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INTRODUCTION 

Cellulose has wide application in fiber, film, paper, polymer, and food industries. This is due to its excellent properties; 

biocompatibility, renewability, non-toxic, hydrophilic, thermal & chemically stability, and it has a limitless source in 

nature [1–4]. Although cellulose can be extracted from most bio-based precursors such as corn, sugar cane, and wheat, 

there is competition with food industries as it is edible derivatives. Malaysia is the second-largest oil palm producer and 

until 2021, 19.6 million tonnes of crude palm oil has been produced [5, 6]. Palm oil industries produce approximately 

50% of biomass residue, and 23% are EFB [7] with 62.9% cellulose content [8]. Hence, this work attempts to select 

OPEFB cellulose from a non-edible source, abundant and relatively cheap. 

Cellulose is insoluble in water and the most common organic solvent. Ionic liquids (ILs) as cellulose solvent was firstly 

reported in 2002 by disrupting the intermolecular hydrogen-bonding network in cellulose [9]. The notable properties of 

ILs include low melting point, high thermal stability, and high conductivity [2, 10, 11]. There are possibilities to alter and 

enhance the efficiency of ILs according to a specific application by the independent selection of constituting cation and 

anion. In this work, the dissolution of cellulose is by using two mixture of ILs with similar cation, which is EMIMAc and 

EMIMCl. This ILs selection is targeting that the low ILs viscosity resulted in the avoidance of crystallization peak of 

excess salt from EMIMCl [12, 13]. Furthermore, a previous study of cellulose dissolution claimed that acetate, chloride, 

and formate were the most promising anion groups [14].  

 The dry-jet wet spinning method in the filament process consists of the elongational melt polymer flowing in the air 

gap region and regenerating in a water coagulation bath [15]. This technology is able to produce high-quality properties 

of RCF [10, 16–18]. Furthermore, the air gap between the spinneret and water, draw ratio, and water bath temperature 

significantly affects the properties of RCF [19]. In this article, only the suitability of OPEFB in ILs dissolution and RCF 

properties is presented. 

MATERIALS AND METHOD 

The OPEFB cellulose pulp with a degree of polymerization (DP) value of 673 were supplied from Forest Research 

Institute Malaysia (FRIM) and dried overnight in an oven at 60 ℃. The EMIMCl and EMIMAc were purchased from 

Haihang Industry Co. Ltd and used as received. The cellulose dissolution in ILs is following a previous report (Stolarska 

et al., 2017). The EMIMCl and EMIMAc in the weight ratio of 3:7 were accurately weighed, mixed in a Teflon cup, and 

immersed in an oil bath at 100 ℃ for 15 minutes. Initially, OPEFB cellulose pulp was added in molten ILs, mixed with 
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mechanical properties of regenerated cellulose filament (RCF) were characterized by scanning 
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an overhead magnetic stirrer for four hours at 270 rpm for complete dissolution. The dissolved cellulose was analyzed 

using the Nikon Eclipse microscope under polarized light. The solution is cast on the glass slide and placed on a stage to 

observe the optimal dissolution time. The cellulosic fiber was regenerated via a dry-jet wet-spinning process. After the 

cellulose pulp dissolution in ILs was completed, the solution was placed in a stainless steel syringe equipped with a jacket 

heater (temperature: 100 oC) and extruded into a water bath through a nozzle. The regenerated fibers were stretched using 

a static roller and collected on the winding roller at the end of the process. The collected regenerated fibers were then 

soaked overnight in distilled water to remove any residue of ILs and dried at room temperature. 

The regenerated cellulose was characterized using Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), 

Fourier-transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), and tensile testing. Scanning 

Electron Microscopy (Fei Quanta 450) was used to study the morphology of the RCF. The sample was coated with 

platinum prior to micrograph recording. Fourier-transform infrared spectroscopy studies of RCF were carried out using 

Spectrum One (PerkinElmer, USA) spectrometer in the transmission mode (4000-400 cm-1) with a resolution of 2 cm-1. 

The functional groups of RCF and the presence of ILs are observed. The X-ray diffraction patterns of RCF was obtained 

with Rigaku MiniFlex II X-ray diffractometer operated at 40 kV and 30 mA using filtered Cu Kα radiation (λ = 1.5406 

Å), and the samples were scanned in the 2θ range of 5 – 40o. The crystallinity index for RCF was obtained by 

deconvolution of the XRD pattern. Test of tensile strength for the composites fibers was referred to the ASTM D2256 for 

the single textile fiber break strength. A Universal testing machine (Tenso Lab) with a 100 N load cell was used to 

determine the tensile strength, Young’s modulus, and elongation at break of the fiber at a constant extension speed of 5 

mm/min. The RCF was cut with a length of 250 mm and were then clipped by two clamps in the instrument. The analysis 

is repeated five times, and the average values of tensile parameters are calculated. Thermogravimetric analysis of 

untreated and RCF of OPEFB were performed by Mettler Toledo TGA/DSC-1 600 model from 25 to 600 ℃ under the 

presence of nitrogen gas atmosphere at a rate of 10 ℃ min-1. The degradation of raw OPEFB cellulose pulp and RCF 

were analyzed.   

RESULTS AND DISCUSSION 

Solubility of cellulose in a mixture of ILs 

To determine the optimum dissolution time, samples were taken at 100 ℃ at 60 and 120 minutes (Fig. 1). After 60 

minutes of OPEFB cellulose dissolution, the fibers formed a water droplet shape indicating that the cellulose had already 

dissolved in the ILs but was still inhomogeneous. It is suggested that the swelling of polymer solution is the 

O−H bonding exists in cellulose pulp starts to break and form intramolecular bonding with the anion groups of ILs. The 

polymer swelling (Fig. 1a) was due to the penetration of solvent resulting in the cellulose structure being unstable, altering 

the bonding in cellulose while the solid or semi-solid fraction was still undissolved [20]. After 120 minutes, it shows a 

clear image indicating a transparent and homogeneous OPEFB-IL solution (Fig. 1b). The observed image is similar to 

previously reported work [2]. It is generally recognized that high temperature and enough time are needed to break 

multiple inter and intramolecular bonds in cellulose. 

 

a b 

Figure 1. Optical microscope images of OPEFB dissolution in ILs mixture after (a) 60 and (b) 120 minutes. 

Mechanism of cellulose dissolution 

Cellulose consists of two glucose units linked by glucosidic linkage (C-O-C) at the C1 and C4 positions [14]. The 

linkage of β-1,4-glycosidic bond in cellulose molecules is responsible for giving cellulose molecules a flat structure 

making the molecules stack together, forming strong hydrogen bonding. The hydrogen bonding present within individual 
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sheets and between consecutive sheets makes cellulose strong and insoluble to many organic solvents. The proposed 

dissolution mechanism of cellulose in a mixture of ILs is illustrated in Fig. 2. The mixture of ILs contains two groups of 

anions. The chloride (Cl-) and acetate (Ac-) anions will form strong O−H bonding with cellulose O−H group, then 

replacing the hydroxyl groups of cellulose between two cellulosic chains in the equatorial and axial direction [21]. The 

imidazolium ring cations (EMIM+) had more interaction with the oxygen and C−H group of cellulose. It was found that 

the cation will interact through dispersion interaction with the nonpolar group of cellulose while electrostatically 

interacting with the anion group of cellulose [22]. The mixture of EMIMAc and EMIMCl is an excellent solvent for 

cellulose and capable of dissolving ~40g of cellulose with 100g of solvent [12]. However, a lower cellulose concentration 

is practically easier to handle and more cost-efficient [23]. 

Figure 2. Mechanism of OPEFB dissolution. 

Structural analysis of raw OPEFB cellulose pulp and RCF 

FTIR analyses were conducted to analyze the structural chemistry of RCF compared with OPEFB cellulose pulp. The 

obtained IR spectral are shown in Fig. 3 are comparable with several reported literature [3, 12, 24]. The absorption band 

centered in the 3600-3200 cm-1 corresponded to the -OH stretching vibration where the RCF shows a stronger peak 

indicating the chain of molecules in RCF were longer than the OPEFB cellulose pulp [3]. In Fig. 3a, the absorption band 

at 2910 cm-1 corresponded to C-H stretching vibration, and in comparison, the band shifted to lower wavenumber (2899 

cm-1). This indicates that the C-H bond was stretched after cellulose regeneration [12]. The absorption band range at 1640

– 1650 cm-1 indicated the O-H bending, which is prominent for RCF due to the absorbed water [25]. The absorption band

at 1389 cm-1 shift to lower wavenumber in RCF along with the appearance of new peaks at 1313, 1261, 1195, 1154, 1027,

897, and 795 cm-1, which can be used for the determination of cellulose I transformed to cellulose II [26]. The peak of

897 cm-1 corresponds to C-O-C stretching vibration β-1,4-glycosidic bonds, which only can be observed at RCF spectra.

The XRD analysis of OPEFB cellulose pulp and RCF are shown in Fig. 4. By using deconvolution method, the 

characteristic peaks of cellulose and its crystallite size were analyzed and calculated using Scherrer’s equation; 

𝐿 = (𝐾 ∙ 𝜆)/(𝐹𝑊𝐻𝑀 ∙ 𝑐𝑜𝑠 𝜃) (1) 

where, L is the crystallite size, K is the Scherrer constant, (≈0.9), λ is the wavelength of radiation, FWHM is the full 

width at half maximum of the peak, and θ is the peak diffraction angle.  
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Figure 3. FTIR spectra of (a) raw OPEFB cellulose pulp and (b) RCF. 

Figure 4. XRD diffraction patterns of (a) raw OPEFB cellulose pulp and (b) RCF. 
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The XRD data were analyzed using Match! Software and the crystalline lattice of OPEFB cellulose pulp and RCF 

were monoclinic and similar to previously reported literature [27, 28]. The major difference that can be seen is the highest 

diffraction peak of raw cellulose pulp at 2θ~ 20.6° shift to ~22.84° after regeneration. The stiffer the peak indicates higher 

crystallinity [28]. Hence, it is demonstrated that the crystallinity decreased after OPEFB cellulose pulp was regenerated. 

The X-ray patterns of OPEFB (Fig. 4a) is showing diffraction peaks at 2θ = 16.8, 22.6, and 34.5°, which corresponded to 

Miller indices of (1 1 0), (2 0 0), and (0 0 4), indicate typical Bragg’s angle of Cellulose I [29]. In contrast, diffraction 

peaks that appear in RCF diffraction, Fig. 4b, at 2θ = 12° and 20° with crystallographic plane reflections of (-1 1 0) and 

(1 0 0) were the properties of Cellulose II [28]. The raw OPEFB cellulose pulp was in the crystalline phase and changed 

to an amorphous phase after regeneration. The crystallinity index of OPEFB cellulose pulp and RCF is 69 and 48%, 

respectively. It shows that the crystallinity index of OPEFB cellulose pulp significantly decreased after regeneration 

reaction, due to rearrangement of glycosidic bonds that tends to resulted in amorphization of RCF. Furthermore, the 

crystallite size of OPEFB cellulose pulp and RCF is 3.36 and 1.61 nm, respectively. It was noted that the crystallinity 

index and crystallite size of OPEFB cellulose reduced after regeneration. The possible reason for this behaviour was due 

to the breaking and reformation of inter and intra-molecular hydrogen bond that exists in cellulose resulting in the decrease 

in crystallinity index and crystallite size of OPEFB cellulose [30]. 

Morphology analysis 

The good distribution and arrangement of composition in cellulose filament impacted the mechanical and physical 

properties of the cellulose filament. The micrograph of longitudinal and cross-section obtained (Fig. 5) is similar to 

cellulose filament dissolved in 1,5-diazabicyclo[4.3.0]non-5-ene acetate ionic liquid except dissolution in a mixture of 

EMIMAc and EMIMCl illustrated a round shape cross-sectional structure with rigid and dense structure [31]. The 

filament also shows a perfectly smooth surface and firm shape (Fig. 5b). It is expected that the good morphological of 

this filament will oppose satisfying results for other mechanical properties. The diameter of the filament is ~410 microns. 

Figure 5. SEM images of (a) the cross-image of RCF filament and (b) longitudinal image of RCF filament. 

Mechanical and thermal properties of raw OPEFB cellulose pulp and RCF 

The strain-stress curve of RCF is shown in Fig. 6, and the comparison of tensile strength, Young’s modulus, and 

elongation at break of various RCF were tabulated in Table 1. Tensile strength of RCF was calculated in both mechanical 

and tenacity units for better comparison with wider applications such as Ioncell-fiber textile. The tensile strength of 

current studied RCF was compared with [24, 32] that using 8 wt.% of biomass cellulose in IL solvent shows that the 

current sample resulted in better tensile strength performance. However, this might also be due to the method of 

regenerating cellulose, as it greatly impacts the mechanical properties of regenerated cellulose. Comparing the value of 

Young’s Modulus and elongation at break, a huge difference can be seen as the results obtained in this study were notably 

higher values from other studies. Several factors were contributing to the mechanical strength of RCF, including the DP 

of cellulose, the dissolution temperature, the solvent, relative humidity in the air gap, draw ratio, air gap condition in the 

water bath (applicable to the dry-jet wet spinning method) and winding speed [17].  

TGA analysis was conducted to consider the thermal stability of OPEFB and RCF. The slight initial reduction of 

weight at temperature ~100 ℃ was due to the evaporation of adsorbed water content in cellulose [33]. Fig.7 shows that 

the degradation temperature for both celluloses was similar at ~271 ℃. According to [27], the decomposition temperature 

indicated the thermal stability of the cellulose, which might be attributed to the crystallinity disruption. The obtained 

b a 
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result shows no changes of degradability for both types of cellulose, which can be concluded that even the cellulose was 

regenerated, the thermal stability remains the same. From Fig. 7a, raw OPEFB cellulose pulp had once decomposition 

(~332 ℃), while from Fig. 7b, RCF undergoes double decomposition (~ 295 and ~322 ℃). This behaviour may be due 

to crystallinity decrement in RCF (as discussed in structural analysis of XRD) and Cellulose I to Cellulose II 

transformation. Raw OPEFB cellulose pulp has a wider range of decomposition (Tdec) and maximum (Tmax) 

decomposition rates, i.e. OPEFB in the range of 254 – 393 ℃ and RCF in the range of 234 – 363 ℃, respectively. The 

OPEFB cellulose pulp residue was 16 wt%, while RCF was at 25 wt%. The RCF exhibits lower onset temperature but 

contributes a higher yield of residue during pyrolysis. 

Figure 6. Stress-strain curves of RCF. 

Figure 7. Thermogravimetric analysis of (a) raw OPEFB cellulose pulp and (b) RCF. 
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Table 1. The mechanical properties of RCF. 

Raw material Cellulose 

(%) 

Tensile 

Strength 

Young’s 

Modulus 

(MPa) 

Elongation 

at break 

(%) 

Method of 

regenerating 

cellulose 

Solvent Ref. 

Eucalyptus 

urograndis 

13 550 (MPa) 23.2 n.a Dry jet wet 

spinning 

[DBNH] 

[OAc] 

[34] 

Eucalyptus 

urograndis 

13 825 (MPa) 20 n.a Dry jet wet 

spinning 

[DBNH] 

[OAc] 

[35] 

Borassus fruit 

fibers 

2 111 (MPa) 6.15 3.1 Casting AmimCl [3] 

Native wood 

cellulose pulps 

5 0.94 (MPa) n.a 6.5 Casting BmimCl [36] 

Oil palm frond 15 11 (MPa) 1.4 n.a Composite 

board 

BmimCl [37] 

Wood pulp 8 0.293 cN/tex n.a 7.0 Dry jet wet 

spinning 

BmimCl [1] 

OPEFB 8 71.5±4.4 MPa n.a 6.6 ± 0.5 Casting BmimCl [24] 

OPEFB cellulose 

pulp 

8 160.45 ± 0.699 

MPa / 8.774 ± 

0.699 cN/tex 

83.245 12.92 % Dry-jet wet 

spinning 

EMIMAc 

+ EMIMCl

This 

study 

CONCLUSION 

Cellulose pulp from OPEFB was dissolved in a mixture of EMIMCl and EMIMAc at 100 oC and regenerated with 

water as anti-solvent by a dry-jet wet spinning method. Even though more cellulose can be dissolved, a small quantity of 

cellulose was studied as it is easier to handle. From the structural analysis of FTIR and XRD, it is proven that Cellulose 

I was transformed into cellulose II after regeneration process. The RCF mechanical strength obtained was comparable 

and had better Young’s Modulus and elongation at break properties. Thus, OPEFB cellulose is a promising candidate in 

sustainable cellulose-based technology applications.  
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