [29, 30]. The physical cross-linking may
be due to the formation of hydrogen bonding and hard
domain formation. The chemical cross-linking can be
introduced into the system in many ways, such as using
triol, higher functional polyol, having the isocyanate-to-
hydroxy (NCO/OH) ratio greater than 1. In this paper, we
studied to use cross-linking agents, including trimethylol-
propane (TMP) and 1-aminopropyltriethoxy silane (APTS),
in the synthesis of lignin-based polyurethane to enhance
the properties of PU membranes, and therefore enlarge its
application in plastics. TMP is a tri-functional alcohol and
often used as self-cross-linking agent in the preparation of
PU [31]. APTS has been utilized widely in many fields,
such as the surface treatment, paints, coatings, and adhe-
sives. And it is often employed to encapsulate silica in the
preparation of hybrid PU nanocomposites [32, 33]. The use
of a silane coupling agent for the preparation of lignin-
based polyurethane (LPU) may be expected to provide
improved thermal stability, elongation, and flexibility to
the PU.

The objective of this work was to systematically eval-
uate the thermal behavior and thermo-oxidative stability of
lignin-based polyurethane, and their kinetics. The thermal
degradation of PU membranes is of great importance in
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developing rational processing technologies and deter-
mining the end-user properties [34]. Furthermore, thermal
properties are also a major factor to design bio-based
material, which would have similar functions to those
prepared from petroleum-based products [35].

Experimental
Reagent

The following reagents were used without further purifi-
cation: methylene diphenyl diisocyanate (MDI), polyeth-
ylene glycol (PEG), l-aminopropyltriethoxy-silane
(APTS), trimethylolpropane (TMP), N, N-dimethylacet-
amide (DMAc); acetic acid, HCI, dioxane, diethyl ether, all
of which were from Aldrich Chemicals; acetic acid lignin
(AL) was prepared in our laboratory.

Preparation of acetic acid lignin (AL)

Spruce wood chips were submitted to a treatment with 90%
acetic-acid solutions (500 mL) catalyzed by small amount
(0.6%) of HCIl (8.3 g). Experiments were performed at
boiling temperature using a liquor/wood ratio equal to 5 g/
g for 3 h. Subsequently they were cooled to room
temperature.

The spent liquor obtained by filtration was concentrated
through rotary vacuum evaporator at 60 °C, and approxi-
mately 100 mL concentrated sample was obtained, there-
after, 900 mL deionized water was added to precipitate the
dissolved lignin. After 24 h, brown lignin was obtained by
filtration.

Purification of AL

A mixture of dioxane and water with 9:1 volume ratio was
employed to dissolve the lignin (about 15 mL solvent was
used). Subsequently, centrifugal separation was performed
to remove impurities.

Then lignin solution was added dropwise into 10-fold
diethyl ether, centrifugal separation was performed again.
Finally, the precipitate (lignin sample) was dried on P,O5
under vacuum condition for 5 days.

Preparation of lignin-containing polyurethane (LPU)

Acetic acid lignin (AL), TMP, and PEG with different
molecular weights were dissolved in DMAc. MDI was
added. The mixture was kept stirring in a water bath at
60 °C for 2 h. Then the temperature was increased to
70 °C. After 1.5 h, different dosages of APTS were added
and the reaction was continued for another 0.5 h. The
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Table 1 Composition of lignin-containing polyurethanes

Sample Molecular n(NCO)/ Lignin/%* APTS/%® TMP/%"

weight of n(OH)

PEG
PU 1,000 1.7:1 0 0 0
LPUI1 1,000 1.7:1 43.3 0 0
LPU2 1,000 1.7:1 50.0 0 0
LPUP1 200 1.7:1 433 0 0
LPUP2 600 1.7:1 43.3 0 0
LPUP3 1,000 1.7:1 433 0 0
LPUP4 1,500 1.7:1 433 0 0
LPUP3-S1 1,000 1.7:1 433 1 0
LPUP3-S2 1,000 1.7:1 433 3 0
LPUP3-S3 1,000 1.7:1 433 4 0
LPUP3-S4 1,000 1.7:1 43.3 5 0
LPUP3-T1 1,000 1.7:1 43.3 0 1
LPUP3-T2 1,000 1.7:1 433 0 2
LPUP3-T3 1,000 1.7:1 433 0 3
LPUP3-T4 1,000 1.7:1 43.3 0 5
LPUP3-ST 1,000 1.7:1 43.3 2 1

* With respect to PEG
" With respect to total monomer mass

experimental conditions for preparing the LPU are given in
Table 1. Lower NCO/OH ratio at 1.7:1 was employed in
this research, since for LPU, the main shortcoming is its
brittleness, and the flexibility of PU membranes can
increase to some extent with the decrease of NCO/OH
ratio.

Preparation of PU membranes

After the polymerization, the solution was immediately
poured onto a PTFE plate, which was allowed to dry at
room temperature for 2 days and then at 100 °C for 6 h.
After de-molding, the film was submitted to vacuum drying
over phosphorous pentoxide for 5 days.

Fourier transform infrared (FT-IR) analysis

Fourier transform infrared (FT-IR) spectra of all samples
were recorded on a PerkinElmer Spectrum 100 FT-IR
Spectrometer in the range of 4000-500 cm ™.

Thermogravimetric (TG) analysis

The thermogravimetric (TG) experiments were performed
in a TA Q500 Thermogravimetry (TG) analyzer. Mem-
brane samples of about 10 mg was placed in a platinum
sample pan and heated from 30 to 650 °C under N, or air at

a flow rate of 100 mL min~'. In the case of the

dynamic method, different heating profiles (5, 10, 20, and
40 °C min~") were investigated.

Kinetic analysis

In the degradation kinetics study, the corresponding kinetic
parameters were determined based on the Friedman [36]
and Flynn—Wall-Ozawa methods [37]. It was assumed that
do/dt has a linear relationship with & and f{«) in the adia-
batic condition:

do
T =k (1)
where do/d¢ is the degradation rate, o is the conversion
degree, kis the Arrhenius rate constant, f{«) is independent on
temperature, but dependent on the degradation mechanism,
which can be described by the following equation:

f@)= (-’ @)

According to the Arrhenius equation, k can be described
as follows:

k = Aexp (_ %) 3)

where A is the preexponential factor, E is the activation
energy, R is the universal gas constant, 7 is the
temperature.

Equation 4 can be obtained when Eqs. 2 and 3 were
substituted into Eq. 1

%:A(l —oc)"exp(—RET> 4)

If assuming that a TG-DTG curve was measured at a
constant heating rate, § = d7/dt, Eq. 4 could be rewritten
as

T=g0-aree(-1) 5)

Flynn—Wall-Ozawa Method

The Flynn—Wall-Ozawa method [37] is an integral method
for determining the activation energies without any
assumption on the reaction order.

Upon integration and the Doyle’s approximation, Eq. 5
can be expressed as
log F(a) =1 AE 1 2.315 04567E 6
og F() = log E—Ogﬁ—~ — Y. RT (6)

The activation energies, E, can be obtained from a plot
of logarithms of heating rates, log f3, as a function of the
reciprocal of temperature, 7.
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Friedman method

The Friedman method is the most general technique used
for determining the activation energy of degradation [36].
This method is independent of the heating rate, taking
logarithm on both sides of Eq. 4

do E
In|— | =InA In(1 —a) —— 7
n<dt> nA+nln(l — a) RT (7)
According to Eq. 7, InA and n In(1 — «) are constants if
the conversion degree (o) is constant. And a plot of In(do/
dr) versus 7~' would result in a straight line with its slope
equal to —E/R.

Results and discussion
Structure characterization

The structure of lignin, PU, and LPU1 was checked by FT-
IR analysis. As shown in Fig. 1, several features indicated
the occurrence of interaction between lignin and PU. (1)
The reduction of the 3493 cm™' free NH band in PU
simultaneously with the appearance of wide band at
3309 cm™' in LPU1 typical for bonded NH, which is
merged with the 3443 cm™! lignin —OH band; (2) The band
of free —C=0 at 1726 cm™ " in PU disappeared, while band
of hydrogen-bonded -C=0 at 1705 cm™' was observed,
which can be attributed to the formation of hydrogen bond
between polar groups in lignin and urethane.

Effect of lignin

Figure 2 shows TG and DTG curves of AL, PU, and LPU.
The decomposition temperatures at various mass loss per-
centages and the char residues are summarized in Table 2.
It can be observed that lignin is decomposed in two stages,
peaking at around 178.3 °C and 368.2 °C, respectively.

Lignin
R PU
@
(&)
C
8
€ LPUA
[2]
c
o
l_

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 1 FT-IR spectra of lignin, PU, and LPU1
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The first stage (100.1-240.5 °C, peak at 178.3 °C) is
related to the breaking of a- and f-aryl-alkyl-ether link-
ages, dehydration and decarboxylation reactions; while the
second stage (245.2-470.4 °C, peak at 368.2 °C) is due to
the cleavage of carbon—carbon linkages in the lignin
structure [38].

It can be also observed that PU decomposes in three
distinct stages. The first stage (242.5-364.7 °C, peak at
300.9 °C) can be ascribed to the breaking of urethane
bonds. The second stage (364.3—460.6 °C, peak at
357.6 °C), which is rapid in the mass loss is due to PEG.
The third stage (460.0-650.2 °C), is because of unzipping
of the molecular chain [1, 39].

For the LPU, it was reported that the decomposition
process of LPU films was similar to that of PU. LPU
decomposes in two stages, peaking at around 290.0 and
350.0 °C, respectively. The first stage is related to breaking
of the urethane group formed between isocyanate and
phenolic hydroxyl groups of lignin, whereas the second
stage is due to PEG [38-40]. While for the lignin-con-
taining polyurethane (LPU1) in our research, the two stages
became so close that one was a shoulder for the other,
resulting in one main integral peak at 386.7 °C with a
shoulder around 321.2 °C. These results indicate that the
increase in the lignin concentration improved the LPU
thermal stability. Such behavior could be explained by

DTG

N o

DTG/% min~"
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f
\
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[ | - ign
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=\ LPU1

"— L \—'—7 LPU2

600 500 400 300 200 100
Temperature/°C

PU

600 500 400 300 200 100
Temperature/°C

Fig. 2 TG and DTG curves of lignin, PU and LPU under nitrogen at
10 °C min™'

Table 2 Results from TG, DTG analysis of lignin, PU, and LPU

Sample TG/°C DTG Residue/
ID %

Doy Doz Doz Dos Tmaxl°C
Lignin 184.0 305.7 357.6 460.9 178.3, 368.2 40.39
PU 320.9 357.6 388.9 407.4 300.9, 357.6, 532.7 1.877
LPUI 309.2 339.7 361.0 386.3 386.7 22.88
LPU2 332.8 363.0 381.7 402.9 399.6 29.56

Dy represents the degradation temperature at 10% mass loss. The
number 0.1 represents mass loss, the others are the same

Tmax 18 the temperature at the maximum rate of mass loss
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LPUI LPU2 Table 3 Results from TG, DTG analysis of LPUP

Sample ID TG/°C DTG Residue/%
DO. 1 D0.2 D0.3 DO.S Tmax/oc

Fig. 3 The surface morphology of LPU1 and LPU2 membrane

600 500 400 300 200 100
Temperature/°C

600 500 400 300 200 100
Temperature/°C

Fig. 4 TG and DTG curves of LPUP under nitrogen at 10 °C min~"

taking into account the presence of high active chain
reactions between MDI, PEG, and lignin.

Although the higher lignin concentration (50%) product
(LPU2) exhibited higher thermal stability, the PU film
formed is not in continuous phase, rupture took place as
shown in Fig. 3. While continuous film can be formed
when lignin concentration was 43.3%, which can be
ascribed to the following two sides: on the one hand, lower
NCO/OH ratio was adopted to decrease the stiffness of PU
membrane; on the other hand, PEG with higher molecular
weight was employed to improve the flexibility of PU
membranes. Furthermore, it is also found that the char
residue of LPU increases as lignin concentration increases.

Effect of PEG length

Figure 4 shows TG and DTG curves of LPU prepared by
PEG of different molecular weights. The detailed decom-
position temperatures at various mass loss percentages and
the char residues are summarized in Table 3. It is evident
that the length of soft segment (PEG) plays an important
role, the degradation temperature at 10% mass loss
increases from 221.5 to 315.4 °C when the number average
molecular weight of PEG increases from 200 to 1,000, the
same is true at higher mass losses, too. In addition, the
temperature at which the maximum mass loss occurs is
increased by 50 °C, indicating that a longer PEG is

LPUPI1 221.5 2963 325.8 367.6 201.5,336.8 35.39
LPUP2 309.5 333.6 347.1 371.6 353.5 30.07
LPUP3 309.2 339.7 361.0 386.3 386.7 22.88
LPUP4 3154 3539 3753 395.0 397.3 20.67
— S P
| TG s / DTG
| - / f
! /S ka4 0
i g §‘ _!II| .\\
[ o= 9 AR b N
T/ LPUP3-S1 | Tl! \\\
i =3 LPUP3-S2 [  jrmmm=—=—i .
—/ L]

LPUP3-S4

600 500400 300200 100
Temperature/°C

600 500400 300200 100
Temperature/°C

Fig. 5 TG and DTG curves of LPUP3-S under nitrogen at
10 °C min™"

beneficial for the thermal stability of the resulting polymer.
The longer soft segment favors the phase separation and
enhances the extent of inter-urethane hydrogen bonding
[41].

Furthermore, the peak intensity decreases with the
decrease in the PEG molecular weight, and extends to a
lower temperature with a new broad shoulder appearing at
201.5 °C for LPUPI. The thermal degradation of LPUP4
occurs in a narrow temperature range compared with that
with lower molecular weight soft segment. Thus, it can be
concluded that LPUP with longer PEG has higher thermal
stability due to the fact that its hard segment can be well
protected by a longer PEG chain. Similar explanation was
used to account for such phenomenon [42]. The stage
mainly induced by PEG decomposition degrades faster due
to its higher oxygen concentration.

It is also found that the residue decreased from 35.39%
to 20.67% with the increase in the PEG molecular weight
(as shown in Table 3). This is because the oxygen con-
centration (based on total monomer mass) is increased with
the increase in the PEG molecular weight.

Effect of cross-linking agent

The influence of cross-linking agent (APTS and TMP) on
the thermal stability of LPU was also studied based on the
TG and DTG analyses, as shown in Figs. 5 and 6. The
results are summarized in Table 4. It can be found that the
degradation temperatures increase with the addition of
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APTS, suggesting that APTS can improve the thermal
stability of the resulting polymer, which can be ascribed to
the increased cross-linking degree. On the other hand, it
was reported that the thermal stability is largely determined
by the strength of the covalent bonds between the atoms

‘ ;’ LPUP3-T4 L)

e e e i

600 500400 300 200 100 600 500400 300 200 100
Temperature/°C Temperature/°C

Fig. 6 TG and DTG curves of LPUP3-T under nitrogen at
10 °C min~"

Table 4 Results from TG, DTG data of LPUP3-S and LPUP3-T

forming the polymer molecules. The C—C bond energy is
less than that of C-Si and Si-O bonds [43]. With the
increase in APTS concentration, the rudimental networks
formed by APTS increase, resulting in higher degradation
temperature, too.

However, a slight decrease in the degradation tempera-
ture occurs when the ATPS charge exceeds 4%, and the
lower side decomposition peaks in the temperature range
from 350.1 to 359.5 °C become wider with increasing
APTS concentration. It has been reported that the increased
cross-linking degree can induce two opposite effects on the
properties of PU [29, 30]. On one hand, it will decrease the
size and number of hard-segment domain, resulting in
microphase mixing, thus the formation of a more homo-
geneous network, this would increase the thermal stability.
On the other hand, it can destroy the regularity of the hard
segment, resulting in less optimum stacking of chain seg-
ments, thus a lower thermal stability.

A similar phenomenon was also observed for the lignin-
based polyurethane samples with TMP addition, as shown

Sample ID TG/°C DTG Residue/% . X . | .
in Fig. 5. It is evident that the degradation temperature
Doy Doz Doz Dos  Tma/°C increased to 323.7 °C with a 2% TMP addition, but
LPUP3 3092 3397 361.0 3863 386.7 22.88 decreased to 310.9 °C at a 5% TMP addition.
LPUP3-S1 327.8 3587 378.0 399.8 4004 22.74 Furthermore, the results in Table 4 indicated that APTS,
LPUP3-S2 3281 3581 3787 402.0 4049 22,86 as a cross-linking agent, is more effective in increasing the
LPUP3-S3 3309 3622 3843 4072 4057  30.65 thermal stability of the PU films than TMP.
LPUP3-S4 3254 3543 3763 402.1 4025  24.90 N o N
LPUP3-TI 3188 3506 3712 3940 3936  23.05 Stability under thermo-oxidative conditions
LPUP3-T2 323.7 3564 378.0 401.7 402.6 23.65 . b d di f th dati ¢ th
LPUP3-T3 3191 3523 3726 3956 3966  21.89 P?Jr a stterdm}é“tag S?GO the Ole ;%OHLII;?;ZSSS; t g
LPUP3-T4 3109 3497 3716 3957 3981 2136 procuced, 1L an curves of FL, 5 Al
LPUP3-T3 under nitrogen and air were compared.
Fig. 7 TG and DTG curves of 100 S - — 100 PR SEN—
PU, LPUP3-S2, and LPUP3-T3 R 80 ™\ s || 2 LPUP3.S2-Ar
under nitrogen and air at @ ig ' 2 10
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Table 5 Results from TG, DTG data of PU, LPUP3-S2 and LPUP3-T3

Sample ID TG/°C DTG Residue/%

DO.] D0.2 D0.3 DO.S Tmax/oc

PU-N, 320.9 357.6 388.9 407.4 300.9, 357.6, 532.7 1.877

PU-Air 3233 343.8 362.3 399.7 341.9, 362.4, 409.8, 598.9 0.480

LPUP3-S2-N, 328.1 358.1 378.7 402.0 356.5, 404.9 22.86

LPUP3-S2-Air 3249 371.8 392.5 410.9 329.6, 370.7, 409.8, 533.1 2.568

LPUP3-T3-N, 319.1 352.3 372.6 395.6 396.6 21.89

LPUP3-T3-Air 3225 370.7 389.7 406.7 329.6, 403.7, 570.1 1.365
LPUP3-ST LPUP3-S2 Figure 7 shows the TG and DTG curves of PU, LPUP3-

600500 400300200 100
Temperature/°C

600500 400300200 100
Temperature/°C

LPUP3-T3
e = T

600500 400300200 100
Temperature/°C

Fig. 8 Dynamic DTG curves of LPUP3-ST, LPUP3-S2, and LPUP3-
T3 at different heating rates

S2, and LPUP3-T3 under air and nitrogen, and the sum-
mary results are given in Table 5. It is evident that DTG
curves obtained in air exhibit multistage process, which is
related to the oxidation reactions of the respective soft and
hard segments. The first degradation stage can be attributed
to the initial oxidative attack on the o-carbon atom to the
oxygen, resulting in chain scission [29, 44]. The oxidation
reactions of the hard segment occur in a later stage than
those of soft segment [45]. It is also possible that the last
step during the degradation in air (in the temperature range
between 500 and 600 °C) is due to the decomposition of
the char formed in the earlier steps [46, 47].

The samples heated under air show negligible residues
while those under nitrogen have more residues. These
results can be explained by less chain scissions during the
course of heating under nitrogen.

In addition, the degradation temperatures at 10% mass
loss for PU in nitrogen are slightly lower than those
degraded in air, and an increase in the stability of PU is

Fig. 9 Flynn—Wall-Ozawa LPUP3-ST LPUP3-S2
plots of LPUP3-ST, LPUP3-S2, \ ) N
. 169 » ] L] 160 v a BN "0
and LPUP3-T3 at different \ \\ 002
conversions 141 1410\ N\ 203
o 0 o » o A o AN ©0.6
Q 12t | o 12+
g g
10 o a o . = 10} 8 A A LN \-\
08} 0.8 . \ \
kA‘ a \a ki: IR 4 :} -\\\
0.6 s - 0.6 \ AVEFEN
0.0014 0.0015 0.0016 0.0017 0.0014 0.0015 0.0016 0.0017
1/T 1/T
LPUP3-T3
16 fo, A IR }\\
N\ \ \
141 N\ \
koM % .
o 12} N\ \
=3 \ O\ \
L2 1.0 \Q by - o \m
W\ \
08| \ \ \
oA A o u\
6 \
0.0014 0.0015 0.0016 0.0017
1/T
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observed under nitrogen from 325 °C. However, with
respect to PU modified by lignin, the opposite trend was
observed. In the approximate range from 300 to 550 °C,
LPUP3-S2 and LPUP3-T3 heated under air show less mass
losses than those heated under nitrogen. This was perhaps
due to the predominant crosslinking reactions, as compared
with the chain scission reactions [39, 48]. These results
also indicate that the oxidative degradation is decreased
due to the addition of lignin.

Kinetic analysis

Dynamic differential thermogravimetry (DTG) curves for
the LPUP3-TS, LPUP3-S2, and LPUP3-T3 samples under
nitrogen at various heating rates of 5, 10, 20, 40 °C min~!
are shown in Fig. 8. Their corresponding Flynn—Wall—-

Table 6 Activation energies calculated using the Flynn—Wall-
Ozawa method

Ozawa plots of In(do/df) versus 1/T for constant values of
conversion are shown in Fig. 9. The results on their acti-
vation energy (E,) and correlation coefficient (R) obtained
from the Flynn—Wall-Ozawa method are presented in
Table 6. Figure 10 displays the Friedman plots of LPUP3-
TS, LPUP3-S2, and LPUP3-T3 at different conversions,
with the results summarized in Table 7.

A good linear relationship is established for the Flynn—
Wall-Ozawa plots of the three samples versus 1/T. There-
fore, the degradation reaction of lignin-based PU is a first
order reaction.

On summarizing the data obtained from the Flynn—
Wall-Ozawa method and the Friedman method, it can be
found that the correlation coefficients of the first method
are all greater than 0.98, demonstrating that the Flynn—
Wall-Ozawa method is applicable to the present system.

Table 7 Activation energies calculated using the Friedman method

Sample ID Conversion (o) Sample ID Conversion (o)
0.1 0.2 0.3 0.5 0.6 0.1 0.2 0.3 0.5 0.6
LPUP3-ST LPUP3-ST
E,/KJ mol ™! 160.6 185.8 195.5 197.8 196.6 E,/KJ mol™! 179.5 197.8 205.4 196.2 202.5
R 0.9983  0.9970 0.9954 0.9911 0.9823 R 0.9955 0.9960 0.9925 0.9805 0.9275
LPUP3-S2 LPUP3-S2
E,/KJ mol ™! 124.4 130.0 151.0 189.8 186.4 E,/KJ mol ™! 120.0 159.1 201.4 1914 189.2
R 0.9883  0.9942 09982  0.9962  0.9997 R 0.9966  0.9997 0.9946 0.9986  0.9946
LPUP3-T3 LPUP3-T3
E/KImol™'  118.8 130.0 145.2 159.6 143.2 E/KImol™'  121.6 143.6 155.4 165.8 171.5
R 0.9902  0.9908 0.9933  0.9960  0.9853 R 0.9809 0.9950 0.9972  0.9950  0.9936
Fig. 10 Friedman plots of LPUP3-ST LPUP3-S2
LPUP3-ST, LPUP3-S2, and 40 Y o
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For the Friedman method, the correlation coefficient for
LPUP3-ST at 60% mass is 0.932, while others were greater
than 0.98.

It can be also found that the LPU samples modified with
APTS exhibited higher activation energies than those
modified with TMP. Furthermore, the maximum activation
energy was found for the sample modified with both APTS
and TMP.

Conclusions

The degradation behaviors of PU and LPU were investi-
gated. FT-IR certified the occurrence of interaction between
lignin and PU. The degradation temperature increased with
the increase in the amount of lignin added, and PU mem-
branes of continuous phase can be formed when lignin
concentration was 43.3%, but rupture took place at a 50%
lignin concentration. The addition of PEG increased the
thermal stability of LPUP. The higher the PEG molecular
weight, the higher the PU stability; the degradation tem-
perature at 10% mass loss increased from 221.5 °C to
315.4 °C with the PEG molecular weight increased from
200 to 1,000. The addition of cross-linking agents, APTS,
and TMP to the preparation of PU also increased the thermal
stability of the resulting products, and the maximum sta-
bility was found at 4% APTS and 2% TMP, respectively. A
further increase of these cross-linking agents resulted in a
slight decrease in the thermal stability. Furthermore, LPU
exhibited multistage degradation process under air and dis-
played higher thermal stability than those heated under
nitrogen in the temperature range of 300-550 °C. The
kinetic analyses demonstrated that the Flynn—Wall-Ozawa
method can be applied to the LPU system with a good cor-
relation coefficient. The results also showed that the LPU
samples modified with APTS exhibited higher activation
energy than those modified with TMP. The maximum acti-
vation energy was found for the sample modified with the
simultaneous addition of APTS and TMP.
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