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ABSTRACT:	� The present study investigated the preparation of biomatrices from Stipa tenacissima L. and its valorization for 
fiberboard application. Resins were produced by extracting lignin from the Stipa tenacissima L. black liquor by 
soda process and combining it with glyoxal as crosslinking agent to produce lignin-glyoxal-resin (LGR). The 
matrix was characterized by several methods, such as FTIR and ATG/ATD, and then mixed with date palm 
rachis as reinforcing fibers in different proportions of 30 and 50% (w/w with respect to the matrix) to produce 
biodegradable composite materials. Then, their thermal and mechanical properties were determined, using 
differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). The results obtained show 
that date palm rachis particles were effective in enhancing the thermo-mechanical properties of the thermoset 
matrix.
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1  INTRODUCTION

Lignin, a natural, nontoxic polyaromatic polyol, is 
one of the most abundant and inexpensive sustain-
able polymers [1]. Standard and well-defined lignin is 
commercially available as a by-product of the paper-
making industry. The annual global production of 
industrial lignin is reportedly around 50 million tons, 
which is almost 20% of the total production of indus-
trial plastic [2]. However, the black liquor is treated 
mostly as a liquid waste and burnt to generate energy. 
Nevertheless, it is noteworthy that the presence of phe-
nolic groups in lignin macromolecules makes lignin a 
potential macromolecular source to produce biopoly-
mers or biomatrix. This finding was reported by sev-
eral workers, namely, Ammar et al. [3], El Mansouri 
et al. [4], Alonso et al. [5] and others, who demonstrated 
that the use of formaldehyde as a crosslinking agent of 
lignin can produce promising matrices (LRF).

Moreover, many articles report that lignin-based 
phenol formaldehyde (LPF) resins can be used as 
binders for fiberboard [6], oriented strand board [7], 
plywood [8], etc. In fact, Wenjian et al. [9] suggest that 
lignin-phenol-formaldehyde resins can be used in the 
preparation of fiberboards [10]. Lei et al. succeeded in 
producing particleboard with good performance by 
substituting vegetable polyflavonoid tannins for LPF 
resin in adhesive formulations [6]. Currently, con-
siderable attention is being paid to industrial devel-
opment of natural, or green, wood adhesives such as 
soy protein-, tannin- and vegetable oils-based adhe-
sives [7]. To this end, upgrading of aldehydes-free or 
hardeners-less tannin-based adhesives was started 
[6]. The development of polycondensation thermo-
sets made of glyoxylated lignin (GL) and resorcinol 
was also reported [4, 6, 8, 11–14]. Following the same 
approach, lignin-glyoxal-resin (LGR) was prepared 
with the lignin extracted from Stipa tenacissima L. 
(using the kraft method), using glyoxal as a crosslink-
ing agent. From a practical viewpoint, the rapid devel-
opment in fiberboard production technology and the 
widespread use of fiberboard rendered these annual 
plant-based materials very useful, because non-wood 
plants need only 12 months for a full cycle of growth, 
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whereas trees require several years to grow. Non-
wood plants and residues can also serve as substitutes 
for wood in the fiberboard industry, thus making valo-
rization of annual plant wastes an intelligent practice.

Date palm is one of the most cultivated plants in 
southern Tunisia, which has more than 4 million plants 
occupying an area of about 32 thousand hectares, as 
reported in the Tunisian Ministry of Agriculture sta-
tistics [15]. This cultivation produces a huge amount of 
date palm rachis, which is left on the soil and allowed 
to biodegrade and thus fertilize the soil [16–18]. The 
date palm can be considered a potential raw material to 
produce fiberboard of composite material not only in 
Tunisia but also in all other countries where it abounds. 

For this work, several composite films were pre-
pared using a thermoset matrix LGR and incor-
porating date palm rachis fragment loadings in 
different proportions: 0%, 30% and 50%. The thermal 
and mechanical properties of the resulting sample 
were determined by differential scanning calorimetry 
(DSC), dynamic mechanical analysis (DMA) and ten-
sile tests, following methods of the common standards.

2  EXPERIMENTAL

2.1  Date Palm Rachis

Date palm rachises from Gafsa (Tunisia) were col-
lected, washed, rinsed with distilled water to elimi-
nate sand and other soil contaminants and dried at 
room temperature for one month. The dried mate-
rial was milled and sieved to a size of around 250 µm 
and then successively extracted with ethanol-toluene 
before using. 

2.2 � Extraction of Lignin from Black 
Liquor 

As described in our previous work [19], the isolated 
lignin was obtained from black liquor supplied by 
SNCPA, the National Society of Cellulose and Alfa 
Paper, using soda process (Kasserine, Tunisia). Briefly, 
the lignin (with pH = 12) was precipitated by adding 
sulfuric acid until the pH came down to 4.5. The pre-
cipitated lignin was washed with hot water (70 °C) for 
30 min using a mechanical stirrer to remove residual 
sugar and adsorbed impurities. Then, the lignin was 
filtered and dried to a constant weight in an air circu-
lation stove at 40 °C [19–21].

2.3  Resin-Lignin-Glyoxal Synthesis

The resin-lignin-glyoxal was prepared, under reflux, 
in a 6 dm3 glass reactor equipped with a stirrer and a 

condenser. Modified resins were synthesized follow-
ing the method of El Mansouri et al. [4]. Samples, each 
weighing twenty grams of lignin, were prepared, to 
which glyoxal was added in the proportions of 30%, 
40% and 50% (w/w with respect to lignin). In the 
meantime, 4.5 g of sodium hydroxide (based on dry 
weight) was added gradually in the form of 30 wt% 
aqueous solution and mixed for 45  min until the 
pH became 12 to 13. Then, the mixture was heated 
at 97  °C under a mechanical stirrer for 2 h and the 
solution cooled down to room temperature. The 
preparation of LGR resins was repeated at least three 
times.

2.4  Fiberboard Preparation

Fiberboards, measuring 350 × 300 × 14 mm, were pre-
pared with date palm rachis and lignin-based matrix 
containing 50% of glyoxal (LGR50%) at a maximum 
pressure of 25 kg/cm-2 and a press temperature of 
160 °C. A preliminary study was carried out in order 
to determine the optimal time and temperature. We 
have varied two parameters, the time from 10 to 
30 min and the temperature from 160 °C to 200 °C. 
The best experimental conditions were established 
as: 20 min at 160 °C. The LGR composites reinforced 
with date palm rachis were prepared by mixing the 
thermoset matrix with lignocellulosic material at dif-
ferent loadings: 0, 30 and 50% (w/w with respect to 
the matrix). The total pressing time was maintained 
at 20 min.

2.5 � Characterization of Resulting 
Materials

2.5.1  FTIR Analysis

The resins were characterized using FTIR spectropho-
tometer (Bruker) by preparing KBr pellets with LGR 
concentration of 1% (w/w). The spectra were recorded 
between 600 and 4000 cm–1 at a resolution of 4 cm–1 
and co-adding sixteen scans. To avoid pellet moisture 
contamination, the following procedure was followed: 
(i)  resin fraction and KBr were left for 24 h at 40 °C 
under reduced pressure before pellet preparation; 
(ii) pellets were subjected to the same conditions for 
12 h prior to FTIR analysis.

2.5.2  UV Spectroscopy

Ultraviolet-visible (UV) spectroscopy offers a sim-
ple and rapid way of determining phenolic hydroxyl 
groups. The method is based on the difference in 
absorption between the lignins in alkaline, neutral and 
acid solutions [22]. For this purpose, 10 mg of the resin 
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was dissolved in 5 mL of dioxane and 5 mL of NaOH 
solution (0.2 moL/L–1). An aliquot of 2 mL of the pre-
pared resin solution was diluted to 25 mL using buffer 
solutions of pH = 6 or 12, which yielded solutions with 
a final resin concentration of about 0.08 g.L–1. The UV 
spectra were recorded on a Shimadzu double-beam 
spectrophotometer, using the resin solution prepared 
at pH = 6 as the reference. 

2.5.3  TGA Thermo-Degradation

Thermal gravimetric analysis (TGA; Perkin-Elmer 
Pyris 1 TGA-7) of fiberboard samples, each weighing 
about 15 mg, was carried out in a platinum sample 
pan, which was heated from 50 to 900 °C at a heating 
rate of 10 °C/min–1 under nitrogen atmosphere with a 
flow rate of 20 mL/min–1. Curves of weight loss and 
derivative weight loss (DTG) were plotted [23]. The 
test was repeated at least twice.

2.5.4  Mechanical Properties

Dynamic mechanical thermal analysis (DMA) was 
performed using a DMA RSA III TA Instrument. A 
temperature range of 30 to 400 °C, at a heating rate 
of 3 °C/min–1 and a frequency of 1 Hz, was applied 
after optimization of static and dynamic loads with 
a sample size of 16 × 10 × 1 mm. The measurements 
were repeated at least twice and the difference 
between the values obtained was within the experi-
mental error of 5%.

The mechanical behavior of the fiberboard, 
which was cut into probe samples, each measuring 
30 × 5 × 0.4 mm3, was evaluated by carrying out tensile 
and bending tests with a Rheometrics RSA 2 mechani-
cal analyzer system, which works in tensile and 
bending modes. The elongation, stress at break, and 
Young’s modulus were determined. All the samples 
were conditioned, as recommended by the ISO stan-
dard method, for 24 h in a conditioned room under a 
controlled temperature of 23 °C and relative humidity 
of 50%. These tests were performed five times and the 
difference between the values obtained was within the 
experimental error of 5%. 

2.5.5  Internal Bond Test 

All particleboards prepared from date palm and the 
LGR were tested for dry internal bond (IB) strength. 
This relevant test was conducted according to an 
international standard test; EN 314-1 (1993) and EN 
314-2 (2004). It is a tensile test perpendicular to the 
plane of the board. The measurements were repeated 
at least five times and the difference between the 
obtained values was within the experimental error 
of 5%.

3  RESULTS AND DISCUSSION

3.1 � Synthesis and Characterization of 
LGR

Three resins, namely LGR30%, LGR40% and LGR50%, were 
prepared with 30%, 40% and 50% of glyoxal respec-
tively having pH of 12. From heating of these resins, 
it was noticed that the reactivity of the prepared resin 
depended on the proportion of glyoxal used. When the 
resins were heated to 80 °C, the gel time was 50 min 
for LGR30%, 39 min for LGR40% and 33 min for LGR50%, 
thus clearly indicating that the reactivity of LGR50% 
was the highest [9]. Figure 1, which presents the FTIR 
spectra of the prepared resins, shows the disappear-
ance of the band at 1625 cm–1 associated with the C=O 
of the glyoxal. The glyoxalization reaction is consistent 
with the FTIR spectra presented in Figure 1. The spec-
trum of raw lignin shows vibrations characteristic of 
guaiacyl and syringyl units: C–O at 1268 cm–1, C=O at 
1214 cm–1, guaiacyl C–H and syringyl C–H at 1140 cm–1 
and C–H out-of-plane vibrations in positions 2, 5 and 
6 of the guaiacyl units at 854 cm–1 [21]. The intensity 
of these bands decreased or vanished in the spectrum 
of LGR50%, dried under subcritical conditions (1 day 
in air at room temperature, followed by 3 days in a 
ventilated oven at 105 °C). This finding indicates that 
guaiacyl units were indeed involved in condensation 
reactions with glyoxal.

Another feature worth mentioning is that the peak 
around 1710 cm–1 in the lignin spectrum, attributed 
to C=O stretching of unconjugated ketones and car-
bonyl groups, is no longer visible in the spectrum 
corresponding to the resin network. This observation 
can suggest that aldehydes, initially present in lignin, 
might have contributed to its crosslinking.

The spectrum of the gel also showed absorption 
bands at 2919 and 2840 cm–1, associated with C–H 
stretching, and at 1462 cm–1, attributed to C–H defor-
mation of methyl and methylene groups [22, 24]. 

Figure 1  FTIR spectra of LGR30%, LGR40% and LGR50%.
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Indeed, such groups participated in the formation of 
the three-dimensional crosslinked network structure 
of the gel.

UV-visible light absorption measurements were 
used for semi-quantitative assessment of the purity 
of lignin samples. The intensity of the absorbance is 
related to lignin concentration and is proportional to 
the purity of lignin. Therefore, as reported by Scalbert 
et al. [25], a lower absorbance was observed, indicating 
that modification of lignin had taken place. The main 
idea of this part is to follow up on the effect of glyoxal 
proportion on the crosslinking reaction. 

Figure 2 presents the UV spectra of different sam-
ples of lignin: LGR30%, LGR40% and LGR50%. For all 
the samples, the maximum absorbance occurred at 
280  nm, which was associated with the presence of 
non-conjugated phenolic groups in the lignin macro-
molecules. Interestingly, as shown in the spectra, the 
lowest absorbance values occurred in LGR50% samples, 
suggesting that these were the most crosslinked macro
molecular fragments, as can be expected from the pos-
sible condensation reaction between glyoxal and the 
aromatic groups, as already deduced from gel-time 
determination. The amount of free phenolic hydroxyl 
groups in LGR is an important parameter because it 
conditions the reactivity of these groups and its effect 
on both chemical and physical properties of the lig-
nin molecules. The total amount of ionized phenolic 
hydroxyl groups was calculated using the absorbance 
at 300 and 350 nm measured in 0.2 moL/L–1 NaOH 
[26], and the results summarized in Table 1.

The UV-vis spectra (Figure 2) had three characteris-
tic peaks, at about 250, 300 and 350–360 nm. The max-
ima at 250 and 300 nm are attributed to the absorbance 

Figure 2  UV spectra of lignin, LGR30%, LGR40% and LGR50%.
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of phenolate ions originated from unconjugated phe-
nolic hydroxyl groups, whereas phenolic structures, 
conjugated with a carbonyl group, were absorbed at 
250 and 350 nm [26]. From Table 1 it can be observed 
that the amount of free phenolic hydroxyl groups in 
LGR50% is lower than that in LGR30% and LGR40%, thus 
indicating that LGR50% is more reactive. The overall 
conclusion to be deduced from this observation is 
that LGR50% is the best one in terms of (i) gel time and 
(ii) UV spectra. For this reason, we decided to prepare 
our panel fiberboards with the LGR50%.

3.2 � Preparation and Characterization of 
Fiberboard Panels 

Several fiberboard panels (Figure 3) were prepared 
using fragments of date palm rachis (DPRF), and 
LGR50% as biomatrix. The thermal and mechanical 
properties of the prepared composites are presented 
and discussed below.

3.2.1 � Thermogravimetric Analysis of 
Prepared Fiberboard Panels

Figure 4 shows the TGA curves for fiberboard panels 
prepared using date palm rachis in the proportions 
of 0%, 30% and 50%. These curves show four dis-
tinct zones of degradation: (i) the initial one appears 
nearly at 80–100 °C and corresponds to a small weight 
loss due to evaporation of absorbed moisture; (ii) the 
second event (at 230 °C) is associated with a sharp 
weight loss, which could be due to the water mol-
ecules produced during crosslinking reaction among 
methylol groups and/or with a freely positioned lig-
nin aromatic ring; (iii) the third zone corresponds to 
the reaction of water and hydrogen with methylene 
group, which releases carbon monoxide and methane, 
respectively; (iv) the last zone (at 750 °C) corresponds 
to the ultimate charcoal thermal degradation. 

Figure 4 clearly demonstrates that the addition of 
date palm rachis to LGR50%, as matrix, can enhance the 
stability of the prepared materials. Compared with the 
pure sample, the samples reinforced with date palm 
rachis showed a slightly lower kinetic of degrada-
tion, indicating higher thermal stability. This is due 
to higher and longer thermal resistance of the pyro-
lized lignocellulolosic particles [16, 18]. Thus, when 
the temperature was increased, degradation occurred 
in several steps: (i) During the drying phase, i.e., 
when T < 200 °C, the residual moisture was removed; 
(ii)  When the temperature was between 350 and 
400 °C, the hemicelluloses (the most thermally unsta-
ble compounds) underwent degradation. Beyond this 
temperature range, the slope of the curve changed, 
indicating a change in the chemical kinetics; (iii) When 

Table 1  Quantification of hydroxyl groups IOH. 

Lignin LGR30% LGR40% LGR50%

IOH mmol.g–1 1.131 0.478 0.545 0.702
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Figure 3  Fiberboard panels from rachis date palm and LGR50%.
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the temperature was between 400 and 450 °C, degra-
dation of residual lignin commenced; (iv) When the 
temperature exceeded 450 °C, ultimate degradation of 
lignin started and the kinetics of degradation became 
slower than that of the other compounds. However, it 
occurred over a wide temperature range, which ren-
dered detection by ATG difficult. 

3.2.2  Dynamic Mechanical Thermal Analysis 

The mechanical tensile properties (Young’s modulus, 
strength and elongation at break) were also inves-
tigated at room temperature (25 °C) and the results 
are summarized in (Table 2). As expected, the stress 
at break increased significantly as DPRF loading 
increased, because of the stiffening effect induced by 
lignocellulosic fillers; however, the elongation at break 
remained fairly unchanged (about 3%). Besides, the 
Young’s modulus increased with an increase in filler’s 
loading. For example, the Young’s modulus of the 
composite, containing 50 wt% of DPRF, is more than 
three times that of the composite containing 30 wt% of 
DPRF. This confirms that the DPRF of date palm rachis 
plays a real reinforcing effect on the thermoset matrix 
(Table 2). This phenomenon can be attributed to the 
lignocellulosic added to the matrix, as previously 
reported for other cellulose fibers from other sources 
and other polymeric matrices [16, 18, 27].

Figure 5 shows the effect of DPRF loading on 
Young’s modulus in the bending method of the pre-
pared fiberboard. Generally, the optimum bend-
ing properties and Young’s modulus are dictated by 
the volume of the reinforcing DPRF. Figure 5 shows 
that the Young’s modulus increased significantly to 
2.8 GPa as the added DPRF content was increased until 
50 wt%. Then, the modulus started decreasing, prob-
ably because of insufficient filling of matrix resin and 
weak wettability between the matrix and the fibers [28]. 
Overall, the mechanical properties of the fiberboard, 
obtained by using our operating protocol, are signifi-
cantly higher than those obtained by Dai and Fan, and 
close to those obtained by Amaral-Labat et al. [29, 30].

Dynamic mechanical thermal analysis, a means of 
studying the changes in the mechanical behavior  of 
prepared composites as a function of temperature 
or frequency, is widely used to understand the effects of 
additives and fillers on composites or filled materials. 

Table 2  Mechanical tensile properties of composite films prepared with DPRF loadings (wt%).

Young’s modulus (MPa) Stress at break (MPa) Elongation at break (%)

DPRF 30% 0.29 0.66 3.0

DPRF 40% 0.56 1.7 2.9

DPRF 50% 1 3 2.3

Figure 5  Evolution of Young’s modulus as a function of 
fiber content.
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The plots of storage modulus and loss factor, as a func-
tion of temperature, for DPRF 30% and DPRF 50% are 
shown in Figure 6. The plots show that the addition 
of DPRF resulted in increasing the storage modulus 
of fiberboard, which reflects the reinforcement effect. 
For instance, DPRF 50% exhibits E’ of 5 MPa relative 
to 2 MPa for DPRF 30%, indicating that adding 50% 
of fiber induced a more pronounced stiffening effect. 
Figure 6a shows the evolution of tan(δ) vs tempera-
ture at 1 Hz for different LGR composites. even if the 
values of Tg deduced from these graphs do not reflect 
the real phenomenon. Nevertheless, it retrieves a good 
idea of the transition temperatures for DPRF 30% and 
DPRF 50% (Table 3). It can be observed that DPRF 30% 
presented lower transition temperature (α relaxation), 
compared to that presented by DPRF 50%, which can 
possibly be explained by lower interfacial adhesion, as 
discussed below. 

Thus, interfacial adhesion is an important factor 
affecting the mechanical properties of polymer com-
posites, as shown by the following equation [31]:

	
tan

tan
max

max

d
d

bj
( )

( )
= −

B

m

1 � (1)

Where:

•	 (tan δmax)B and (tan δmax)m represent the weight 
of the tanδ peak of the blend and the polymer 
matrix in the DMA tests, respectively;

•	 φ is the volume fraction of the filler; 
•	 β refers to the interfacial adhesion parameter. 
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It is generally considered that the larger the β value, 
the better would be the interfacial adhesion. Based 
on the densities of LGR and fibers, φ can be obtained 
from mass fraction. After substituting the values of φ 
and β in Table 3, it can be seen that, as expected, DPRF 
30% shows the highest β value, i.e., 0.22, about ten 
times higher than the β value (about 0.02) of DPRF 
50%. This implies that when the loading of DPRF is 
low, the cohesion is good, and consequently the inter-
facial adhesion with LGR matrix too; when the load-
ing is high, the cohesion is usually poor. This explains 
the good thermal stability of DPRF 30%, as compared 
to that of DPRF 50%. Generally, the increase in fiber 
load enhances the mechanical property and decreases 
the thermal stability. This internal bond value was 
found to be 0.25 MPa. This value is higher than 
the requirement given by European standard 
EN314-2 and ANSI 2081, 1999 (0.1 MPa), for panels 
of this category [32] and it is in agreement with those 
obtained for similar commercial panels. 

4  CONCLUSIONS

During this study, the effect of adding untreated 
particle fragments of date palm rachis, after mill-
ing and sieving, as reinforcing elements to cellulose-
based composite materials, was investigated. First, a 
biomatrix from Stipa tenacissima L. was prepared by 
extracting lignin from the black liquor obtained after 
delignification of Stipa tenacissima L. and then glyoxal 
was added as a crosslinking agent, in different pro-
portions, to produce lignin-glyoxal-resin (LGR). As 
discussed earlier, the best proportion of glyoxal was 

found to be 50%, because the LGR50% thus obtained 
had the best reactivity. After that, different composites 
were successfully prepared with various amounts of 
30 and 50 wt% of raw material (date palm rachis). The 
resulting materials were characterized for their ther-
mal and mechanical properties. As expected, the TGA 
analysis demonstrated that the films reinforced with 
date palm fragments presented good thermal proper-
ties, which explain their stability and the shifting of 
temperature degradation. This work further demon-
strated that the mechanical properties of the result-
ing samples were interesting, as borne out by the data 
obtained from Young’s modulus. However, it must be 
mentioned that the results of water absorption proper-
ties stand out as negatives points.
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