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A B S T R A C T  
 

Polyester resins are cost-beneficial thermoset material which are frequently used because of their exemplary 

processability, cross-linking tendency, and mechanical properties. Also, when cured they become more useful as their 
properties are modified during curing. Polyester resins offer attractive mechanical properties when reinforced with 

natural fibers.   In this study, the factors that affect the polymer-solvent relationship of the product which were photo-

fabricated and ultraviolet radiation curing of Unsaturated Polyester Resin Composites (UPRC) are discussed. UPRC 
was prepared utilizing kenaf fiber (reinforcing agent) and unsaturated polyester resins (matrix) with styrene 

IRGACURE 1800 was used as photo-initiator. Palm oil–based unsaturated polyester resins were synthesized using 

different proportions of Monoglyceride (MG) /Maleic Anhydride (MA) through the interaction of the appropriate MG 
monomer with varying equivalents of MA, using 2-methylimidazole as a catalyst. The gelation of nanocomposites 

ranged from 89% to 95%. The percentage of void of the composites range from 9.4 (±0.46%) for UPRCc and 12.4 

(±0.52%) for UPRCd. The n values for nanocomposites are ranged from 0.52 – 0.56 in DMF and from 0.54 – 0.61 in 
toluene. The n values are indicative of Fickian sorption mechanism. 

 

1. Introduction 

“The curing of polyester resins modify their properties and make 

them more useful and cost-beneficial thermoset material [1,2]. The 

mechanical properties of polyesters make them useful in industrial and 

domestic applications especially when reinforced with fibers or fillers. 

Natural fiber-reinforced polymers are abundantly used in construction 

and automotive industries [3-6]. The reinforcement with natural fibers 

make them to possess numerous advantageous properties, e.g., cost 

effectiveness, lightweight, high specific properties, and ability to 

synthesize via renewable resources.  

The fibrous polymer composite was composed of fibers, matrix and 

interface [7]. The mechanical properties of the composites vary with 

the strength and the elasticity of fibers, matrices, and the fiber–matrix 

bond that controls the stress transfer [8, 9]. The stress transfer between 

the fiber and the matrix is diminished when the binding force is weaker 

between the fiber and matrix [9]. Studies of glass fiber–reinforced 

thermosets are dedicated on interface behavior characterization and 

manipulating the interface [8–12] and the influence of fiber–matrix 

interface on composite materials’ mechanical aspects assessed through 

different models [9]. In a previous work, [13] of unsaturated polyester 

composites’ mechanical properties which were strengthened with 

different natural fibers (jute, sisal, and flax) and glass fiber were 

analyzed. Studies indicate jute composites maintained the best flexural 

and tensile strength values but the lowest impact results as a 

consequence of the higher interface adhesion. Alternatively, sisal fiber 

composites exhibited the least mechanical and hydrophobic 

properties. Composites made from woven jute and non-woven flax 

maintained similar tensile and flexural aspects and rate of water 

absorption. Apart from cost efficiency and mechanical aspects, it is 

vital to analyze flame retardant behavior of materials used for 

construction industry applications. 

Current developments in irradiation devices, photoinitiators, and 

photoreactive multifunctional telechelic oligomers and monomers 

evolved the curing technology in the adhesive and coatings industries. 

Current advancements showcase UV curing advantages require the 

curing of thick composites. Photo-polymerization is the curing process 

involving transforming liquid or low-melting solid oligomers to 

crosslinked durable products under the influence of ultraviolet 

radiation. The process of photochemical UV-curing comprises 

irradiating a mixture of liquid oligomers, monomers, and a small 

number of photoinitiators. When the mixture, was exposed to UV 

light, it hardens immediately and becomes a sturdy transparent 

product. The end product could be adhesives, decorative printing inks, 

and polymer matrices in a composite material. UV-curable systems 

offer two options: (i) a process effected by a free-radical photoinitiator 

and (ii) by cationic photoinitiators. The UV-cured systems were 

considered for altering cures of thin layers of adhesives and coatings. 

The intensity reduction of UV light when radiation get through thick 

sections makes this technology restricted to cure thin layers only. The 

studies on photo-fabrication of bio-fiber composites is still somehow 

an uncharted territory. Currently, biofiber-based composites are 

created through a thermally curable process. UV radiation curing 

outperforms thermal curing because of the following reasons: (i) UV 

light curing is very fast, allowing for enhanced output, (ii) UV-curable 

preparations are “single pack” systems that has longer stability when 

compared with ambient temperature–curable “two-pack” systems 

using ethyl methyl ketone peroxide where curing do not occur when 

the resin was not exposed to UV radiation. Viscosity of formulations 

remain unchanged during resin application and mat impregnation. The 

product’s consistent quality can be guaranteed and lessening of the 

wastage of “in-process” resinous materials is also attainable, (iii) UV 

curing is ecologically benign, energy, time and space efficient , (iv) 

utilization of appropriate choice of UV lamps and photoinitiators, a 

uniform and consistent “through-cure” is achievable, (v) UV curing 

occurs without peroxides unlike in traditional curing systems, (vi) and 

curing reaction goes to near completion, without any residual styrene 

in the end product , a desirable characteristic which cannot be achieved 

in peroxide-based curing systems. 

The commercial use of polyesters gained popularity as very useful 

industrial polymers possessing interesting mechanical properties. The 

effect of different acids, bases and certain solvents bring the changes 

in the structure of polyesters. The use of polyesters in food, beverages 

packing industry influences human and domestic animal life. The 

polyester containers are widely used in storing oils, food, water, 

organic solvents etc. The structure of polyester and the properties and 

structure of various solvents create effect on swelling of the polymers. 
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Also, the temperature and storing time do influence the swelling 

property of polyesters [14]. 

This article focuses on solubility and polymer–solvent interaction 

parameters for photofabricated biofiber composites that contains 

unsaturated polyester resin as matrix and kenaf fiber. UV light was 

used for implementation of the composites curing. The composites’ 

void content was determined prior to swelling tests to displace the free 

solvent present in the system.  

2. Results and discussion 

Lignocellulosic materials usage in crafting composites has garnered 

quite the attention, attributed to numerous advantages made possible 

by lignocellulosic fillers, e.g., greater deformability, biodegradability, 

lower density and cost, and less abrasiveness to equipments. However, 

the main obstacle facing the creation of a good-polymer composite, in 

terms of physical and mechanical aspects, is the lignocellulosic 

material–polymer matrix compatibility. Lignocellulosic materials–

made building products, contributes to the construction industry 

(specifically decking) as it is more cost effective compared with 

natural wood. The making of interior automotive products, are 

constructed from natural fibers, like hemp, flax, kenaf, or jute, 

reinforcing numerous thermoplastics and thermosets. These 

lignocellulosic materials applications are mainly directed towards 

replacing glass fibers in reinforced plastics. It offers various 

advantages inherent to natural fibers acting reinforcement materials: 

being light weight, of low price, and recyclable. Nonetheless, 

concerning optimal lignocellulose-based composites, stress transfer’s 

mechanism and efficiency between the components usually influence 

the composite’s performance. This transition region is dubbed the 

interface. The possible chemical interactions between the components 

in the interface, the properties of the composite will be enhanced, for 

example, this happens in the case of lignocellulosic fiber–based 

Unsaturated Polyester Resin (UPR). However, these biofibers 

composites require the synthesis of monomer and polymers matrix as 

precursors before proceeding with the fabrication of the 

nanocomposite. 

2.1. Photo-fabrication of UPRCa-d 

MG monomer was first synthesized by the reaction of glycerol and 

palm oil with using sodium hydroxide catalyst. Palm oil based UPR 

was made using various MG: MA ratios as described elsewhere [15] 

by the reaction between MG monomer with varying equivalents of 

maleic anhydride, using 2-methylimidazole as a catalyst. Table 1 

illustrates the symbols and chemical compositions for the fabricated 

UPRCa-d. Table 1 demonstrates the chemical composition for the 

required unsaturated polyester resin.  

Table 1: Symbols and chemical compositions for UPRCa-d.   

Composite Symbol MG (eq.) Yield (%) 

UPRCa 1 2 

UPRCb 1 3 

UPRCc 1 4 

UPRCd 1 5 

 

Figure 1. Scheme for synthesis of Unsaturated polyester resin. 

Afterward, UPRCa-d biofiber composites of different formulations 

were crafted by ultraviolet curing technique in the presence of styrene, 

a kenaf fiber mat, and free radical initiator IRGACURE 1800. 

IRGACURE 1800 photoinitiator chemical structures are illustrated in 

figure 2. The figure 3 demonstrates the scheme for synthesis of 

UPRCa-d nanocomposites. 

 

Figure 2. Chemical structures for IRGACURE 1800. 

 

Figure 3. Schematic diagram of UPRCa-d synthesis. 

2.2. Swelling Performance 

The extent of curing of synthesized UPRC nanocomposites is 

measured by ASTM D2765. The percentage of gelation for the 

fabricated nanocomposites is given in Table 2. The test was performed 

by Soxhlet extraction with toluene as solvent. The cured 

nanocomposites were placed in a cellulose extraction thimble in the 

Soxhlet’s extractor. Three sets of Soxhlet’s extractors were used. The 

extraction of solvents was carried out with 200 mL toluene for four 

hours. After that, the taken samples were subjected to vacuum drying 

and re-weighed until they reached a constant weight. The gel content 

of the coating was assessed per the equation below:  

Gel content % (w2 / w1) x 100 

Here w1 and w2 illustrate the weights before and after extraction, 

respectively. Table 2 data give us an impression about the fabricated 

materials’ gelation performance. All UPRC compositions attained 

high gel content of more than 90% while UPRCa which maintains 

89.05% content value. UPRCc shows a largest gel content value of 

95.49%. Gel content values for all UPRC formulations ranks as 

follows: UPRCc > UPRCb > UPRCd > UPRCa. The larger the gel 

content, the larger the degree of curing in the biofiber formulation, 

prepared by the use of the higher equivalent of MA content and the 

higher degree of crosslinking. Gel fraction increases with increase in 

MA up to a ratio of MG to MA of 1: 4 (eq./eq.) for UPRCc, while gel 

fraction decreases for the last formulation at a 1: 5 (eq./eq.) ratio, 

attributable to the unsaturated groups pre reaction during the resin 

preparation.  

Table 2: The gelation percent for the fabricated UPRCa-d nanocomposites.  

Code MG:MA (eq./eq.) Gelation (%) 

UPRCa 1:2 89.05 

UPRCb 1:3 95.45 

UPRCc 1:4 95.49 

UPRCd 1:5 94.18 
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Table 3 displays the density of the UPRCa-d nanocomposites 

prepared by the UV curing technology of UPR based palm oil and 

reinforced by kenaf fiber, with different weight percentage gains 

(WPGs). WPGs used for the fabricated formulation were ranged from 

6.25% to 14.38%. In general, the densities of UPRCa-d nanocomposites 

showed similar somehow lower density values based on the given void 

% values ranged from 9.4 (±0.46) in the case of UPRCc up to 12.4 

(±0.52) in the case of UPRCd. The other compositions UPRCa and 

UPRCb gave void values as 11.7 (±0.34) and 11.1 (±0.39) respectively. 

This can be attributed to the incorporation of lignocellulosic fiber 

reinforced with lower densities in the preparation of composites [16]. 

Table 3 also shows the Td and Md values for the same mentioned above 

composite materials. On comparison between the given values, it was 

found that, Md showed lower values than Td under the same 

composition of each formulation [17]. The decrease in density could 

be attributed to the presence of void in the composites, which may be 

located in the interface between the fiber and matrix. In addition, the 

void may be located in the matrix and the fiber [16]. 

Table 3: Td and Md Values and Void Contents of the UPRCa-d Composites. 

Code *WPG  Td (g/cm3) Md (g/cm3) Void (%) 

UPRCa 6.25 1.24 1.11 11.7 (±0.34) 

UPRCb 12.48 1.20 1.08 11.1 (±0.39) 

UPRCc 14.38 1.16 1.06 9.4 (±0.46) 

UPRCd 11.98 1.18 1.05 12.4 (±0.52) 

* WPGs: weight percentage gains 

Molar percentage of different solvents uptake of the UPRCa-d 

composites with different WPGs has been produced in two different 

solvents including DMF and toluene. The values of n and k were 

calculated via linear regression analysis. The n and k values of the 

fabricated nanocomposites are given in Table 4. The reported n values 

are ranged from 0.52 – 0.56 in DMF and from 0.54 – 0.61 in toluene. 

As reported in the literature, the mechanism of the sorption process 

can be attributed to Fickian when the n value lies close to 0.5. On the 

other hand, the sorption process is referred to non-Fickian if the n 

value lies close to 1 [18]. Furthermore, it is reported that solubility 

parameters of lignocellulosic-based nanocomposites, follow the 

diffusion mechanism as has been given as Fickian when the value of 

n is closely to 0.5 [19]. Therefore, on te based of the observed n values, 

the mechanism of sorption is referred as Fickian. By another meaning, 

sorption kinetics of the UPRCa-d composites depend on the 

concentration of the solvent and time. It is observed that k value did 

not exhibit any particular trend as we saw for the k value [20]. 

Table 4. n and k Values for the UPRCa-d composites in DMF and Toluene. 

Code 
DMF Toluene 

N k (x10-3) N k (x10-3) 

UPRCa 0.52 4.58 0.54 6.43 

UPRCb 0.53 3.97 0.57 8.94 

UPRCc 0.56 5.61 0.58 6.82 

UPRCd 0.55 8.24 0.61 4.68 

3. Methodologies  

3.1. Materials and Solvents 

Kenaf fiber obtained from National Tobacco Board, Malaysia. Palm 

oil was purchased from local market in Malaysia, maleic anhydride 

(Fluka, Analytical ≥ 98.00% mp = 52-54 ºC), glycerol reagent plus 

(Sigma, ≥ 99.00% FW = 92.09, FP = 160 ºC, bp = 182 ºC / 20 mmHg, 

d = 1.262g/cm3), 2-methylimidazole (Fluka, ≥ 98%, mp = 144 – 146 

ºC) sodium hydroxide (Systerm company ≥ 99.00%), molecular sieve 

(Fluka, type 3A) styrene (Sigma-Aldrich, ≥ 99.00% d = 0.909), 

pyridine (Aldrich, ≥ 99%, bp = 115.2 ºC, d = 0.9819), hydroquinone ( 

Systerm company, > 99%, mp = 171 - 175 ºC ) and photoinitiator 

IRGACURE 1800 was supplied by (Ciba Specialty, Singapore) Pte. 

Ltd. All of the materials mentioned before were used without 

purification. Solvents with different solubility parameters and of 

analytical grade, such as toluene [8.9 (cal/cm3)1/2], acetone [9.9 

(cal/cm3)1/2], N,N`-dimethylformamide [DMF; 12.1 (cal/cm3)1/2], and 

ethanol [12.7 (cal/cm3)1/2] [21] were used. 

3.2. Synthesis of ultraviolet-cured unsaturated polyester resins 

3.2.1. Monomer preparation [16] 

Palm oil (162.26 g) was mixed with 0.1 % sodium hydroxide and 

placed in a 500 ml reaction flask and stirred the reaction mixture using 

2000 rpm/min mechanical stirrer. The dry nitrogen inlet and outlet was 

connected to the reaction container. 27.74 ml of glycerol at a molar 

ratio of 1:2.2 was put inside the dropping funnel connected to the 

reaction flask and was added drop-wise. In the first five minutes, 

nitrogen gas was made to flow faster, subsequently, the flow was at a 

decreased rate for rest of the experiment. The reaction mixture was 

heated to 220–240 ºC for three to four hours. Subsequently, a small 

amount of the sample was taken out by a glass rod to test its solubility 

in ethanol. The test for solubility were continued until the collected 

solution had no emulsion or white spots. At that stage, the mixture was 

cooled in ice water, and transferred into a beaker and sealed for the 

next experiment. 

3.2.2. Polymers matrices preparation [16] 

In a round-bottomed reaction flask with a mechanical stirrer (2000 

rpm/min), 1 eq. of monoglyceride (MG) monomer was heated until it 

melts. Then, a mixture of 0.15 % of hydroquinone was added to 

mitigate possible polymerization reactions. Varying amounts of 

maleic anhydride (MA) (2–5 eq.) were introduced to the reaction 

mixture with constant stirring, with 2-methylimidazole as a catalyst. 

Subsequently, the mixture was stirred at a temperature less than 90 ºC 

for five hours, after which it was cooled down to get a dark viscous 

liquid. The resulting polymers were dried and poured into a beaker and 

sealed for the next experiment. 

3.3. Photo-Fabrication of UPR Composites 

3.3.1. Fiber Mat Preparation 

Kenaf fibers were combed via a laboratory Carding Machine-337A, 

(MESDAN, Italy). Then, fibers were formed into a mat (20 x 20 cm2) 

in a deckle box through the aforementioned procedure [22] and dried 

in an oven at 105 ºC for 24 hours. Afterward, mats were passed 

through a Needle Punch Testing Machine model (SNP-50), Shoou 

Shyng Machinery co., Ltd. with a speed of 200 strokes/min. Finally, 

the needle-punched mats were pressed using a hot press Gotech 

Testing Machine Inc model GT-7014–100 (2 min, 500 kg/cm2, 100ºC) 

and the thickness of the mats were appropriated to ~1 mm. 

3.3.2. Preparation of Composites [23] 

The previously prepared polymer matrices (100 g) were mixed with 

styrene (30 ml, 30%) and a photoinitiator (IRGACURE 1800, 3 g, 

3%). The mixture was stirred for ten minutes by a mechanical stirrer, 

evacuated under vacuum (30 mmHg, 20 min.) to remove air bubbles, 

if there were any. The whole mixture was then poured onto a fiber mat 

impregnated with a resin mixture. If any air bubbles were still there, 

they were removed by a hand roller. The mat was then sandwiched 

between two glass panels. After impregnation, mats were passed 

through a 1ST UV machine (model M20-1-Tr-SLC) for twenty passes 

(each pass 28.3 x 10 uW/Cm2) at a conveyor speed of 5 m/min. The 

machine consisted of a medium pressure mercury arc lamp with UV 

radiation wavenumber of 180–450 nm. Table 1 includes all the 

symbols and the chemical compositions for the synthesized UPR 

/composites. 

3.4. Void Content Determination 

Each biofiber composite’s void content was determined according 

to ASTM D 2734–70 with six replicates. First, the theoretical density 

(Td; g/cm3) of each sample was assessed and compared with the 

measured density. The missing fraction of each sample was considered 

the void content. Td of the UPRC and the void content were calculated 

via the following equation: 

Td = 100 / [(%UPR/ ρ UPR) + (% styrene/ ρ styrene) + (%KF/ ρ 

KF)] 

Where %UPR represents the weight percentage of UPR, ρ UPR the 

density of UPR (g/cm3), % styrene styrene weight percentage, ρ 

styrene styrene density (1.12 g/cm3), %KF KF’s weight percentage, 

and ρ KF KF’s density (g/cm3) 

3.5. Density Determination 

A Pyrex Gay–Lussac bottle (a density bottle or specific gravity 

bottle) of 25 ml capacity was used to determine the density of KF. 

Toluene was used as the medium to measure KF’s density since it was 

a non-swelling agent for most of the lignocellulosic materials. The 

equations shown below were employed to gauge KF’s density. The 
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composites’ density was determined by the measurement of its 

dimensions and weight: 

SGT = (W3 -W1) / (W2 -W1) 

SGKF = {(W4 -W1) / [(W3 -W1) – (W5 -W4)]} x SGT 

Where SGT represents the specific gravity of toluene, the empty 

density bottle weight (g) is W1, density bottle filled with distilled water 

(g) is W2 and density bottle filled with toluene (g) is W3. SGKF the 

specific gravity of KF, W4 the weight of the density bottle filled with 

KF (one-third full; g), and W5 the weight of the density bottle filled 

with KF and toluene (g). The void content was determined as follows: 

Void content % = [(Td -Md) / Td] x 100 

Where Td represents the theoretical density and Md the determined 

density (both in g/cm3). 

3.6. Swelling Test 

Where Pre-dried UPRCa-d samples of 3 cm x 0.8 cm x 0.5 cm (length 

x width x thickness) dimensions were immersed in various solvents. 

The mass and thickness changes were examined regularly till they 

maintained constancy. Each sample’s surface was dried with 

absorbent paper before being weighted, after which they were rapidly 

immersed in the corresponding solvent. This process had to be less 

than 30 seconds to evade solvent evaporation.  

The solvent molecules observed to present in two states in the 

composites, which were untethered molecules in the cavities and 

tethered molecules with the appropriate constituents in the composites. 

Therefore, every composite’s void content should have been evaluated 

to obtain the actual absorption under the conjecture that the solvent 

molecules in the cavities were untethered. The untethered solvent 

molecules in the cavity were adjusted for all of the sorption studies 

carried out according to the predetermined void contents. The equation 

used in calculations for solvent absorption is shown below: 

Ms (g) = ps x [V – (void xV)] 

Where Ms represents the mass of solvent absorbed at equilibrium 

swelling (g), ps corresponds to solvent density, and V is the volume of 

the solvent absorbed.  

The sorption mode (Fickian or nonFickian) determination and 

mechanism elucidation were accomplished by fitting the data in the 

following equation [24- 26]:  

Log Qt / Q = Log k + n Log t 

Here Qt is the molar percentage of solvent absorbed at time t, Q‘ is 

the molar percentage of solvent absorbed at equilibrium (corrected), 

and n the slope of the graph Log Qt / Q against Log t, k is a constant. 

n and k values were calculated by linear regression analysis [27–

29]. The k value refers to the extent of the polymer–solvent interaction 

[24] while the n value signifies the mode of the sorption mechanism. 

The diffusion coefficient or diffusivity (D) of the solvent in a 

composite could be calculated by the following equation [28–30]: 

D = π / 16(hө=Q‘)2 

Where, h represents the samples’ initial thickness and ө the slope of 

the graph of Qt against t1/2 before 50% sorption. 

The sorption coefficient (S) correlates with the solvent’s maximum 

sorption, obtainable from the ratio of the weight of the solvent 

absorbed at the equilibrium state to the polymer’s initial weight [26]. 

S of the UPRC was calculated via the following equation [28, 29]: 

S = Ms=Mp 

Where Ms represents the mass of solvent absorbed at equilibrium 

swelling (g) and Mp the composite’s mass at the initial state (g). 

UPRC permeability could be expressed by permeability coefficient 

(P), which was calculated by the following equation [28, 29]: 

P = DS 

The swelling coefficient (α) was obtained by the next equation. The 

solubility parameter of each series of UPRC was obtained when the 

maximum swelling was achieved [27, 31]: 

α = (Ms / Mp) x (1 / ps) 

Where Ms stands for the mass of the solvent in the swollen sample 

at equilibrium (g), Mp the composite’s mass at the initial state (g), and 

ps the density of the respective solvent (g/cm3).  

Each type of composite’s χ was determined by the equation shown 

next [27, 31]: 

χ = β + Vs [(δp – δs)2 / RT] 

Where β represents the lattice constant (0.34), Vs the molar volume 

of the solvent (cm3/mol), δp the composite’s solubility parameter 

[(cal/cm3)1/2], δs is the solvent’s solubility parameter [(cal/cm3)1/2], R 

the gas constant (1.983 cal mol-1 K-1), and T the temperature (K). 

4. Conclusions 

To conclude, gel fraction in the fiber composite increased with 

increasing amount of MA up to the ratio of MG to MA was 1:4 

(eq./eq.) for UPRCc, but it decreased for formulation of 1:5 (eq./eq.). 

The drop was attributed to the pre reaction of the unsaturated groups 

during the preparation of the resin. The WPGs % used for the 

fabricated formulation were ranged from 6.25% up to 14.38%. Similar 

to gel fraction the formulation 1:5 (eq./eq.) nanocomposite wpg 

exhibited an aberration to the trend of increase in WPG %. The 

measured densities of all nanocomposites were lower than theoretical 

densities. The densities exhibited a steady trend of drop with UPRCa 

the lowest and UPRCd the lowest measured density. The decrease in 

density could be attributed to the presence of void in the composites, 

located in the interface between the fiber and matrix. The 

nanocomposite with lowest density had highest void content. n values 

for nanocomposites are ranged from 0.52 – 0.56 in DMF and from 0.54 

– 0.61 in toluene. The n values are indicative of Fickian sorption 

mechanism. The amount of the solvent exhibit greater effect on 

properties of polyesters. This effect is presumed that there may be 

some structural modification.  
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