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Butyration of Lignosulfonate with Butyric Anhydride in
the Presence of Choline Chloride
Lifen Li, Yingcheng Hu, and Fangchao Cheng
A novel process was developed for the butyration of lignosulfonate (LS)
with butyric anhydride in the presence of choline chloride at elevated
temperatures. The degree of substitution (DS) was qualitatively and
quantitatively determined by Fourier transform infrared spectroscopy
using the baseline method. It was found that the DS of butyrated LS
products increased from 0 to the range of 0.41 to 2.14 with the addition
of choline chloride, indicating that butyric anhydride-choline chloride is a
novel and highly effective solvent for the butyration of LS. The DS of
butyrated LS was dependent on choline chloride dosage, reaction
temperature, reaction time, and the mass ratio of butyric anhydride to LS.
Characterization results by proton nuclear magnetic resonance
spectroscopy further demonstrated the occurrence of the butyration
reaction. The results of thermogravimetric analysis showed that the
thermal stability of the butyrated LS decreased with increasing degree of
substitution.
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INTRODUCTION
Lignin is one of the most abundant natural polymers on earth, along with cellulose
and chitin (Wang et al. 2013). Annually, over 50 million tons of lignin are produced as a
byproduct of the pulp and paper industry, but only a small amount of lignin is used in
simple applications and energy production (Zakzeski et al. 2010). Development of new
composites based on lignin is one strategy to enhance the use of this abundantly available
byproduct. Such an approach has potential to lower the costs of blended composites and
reduce pollution related to petroleum-based polymer materials. The most straightforward
application is the use of lignin as a copolymer or polymer additive in thermoplastics,
thermosetting matrices, and rubber polymers (Thielemans and Wool 2005). However,
inherent differences in the physical and chemical properties of lignin and polymer
matrices affect their compatibility (Sailaja and Deepthi 2010; Maldhure et al. 2011). For
instance, heterogeneous nucleation of lignin in a polypropylene (PP) and poly(3hydroxybutyrate) matrix was observed in previous work (Canetti et al. 2004; Grunden
and Sung 2004), which could decrease the quality of the blended composites.
Recently, significant effort has been made to enhance the use of lignin in biobased polymers via chemical modifications such as esterification, phenolation,
etherification, urethanization, and others (Laurichesse and Avérous 2014). Esterification
could improve the physiochemical properties of lignin and enhance the interfacial
bonding between lignin and polymer materials by substituting hydroxyl groups (-OH)
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with acyl groups (-COR), predominately through reactions with acid chlorides or
anhydrides (Bridson et al. 2013). The solubility of the resulting lignin esters in non-polar
solvents would be improved as hydrogen bonding sites are removed.
Previous investigations have shown that lignin butyrate, lignin maleate, and lignin
phthalate can be used as additives in commercial polymers (Thielemans and Wool 2004;
Maldhure et al. 2012; Lisperguer et al. 2013; Gordobil et al. 2014). Among these, lignin
butyrate has been shown to be completely soluble in styrene, one of the most commonly
used reactive diluents in unsaturated thermosetting polymers (Thielemans and Wool
2005). It has also been demonstrated that lignin butyrate could be used as a
compatibilizing agent for natural fiber-reinforced thermoset composites, and the flexural
strength of the blended composites containing 5wt% butyrated lignin exceeded that of the
resin containing no butyrated lignin (Thielemans and Wool 2004). Further, butyrated
lignin is more stable and resistant against UV light, which could inhibit photodiscoloration of lignin-containing materials (Chang et al. 2006).
The conventional lignin butyration reaction proceeds using butyric anhydride as
the acylation agent in the presence of 1-methyl imidazole as a catalyst. However, this
catalyst is harmful to humans and the environment. Lignosulfonate (LS), a byproduct of
the sulfite process of the pulp and paper industries, is a valuable raw material because it
is an abundant, low-cost, biodegradable resource. Unfortunately, the polarity of LS is
large due to the sulfonate groups of the aliphatic side chains. Therefore, it is difficult to
dissolve or esterify of LS in non-aqueous solvent, and few studies have addressed
acylation of LS or other modifications of LS for incorporation into polymer matrices
(Alonso et al. 2001; Lin et al. 2011; Bahl and Jana 2014).
The specific objective of the present work was to develop a simple and fast
butyration pathway for LS using butyric anhydride in the presence of choline chloride
without the use of a toxic catalyst (Glasser and Jain 1993). Typically, butyric anhydride
reacts with the hydroxyl groups of LS to form LS esters and butyric acid byproducts, as
shown in Fig. 1. The effects of certain reaction parameters, including the ratio of butyric
anhydride-to-choline chloride, the reaction temperature, the reaction time, and the ratio of
butyric anhydride-to-LS on the degree of substitution (DS) of the butyrated LS were
studied. Fourier transform infrared (FTIR) spectroscopy and proton nuclear magnetic
resonance (1H NMR) spectroscopy were performed to investigate the reaction. A second
objective was to characterize the thermal stability properties of the butyrated LS.
Thermogravimetric (TG) analysis of LS samples with different DS was performed, and
the kinetics of the thermal reaction was studied.

Fig. 1. Reaction of LS in butyric anhydride-choline chloride solvent
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EXPERIMENTAL
Materials
Lignosulfonate (alkali lignin, low sulfonate content) and choline chloride (reagent
grade) were purchased from Sigma-Aldrich (Shanghai, China), and were dried at 60 °C
under vacuum for 12 h before use. Butyric anhydride (reagent grade) was supplied by the
Aladdin Industrial Corporation, Shanghai.
Methods
Butyration of LS
The modification of LS was conducted in closed glass vials equipped with
magnetic agitators in an oil bath, the temperature of the butyration process was controlled
by the oil bath, and the recording thermometers was accurate to within ±1°C. The typical
procedure for the butyration of LS was as follows: According to different mass ratio, a
certain amount of LS and choline chloride were simultaneously added into 8 g of
preheated butyric anhydride and then the resulting mixture was stirred for several
minutes. Once the designated reaction time had elapsed, the reaction mixture was cooled
to ambient temperature in a water bath before the contents were slowly poured into
ethanol. The precipitated LS samples were collected via vacuum filtration and thoroughly
washed with ethanol. Finally, the samples were dried at 60 °C for 18 h in an oven.
Analyses
The chemical structure of the LS derivatives was evaluated by FTIR (Nicolet
6700, Thermo Fisher Scientific, USA) with a Diamond Attenuated Total Reflectance
(ATR) Smart Accessory. The acquisition conditions were a spectral width of 4000 to 650
cm-1 and a resolution of 4 cm-1.
Proton nuclear magnetic resonance (1H-NMR) spectra were obtained at room
temperature on the Bruker-500 (Avance DRX-500, Bruker, Switzerland) NMR
spectrometer. The 1H spectra of butyric anhydride-choline chloride solvent were recorded
in D2O. The LS samples, weighing about 10 mg, were added into 0.5 mL of d6-DMSO
and left for several days to ensure complete dissolution. The spectral width was 5000 Hz,
and the number of complex points collected was 1024 with a recycle delay of 1.5 s.
The thermal stability of unmodified LS and butyrated LS with different DS was
analyzed using thermogravimetric analysis (Perkin Elmer, STA 6000, USA). Roughly
10-mg samples were heated from 40 to 800 °C at a heating rate of 10 °C/min under
nitrogen flow. The residues at 800 °C were defined as ashes. The kinetic parameters of
the thermal degradation of unmodified and butyrated LS products were determined using
the Coats-Redfern method of thermogravimetry data processing.

RESULTS AND DISCUSSION
FTIR Spectra
Figure 2 shows the FTIR spectra of unmodified LS (spectrum a), LS butyrated at
120 °C for 20 min with pure butyric anhydride (spectrum b), and LS butyrated with
butyric anhydride in the presence of 10 wt.% choline chloride (spectrum c). In spectrum
2a, the typical lignin peaks were visible, and the main assignments of FTIR bands are
summarized in Table 1.
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Table 1. Main Band Assignments in LS FTIR Spectrum (Faix 1991)
Band position (cm-1)
3362
2932, 2838
1584, 1502
1451
1417
1371
1259
1129
1079
1038
850

Assignment
O-H stretching
C-H stretching in CH2 and CH3 groups
Aromatic skeletal vibrations
Asymmetric C-H deformation of CH2 and CH3 groups
Aromatic skeleton vibrations combined with C-H in-plane deformation
Aliphatic C-H stretching in CH3 groups
C-O stretching of guaiacyl units
Aromatic C-H in-plane deformation
C-O deformation in secondary alcohols and aliphatic ethers
C-H(O) and C-O(C) stretching of first order aliphatic OH and ether groups
Aromatic C-H out-of-plane bending of guaiacyl units

Transmittance (%)

Compared to spectra 2a and 2b, the differences in spectrum 2c for LS butyrated in
butyric anhydride-choline chloride solvent indicate that the butyration reaction occurred.
Marked changes in the bands at 3386, 2963, 2935, 2874, 1732, 1457, and 1134 cm-1 were
observed. The broad peak centered at 3386 cm-1 representing O-H stretching vibration,
and the intensity of this band decreased in spectrum 2c; in addition, the peak position
showed a blue shift, which is likely because the hydrogen bonds between the hydroxyl
groups of the LS molecule were destroyed when O-H groups were substituted to form
butyryl groups (Watanabe et al. 2006). The increased intensity of C-H stretching peaks at
2963, 2935, 2874, and 1457 cm-1 indicate that new C-H bonds were introduced into the
LS.

Fig. 2. FTIR spectra of (a) unmodified LS, (b) LS butyrated at 120 °C for 20 min with pure butyric
anhydride, and (c) LS butyrated with butyric anhydride in the presence of 10 wt.% choline
chloride
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The appearance of carbonyl bonds (C=O), as indicated by the peak at 1732 cm-1
and the enhanced C-O absorption band at 1134 cm-1, confirm the formation of ester
bonds following butyration (Chang et al. 2006). These noticeable changes in the
absorption bands indicate that butyryl groups were grafted onto the LS, and that the
butyration reaction of LS occurred in the butyric anhydride-choline chloride solvent
under the given reaction conditions. As expected, the absence of an absorption region
between 1840 and 1760 cm-1 in spectra 2b and 2c confirm that the products were free of
unreacted butyric anhydride (Chen et al. 2012). The lack of a peak representing a
carboxylic group at 1700 cm-1 in the spectra of the butyrated products indicates that the
LS esters did not contain butyric acid byproducts.
Proposed Mechanism
As shown in Fig. 2, butyration of LS could not occur with pure butyric anhydride
at 120 °C, even after 20 min. However, addition of choline chloride obviously improved
the efficiency of LS butyration. Choline-based ionic liquids (succinic anhydride and
glutaric anhydride) form when choline chloride and anhydride are mixed under heated
conditions (Lopes et al. 2013). In this work, choline chloride could also react with
butyric anhydride at high temperatures, resulting in the formation of a butyrylcholine
chloride ionic liquid.
Recently, ionic liquids containing chloride anions have been shown to be good
solvents for dissolving lignin via hydrogen bond interactions (Pu et al. 2007). Choline
chloride-urea deep eutectic ionic liquid was effective for the N-alkylation of various
aromatic primary amines, possibly due to the formation of hydrogen bonds between the
ionic liquid and the aromatic amino group, which could activate the amino group and
make it more reactive (Singh et al. 2011).
In addition, choline chloride-urea deep eutectic ionic liquid has also been
demonstrated to be a versatile catalyst to facilitate the synthesis of β-substituted ketonic
derivatives. A tentative mechanism involving the activation of unsaturated carbonyl
compounds through hydrogen bonding with ionic liquids was proposed (Yadav and
Shankarling 2014).
Consequently, a plausible mechanism for the butyration of LS in butyric
anhydride-choline chloride solvent is proposed, as shown in Fig. 3. On one hand, the
hydrogen bonds form between the butyrylcholine chloride ionic liquid and LS accelerate
the dissolution of LS by breaking its intermolecular and intramolecular hydrogen bonds.
On the other hand, the hydrogen bonding interactions between ionic liquid and LS could
also increase the nucleophilicity of the hydroxyl groups of LS, resulting in the faster
nucleophilic attack of butyric anhydride.
To validate the proposed mechanism, 1H NMR spectra of butyric anhydridecholine chloride solvent obtained by stirring at 120 °C for 20 min in D2O were recorded,
and results are shown in Fig. 4. The peaks were assigned to butyrylcholine according to a
previous work (Wyman and Macartney 2010), indicating that the mechanism proposed is
reasonable. However, there were some differences in the spectra obtained from the
solvent of the present study, and the additional peaks indicate the presence of butyric
anhydride and butyric acid synthesized by hydrolysis of butyric anhydride with D2O, as
described in Fig. 4.
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Amplitude (a.u)

Fig. 3. Proposed mechanism for the butyration of LS in butyric anhydride-choline chloride solvent

Fig. 4. Proton NMR spectra of butyric anhydride reacted in the presence of 10 wt.% choline
chloride stirred at 120 °C for 20 min in D2O

Degree of Substitution
Fourier transform infrared spectroscopy is appropriate for analyzing the chemical
transformation of polymers by determining the intensity of specific bonds and functional
groups within them (Tjeerdsma and Militz 2005). Thus, the DS was qualitatively and
quantitatively analyzed with infrared spectra according to the relative peak intensities at
1732 cm-1 (acetyl C=O stretching band) and 1502 cm-1 (C=C stretching of aromatic
skeleton) according to the methodology of previous studies (Fox and McDonald 2010;
Cachet et al. 2014): DS=A~1732/A~1502. Here, 1502 cm-1 was used as an internal standard
peak, as it was the same in all samples. The calculation results are listed in Table 2. As
can be seen, the maximum DS of 2.14 was obtained using 15 wt.% choline chloride at
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120 °C for 10 min. The synthesis of butyrated milled wood lignin having a DS of 1.68
(A~1740/A~1510) at 125 °C for 3 h has been reported in a previous study (Chang et al. 2006),
whereas industrial lignin butyrate with a DS of 1.83 (A~1740/A~1500) was obtained at 65 °C
for 24 h with 1-methylimidazole as a catalyst (Fox and McDonald 2010). Therefore,
butyration of LS in the presence of choline chloride is an effective and time-saving
method for the modification of LS.
Table 2. Degree of Substitution of Butyrated LSa
Sample
Choline chloride/Butyric
Temperature
Time
Butyric anhydride/
Number
anhydride (%)b
(min)
LS (%)b
(°C)
1
0
120
20
4
2
5
120
10
4
3
10
120
10
4
4
15
120
10
4
5
20
120
10
4
6
10
90
10
4
7
10
100
10
4
8
10
110
10
4
9
10
120
5
4
10
10
120
15
4
11
10
120
20
4
12
10
120
10
3
13
10
120
10
2
a
Estimated by FTIR analysis with according to relative intensities (A~1732/A~1502)
b
Mass ratio

DS
0
1.14
1.83
2.14
1.84
0.41
0.92
1.71
0.45
1.68
1.32
1.74
1.66

The linear relationship between A~1457/A~1502 and DS is shown in Fig. 5, where the
peak at 1457 cm-1 corresponds to asymmetric C-H deformation vibration in the LS
molecule and the butyric anhydride grafted onto the LS. It is noteworthy that the intensity
of the absorption band of the LS molecule at 1457 cm-1 did not change following
butyrylation (Gilarranz et al. 2001). Thus, the absorption intensity at 1457 cm-1 is
associated with the grafting yield of the butyric anhydride. As can be seen in Fig. 5, a
strongly positive correlation coefficient of 0.93 was obtained. Therefore, even if no
precise value of DS was determined by FTIR, the ratio of A~1732/A~1502 can give an
indication as to the degree of substitution of hydroxyl groups with butyryl groups in the
butyrated LS with reasonable accuracy (Cachet et al. 2014). In an effort to optimize the
reaction, a variety of variables were investigated, including the choline chloride dosage,
reaction temperature, reaction duration, and the mass ratio of butyric anhydride-to-LS.
Effect of choline chloride dosage on the butyration of LS in butyric anhydride-choline
chloride solvent
The effect of choline chloride dosage on the DS of LS esters was investigated
according to the peak intensity of the butyrated LS samples, and the corresponding DS is
illustrated in Table 2. Increasing the choline chloride dosage from 0 (sample 1) to 5 wt.%
(sample 2), 10 wt.% (sample 3), and 15 wt.% (sample 4) improved the DS of the
butyrated samples from 0 to 1.14, 1.83, and 2.14, respectively. The addition of choline
chloride substantially improved the efficiency of the butyration reaction of LS compared
to that of the control sample (1).
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Further increase of choline chloride dosage from 15 to 20 wt.% (sample 5)
resulted in a decrease in the DS of LS samples, from 2.14 to 1.84. This reduction can be
explained in part by the decrease in the concentration of the esterifying agent with
increasing choline chloride content.

Fig. 5. Ratio of the peak areas at 1457 and 1502 cm-1 versus the DS of butyrated LS

Transmittance (%)

Effect of reaction temperature on the butyration of LS in butyric anhydride-choline
chloride solvent
Figure 6 shows the effect of reaction temperature on the absorption intensity in
the FTIR spectra within the region between 1800 and 1100 cm-1. The area of the peak at
1732 cm-1 increased with the heightened reaction temperature, indicating a positive
influence of temperature on the butyration reaction. The reason for the high efficiency of
butyration at higher temperatures was, presumably, the favorable effect of temperature on
the mobility of the molecules involved in the reaction and the solubility of the LS in the
ionic liquid, resulting in a greater molecular collision rate and more accessible O-H
groups within the LS (Chadlia and Farouk 2011).

Fig. 6. FTIR spectra of butyrated LS prepared at different reaction temperatures for 10 min
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Effect of reaction duration on the butyration of LS in butyric anhydride-choline chloride
solvent
Increasing the reaction time from 5 min (sample 9) to 10 min (sample 3) resulted
in an improvement in the DS of butyrated samples from 0.45 to 1.83 (Table 2). The
enhancement of DS by prolonging the reaction was likely for two reasons. On one hand,
more LS dissolved in the butyric anhydride-choline chloride solvent when the reaction
duration was greater. Alternatively, increased reaction time corresponded to more
molecular collisions between LS and the butyration reagent, thus causing the reaction to
proceed more completely. However, further extension of the reaction time from 10 to 15
min (sample 10) and 20 min (sample 11) decreased the DS from 1.83 to 1.68 and 1.32,
respectively, probably due to degradation or hydrolysis of LS esters during long reaction
times (Chadlia and Farouk 2011). Therefore, 10 min was considered the optimal reaction
time.
Effect of mass ratio of butyric anhydride to LS on the butyration of LS in butyric
anhydride-choline chloride solvent
Maintaining the weight ratio of choline chloride to butyric anhydride at 10%, the
reaction temperature at 120 °C, and the reaction time at 10 min, and decreasing the mass
ratio of butyric anhydride-to-LS from 4:1 to 2:1 resulted in a decrease in the DS of the LS
derivatives from 1.83 to 1.66 (Table 2). This decrease in the reaction efficiency happened
because the relative content of dissolved LS was lower and the availability of butyric
anhydride molecules in the proximity of the LS molecules was lesser at lower
concentrations of the esterifying agent (Xiao et al. 2001).

Amplitude (a.u)

NMR Spectroscopy
Another method used to determine the structure of polymers is NMR
spectroscopy (Ye et al. 2013). The 1H NMR spectra of unmodified LS (Fig. 7a) and LS
butyrated in butyric anhydride-choline chloride solvent at 120 °C for 20 min (Fig. 7b,
sample 11) are shown in Fig. 7. Clear differences can be observed between the spectra in
Fig. 7b and Fig. 7a. Peak assignments were made on the basis of previous research
(Thielemans and Wool 2005; Ye et al. 2013). The 1H NMR spectra indicate protons in
the aromatic ring at 7.7 to 6.1 ppm and protons in methoxyl groups (OCH3) at 4.0 to 3.5
ppm. Signals at 3.5 to 3.1 ppm were assigned to the protons of the water in the solvent
and the sharp signal at 2.5 ppm originated from the solvent itself (DMSO-d6).

Fig. 7. (a) Proton NMR spectra of original LS and (b) LS butyrated with butyric anhydride in the
presence of 10 wt.% choline chloride at 120 °C for 20 min (sample 11)
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Compared with Fig. 7a, Fig. 7b has signals at 2.3 to 1.9 ppm, 1.7 to 1.2 ppm, and
1.0 to 0 ppm, corresponding to the protons in the CH2 and CH3 groups of LS butyrate.
This phenomenon further demonstrates the occurrence of the butyration reaction in the
butyric anhydride-choline chloride solvent and agrees with the results of FTIR analysis. It
also implies that butyration of LS occurred at both phenolic and aliphatic hydroxyl
groups.
Thermal Stability
To expand the potential applications of lignin and lignin derivatives, it is
imperative that issues related to their thermal stability are addressed (Lin et al. 2008).
Thermogravimetry is one of the techniques most widely used to monitor the change of
mass of polymers throughout the thermal degradation process. Thermogravimetry
measures the amount of weight change of substances as a function of temperature, while
the first derivative thermogravimetric (DTG) curves show the corresponding rate of
weight loss. The TG and DTG curves can both be used to compare the thermal stability
characteristics of different materials.
The effect of butyration on the thermal properties of LS was examined using TG
analysis in the temperature range of 40 to 800 °C.
The TG and DTG curves of the butyrated LS with different DS (LS0, LS0.45,
LS1.14, LS1.32, and LS1.68, representing LS esters with DS of 0, 0.45, 1.14, 1.32, and 1.68,
respectively) are presented in Fig. 8.

Fig. 8. Thermograms of butyrated LS with different DS

Three stages of LS degradation can be distinguished on the DTG curves of both
the original and derivative LS. The DTG curves indicate an initial degradation stage at 40
to 150 °C, mainly due to the evaporation of absorbed water. Subsequently, a rapid decline
in weight occurred, and the weight loss in this second stage was attributed to the
fragmentation of the inter-unit linkages of LS and the evaporation of monomeric phenol
(Tejado et al. 2007). The maximum weight loss rate in this stage was 0.22 %/°C at 314
°C for LS0, 0.23 %/°C at 319 °C for LS0.45, 0.27 %/°C at 320 °C for LS1.14, 0.27 %/°C at
320 °C for LS1.32, and 0.33 %/°C at 326 °C for LS1.68, as obtained from the DTG curves.
In the last stage, the rate of weight loss was lower, possibly due to further decomposition
of LS samples. The ash contents at 800 °C also provided information as to the thermal
stability of the LS. The ash contents were 47.35% for LS0, 40.87% for LS0.45, 39.70% for
LS1.14, 34.21% for LS1.32, and 30.03% for LS1.68, respectively.
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According to the results of the TG and DTG curves, the thermal stability of
unmodified LS was higher than that of the LS esters, indicating the negative effect of the
butyration reaction on thermal stability. The changes in the thermodynamic stability of
butyrated LS were probably due to the degradation, hydrolysis, and repolymerization of
macromolecular LS under acidic conditions in the presence of butyric acid. Similar
observations have has also been reported during the esterification of commercial alkali
lignin in formamide, pyridine, and acetic acid anhydride reaction systems (Gordobil et al.
2014).
Thermogravimetric Kinetics
As kinetic analysis could effectively assist in understanding degradation
mechanisms and predicting the thermal stability of polymers (Flynn 1989), there have
been many studies regarding the kinetic analysis of lignin pyrolysis in recent years (Jiang
et al. 2010). However, few studies about the pyrolysis kinetics of pure LS and esterified
LS have been reported. The kinetic parameters of the thermal reaction of butyrated LS
with different DS at a constant heating rate of 10 °C/min were calculated.
The pyrolysis kinetics of unmodified LS and butyrated LS samples were
investigated according to the Coats-Redfern method (Coats and Redfern 1964), and the
formulas determined are shown in Eqs. (1) and (2). The fundamental kinetic model used
obeys the famous Arrhenius equation (Sait et al. 2012) and the rate of reaction is given
by Eq. (3):
1  (1   )1n
AR
2 RT
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ln[ 2
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(1 
)] 
E
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T (1  n)
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d  A   E 
n
   exp  
1   
dT     RT 

(3)

where α is the fraction of solid material that has decomposed at time t as defined in Eq.
(4), n is the order of the reaction, T is the absolute temperature (K), A is the frequency
factor (min-1), R is the gas constant (equal to 8.314 J/(mol·K)), β is the heating rate
(°C/min), and E is the activation energy (KJ/mol).
  W0  Wt  W0  W

(4)

Here, W0, Wt, and W  refer to the initial, instantaneous, and final masses, respectively.
To eliminate the influence of the water present in the LS, 150 °C was designated
the initial temperature, and the ending temperature was set to 800 °C. The fast pyrolysis
stage with weight loss rate higher than 0.1%/°C was observed in the temperature ranges
of 261.09 to 393.29 °C for LS0, 244.74 to 396.33 °C for LS0.45, 243.77 to 398.53 °C for
LS1.14, 236.13 to 404.10 °C for LS1.32, and 230.54 to 411.48 °C for LS1.68. Figure 9
shows the linear regression curves of the LS samples in the fast pyrolysis stage, each of
which had a favorable correlation coefficient (greater than 0.9978), demonstrating that
the order of the reaction selected was appropriate.
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Fig. 9. Coats-Redfern plots of original LS and butyrated LS with different DS in the fast pyrolysis
stage at 10 °C/min

As can be seen in Table 3, the activation energies of the butyrated LS products
were within the range of 78.1 to 105.0 KJ/mol during the fast pyrolysis stage, higher than
indicated by the results described in other works (8 to 68 KJ/mol) (Murugan et al. 2008).
This may be because different species of lignin were used and because of the erroneous
assumption by other researchers that the thermal degradation of lignin follows first-order
reaction kinetics (Jiang et al. 2010).
Also, as can be seen in Table 3, butyrated LS products had lower pyrolysis
activation energies than unmodified LS, indicating that their pyrolytic degradation was
less temperature-sensitive and less energy was required to decompose the butyrated LS,
further indicating that the thermal stability of the butyrated LS products decreased
following butyrylation.
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Table 3. Kinetic Parameters of Butyrated LS with Different DS
DS
0
0.45
1.14
1.32
1.68

Temperature
(°C)
261.09 to 393.29
244.74 to 396.33
243.77 to 398.53
236.13 to 404.10
230.54 to 411.48

n

Fitting formula

A (min-1)

6.4
5.1
5.1
5.5
4.8

y=-12627.13x+8.48
y=-9387.26x+2.84
y=-10206.0x+4.33
y=-10226.52x+4.44
y=-9789.14x+4.91

608290.84
1606.79
7750.61
8669.17
13278.39

Activation Energy
(KJ/mol)
104.98
78.05
84.85
85.02
81.39

R2
0.9987
0.9992
0.9986
0.9991
0.9978

CONCLUSIONS
1. Butyration of LS with butyric anhydride in the presence of choline chloride is a
promising method to produce LS esters rapidly and without the use of toxic catalysts.
The DS of butyrated LS products determined using FTIR data increased from 0 to
0.41 to 2.14 with the addition of choline chloride. The maximum DS of 2.14 was
obtained using 15 wt.% choline chloride at 120 °C for 10 min.
2. Fourier transform infrared and 1H NMR spectroscopy both indicate the occurrence of
the butyration reaction of LS and confirm that esterification reactions occurred at both
phenolic and aliphatic hydroxyl groups.
3. Butyrated LS products were less thermodynamically stable than unmodified LS, and
their thermal stability decreased with increasing DS.
4. The pyrolysis of butyrated LS was not first-order, and the thermal degradation
activation energy of LS butyrate ranged from 78.1 to 105.0 KJ/mol in the fast
pyrolysis stage, depending on the DS.
5. Since choline chloride is a cheap, commercially available, environmentally friendly
reagent, this new methodology provides a cost-efficient and environmentally friendly
approach for the chemical modification of lignin.
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