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Abstract 

The application of citric acid and glycerol as natural binder was investigated for the manufacturing of jute stick parti-
cleboard in this study. The effects of citric acid content (0–30 wt%), citric acid and glycerol mixture (ratio of CA–G), and 
pressing temperatures on the properties of jute stick particleboard were investigated. Citric acid-bonded jute stick 
particleboard had good mechanical properties and dimensional stability when citric acid concentration was 20 wt% 
at pressing temperature of 200 °C. By addition of glycerol concentration (40/60), the properties were further increased. 
The modulus of rupture (MOR) and thickness swelling (TS) values of CA–G (40/60) bonded jute stick particleboard 
were 19.67 N/mm2 and 9%, respectively, which satisfy the minimum requirement for type-18 of particleboard JIS A 
5908 (2003). FTIR analysis confirmed the formation of ester linkage by polymerization reaction between carboxyl 
groups and alcohol groups. Citric acid and glycerol polymer reacted with jute stick particles and produced cross-
linked networks with enhanced properties, hence improved the adhesiveness during particleboard production.  It 
could be concluded that citric acid and glycerol mixture can be a potential natural binder for the production of jute 
stick particleboard.
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Introduction
Wood particles and formaldehyde resin as an adhesive 
are mainly used in particleboard (PB) production. The 
increasing demand of PB causes forest depletion and for-
maldehyde emission in the environment over the world 
[1]. With regard to these environmental concerns, use of 
agricultural wastes like rice straw [2], bagasse [3], almond 
shells [4], palm trunks [5], coconut husk [6] as a substi-
tute of wood raw materials has been researched widely 
in the PB industry. These are lignocellulosic materials 
that have generated adhesive constituents within the raw 
materials itself for PB production [7].

Jute grows abundantly in Bangladesh; jute sticks are 
discarded almost as a waste or used as a burning fuel in 
rural areas. Jute stick is a lignocellulosic material which 
contains cellulose, hemicellulose and lignin. Particle-
board using jute stick without any synthetic adhesives 
was successfully developed in our previous study [8]. Due 
to chemical changes of jute stick during hot pressing, 
especially pentosans content of raw material decreased 
with the increased pressing temperatures accelerating 
the self-bonding of the jute stick binderless particleboard 
(JBPB). The mechanical properties satisfied the interna-
tional standard, whereas the dimensional stability did not 
satisfy the standard. The surface lamination with baggage 
pith under controlled temperature could be a good way 
for improving the dimensional stability of JBPB. How-
ever, controlling the thickness of laminated board is quite 
hard and needs much attention.
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In recent years, many studies dealing with replacing 
formaldehyde adhesives with natural adhesives such as 
citric acid [9]; maleic acid and glycerin [10]; and glyc-
erol [11] are seen as enhancement of the PB properties. 
Citric acid (CA) is a natural organic polycarboxylic acid 
[12]. It has three carboxyl groups which have the poten-
tial to create intermolecular di-ester linkage during reac-
tion between carboxyl groups and hydroxyl groups of 
the polysaccharide [13]. During esterification, two adja-
cent carboxylic acid groups dehydrate to form an inter-
mediary, which is a five-membered cyclic anhydride 
and react with hydroxyl groups [14]. Thus CA acts as a 
cross-linking agent to improve the properties of wood-
based composites [15]. Umemura et al. [16] found firstly 
that the application of CA as the main bonding agent for 
the fabrication of bark molding with Acacia mangium 
bark powder. Using 20 wt% of CA, the molding prod-
ucts exhibited good physical and mechanical properties. 
Widyorini et al. [17] fabricated PB from bamboo bonded 
with CA at adhesive content of 0, 15, and 30 wt%. The 
authors confirmed that the addition of CA significantly 
improved the physical and mechanical property.

Previous studies mentioned that 20–30 wt% CA con-
centration is recommended for achieving required 
properties of wood-based composite products [18, 19], 
whereas 8–15 wt% urea formaldehyde (UF) resin is usu-
ally used for PB manufacturing [20]. Huge amount of CA 
sometimes makes the material brittle and decreased the 
strength of PB. The use of glycerol as a catalyst on CA-
bonded board may solve the above-mentioned prob-
lems [21, 22]. Glycerol is expected to provide additional 
hydroxyl groups and reacted with carboxylic acid of 
CA [23]. CA and glycerol mixture under heat and pres-
sure produces a three-dimensional cross-inked poly-
mer by esterification reaction without any catalyst [24]. 
Hence, it is expected that the addition of glycerol in CA 
may improve the properties of the board. Therefore, the 
objective of the study was to optimize the citric acid con-
centration, citric acid and glycerol ratio, and pressing 
temperatures for the manufacturing of jute stick particle-
board (JSPB).

Materials and methods
Preparation of materials
Jute sticks (Corchorus capsularis) were collected from 
the local market of Khulna district, Bangladesh. The jute 
sticks were air-dried for 3 weeks. The sticks were then cut 
into small pieces, and the small pieces were converted 
into smaller particles using laboratory-scale grinder. The 
particles were screened and those that remained between 
sizes of 0.5–2  mm (passed through 10 to 35 meshes) 
were used as a raw material. The particles were dried in 
an oven at 80  ºC for 24  h and the moisture content of 

particles was less than 4%. The particles were stored in 
airtight bag until further use.

Preparation of citric acid and glycerol solution
Citric acid (anhydrous) and glycerol (99.5%) purchased 
and used without further purification. The CA was dis-
solved in water at a concentration of 60 wt% and the 
content (wt%) were adjusted to 10%, 20%, and 30% based 
on oven-dried weight of jute stick particles. CA and 
glycerol were dissolved in water by constant stirring in 
a hot water bath at a temperature of 100 ºC for 60  min 
[25] under a certain ratio. The mixture ratios of CA and 
glycerol (CA–G) were 100/0, 70/30, 60/40, 50/50, and 
40/60 under the concentration of CA adjusted to 60 wt%. 
After that, the solution was left for at least 3 h for further 
use. The viscosity and pH of CA–G mixture solution are 
shown in Table 1.

Manufacturing of jute stick particleboard
Oven-dried jute stick particles were sprayed with differ-
ent CA content (0–30 wt%) and sprayed particles were 
then dried in an oven at 80 °C for 24 h. The particles were 
hand-formed into a mat by using a forming box, followed 
by hot pressing at a temperature of 180 °C for 8 min. To 
investigate the effect of pressing temperature, 20 wt% of 
CA content was used in manufacturing of JSPB followed 
by hot pressing at a temperature of 180–220 °C for 8 min. 
As a reference, 15 wt% of UF resin-bonded particleboard 
was manufactured at a pressing temperature of 180 °C for 
8  min. The manufacturing condition for the production 
of CA-bonded JSPBs is presented in Table 2. Similarly, for 
manufacturing the CA–G bonded JSPBs, oven-dried jute 
stick particles were sprayed with different mixing ratios 
of CA–G with the adhesive content of 20 and 30 wt%. 
The sprayed particles were then oven-dried at 100 °C for 
24 h and hot-pressed at 200 °C for 8 min. The manufac-
turing condition for the production of CA–G bonded 
JSPBs is presented in Table  3. The dimensions of JSPBs 
were 300 × 200 × 6  mm. The target density for all the 
JSPBs was around 0.9 g/cm3 by controlling the thickness. 
Three JSPBs were manufactured in each condition. Prior 

Table 1 The viscosity and pH of CA–G mixture

CA citric acid, G glycerol

CA concentration (wt%) Mixing ratio (CA–G) 
based on wt%

Viscosity at 
25 ºC (cP)

pH

60 100/0 17.6 1

70/30 23.5 3
460/40 35.5

50/50 41.7 2

40/60 42.3 2
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to testing, all of the JSPBs were conditioned for a week at 
25 °C and 60% relative humidity (RH).

Evaluation of mechanical properties and dimensional 
stability of JSPB
The mechanical properties and dimensional stability of 
the JSPB were evaluated in accordance with the Japanese 
Industrial Standard for Particleboards [26]. The static 
bending test was conducted at 300 × 50 × 6  mm speci-
mens from each JSPB using a three-point bending test 
through a universal testing machine (SHIMADZU AG-
50KNXplus, Japan) over an effective span of 150  mm 
at a loading speed of 10 mm/min. Five 50 × 50 mm test 
specimens were prepared from each sample of JSPB for 
internal bonding (IB) tests. Five specimens of the same 
size from each sample of JSPB were prepared for water 
absorption (WA) and thickness swelling (TS) tests for 
24 h water immersion.

Fourier transform infrared spectroscopy (FTIR)
Jute stick and manufactured CA–G adhesive bonded jute 
stick particleboard (JSPB) were ground into a fine pow-
der and dried in an oven at 60 °C for 12 h. Infrared spec-
trum data were obtained through FTIR spectrometer 
(Spectrum Two PerkinElmer, USA). Data were recorded 

between wave numbers of 4000   cm−1 and 1000   cm−1 
using the universal attenuated total reflectance (UATR) 
method.

Results and discussion
Effects of citric acid content and pressing temperatures
Figure 1 shows the effects of CA content on the mechani-
cal properties and dimensional stability of JSPB pressed 
at 180 ºC. The properties increased with the addition of 
CA content from 0 to 30 wt%. The average modulus of 
rupture (MOR) and modulus of elasticity (MOE) of 0 
wt% CA-bonded JSPB (binderless particleboard) were 
12.02 and 3135  N/mm2, respectively. The average MOR 
and MOE values were 17.01 and 3774.42 N/mm2, respec-
tively, when 30 wt% CA was added. Compared to the case 
0 wt% of CA-bonded JSPB, the improvements in MOR 
and MOE were 41.51% and 20.4%, respectively. Similarly, 
30 wt% of CA-bonded JSPB had the highest IB strength 
value of 0.78  N/mm2 which was two times higher than 
the value of 0 wt% CA-bonded JSPB. When 10 wt% CA 
was used, IB value was of 0.32  N/mm2. Higher IB val-
ues were recorded as the content of CA increased. High 
content of CA may increase the bond contract between 
the particles [27]. Citric acid contains three carboxyl 
groups and when these carboxyl groups react with higher 
amount of hydroxyl group containing in jute stick, then 
the formation of ester linkage occurs which is the key fac-
tor behind the bonding mechanism of the CA-bonded 
JSPB [16, 27]. Higher amount of ester linkages with 
increasing the CA content resulted in improved adhe-
siveness of the JSPB [28]. Thus CA acted as cross-linking 
agent for JSPBs fabrication.

Similar trend was observed for the dimensional sta-
bility of the JSPB. The average WA and TS of JSPB with 
a 0 wt% CA content (binderless particleboard) were 
96.18% and 74.29%, respectively. With the addition of 
30 wt% of CA content, the WA and TS decreased to 
61.19% and 52.64%, respectively. These results confirm 
the findings of Prasetiyo et al. [29] that the dimensional 

Table 2 Manufacturing condition for the production of CA-bonded jute stick particleboard (JSPB)

CA citric acid, UF urea formaldehyde

Board type (min) CA concentration (wt%) Resin content (wt%) Pressing temperature (°C) Pressing time

CA-bonded board 0

60 10 180 8

20

30

CA-bonded board 180

60 20 200 8

220

UF-bonded board (UF) 15 180 8

Table 3 Manufacturing condition for the production of CA–G 
bonded jute stick particleboard (JSPB)

CA citric acid, G glycerol

Board 
type 
(min)

CA 
concentration 
(wt%)

Mixing 
ratio 
of CA 
to G 
(wt%)

Adhesive 
content 
(wt%)

Pressing 
temperature 
(°C)

Pressing 
time

CA–G 
mix-
ture 
board

100/0

70/30

60 60/40 20 and 30 200 8

50/50

40/60
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stability of CA-bonded corn stalk PB improved with the 
increase of CA content. Huaxu et al. [30] found that bet-
ter dimensional stability of rubber wood PB bonded with 
20 wt% of CA. The high percentage of WA and TS for 0 
wt% of CA-bonded JSPB was due to the highly hydro-
philic nature of JS particles as it contains an abundance 
of hydroxyl groups [8, 29]. When 30 wt% of CA added, 
amount of particles in the boards decreased as the den-
sity of the board was fixed. Thus reaction force decreased 
due to compressibility of the board which led to reduc-
tion in the swell or shrink [27]. Pressing temperature is 
another vital parameter that could affect the properties 
of JSPB. McSweeny et  al. [31] found that that pressing 
temperature was an important component of the reac-
tion between the carboxyl groups and hydroxyl groups 
to form ester groups. Umemura et al. [32] confirmed that 
20 wt% of CA content with lower pressing temperatures 
may be suitable for the formation of ester linkage.

Figure  2 shows the effects of pressing temperatures 
on the properties of JSPB with 20 wt% of CA content. 
The results showed that the mechanical properties of 
the CA-bonded JSPB increased when the pressing tem-
perature increased from 180 to 200  °C then decreased 
at 220 °C. The average MOR and MOE values of JSPB at 
200 °C pressing temperature were 20.48 and 4524.35 N/
mm2, respectively. Compared to the JSPB at 180  °C, 
the improvements in MOR and MOE were 30.45% and 
40.36%, respectively. The same trend was also observed 
for the IB strength. For example, IB values increased from 
0.39 N/mm2 to 0.87 N/mm2 when pressing temperature 

increased from 180 to 200  °C, whereas it decreased to 
0.31  N/mm2 at 220  °C. The IB value of JSPB at 200  °C 
was about 2.5 times high than that of JSPB at 180 °C. The 
results indicated that better adhesiveness of the JSPB had 
occurred when pressing temperature elevated to 200 °C. 
Citric acid was decomposed to different unsaturated 
acids when it was heated at 175 °C [33]. During hot press-
ing, CA could have easily created linkages with lignocel-
luloses component to attain good adhesiveness above 
this temperature [15]. The JSPB manufactured at 180 °C 
could not be reached an effective temperature among the 
particles of the JSPB. The esterification reaction would 
be accelerated at 200  °C and particle-to-particle adhe-
sion improved which resulted in good bonding of JSPBs. 
However, at 220 °C, the low mechanical properties were 
found because of the formation of volatile components 
at high pressing temperature (220  °C) may interfere the 
adhesiveness of the JSPBs.

Similarly, WA and TS decreased with increasing 
the pressing temperatures. JSPB at 200  °C had low-
est WA and TS of 27.86% and 14.97%, respectively. 
Cross-linkage between CA and JS particles increased 
along with increasing the pressing temperature [15]. 
Another reason might be the higher amount of cellu-
lose and hemicelluloses content in JS particles contrib-
uted to the much amount of hydroxyl groups in the 
esterification reaction [8]. The increased amount of 
ester linkage weakening the expansion of the particles 
when JSPB pressed at 200 °C, hence, contributed to the 
improved dimensional stability of the material [19]. UF 

Fig. 1 Mechanical properties and dimensional stability of jute stick particleboard pressed at 180 °C as a function of different citric acid content. 
Error bar indicates the standard deviation
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resin-bonded board pressed at 180  °C had the higher 
mechanical properties and dimensional stability than 
that of CA-bonded JSPB at 180  °C. However, compar-
ing the values with 200 °C, CA-bonded JSPBs exhibited 
higher mechanical properties and dimensional stability 
than UF-bonded board pressed at 180 °C (Fig. 2). Ume-
mura et  al. [16] found that addition of 20 wt% CA on 
wood and bark-molding product exhibited good per-
formance and mechanical properties are improved with 
increasing the temperature [19]. Hence, it can be said 
that CA would be used as an adhesive for manufactur-
ing of JSPB with an excellent bonding performance. 
Therefore, the pressing temperature of 200  °C with 20 
wt% of CA content was found to be an optimized con-
dition for good adhesiveness of the JSPB fabrication.

Effects of citric acid and glycerol mixture on the properties 
of jute stick particleboard
Figure 3 shows the effects of glycerol (G) addition in CA 
concentration on mechanical properties and dimen-
sional stability of JSPB  pressed at 200  °C. The results 
showed that the properties increased gradually as the 
glycerol ratio increased from 30 to 60 in a 20 wt% of 
CA content. The MOR and MOE value of the only CA-
bonded JSPB (100/0) was 20.48 and 4524.35  N/mm2, 
respectively, indicating CA acted as an excellent bond-
ing performance in JSPB production. In case with a 
ratio CA to glycerol of 40/60 in a 20 wt% of CA content, 
the MOR and MOE values were 19.67 and 3596.98 N/
mm2, respectively. However, further increasing the 
ratio did not show any additional improvement. The 

Fig. 2 Mechanical properties and dimensional stability of 20 wt% of citric acid-bonded jute JSPB as a function of different pressing temperatures. 
Error bar indicates the standard deviation
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corresponding values for 30 wt% of CA content were 
7.24 and 1532.63  N/mm2, respectively, which is lower 
than that of other JSPBs. The same trend was found for 
dimensional stability of JSPBs as shown in Fig.  3. The 
TS of only CA-bonded JSPBs (100/0) was 14.97%. By 
increasing glycerol ratio 60 in a 20 wt% CA concen-
tration (40/60), the TS considerably reduced to 9.11%. 
The IB value of the only CA-bonded JSPB (100/0) was 
0.87 N/mm2 and with a ratio CA to glycerol of 40/60 in 
a 20 wt% of adhesive content, the corresponding value 
was 0.73 N/mm2. In a case of 30 wt% adhesive content 
with the same CA to glycerol, these values decreased 
into 0.24  N/mm2. Meanwhile, 20 wt% of adhesive 
content acted as a potential binding agent compared 
to 30 wt% of adhesive content in CA–G bonded JSPB 
fabrication.

CA and glycerol contain 3 carboxyl groups and 3 
alcoholic hydroxyl groups which can react and form 
three-dimensional polymeric structure under heat and 
pressure without the presence of catalyst or solvent 
[34]. Glycerol generally consists of two primary and 
one secondary hydroxyl group which acted as trifunc-
tional monomers [35]. Functional group was increased 
considerably due to the addition of glycerol in CA con-
centration. Berube et al. [36] explained that unreacted 
carboxylic groups from the CA–G polymer are able to 
bond with free hydroxyl groups. Higher concentration 
of glycerol have higher amount of carboxylic acid which 
indicates the higher efficiency of the reactions tak-
ing place. Mariano-Torres [37] confirmed that higher 
glycerol generated a higher efficiency of reaction, and 
managed to saturate more citric acid protons thus 

Fig. 3 Mechanical properties and dimensional stability of jute stick particleboard pressed at pressing temperature of 200 °C as a function of 
different citric acid:glycerol ratios
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produced higher cross-linking polymer. Yao et  al. [38] 
also reported that glycerol can easily react with citric 
acid and acted as a cross-linking extender. Thus, CA–G 
polymer could serve as a potential binding agent for the 
JSPB fabrication.

By increasing glycerol concentration and decreasing 
CA concentration in CA–G composition, a higher num-
ber of free hydroxyl groups produced in cross-linked 
polymer networks which are suitable for chemically 
functionalized in jute stick particles [39]. Tham et al. [40] 
found that the polymer of CA and glycerol is suitable for 
cross-linking the alcohols carrying components. A pos-
sible cross-link by melt polymerization reaction was 
proposed which might be triggered by the condensation 
reaction at the revealed optimal CA–G adhesive content; 
hence, exhibited satisfactory bonding properties [22, 36]. 
Therefore, JSPB bonded with 40:60 or 50:50 molar ratio 
of CA:glycerol which might form a larger cross-linking 
network than 70:30 ratios which exhibited enhanced 
mechanical properties of the JSPB. JSPB bonded with 
CA to glycerol 40/60 showing remarkable improvement 
in dimensional stability compared to only CA-bonded 
JSPB and other combinations. The improved dimen-
sional stability of CA–G bonded JSPB (40/60) was due to 
the reduction of hydroxyl groups as well as formation of 
higher amount of three-dimensional networking. Segovia 
et al. [21] reported the same findings from the wood fiber 
insulation board using a crude glycerol and CA mixture 
as bio-based adhesive. Better physical and mechanical 
properties of insulation boards using 1:1 mol/mol ratios 
of CA–G at 20 wt% of adhesive contents were reported.

Adhesive mixture of 40:60 (CA:G) produced more 
acidic polymer compared to the other CA–G ratio which 
promoted the efficiency of reaction in this study. Mari-
ano-Torres et  al. [37] confirmed that the potentiality of 
the reactions sensitive to change the pH. The good wet-
ting of the particles by the CA–G matrix had formed 
good chemical bond between the particles and matrix, 
which resulted in better mechanical strength [36, 41]. 
The sufficiency and effectiveness of the matrix in cover-
ing the surfaces of the particles had created the cross-link 
between the matrix and particles for better mechani-
cal bonding throughout the hydrogen and covalent 
bonds. The excess adhesive beyond 20 wt% loading had 
reduced the strength and made the particleboard brittle. 
The agglomeration of jute particles at higher loadings of 
matrix had decreased the reinforcement-matrix bond; 
hence lowering the magnitude of MOR. As a result, it 
led to poor interfacial bonding between the particles and 
CA–G matrix; hence decreasing the MOR.

Figure 4 shows the FTIR spectrum of jute stick parti-
cles and the manufactured CA–G adhesive bonded JSPB 
as a function of different ratio of citric acid and glycerol 

(CA–G). The peaks at 3200–3500  cm−1 attributed to the 
H-bonded OH- groups stretching due to glycerol and jute 
stick [25, 42], indicating the presence of free OH groups 
[36]. The peak intensity was lower in raw jute stick, how-
ever it clearly appeared in CA-bonded JSPB. The intensi-
ties decreased for the peak from CA-to-glycerol ratio of 
(40:60) bonded JSPB than that of other ratio JSPB. It indi-
cated that the free OH groups reacted with CA to form 
hydrogen bond which enhances the dimensional stability 
of CA–G bonded JSPB [18]. The peaks at around 1030–
1035   cm−1 attributed to C–O stretching of the carboxyl 
group from citric acid which indicated that the carboxyl 
groups participating in esterification reaction [42]. The 
peak at around 1709–1738  cm−1 was attributed to C=O 
stretching derived from the carboxyl group and/or C=O 
ester group [21, 43]. The spectra from the samples exhibit 
a strong peak at 1731   cm−1. The peaks derived from 
CA-to-glycerol ratio of 40/60 and 50/50 bonded JSPB 
appeared strongly than that of the peak from other ratio 
JSPB. This indicated that the presence of a higher con-
centration of ester linkage due to the increased glycerol 
addition in the CA–G adhesive mixture. The mechanism 
behind the formation of ester linkage involves a reac-
tion between the functional groups of CA with hydroxyl 
groups of glycerol and then the functional groups of the 
carboxylic acid and the hydroxyl groups from the CA–G 
polymer and/or jute stick. Feng et  al. [44] analyzed the 
cross-linking esterification reaction process of polycar-
boxylic acid with wood and proved this mechanism by 
FTIR. Thus the formation of more ester linkage indicated 
the reduction of hydroxyl groups, reducing the affinity of 
the CA–G bonded JSPB to shrink or swell.

Conclusion
The aim of the study was to develop particleboard from 
jute sticks using citric acid and glycerol as a natural 
binder. The effects of CA concentration, CA and glyc-
erol ratio, and pressing temperatures on mechanical 
properties and dimensional stability of jute stick parti-
cleboard were evaluated. The citric acid-bonded JSPBs 
possessed better properties with a 20 wt% CA concen-
tration under the pressing condition of 200 ºC for 8 min. 
The dimensional stability increased considerably as the 
glycerol ratio increased in 20 wt% of CA concentration 
under the same pressing condition. By addition of citric 
acid:glycerol concentration (40/60), the MOR and TS of 
JSPB were 19.67 MPa and 9%, respectively, which met the 
minimum requirement for type-18 of particleboard JIS A 
5908 (2003). Fourier transform infrared analysis showed 
that the presence of ester groups which was higher as the 
glycerol ratio increased from 30 to 60 in a 20 wt% CA 
concentration. This indicated the formation of strong 
ester linkage networks through polymerization reaction 
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of carboxyl groups and alcohol groups; hence, improved 
the properties of JSPBs. Jute stick particleboard bonded 
with CA and glycerol mixture is completely free from 
formaldehyde emission and can be used for a variety of 
applications.
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