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Abstract
Sodium lignosulfonate/chitosan-glutaraldehyde adhesive (L/C-G) has potential in environment-friendly wood-based panel 
adhesive applications. However, the effect of sodium lignosulfonate on the bonding strength and chemical structure of L/C-G 
was not elucidated. Herein, the role of sodium lignosulfonate in L/C-G was studied in detail by characterizing the mechanical 
properties and water resistance of medium-density fiberboards (MDFs) prepared using L/C-G as adhesives. The functional 
groups, thermal stability, and crystalline structure of L/C-G with various mass ratios of sodium lignosulfonate to chitosan 
were also characterized by Fourier transform infrared spectroscopy, thermogravimetric analysis, and X-ray diffraction, 
respectively. The results show that an appropriate amount of sodium lignosulfonate in L/C-G was beneficial for its bonding 
strength, and the MDFs with 1:2 mass ratio of sodium lignosulfonate to chitosan showed superior mechanical properties and 
comparable water resistance with a commercial panel. Besides the reaction between sodium lignosulfonate and chitosan, 
guaiacyl units, or lateral chain of sodium lignosulfonate might also react with glutaraldehyde and result in C–O–C groups, 
helpful for the bonding strength of L/C-G.
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1  Introduction

With the shrinking of high-quality large-sized timber caused 
by the depletion of natural forest resources, the medium-
density fiberboard (MDF, made from small-sized wood, 
branches, and forest harvesting slash) industry has expanded 
rapidly. Traditional adhesives for MDF are usually derived 
from nonrenewable and depleting fossil resources, and they 
are made of volatile toxic compounds [1]. The fluctuations in 

fossil resources and severe environmental pollution caused 
by the emission of volatile toxic compounds (e.g., formalde-
hyde) from these adhesives have motivated many researchers 
and industries to work on the development and utilization of 
renewable and environment-friendly adhesive sources, such 
as soy protein [2], wheat protein [3], and starch [4]. How-
ever, high costs of these materials and their relatively com-
plex manufacturing processes along with their poor bonding 
strength and water resistance have limited their industrial 
applications [5].

Chitosan is a copolymer of N-acetyl glucosamine and 
glucosamine linked by a 1–4 linkage [6], and hence, it con-
tains stacks of amino groups in its framework similar to 
traditional amino resin adhesives (e.g., urea–formaldehyde 
resins and melamine resins), and they can endow suitable 
adherends with outstanding bonding strength [7]. Moreo-
ver, chitosan provides water resistance, antibacterial, and 
antifungal properties for proper adherends [8, 9]. Therefore, 
chitosan has great potential as multifunctional MDF adhe-
sives. Unlike the raw materials of traditional MDF adhe-
sives, chitosan is derived from an abundant natural polymer, 
namely, chitin, which is the second most abundant natural 
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polysaccharide next to cellulose and naturally occurring in 
crustacean shells, insect exoskeletons, fungal cell walls, 
microfauna, and plankton [10]. However, unlike traditional 
MDF adhesives with three-dimensional (3D) networks, the 
linear structure of chitosan restricts its further applications 
in MDF industry adhesives made of environment-friendly 
chitosan.

Crosslinking chitosan with glutaraldehyde can turn chi-
tosan from a linear structure into a 3D network and hence 
improve its bonding strength [7]. However, the drawback 
is that the brittleness of adhesive would increase after 
crosslinking with glutaraldehyde. Moreover, the high cost 
of chitosan becomes the bottleneck of large-scale application 
of chitosan in the field of MDF adhesives.

Incorporation of lignosulfonate into glutaraldehyde-
crosslinked chitosan might be a promising way to modify 
this adhesive and enhance its bonding strength. Ligno-
sulfonate is derived from lignin, one of the three main 
components of wood (the other components are cellulose 
and hemicellulose) and the second most abundant natural 
polymer next to cellulose. Lignin plays an essential role 
in providing rigidity and strength to cell walls as well as 
acts as an adhesive medium among all the components of 
cell walls in wood [11]. Moreover, owing to its specific 
aromatic structure, lignin has attracted much attention as 
an exceptional substitute for phenol in the production of 
phenolic adhesives [12]. Hence, lignosulfonate has great 
potential in the field of MDF adhesives. Nowadays, ligno-
sulfonate is mainly recycled from papermaking industry 
and is usually directly burnt as fuels, causing a terrible 
wastage of the natural resource and leading to environ-
mental risk [11]. In fact, lignosulfonate is a water-soluble 
anionic surfactant containing a large number of functional 
groups resulting in a unique surfactivity and hence interest-
ing for applications as wood adhesives. Because of these 
concerns, efficient utilization of lignosulfonate as a green 
MDF adhesive has attracted much attention of researchers 
[13].

In our earlier study, a lignosulfonate/chitosan-glutaraldehyde 
(L/C-G) MDF adhesive was preliminarily prepared by crosslink-
ing lignosulfonate/chitosan using glutaraldehyde, and the effect 
of glutaraldehyde on its performance was studied [10]. However, 
the role of lignosulfonate in the adhesive was not elucidated. 
Therefore, in this study, the effect of lignosulfonate on the bond-
ing strength of this adhesive with various mass ratios of ligno-
sulfonate to chitosan was evaluated in detail based on the char-
acterizations of mechanical and dimensional performance of the 
corresponding MDFs. The chemical structure of this adhesive 
was also determined based on the characterizations of functional 
groups, thermal stability, and crystalline structure of adhesives 
with the corresponding mass ratios of lignosulfonate to chitosan 
to further understand the role of lignosulfonate in the synthesis 
mechanism of this adhesive.

2 � Experiment

2.1 � Materials

Lignosulfonate (sodium lignosulfonate, CAS No. 8061–51-
6) with a sulfonation degree of 1.42 mmol/g was purchased 
from Wuhan East China Chemical Co. Chitosan (CAS No. 
9012–76-4) with a deacetylation degree of more than 95% 
was supplied by Sun Chemical Technology (Shanghai) Co. 
Acetic acid (CH3COOH, CAS No. 64–19-7, AR) was pro-
vided by Harbin Kaimeisi Technology Co. Glutaraldehyde 
(CHO(CH2)3CHO, 50%, CAS No. 111–30-8, AR) was pro-
cured from Tianjin Ruijinte Chemicals Co. Distilled water 
was prepared in our laboratory. All the chemicals were used 
as received without further purification. Wood fibers, com-
prising a mixture of softwood and hardwood fibers from 
different species, were composed of cellulose (46.70 wt%), 
hemicelluloses (29.17 wt%), and lignin (22.39 wt%) and 
supplied by the Greater Khingan Range Hengyou Furniture 
Co. A commercial MDF with a density of 0.8 g/cm3 and 
thickness of 5 mm, which was provided by Oasis Forestry 
Industry Co. Ltd. and made with urea–formaldehyde resin, 
was selected as the control.

2.2 � Adhesive preparation

The procedure for the synthesis of L/C-G can be described 
as follows: First, chitosan powder (1 g) and sodium ligno-
sulfonate powder were evenly mixed in a four-necked round-
bottom flask. The mass ratios of sodium lignosulfonate and 
chitosan are shown in Table 1. Then, an appropriate amount 
of distilled water was added, and the mixture was stirred 
rapidly at room temperature until the sodium lignosulfonate 
powder was completely dissolved, and the chitosan powder 
was evenly dispersed. An acetic acid solution (0.67 g) was 
then added to the flask. The mixture was stirred at room 
temperature until chitosan was completely dissolved, and 
uniform and stable brown viscous sodium lignosulfonate/
chitosan (L/C) solution was formed. Next, glutaraldehyde 

Table 1   Mass ratio of sodium lignosulfonate and chitosan in L/C-G 
adhesives

Adhesive code Mass ratio of sodium 
lignosulfonate and 
chitosan

C-G 0
L/C-G 1 1:3
L/C-G 2 1:2
L/C-G 3 1:1
L/C-G 4 2:1
L/C-G 5 3:1
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(50 wt%, 1 g) was diluted using distilled water. The L/C 
served as the primary component of adhesive, and the glu-
taraldehyde solution served as the crosslinking agent.

2.3 � MDF preparation

The procedure for the preparation of MDF can be described 
as follows: First, the as-made glutaraldehyde solution was 
added to the L/C solution, and rapid stirring was immedi-
ately carried out until the even L/C-G adhesive was formed. 
Then, the adhesives and wood fibers were added to a high-
speed mixer in a mass ratio of sodium lignosulfonate/chi-
tosan and wood fibers of 2.44:100 and agitated at 750 rpm 
for 5 min. Next, the mixture (moisture content was 60%) 
of adhesive and wood fibers was removed and manually 
paved into a 250 mm × 250 mm forming box for prepress-
ing to form a slab with a pressure of 1.0 MPa. After that, the 
box was gently removed, and the slab was placed between 
the two parallel plates (400 mm × 400 mm) of a mechani-
cally controlled oil-heated press for hot pressing at 170 °C 
for 480s (Fig. S1). A thickness gage with 5 mm was used 
to ensure that the thickness of MDFs was 5 mm. The as-
made MDFs were placed in a room with a constant relative 
humidity of 40% at room temperature for 2 days, and then 
the edges of the MDFs were cut off by 30 mm to obtain a 
dimension of 220 mm × 220 mm with a target density of 
0.8 ± 0.02 g/cm3.

2.4 � Bonding strength assessment

To evaluate the bonding strength of L/C-G adhesives, the 
internal bonding strength (IB), modulus of rupture (MOR), 
modulus of elasticity (MOE), and the 24h thickness swell 
(24h TS) of MDFs were tested according to the Chinese 
national standard GB/T 17,657–2013. IB refers to the ratio 
of the maximum destructive tension perpendicular to the sur-
face of specimen and the area of specimen. It was measured 
by first adhering the specimen between two steel fixtures 
and then pulling the two steel fixtures vertically to the speci-
men surface at a crosshead speed of 0.5 mm/min until the 
specimen was destroyed. The soft and low-density surfaces 
of the specimen were sanded to improve the surface smooth-
ness prior to IB tests. MOR refers to the ratio of bending 
moment to modulus under the maximum load, while MOE 
refers to the ratio of stress to strain within the elastic limit 
range of material. MOR and MOE were measured using a 
three-point bending method at a crosshead speed of 5 mm/
min. Twenty-four TS refers to the ratio of thickness increase 
after immersing in water for 24h at room temperature to the 
thickness before immersing in water. The MOR and MOE 
tests were repeated 12 times, while the IB and 24h TS tests 
were repeated eight times.

2.5 � Chemical structure analysis

Fourier transform infrared spectroscopy (FTIR) was used 
to analyze the functional groups of adhesives using a Nico-
let Magna-IR560 E.S.P. FTIR spectrometer and the KBr 
method in the scanning range of 650–4000 cm−1 with 32 
times scanning and a resolution of 4 cm−1. Prior to FTIR 
tests, the adhesive samples were dried at 60 °C and then 
ground, resulting in adhesive powders. Thermogravimetric 
analysis (TGA) was conducted to analyze the thermal sta-
bility of adhesives using a NET-ZSCH TGA209 thermo-
gravimetric analyzer and operated in the temperature range 
of 40 to 800 °C at a rate of 10 °C/min under a 30 mL/min 
nitrogen gas flow. X-ray diffraction (XRD) patterns of the 
adhesives were obtained using a Rigaku D/max 2200 X-ray 
diffractometer equipped with a Cu Kα radiation source 
(λ = 0.15406 nm) and operated at 40 kV and 30 mA, in the 
2θ range of 5–40° and scan rate of 5°/min.

3 � Results and discussion

3.1 � Effect of sodium lignosulfonate on bonding 
strength

Figure 1 shows the effect of mass ratio of sodium ligno-
sulfonate to chitosan in L/C-G adhesives on the mechani-
cal properties and dimensional stability of MDFs. With 
the increase in the mass ratio of sodium lignosulfonate to 
chitosan in L/C-G adhesives, the change trend of mechani-
cal properties and dimensional stability of MDFs can be 
divided into two stages. The first stage corresponds to the 
mass ratio of sodium lignosulfonate to chitosan in the range 
of 0–1:2. In this stage, with the increase in the mass ratio of 
sodium lignosulfonate to chitosan, the IB, MOE, and MOR 
of MDFs increased, while the 24h TS decreased, indicating 
an improvement in the mechanical properties and dimen-
sional stability of MDF with the increase in the mass ratio 
of sodium lignosulfonate to chitosan. These results show that 
an appropriate amount of sodium lignosulfonate in L/C-G 
adhesives is beneficial to the improvement of mechanical 
and dimensional stability of MDF.

The second stage corresponds to the mass ratio of sodium 
lignosulfonate to chitosan in L/C-G adhesives in the range 
of 1:2 to 3:1. In this stage, with the increase in the mass 
ratio of sodium lignosulfonate to chitosan, the IB, MOE, and 
MOR of MDFs did not increase, but decreased unexpectedly, 
indicating that when the mass ratio of sodium lignosulfonate 
to chitosan in L/C-G adhesives was more than 1:2, further 
addition of sodium lignosulfonate would result in a deterio-
ration of the mechanical properties and dimensional stability 
of MDFs.
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Notably, in sodium lignosulfonate/chitosan adhesives, 
the mechanical properties immediately decreased when 
the mass ratio of sodium lignosulfonate to chitosan was 
larger than 1:3 [14]. However, for L/C-G, the mechani-
cal properties did not fall immediately when the mass 
ratio of sodium lignosulfonate to chitosan was in excess 
of 1:3. The mechanical properties reached the maximum 
when the mass ratio of sodium lignosulfonate to chitosan 
increased to 1:2 and then started to decrease with further 
increase in sodium lignosulfonate content. These results 
show that the effect of sodium lignosulfonate in L/C-G on 
the mechanical properties of MDFs was not completely 
the same as that in L/C. Moreover, for L/C, the 24h TS 
grew consistently with the increase in the mass ratio of 
sodium lignosulfonate to chitosan [14]. Similar to L/C-G, 
the 24h TS first decreased and then increased with the 
increase in the mass ratio of sodium lignosulfonate to chi-
tosan. Sodium lignosulfonate is hydrophilic. However, an 
appropriate amount of sodium lignosulfonate in L/C-G 
was favorable for improving the hydrophobicity of L/C-
G, unlike L/C. These results might be related to the role 

of sodium lignosulfonate in the synthesis mechanism and 
chemical structure of L/C-G.

To comprehensively evaluate this MDF, the advantages 
and disadvantages of mechanical properties and water resist-
ance of this MDF were compared with that in other repre-
sentative researches (Table 2). The optimal values of IB, 
MOE, and MOR in this paper were all significantly supe-
rior than those in other representative literatures, while the 
optimal values of 24h TS in this paper did not show distinct 
advantages than that in other representative literatures.

Overall, the effects of sodium lignosulfonate in L/C-G 
on the mechanical properties and water resistance of MDFs 
were basically the same. The IB, MOE, MOR, and 24h TS 
reached the maximum values when the mass ratio of sodium 
lignosulfonate to chitosan was 1:2, and the optimal values 
were 2.85 MPa, 5306.91 MPa, 43.57 MPa, and 21.16%, sat-
isfying the requirements of the Chinese national standard 
for MDFs (CNS, GB/T 11,718–2009, MDF-GP REG). The 
mechanical properties of this MDF were much superior than 
that of commercial MDF and MDFs in other representative 
literatures, while the water resistance did not show distinct 

Fig. 1   Mechanical properties and water resistance of MDFs
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advantages, indicating that more work should be conducted 
to further improve the water resistance of L/C-G in future.

3.2 � FTIR analysis

Figures 2 and 3 show the FTIR spectra of sodium lignosul-
fonate, C-G, and L/C-G with different mass ratios of sodium 
lignosulfonate to chitosan. For the FTIR spectrum of L/C-G 
with a mass ratio of sodium lignosulfonate to chitosan of 
0, namely, for the FTIR spectrum of C-G, the main peaks 
were assigned as follows [7]: 3214 cm−1 (overlapping of 
O–H stretching vibration and N–H stretching vibration in 
original chitosan caused by glutaraldehyde crosslinking), 
2931 cm−1 and 2866 cm−1 (C-H symmetric stretching vibra-
tion), 1708 cm−1 (C = O stretching vibration), 1652 cm−1 
(stretching vibration of C = N resulting from the reaction 
between the amino groups in chitosan and aldehyde groups 
in glutaraldehyde), 1552 cm−1 (overlapping of C-N in amide 
II band in chitosan and C = C resulting from the aldol reac-
tion of glutaraldehyde), 1255 cm−1 (bending vibration of 
NH in amide III band in chitosan), 1030  cm−1 (C–O–C 
stretching vibrations), and 892 cm−1 (characteristic peak of 
β-1,4-glycosidic bond). For the FTIR spectrum of sodium 

lignosulfonate, the characteristic peaks were assigned as 
follows: 3259 cm−1 (-OH stretching vibrations), 2967 cm−1 
and 2931  cm−1 (-CH symmetric stretching vibrations), 
1585 cm−1 and 1413 cm−1 (stretching vibrations of aromatic 
skeleton), 1119 cm−1, 878 cm−1, and 770 cm−1 (bending 
vibrations of guaiacyl unit), 1046 cm−1 (S = O symmetric 
stretching of the -SO3 groups), and 973 cm−1 (out-plane 
bending vibrations of aromatic skeleton) [14].

Compared with the FTIR spectrum of C-G, a new peak 
appeared in the FTIR spectra of L/C-G at 2967 cm−1 with 
the gradual increase in the mass ratio of sodium lignosul-
fonate to chitosan, corresponding to the CH stretching vibra-
tion in sodium lignosulfonate. At the same time, the peak 
at 2931 cm−1 corresponds to the increase in CH stretch-
ing vibration, and the peak at 2866 cm−1 corresponds to 
the decrease in CH stretching vibration, consistent with 
the change trend in the FTIR spectra of sodium lignosul-
fonate/chitosan adhesives [14]. The peak at 1552 cm−1 in 
the FTIR spectrum of C-G corresponds to the overlapping 
of C-N in amide II band in chitosan and C = C resulting 
from the aldol reaction of glutaraldehyde [20]. This peak 
gradually shifted to higher wavenumbers with the increase 

Table 2   Comparison results of mechanical properties and water resistance of this MDF with that in other representative researches

MDFs IB (MPa) MOE (MPa) MOR (MPa) 24h TS (%) Reference

In this paper 2.85 5306.91 43.57 21.16 -
With soybean protein adhesive 0.87 2992.11 29.66 28.43 [15]
With ammonium lignosulfonate adhesive 1.71 4157.80 36.96 18.70 [16]
With tannin-modified adhesive ca. 1.4 ca. 3200 ca. 27.4 ca. 7 [17]
Using thermomechanical pulp ca. 0.65 ca. 2200 ca. 15.5 ca. 23 [18]
With crude glycerol and citric acid mixture adhesive ca. 0.9 ca. 2450 ca. 14.4 ca. 10 [19]

Fig. 2   FTIR spectra of (a) C-G and (b) sodium lignosulfonate
Fig. 3   FTIR spectra of L/C-G with different mass ratios of sodium 
lignosulfonate to chitosan: (a) 1:3, (b) 1:2, (c) 1:1, (d) 2:1, and (e) 3:1

1180 Advanced Composites and Hybrid Materials  (2021) 4:1176–1184



in the mass ratio of sodium lignosulfonate to chitosan in 
L/C-G and finally moved to 1572 cm−1 in the FTIR spectrum 
of L/C-G 5, because this peak was finally overlapped with 
the peak of stretching vibration of aromatic ring in sodium 
lignosulfonate [14].

Figures 2 and 3 show that the intensities and positions of 
some peaks changed simply owing to the improvement of 
sodium lignosulfonate content in L/C-G, while the intensi-
ties and positions of the other peaks changed owing to the 
reaction between the growing sodium lignosulfonate and 
chitosan or glutaraldehyde. The broad peak in the FTIR 
spectrum of C-G at 3214  cm−1 shifted to higher wave-
numbers with the increase in the mass ratio of sodium 
lignosulfonate to chitosan in L/C-G and finally moved to 
3270 cm−1 in the FTIR spectrum of L/C-G 5. The number of 
free hydroxyl and amino groups in C-G was more than that 
of free hydroxyl groups in sodium lignosulfonate, forming 
more hydrogen bonds in C-G than in sodium lignosulfonate. 
Hence, the number of hydrogen bonds in L/C-G gradually 
decreased with the increase in sodium lignosulfonate con-
tent; thus, the corresponding peak gradually shifted to higher 
wavenumbers with the increase in sodium lignosulfonate. 
The changes in peaks at 1338 cm−1, 924 cm−1, and 781 cm−1 
correspond to the formation of amide groups and sulfona-
mide groups between chitosan and sodium lignosulfonate, as 
described in detail in our previous study [21–25]. The peak 
in the FTIR spectrum of C-G at 1030 cm−1 corresponds to 
C–O–C stretching vibrations. Unexpectedly, its intensity did 
not significantly decrease with the increase in the mass ratio 
of sodium lignosulfonate to chitosan. Besides, a broad band 
from 1066 to 1119 cm−1 gradually formed with the increase 
in the mass ratio of sodium lignosulfonate to chitosan. This 
broad band corresponds to the overlapping of bending vibra-
tions in the CH of guaiacyl unit in 1119 cm−1 and C–O–C 
vibrations [26]. Thus, it was inferred that C–O–C linkages 

might be formed between glutaraldehyde and sodium ligno-
sulfonate. The peaks at 1119 cm−1, 878 cm−1, and 770 cm−1 
correspond to the bending vibrations of guaiacyl units. How-
ever, the peaks at 1119 cm−1 and 770 cm−1 did not appear 
in the FTIR spectra of L/C-G until the mass ratio of sodium 
lignosulfonate to chitosan was increased to 2:1, while the 
peak at 878 cm−1 disappeared in the FTIR spectra of L/C-G. 
This indicates that the guaiacyl units might react with glu-
taraldehyde, and only when sodium lignosulfonate was suf-
ficient, the characteristic peaks correspond to the CH defor-
mation in guaiacyl units. Therefore, it could be assumed 
that the guaiacyl units of sodium lignosulfonate might react 
with glutaraldehyde, resulting in the formation of C–O–C 
linkages.

3.3 � Thermal analysis

The thermogravimetric (TG) and derivative TG (DTG) 
curves of C-G, L-C/G, and sodium lignosulfonate are shown 
in Fig. 4, and the TG-DTG analysis results are shown in 
Table 3. Water evaporation occurred below 100 °C, and this 
weight loss stage is not listed in Table 3.

For sodium lignosulfonate, a weight loss peak was 
observed at 127.71 °C, corresponding to the breaks of ali-
phatic hydroxyl groups, carbonyl groups, and C–C bonds in 
the lateral chains of sodium lignosulfonate [27]. This weight 
loss peak was not observed in the TG-DTG curves of L/C-G. 
Notably, this weight loss peak was present in the TG-DTG 
curves of L/C adhesives [14], indicating that chitosan would 
not influence the decomposition of lateral chains of sodium 
lignosulfonate. These results indicate that glutaraldehyde 
might affect the thermal decomposition of lateral chains of 
sodium lignosulfonate. Hence, it might indicate that a poten-
tial reaction occurred between the lateral chains of sodium 
lignosulfonate and glutaraldehyde.

Fig. 4   TG (a) and DTG (b) curves of sodium lignosulfonate, C/G, and L/C-Gs
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The weight loss of sodium lignosulfonate at the tempera-
ture range of 230–260 °C corresponds to the thermal decom-
position of phenolic compounds (aromatic rings, hydroxyl 
groups, and alkyl groups). For C-G, this weight loss corre-
sponds to the degradation of hydrogen bonds and polymer 
chains. The thermal degradation of hydrogen bonds and pol-
ymer chains of chitosan occurred at around 286 °C, which 
shifted to lower temperatures after crosslinking with gluta-
raldehyde [7]. Therefore, the weight loss peaks observed in 
the TG-DTG curves of L/C-G between 230 and 260 °C were 
the overlapping of thermal decomposition of phenolic com-
pounds in sodium lignosulfonate and hydrogen bonds and 
polymer chains of chitosan. Besides, the potential reaction 
between glutaraldehyde and sodium lignosulfonate might 
affect the thermal degradation behaviors of L/C-G between 
230 and 260 °C. The weight loss of C-G between 230 and 
260 °C was higher than that of sodium lignosulfonate [7, 14]. 
Hence, the weight loss of L/C-G gradually decreased with 
the increase in the mass ratio of sodium lignosulfonate to 
chitosan. Notably, sodium lignosulfonate lost slight weight 
(8.16% of its total weight) between 230 and 260 °C. In the 
case of L/C-G, although the weight loss in this temperature 
range decreased with the increase in sodium lignosulfonate 
content, the weight loss of L/C-G with a 3:1 mass ratio of 
sodium lignosulfonate to chitosan only decreased to 25.42%, 
far higher than 8.16%. As mentioned above, a potential reac-
tion occurred between the lateral chains of sodium lignosul-
fonate and glutaraldehyde. This reaction might also affect 
the thermal degradation behavior in this temperature range. 
Moreover, the potential reaction between guaiacyl units in 
sodium lignosulfonate and glutaraldehyde might also affect 
the thermal degradation of phenolic compounds in sodium 
lignosulfonate.

The weight loss of sodium lignosulfonate between 390 
and 420 °C corresponds to the thermal decomposition of sul-
fonic groups, while that of C-G corresponds to the thermal 
decomposition of self-polymerized glutaraldehyde formed 
through aldol condensation [7]. Hence, the weight loss peaks 

observed in the TG-DTG curves of L/C-G can be attributed 
to the overlapping of sulfonic groups in sodium lignosul-
fonate and self-polymerized glutaraldehyde. Besides, the 
sulfonic groups in sodium lignosulfonate would react with 
the amino groups in chitosan and form sulfonamide groups, 
which would also undergo thermal degradation in this tem-
perature range. It was found that the weight loss of C-G was 
higher than that of sodium lignosulfonate in this tempera-
ture range [14], so the weight loss of L/C-G decreased with 
the increase in the mass ratio of sodium lignosulfonate and 
chitosan. However, when the mass ratio of sodium lignosul-
fonate to chitosan in L/C-G increased to 3:1, the weight loss 
in this temperature range decreased to 13.19%, lower than 
that of sodium lignosulfonate itself. This phenomenon might 
also be related to the potential reaction between sodium 
lignosulfonate and glutaraldehyde.

For temperature higher than 600 °C, no distinct weight 
loss peak was observed in the TG-DTG curves of C-G and 
L/C-G with a mass ratio of sodium lignosulfonate to chi-
tosan of 0. With the increase in sodium lignosulfonate con-
tent in L/C-G, the weight loss peaks gradually appeared. The 
positions of these peaks are almost the same as the positions 
of peaks in the TG-DTG curves of sodium lignosulfonate. 
For temperatures higher than 800 °C, the residual amount of 
L/C-G increased with the increase in sodium lignosulfonate 
content, indicating that the addition of sodium lignosul-
fonate was beneficial to thermal stability when the tempera-
ture was higher than 800 °C.

3.4 � XRD analysis

The XRD patterns of sodium lignosulfonate, C-G, and 
L/C-G are shown in Fig. 5. Seven major peaks appeared 
at 23.1°, 25.9°, 27.2°, 28.2°, 31.5°, 32.5°, and 33.6°, as 
shown in the XRD pattern of sodium lignosulfonate. The 
peak at 31.5° was especially sharp [14]. C-G showed a 
major peak at about 20°. After crosslinking with glutaral-
dehyde, the ordered linear structure of chitosan would turn 

Table 3   Results of TG-DTG curves of (a) C-G, L/C-G with different mass ratios of sodium lignosulfonate to chitosan: (b) 1:3, (c) 1:2, (d) 1:1, 
(e) 2:1, (f) 3:1, and (g) sodium lignosulfonate

Sample Stage A Stage B Stage C Stage D Residual 
amount after 
800 °CTemperature 

(°C)
Weight loss 
(%)

Temperature 
(°C)

Weight loss 
(%)

Temperature 
(°C)

Weight loss 
(%)

Temperature 
(°C)

Weight loss 
(%)

a 233.07 40.92 405.85 24.35 30.71
b 247.63 39.35 412.22 20.28 28.3
c 250.6 38.05 411.84 17.23 722.07 5.68 31.64
d 245.05 31.77 404.3 16.02 696.18 4.55 32.82
e 235.87 26.01 413.72 15.88 678.48 8.99 34.44
f 238.79 25.42 417.57 13.19 673.7 8.04 33.42
g 127.71 0.7 228.28 8.16 392.01 16.73 645.24 14.51 42.62
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into an amorphous 3D structure, resulting in an amorphous 
broad peak at about 20° [7].

In the case of L/C-G, the broad peak at about 20° gradu-
ally shifted to higher degrees with the increase in sodium 
lignosulfonate content and finally shifted to 22.5° at a 
mass ratio of sodium lignosulfonate to chitosan of 3:1. 
Meanwhile, this peak gradually narrowed. Besides, a weak 
sharp peak gradually appeared at 22.5° in the XRD pat-
terns of L/C-G with the increase in sodium lignosulfonate 
content, which was not observed in the XRD patterns of 
sodium lignosulfonate, L/C [14], and C-G [7], indicating 
the potential reaction between guaiacyl units or lateral 
chains of sodium lignosulfonate and glutaraldehyde. Fur-
thermore, a sharp peak at 30.5° gradually appeared in the 
TG-DTG curves of L/C-G when the mass ratio of sodium 
lignosulfonate to chitosan was higher than 2:1, which also 
appeared in the XRD patterns of L/C [14], but it was not 
observed in the XRD patterns of sodium lignosulfonate 
and C-G [7]. This phenomenon is similar to the changes at 
1338 cm−1, 924 cm−1, and 781 cm−1 in the FTIR spectra of 
L/C-G. Therefore, these changes also confirm the reaction 
between chitosan and sodium lignosulfonate, leading to 
the formation of sulfonamide groups.

From the analysis results of FTIR spectra, TG-DTG 
curves, XRD patterns, and previously published data, the 
role of sodium lignosulfonate in the synthesis mechanism and 
chemical structure of L/C-G was roughly elucidated. Besides 
the reaction between sodium lignosulfonate and chitosan 
[14], and chitosan and glutaraldehyde [7], a potential reac-
tion between the lateral chains and guaiacyl units of sodium 
lignosulfonate and glutaraldehyde might also occur in L/C-G, 
leading to the formation of C–O–C linkages and benefitting 
the mechanical properties and water resistance of MDFs.

4 � Conclusions

The role of sodium lignosulfonate in the bonding perfor-
mance and synthesis of L/C-G was analyzed in detail. An 
appropriate amount of sodium lignosulfonate in L/C-G is 
conducive to the mechanical properties and water resist-
ance of the corresponding MDFs. The optimal mass ratio 
of sodium lignosulfonate to chitosan in L/C-G is 1:2, and 
the corresponding IB, MOE, MOR, and 24h TS values of 
MDFs are 2.85 MPa, 5306.91 MPa, 43.57 MPa, and 21.16%, 
respectively, satisfying the requirements of the Chinese 
national standard for MDFs (CNS, GB/T 11,718–2009, 
MDF-GP REG). The mechanical properties were also much 
superior than those of commercial MDFs and MDFs in other 
representative literatures. Besides the reaction between 
sodium lignosulfonate and chitosan, sodium lignosul-
fonate also reacted with glutaraldehyde and thus improved 
the mechanical properties and water resistance of MDFs. 
Further research will focus on the elucidation of reaction 
between glutaraldehyde and sodium lignosulfonate and 
improvement on MDF water resistance.
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