J Therm Anal Calorim (2015) 119:1577-1585
DOI 10.1007/s10973-014-4331-0

Study of thermal durability properties of tannin-lignosulfonate

adhesives

Lucie Chupin + Bertrand Charrier - Antonio Pizzi -
Arturo Perdomo - Fatima Charrier-El Bouhtoury

Received: 25 March 2014/ Accepted: 28 November 2014 /Published online: 24 December 2014

© Akadémiai Kiado, Budapest, Hungary 2014

Abstract This paper aims to study certain aspects of the
preparation of tannin-lignin adhesives. Mimosa tannins
and lignosulfonates were used in wood adhesives formu-
lation to substitute resins based on formaldehyde. Two
ammonium lignosulfonates and two sodium lignosulfo-
nates were glyoxalated to be more reactive. The thermal
stability of the lignosulfonates before and after glyoxala-
tion was analysed by thermogravimetric analysis (TG) and
differential scanning calorimetry (DSC). The proportion of
mimosa tannins and sodium lignosulfonates varied from
20 % tannins to 60 % tannins. 40 % of mimosa tannins
were mixed with either glyoxalated sodium lignosulfonates
or glyoxalated ammonium lignosulfonates. The thermal
properties of the resins were studied by TG, DSC and
thermomechanical analysis (TMA). The results showed
that after glyoxalation, the degradation of lignosulfonates
started at 125 °C instead of 171 °C for the non-glyoxalated
lignosulfonates. The results obtained showed that the
40 mass% tannins resin was the most efficient. The TMA
results showed that the curing of the resins started at
100-110 °C. The TG and DSC results of the cured resins
showed a thermal stability of the adhesives up to approx-
imately 200 °C.
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Introduction

Most wood adhesives used today are amino resins (urea-
formaldehyde, melamine-formaldehyde, etc.), phenol
formaldehyde and resorcinol formaldehyde resins [1, 2].
With increasing oil prices and the desire to reduce form-
aldehyde emissions, natural materials have been used to
partially or totally substitute formaldehyde.

Lignin is the second most abundant natural polymer
after cellulose. The structure of lignin, with the presence of
aliphatic hydroxyl groups and phenolic groups, has made it
a good partial replacement of phenol for phenol formal-
dehyde adhesives [3-9]. In recent years, lignin-pMDI
(polymeric isocyanate)-phenolic resins were produced with
glyoxalated lignins [10, 11]. The glyoxalation of the lignins
was found to be an alternative to premethylolation of lig-
nins, which increases the reactivity of lignins [11]. Glyoxal
is a non-volatile, non-toxic aldehyde [12]. It has been used
to make lignin-based adhesives [11] and tannin-lignin
adhesives [13]. Glyoxal has also been used as a hardener
for tannin-based adhesives for particle board bonding with
good mechanical properties [14]. Fourier transformed
infrared spectroscopy (FTIR) has been used in order to
understand the reaction of glyoxalation for organosolv and
kraft lignins [15, 16].

Tannins from many different plants have been used to
make wood adhesives, such as grape pomace [17], chestnut
[18], pecan nut [19], mimosa [20, 21], and maritime pine
[22]. Until the mid 2000s, tannins were used to substitute
phenol in phenol-formaldehyde resins [23-26]. Pichelin
[27] showed that hexamine is a hardener with equivalent
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properties to formaldehyde or paraformaldehyde. Tannin—
hexamine-based adhesives have been formulated and pre-
sented good mechanical properties that were evaluated
with thermomechanical analysis [28, 29].

In recent years, tannin—lignin-based adhesives have been
developed. The tannins used were mimosa tannins with
either organosolv lignins or kraft lignins [13, 21, 30]. FTIR
has been used to characterise resins since it shows the
appearance or disappearance of chemical groups after
curing of the resins [24]. Thermal analysis of resins with
differential scanning calorimetry and thermogravimetric
analysis monitors the thermal stability of the resins and the
pure tannins and lignins that give the maximum tempera-
ture at which they can been used and an insight into the
major chemical structures of the compounds [7, 24, 31].

This study aims to prepare tannin—lignin adhesives from
mimosa tannins and glyoxalated ammonium lignosulfo-
nates and sodium lignosulfonates. For the first time, two
ammonium lignosulfonates and two sodium lignosulfo-
nates were glyoxalated, and their thermal stability was
studied before and after treatment by thermogravimetric
analysis and differential scanning calorimetry. These
lignosulfonates were used to make tannin-lignin adhesives
with different proportions of tannins and lignosulfonates
and with the different lignosulfonates. The thermal prop-
erties of these adhesives were evaluated by thermogravi-
metric analysis, differential scanning calorimetry and
thermomechanical analysis.

Materials and methods
Material

Lignins used in this work were two different sodium
lignosulfonates (NaLSP and NaLSL) types and two dif-
ferent ammonium lignosulfonates (NH4LSL and NH4LSP)
types delivered by Tembec (Tartas, France). The mimosa
tannin extracts were provided by Silvateam (Italy). The
sodium hydroxide, hexamethylenetetramine (hexamine)
and the glyoxal (40 %) were purchased from Fisher Sci-
entific (Waltham, USA).

Glyoxalation of lignosulfonates

The glyoxalation of the four lignosulfonates was carried
out as described by El Mansouri [10]. 29.5 parts by mass of
dry lignin were slowly added to 38.4 parts of water.
Sodium hydroxide solution (33 %) was added in order to
keep the pH of the solution between 12 and 12.5 for better
dissolution of the lignin. A 800-mL flat-bottom flask
equipped with a condenser, and a magnetic stirrer bar was
charged with the above solution and heated to 58 °C. 17.5
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Table 1 Lignosulfonates characteristics

Identification ~ Type Aspect pH
NaLSP Sodium lignosulfonate Brown powder 8.5
NaLSL Sodium lignosulfonate Dark liquid 8.3
NH4LSL Ammonium lignosulfonate  Dark liquid 3.6
NHA4LSP Ammonium lignosulfonate ~ Brown powder 5.6

Table 2 Adhesive formulations

Formulations Tannins/ Glyoxalated pH
mass% lignins/mass%
Mimosa— 20 80 9.08
NaLSP
40 60 10.10
50 50 9.84
60 40 10.33
NaLSL 40 60 10.10
NH4LSL 40 60 9.97
NHA4LSP 40 60 10.05

parts by mass glyoxal (40 % in water) were added, and the
lignin solution was then continuously stirred with a mag-
netic stirrer/hot plate for 8 h. The solid contents for all
glyoxalated lignin were around 43 %. The lignosulfonates
characteristics are presented in Table 1.

Adhesive formulation

A 45 % mimosa tannin solution in water was prepared. A
sodium hydroxide solution (33 %) was added in order to
keep the pH of the solution at 10.4. The pH was chosen for
the hardener performs at its best at that pH, and tannins
dissolve at high pH; 5 % of a hexamethylenetetramine
(hexamine) (solid mass of hexamine on solid mass of
tannins) was added as hardener. The hexamine was added
as a solution at a concentration of 30 % in water.

In this paper, we studied four different ratios of tannin—
glyoxalated lignin adhesive formulations for the sodium
lignosulfonate NaLSP. Mimosa tannin—glyoxalated lignin
adhesive formulations were also produced with other
lignosulfonates for one ratio. Different formulations are
described in Table 2.

Thermomechanical analysis (TMA)

The curing kinetics and mechanical properties of the
adhesives were measured by TMA by monitoring the
rigidity of a bonded wood joint as a function of tempera-
ture. The analyses were performed on a Mettler Toledo
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TMA SDTA 840. 30 mg of resin was placed between two
plies of maritime pine wood to form a joint of
17 x 5 x 1.2 mm. The bonded wood joints were submit-
ted to three points bending on a span of 14 mm and sub-
jected to an alternating force of 0.1/0.5 N with a 6 s/6 s
cycle. The heating rate was of 10 °C min~' from 25 to
250 °C. For each formulation, five replicates were done.
The results were analysed using STARe software.

Thermogravimetric analysis (TG)

The thermal stability of the cured resins and of the raw
materials was determined by thermogravimetric analysis,
TA Instrument TGA Q500. The samples were made of
cured resin and analysed from 30 to 600 °C at a heating
rate of 10 °C min~! under 40-60 mL min~! N,. The
results were analysed with Universal Analysis software.

Differential scanning calorimetry (DSC)

DSC data were obtained with a TA Instrument DSC Q20.
The samples were made of 5-8 mg of cured resin and of
glyoxalated and non-glyoxalated lignosulfonates and were
put in an aluminium crucible. The temperature scanned
from 30 to 250 °C at heating rate of 10 °C min~' under
50 mL min~' N,. The results were analysed with Uni-
versal Analysis software.

Fourier transformed infrared (FTIR)

FTIR spectra were recorded on a Perkin Elmer Spectrum
One equipped with an ATR-FTIR unit. A few milligrams
of ground extract sample were placed on a crystal (dia-
mond/ZnSe). The spectra were obtained with a resolution
of 4cm™" and four co-addition scans in a wavelength
range of 650-4,000 cm™"'. The spectra were collected and
analysed using Spectrum software (Perkin Elmer).

Statistical analysis

The data are presented as mean £ SD values. The TMA
values were analysed with the Bartlett test, Tukey’s HSD
test and the ANOVA test. All the statistical analyses were
carried out at p < 0.05 significance level.

Results and discussion

Analysis of lignosulfonates before and after glyoxalation

The thermal decomposition of the lignosulfonates before
and after glyoxalation was determined by TG. The TG

curve presents the mass loss of the lignosulfonates in
relation to the temperature, and the first derivative of that
curve (DTG) shows the corresponding rate of mass loss.
The TG curves and DTG curves for the lignosulfonates
NaLSP and NH4LSP are presented in Fig. 1. NaLSP and
NaLSL present similar curves, and NH4LSL and NH4LSP
also present similar curves.

In a first step, which occurs up to approximately 110 °C,
the mass loss is due to the elimination of any residual
water. In a second step, the non-glyoxalated ammonium
lignosulfonates start to decompose at 171-176 °C. The
non-glyoxalated sodium lignosulfonates start to decompose
at 186-202 °C. The decomposition occurs up to
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Fig. 1 a TG curves and b DTG curves of (continuous solid line) non-
glyoxalated NaLSP; (continuous spaced solid line) glyoxalated
NaLSP; (continuous dashed line) non-glyoxalated NH4LSP and
(continuous  dotted line) glyoxalated NHA4LSP recorded at
10 °C min™"
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375-400 °C with a mass loss of 30-40 %, except for
NaLSL which undergoes degradation up to 345 °C and
23 % mass loss. The glyoxalated lignosulfonates are less
stable to temperature, and the second step started at
125-135 °C and terminated at 330-345 °C. This early
mass loss is caused by the link formed by the glyoxal that is
less stable. This might be due to the low reactivity of
glyoxal, which introduces much earlier sites of tridimen-
sional cross-linking in the network. The network is weaker,
and degradation starts at lower temperatures. Another
hypothesis is that there is formation of glyoxal-O-glyoxal
unstable bridges that on heating should rearrange to a
simple glyoxal bridge, as formaldehyde does. However,
due to the low reactivity of glyoxal, it is unable to rear-
range to a single bridge causing instability. The mass loss
of glyoxalated lignosulfonates during this second step is of
30-33 %. After heating to 600 °C, there is still up to
45-60 % of the samples mass that has not been volatilised.
According to Tejado et al. [32], the mass loss occurring
after 500 °C is due to the decomposition of aromatic rings.

The DTG max appears at approximately 240-245 °C for
all the lignosulfonates and glyoxalated lignosulfonates
(Fig. 1b). Khan et al. [6] attributed this mass loss to a
breakdown of side chains present in lignin. Non-glyoxa-
lated sodium lignosulfonates present a DTG peak at
300 °C, and the non-glyoxalated ammonium lignosulfo-
nates present a DTG peak at 360 °C. After glyoxalation,
the ammonium lignosulfonates show a DTG peak at
300 °C whereas the sodium lignosulfonates at 310 °C.
Between 300 and 450 °C, a pyrolytic degradation occurs
which leads to the fragmentation of the intermolecular
bonding and the release of monomeric phenols [4, 32].
After glyoxalation, a mass loss appears between 130 and
170 °C with a peak at 145 °C. This mass loss does not
appear with alkaline rice straw lignin [31].

DSC analyses were also performed on all lignosulfo-
nates (Fig. 2). Prior to the analysis, the lignosulfonates
were dried at 60 °C until the mass had stabilised. The non-
glyoxalated lignosulfonates are stable to temperature. An
endothermic transition occurs at 136 °C for glyoxalated
sodium lignosulfonates. The glyoxalated ammonium
lignosulfonates show an endotherm at 145-149 °C. These
transitions correspond to the glass transition of the ligno-
sulfonates and are found in the same range of temperature
as kraft lignins or organosolv lignins [4, 32]. The endo-
therms that take place at 190-200 °C and at 210-235 °C
are present for all the glyoxalated lignosulfonates and are
higher for glyoxalated NaLSL. They correspond to the
degradation of the lignosulfonates.

All the lignosulfonates, before and after glyoxalation,
were studied by FTIR in the range of 650-2,000 cm™'
region (Fig. 3). The analyses of the spectra are based on the
assignments given by Boeriu and Bravo [33]. The two
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Fig. 2 DSC curves of (continuous solid line) non-glyoxalated
NaLSL; (continuous spaced solid line) glyoxalated NaLSL; (contin-
uous dashed line) non-glyoxalated NH4LSL and (continuous dotted
line) glyoxalated NH4LSL recorded at 10 °C min™"
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Fig. 3 FTIR spectra of (continuous solid line) non-glyoxalated
NaLSL; (continuous spaced solid line) glyoxalated NaLSL; (contin-
uous dashed line) non-glyoxalated NH4LSP and (continuous dotted
line) glyoxalated NH4LSP

ammonium lignosulfonates were identical as were the two
sodium lignosulfonates. When comparing two ammonium
lignosulfonates and two sodium lignosulfonates before
treatment, we can see small differences between the two
types of lignosulfonates. The ammonium lignosulfonates
show bands at 1,075, 860 and 808 cm ™! that are not present
in sodium lignosulfonates. These bands correspond to car-
bohydrate vibration, C—H out of plane vibrations from
guaiacyl units and other aromatic C—H stretch vibrations,
respectively. After glyoxalation, when comparing ammo-
nium lignosulfonates to sodium lignosulfonates, the FTIR
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spectra are similar. The only differences can be found in the
range of 1,680-1,715 cm™! region. Glyoxalated ammonium
lignosulfonates have a band at 1,680 cm™", and glyoxalated
sodium lignosulfonates present a band at 1,715 cm™' which
are assigned to conjugated carbonyl/carboxyl stretching.
After glyoxalation, ammonium lignosulfonates show a shift
of the band at 1,155-1,140 cm ™! which is assigned to C-O
stretch vibration. Peaks at 1,715-1,680, 1,350 and
1,140 cm™" are present only after glyoxalation and are
attributed to carbonyl/carboxyl stretching, phenolic hydro-
xyl groups and C-O stretch vibration, respectively.

Analysis of the resin’s curing

The three bending-point modes enabled us to get the
deflection curves from which the modulus of elasticity
(MOE) of the resins is determined. The MOE is a good
indicator of the adhesive behaviour during curing and its
wood-joint strength.

The influence of four proportions of tannins—glyoxalated
lignosulfonates on the adhesive properties is studied. The
curves of MOE as a function of temperature are given in
Fig. 4. The tannin proportions varied from 20, 40, 50 and
60 mass%. All the adhesives show an increase of the MOE at
100-110 °C. According to Ping et al. [34], this corresponds
to a first cross-linking reaction through formation of a non-
stable cross-linker. The highest MOE values are obtained at
160-170 °C. There is a decrease in the MOE at 170-190 °C
that corresponds to the degradation of wood components and
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Fig. 4 Module of elasticity of average curves of a pine joint as a
function of temperature obtained by TMA testing when bonded with
mimosa tannins—glyoxalated NaLSP-cured resins***: (continuous
solid line) 20 mass% tannins; (continuous spaced solid line)
40 mass% tannins; (continuous dashed line) 50 mass% tannins;
(continuous dotted line) 60 mass% tannins recorded at 10 °C min~!

of the adhesive. A comparison of the TMA profiles shows
that the less the tannins added, the lower the MOE. The
maximum values of MOE are presented in Table 3. There are
statistically no significant differences between the MOE of
the adhesive formulations containing 40, 50 and 60 mass%
of mimosa tannins (Tukey HSD test, p value = 0.997,
p value = 0.379, p value = 0.493). The adhesive formula-
tion with 20 mass% of mimosa tannins is not statistically
different than the formulations with 40 and 50 mass%
mimosa tannins (Tukey HSD test, p value = 0.091 and
p value = 0.061). However, the MOE of the adhesive for-
mulation containing 20 mass% of mimosa tannins is statis-
tically lower than the adhesive with 60 mass% of mimosa
tannins (Tukey HSD test, p value = 0.003).

As lignosulfonates are co-products in pulp mills and
there are no significant differences between adhesive for-
mulations with 40 mass% tannins and 60 mass% tannins, it
was decided that adhesives with NaLLSL, NH4LSL and
NHA4LSP lignosulfonates would have 40 mass% mimosa
tannins and 60 mass% of glyoxalated lignosulfonates. The
curves of MOE as a function of temperature, obtained by
TMA for resins with the different lignosulfonates, are
given in Fig. 5. All curves increase at 110 °C, which cor-
responds to a first cross-linking reaction through formation
of a non-stable cross-linker. The maximum MOE values
are obtained between 160 and 180 °C. The maximum
values of MOE are presented in Table 3. There are statis-
tically no significant differences between the MOE of the
adhesive formulations with 40 mass% mimosa tannins and
60 mass% NaLSP, 60 mass% NaLSL, 60 mass% NH4LSL
and 60 mass% NH4LSP (Anova test, p value = 0.457).
The wood joint bonded with the adhesive formulation with
NaLSL has a slightly higher MOE between 137 and 208 °C
compared to the adhesive formulations with NaLSP,
NHA4LSL and NH4LSP. The adhesive formulations with

Table 3 Module of elasticity values for all the adhesive formulations

Formulation Maximum MOE/ Temperature/
MPa* °C
Mimosa-NaLSP (20-80) 1,905 + 99% 159
Mimosa-NaLSP (40-60) 2,264 + 110204 168
Mimosa-NaLSP (50-50) 2,294 + 308 157
Mimosa—NaLSP (60-40) 2,497 + 285> 165
Mimosa-NaLSL (40-60) 2,483 + 394 165
Mimosa—NH4LSL (40-60) 2,325 + 260" 165
Mimosa—NH4LSP (40-60) 2,185 + 65 176

* Standard deviation of five replicates
*> Group of values with significant differences between each group
¢ The means were analysed with Tukey’s HSD test at p < 0.05

9 The means were analysed with the Anova test at p < 0.05,
p value = 0.457
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Fig. 5 Module of elasticity of average curves of a pine joint as a function
of temperature obtained by TMA testing when bonded with (continuous
solid line) mimosa tannins—glyoxalated NaLSL; (continuous spaced
solid line) mimosa tannins—glyoxalated NaLSP; (continuous dashed line)
mimosa tannins—glyoxalated NH4LSL; (continuous dotted line) mimosa
tannins—glyoxalated NH4LSP recorded at 10 °C min ™"

NaLSP and NH4LSL have a higher MOE between 135 and
250 °C compared to the adhesive with NH4LSP. The
adhesive formulation with NaLSP shows a slower cross-
linking reaction than the adhesives with NaLSL, NH4LSL
and NH4LSP. Similar results have been found for mimosa
tannins—glyoxalated organosolv lignin-pMDI (polymeric
4.4'-diphenyl methane diisocyante) adhesives [16]. Na-
varrete et al. [21] found similar results for mimosa tannins—
glyoxalated organosolv lignins using hexamine as a hard-
ener for a tannin-lignin ratio of 50-50; however, resins
with a 60—40 ratio presented higher MOE.

Thermal analysis of cured resins

The TG curves of the cured resins with glyoxalated NaLSP
in different proportions are presented in Fig. 6. The initial
decomposition temperature and the final decomposition
temperature of the resins were observed. In a first stage, the
resins are submitted to the elimination of water, in which
8—15 % of mass loss occurs depending on the initial water
content of the samples. In a second stage, the resin with
20 mass% mimosa tannins starts to decompose at 238 °C,
the one with 40 mass% starts its degradation at 242 °C, the
cured resin with 50 mass% tannins at 258 °C and the
adhesive with 60 mass% tannins decomposes at 222 °C.
When the proportion of tannins increases, the initial
decomposition starts at higher temperatures up to
50 mass% of tannins after which the decomposition starts
at lower temperatures. This decomposition could be the
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Fig. 6 TG curves of mimosa tannins—glyoxalated NaLSP cured
resins: (continuous solid line) 20 mass% tannins; (continuous spaced
solid line) 40 mass% tannins; (continuous dashed line) 50 mass%
tannins; (continuous dotted line) 60 mass% tannins recorded at
10 °C min ™"

result of a partial breakdown of the intermolecular bonding
[24] and occurs up to approximately 377-392 °C. The
mass loss progressively increases with the temperature up
to 600 °C where the mass loss starts to stabilise. The mass
loss ranges from 30 to 36 %. Similar mass losses were
found for mimosa tannin resins [24].

The TG curves of the cured resins with 40 mass%
mimosa tannins with four glyoxalated lignosulfonates are
presented in Fig. 7. The initial decomposition temperature
and the final decomposition temperature of the resins were
observed. In the first stage, the resins are submitted to the
elimination of water, in which 3-12 % mass loss occurs
depending on the initial water content of the samples. In
the second stage, the resin with NaLSL starts to decompose
at 191 °C, the one with NaLSP starts its degradation at
242 °C, the cured resin with NH4LSL at 197 °C and the
adhesive with NH4LSP decomposes at 201 °C. The resin
with NaLSP is the most stable to temperature. This
decomposition could be the result of a partial breakdown of
the intermolecular bonding and occurs up to approximately
369-379 °C. The mass loss progressively increases with
the temperature up to 600 °C where the mass loss starts to
stabilise. The mass loss ranges from 31 to 41 %. Similar
mass losses were found for mimosa tannin resins and
valonia tannin resins [24].

The DTG curves of mimosa tannins, glyoxalated
NH4LSP and of the adhesive formulation with NH4LSP
are presented in Fig. 8. Four major mass losses are present
for mimosa tannins. The first one, at 56 °C, corresponds to
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Fig. 7 TG curves of mimosa tannins—glyoxalated lignosulfonates
with 40 mass% tannins cured resins: (continuous solid line) mimosa
tannins—glyoxalated NaLSL; (continuous spaced solid line) mimosa
tannins—glyoxalated NaLSP; (continuous dashed line) mimosa tan-
nins—glyoxalated NH4LSL; (continuous dotted line) mimosa tannins—
glyoxalated NH4LSP recorded at 10 °C min™"
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Fig. 8 DTG curves of (continuous spaced solid line) mimosa tannins;
(continuous dotted line) glyoxalated NH4LSP and (continuous dashed
line) mimosa tannins—glyoxalated NH4LSP recorded at 10 °C min™"

the elimination of water. At 200 °C, the mass loss corre-
sponds to the degradation of hydroxyl, ether and ester
groups [35]. The mass loss at 253 °C is due to decarbox-
ylation of the mimosa tannins. At 355 °C, the mass loss
corresponds to further degradation of hydroxyl groups [36].
The mimosa tannins and the cured resins have no common
peaks, and the mimosa has completely reacted during the
curing process. The DTG curve of the cured resin has

several peaks which correspond to the degradation of the
lignosulfonates that did not react during the curing process,
at 243 °C, and from approximately 335-600 °C. The cured
resin shows a DTG peak at 243 °C, which corresponds to a
breakdown of side chains present in the remaining ligno-
sulfonates. The disappearance of the degradation peaks in
the cured resin at 147 °C and at 300 °C which correspond
to the glass transition NH4LSP and to inter-unit degrada-
tion of the glyoxalated lignosulfonate NH4LSP, respec-
tively, confirm that most of the glyoxalated NH4LSP has
reacted.

The DSC results for cured resins with 40 mass %
mimosa tannins are presented in Fig. 9. The adhesive for-
mulation with NaLSP 40 mass % mimosa tannins is stable
up to 233 °C, the resin with NaLSL is stable until 198 °C,
the resin with NH4LSL is stable until 216 °C and the resin
with NH4LSP is stable until 210 °C, where an endothermic
reaction takes place. This reaction is a consequence of the
degradation of the resins. The DSC and TG results both
show that all the resins are stable to temperature up to at
least 190 °C. The resins with the sodium lignosulfonate
NaLSP are more stable and are not submitted to a thermal
degradation until 222 °C.

In order to understand the chemical reactions that take
place during the curing of the resins, FTIR analyses were
carried out, and the spectra of the mimosa tannins—glyox-
alated NaL.SL, mimosa tannins, glyoxalated NaLSL and
hexamine are presented in Fig. 10. When comparing the
cured adhesive to the raw materials used, we can notice
that the hardener (hexamine) has totally reacted. The cured

Heat flow/mW Endo < Exo

25 50 75 100 125 150 175 200 225 250

Temperature/°C

Fig. 9 DSC curves of mimosa tannins—glyoxalated lignosulfonates
with 40 mass% tannins cured resins: (continuous solid line) mimosa
tannins—glyoxalated NaLSL; (continuous spaced solid line) mimosa
tannins—glyoxalated NaLSP; (continuous dashed line) mimosa tan-
nins—glyoxalated NH4LSL; (continuous dotted line) mimosa tannins—
glyoxalated NH4LSP recorded at 10 °C min~'
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Fig. 10 FTIR spectra of (continuous spaced solid line) mimosa
tannins; (continuous solid line) glyoxalated NaLSL; (continuous
dashed line) mimosa tannins—glyoxalated NaLSL and (continuous
dotted line) hexamine

resin spectrum is very similar to the glyoxalated NaLSL
spectrum. The only bands not shared are at 1,740 and
1,715 cm™"', which are assigned to carbonyl/carboxyl
groups and at 840-835cm™' and at 765 cm™', which
correspond to aromatic C—-H “oop” stretch, respectively.
The carbonyl/carboxyl groups from the glyoxalated ligno-
sulfonates react during curing and disappear in the resin.
The cured resin and the mimosa tannins spectra only have a
few bands in common that are not present in the glyoxa-
lated NaLSL at 840-835 cm™' and at 765 cm™".

Autocondensation of mimosa tannins occurs at high
alkalinity, pH 10 or higher [35]. At lower pH, mimosa tan-
nins cross-link with hexamine. As our adhesive solutions are
at approximately pH 10, mimosa tannins are subjected to
both autocondensation reactions and cross-linking reactions
with hexamine and the glyoxalated lignosulfonates.

Conclusions

In this study, we monitored the thermal stability of sodium and
ammonium lignosulfonates before and after glyoxalation.
After glyoxalation, the lignosulfonates have a glass transition
at 136 °C for sodium lignosulfonates and at 145-149 °C for
ammonium lignosulfonates. The glyoxalation reaction lessens
the thermal durability of all lignosulfonates.

We assessed the optimum proportion of mimosa tannins—
glyoxalated NaLSP. The resins with 40, 50 and 60 mass%
mimosa tannins are statistically the same and give more
efficient adhesives than the adhesive formulation with
20 mass% mimosa tannins. The adhesive formulations with

@ Springer

sodium lignosulfonates or ammonium lignosulfonates gave
the same maximum of modulus of elasticity.

The cured resins with glyoxalated NaLSL, NH4LSL and
NHA4LSP are stable up to 190-200 °C. The adhesive for-
mulations with NaLSP are more thermally stable than the
ones with the other lignosulfonates. They are stable up to
222-258 °C. Further analysis by TG-MS or TG-FTIR
would give more information on the chemical structures of
the cured resins.
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