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HIGHLIGHTS

Regenerated cellulose membrane (RCM) coagulated in distilled water has higher mechanical 
strength compare with membrane coagulated in other coagulant.

RCM coagulated in H2SO4 and (NH4)2SO4 has the lower crystallinity index compared that 
coagulated in distilled water. 

ABSTRACT

Regenerated cellulose properties can be altered and manipulated by various methods and 
procedures. Coagulation steps in cellulose regeneration process is one of the most crucial 
step in determining the final properties of the regenerated cellulose products. This study 
was conducted to investigate the effect of different type of coagulant on the properties 
of regenerated cellulose membranes (RCM). Hence, the coagulation mechanism will 
be highlighted and postulated. Cellulose from cotton linter was dissolved in NaOH/
urea via precooled method to form cellulose solution and coagulated in three types of 
coagulant which were distilled water, 5 wt% H2SO4 and 5 wt% (NH4)2SO4 which lead 
to the formation of RCM. The RCM were air dried and characterized for their physical, 
mechanical and chemical properties by using X-ray diffraction (XRD), tensile and Fourier 
transform infrared (FTIR). Results showed that RCM coagulated in distilled water has 
the highest tensile strength and crystallinity index but showed the lowest value for the 
elongation at break. Meanwhile, the RCM coagulated in 5 wt% (NH4)2SO4 has the lowest 
tensile strength and crystallinity index but had the highest value of the elongation at break. 
From these results, the crystallinity of RCM has affected the elongation at break for all 
sample. RCM with higher crystallinity have lower elongation at break compared to the one 
with higher crystallinity. The RCM coagulated in 5 wt% H2SO4 has intermediate results for 
all tensile strength, elongation at break and crystallinity compared to those coagulated in 
distilled water and 5 wt% (NH4)2SO4. 
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INTRODUCTION

Lignocellulose biomass has been recognized as the 
most abundant organic material on earth. Lignocellulose 
consists of several components which are cellulose, 
hemicellulose, lignin and extractives (Ramamoorthy, 
2015). It has high potential to be used as a low cost starting 
material in the industrial process compared to petroleum-
based materials. Various types of products are produced 
from lignocellulose biomass especially from cellulose. 
Cellulose is used to make products such as paper (Zhang 
et al. 2016), filter membrane (Makaremi et al., 2015), film 
(Gan et al., 2017) and fabric (Woodings, 2016). 

Cellulose is readily available and renewable 
material which are convenient to be used in products 
for daily life. Cellulose is considered a very unique 
material because of its complexity (Anuar et al., 2018). 
It consists of D-glucose units which are linked together 
at the β (1-4) glycosidic bond. Cellulose structure is 
held together by inter – and intra hydrogen bond which 
provides stiffness and strength to the cellulose chain. Its 
amphiphilic properties also open wide opportunities for 
the researchers to use it for many new applications and 
products (Bjőrn et al., 2017)

Dissolution of cellulose in most classical organic 
solvents has been a drawback in most of the study due 
to their properties as the semi-crystalline polymer. This 
has contributed to the cellulose chain rigidity due to the 
presence of large amount of intra- and intermolecular 
hydrogen bonding in cellulose (Glasser et al., 2012). Major 
solvents used for cellulose dissolution are ionic liquid (Liu 
et al. 2017), N-methylmorpholine N-oxide (NMMO) 
(Biganska et al., 2012), LiCl-based (Khaliq and Kim, 
2016) and phosphoric acid- based (Douglass et al. 2016). 
These solvents are widely used in industry but some of 
them are not eco-friendly such as the release of toxic gas. 
Furthermore their chemical waste cannot be recycled and 
caused pollution to the ecosystems. Later, the economical 
and eco-friendly alkali-urea was developed by Zhou and 
Zhang (2000), which has opened many opportunities 
for the development of other cellulose based products. 
Lue and his colleagues had explained the formation of 
the inclusion complex during cellulose dissolution using 
LiOH/urea solvent (Lue et al., 2007). During the cellulose 
dissolution process, cellulose started to swell and formed 
ballooning structure. Then, the inclusion complex formed 
around the cellulose chain and enable the cellulose bundle 
to separate from one and another to form single cellulose 
chain (Tanvir et al., 2017; Bjőrn et al. 2017). 

Regenerated cellulose is the product formed after 
dissolved cellulose being regenerated back into cellulose 

in the form of cellulose II (Singh et al., 2015). After intra- 
and intermolecular hydrogen bonds in the cellulose are 
destroyed by NaOH/urea, the regeneration of cellulose 
is completed by coagulation process where the cellulose 
chains reform into crystalline cellulose structure. But, 
the properties of regenerated cellulose are not like 
those of native cellulose as the crystallinity and cellulose 
arrangement have been disturbed (Lindman et al., 2017). 

Coagulation is a process to form regenerated 
cellulose. It can also be understood as dehydration or 
neutralization of the cellulose solution. Several types of 
coagulant have been used for the preparation regenerated 
cellulose such as acid-based (Blachechen et al., 2014), 
sulphate-based (Azahari et al., 2017; Ruan et al., 2004), 
water (Li et al., 2012) and alcohol (Ergün, 2014). During 
coagulation process, phase separation occurs between 
cellulose solution and the coagulant. Different concentration 
between coagulant and cellulose solution will cause the 
solvent to diffuse out and non-solvent to diffuse into the 
membrane (Wang et al. 2017). Diffusion between cellulose 
solution and coagulant will occur to achieve the equilibrium 
point (Makarova et al., 2016).  This also causes neutralization 
in the regenerated cellulose. Types of coagulant used will 
affect the chemical, physical and mechanical properties of 
the regenerated cellulose products.

Each coagulant used will form different properties 
of regenerated cellulose membrane. For example, 
cellulose solution that coagulated with increasing 
concentration of sulphuric acid (H2SO4) produced a 
membrane with smaller pore size (Zhang et al., 2005). 
But, higher concentration of acid will cause degradation 
of cellulose, hence reduce the mechanical properties of 
the membrane (Fu et al., 2014). Other than that, it is 
reported that ammonium sulphate ((NH4)2SO4) has been 
used as a coagulant (Ruan et al., 2004). Ruan et al (2004) 
have proposed that the interaction between ammonium 
sulphate and cellulose solution caused hydrogen ions in 
solution to react with hydroxide in the solvent. They 
also stated that ammonia act as pore former during the 
mechanism of cellulose regeneration. They reported that 
as the concentration of ammonium sulphate increases, 
the pore size of the regenerated cellulose membrane also 
increases. These two coagulants present a contrary effect 
on the membrane’s pore size when the concentration 
of the coagulant is increased. Therefore, in this study, 
the crystallinity and mechanical properties of RCM that 
coagulated in distilled water, sulphuric and ammonium 
sulphate were compared and analysed.  The main 
objectives of this study are to compare the driving force 
for coagulation process by explaining the mechanism and 
the effect of different type of coagulant used during the 
regeneration of cellulose membrane process.
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MATERIAL AND METHODS

Pure cotton linter pulp with an average molecular 
weight (Mη) 9x104 was supplied by Hubei Chemical Fiber 
(Xiangfan, China). 98% analytical grade sodium hydroxide 
(NaOH), urea, ammonium sulphate ((NH4)2SO4) and 
sulphuric acid (H2SO4) were purchase from R&M Chemicals. 
All chemicals were used without any further purification.

Preparation of regenerated cellulose membrane 

Cellulose solvent of NaOH/urea/distilled water at 
a weight ratio of 7:12:81 was prepared and frozen for 12 
h. The cellulose solvent then was thawed to -13°C (Gan et 
al., 2017) and 5 wt% of cotton linter was added into the 
solvent and stirred for 5 min to form a transparent cellulose 
solution. The cellulose solution was centrifuged at 8,000 
rpm, 5°C for 5 min to remove air bubble and separated 
the dissolved cellulose and the undissolved (Kaco et al., 
2017). All of the coagulation process was performed at 
room temperature and the cellulose solution used for each 
coagulant came from the same batch in order to minimize 
error.  The cellulose solution was cast on a glass plate and 
coagulated for 5 min in different types of coagulant of 
distilled water, 5 wt% H2SO4 and 5 wt% (NH4)2SO4 and 
coded as RCM-0, RCM-5H and RCM-5N respectively. The 
coagulation time and coagulant temperature were kept 
constant Distilled water was used as control coagulant 
for further comparison on the effect of coagulant in the 
regenerated membrane formed. Regenerated cellulose 
membrane was then neutralized in distilled water for 3 days 
to remove excess solvent and air dried for characterization. 

Characterization

FTIR

Regenerated cellulose membranes were analysed 
using Attenuated Total Reflectance-Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) (Perkin Ekmer 
Spectrum 400 FT-IR). This spectroscopy was used to 
identify the functional group presented in the RCM.  The 
film samples were analysed at wavenumber 4000-800 
cm-1, 32 scans and 4 cm-1 resolutions 

X-ray diffraction

Crystallinity index (CrI) and crystal phase of raw 
cotton linter and the regenerated cellulose membranes 
were characterized by X-ray diffraction (XRD) (Bruker 
Axs D8 Advance, Germany) (Yan et al., 2017). The XRD 
was conducted using radiation of Cu Kα = 1.5458 Ǻ 
at a diffraction angle of (2θ) range from 5 to 60°. The 
crystallinity indexes of the cellulose and regenerated 
cellulose were calculated using Equation 1, ACrystal is the 

sum area under crystalline diffraction peak and ATotal is the 
total area under the diffraction curve.

Tensile test

The dried regenerated cellulose membranes 
were cut into 1 x 8 cm for tensile measurement using 
a Universal testing machine (GOTECH, model AI-
3000) equipped with a 100 N load cells. The crosshead 
speed used for this analysis was 10 mm/min. Testing was 
conducted by using at least five strips of the membrane 
and the average value was recorded for accuracy.

RESULTS AND DISCUSSION

Figure 1 shows the FTIR spectrum of regenerated 
cellulose membrane. Two new peaks appeared on RCM-
0, RCM-5H and RCM-5N at wavenumbers of 3495 and 
3445 cm-1 representing stretching of hydrogen bonds. The 
peak at 1641 cm-1 representing C-O carbonyl stretching 
vibrations, O-H bending vibration at 1313 and 1366 cm-1 
and a sharp peak at 894 cm-1 representing the C-O-C 
bridge stretching of β-glycosidic linkage between glucose in 
cellulose chain (Tanvir et al., 2017). Higher intensity at 894 
cm-1 indicating higher amorphous region in the regenerated 
cellulose membrane (cellulose II) than in cotton (cellulose 
I) (Liu et al. 2010) These absorption band were only 
presented in regenerated cellulose membrane (Tanvir et 
al., 2017). Peak 3331 cm-1 has shifted to the right suggesting 
that the regenerated membrane has stronger inter- and 
intra-molecular hydrogen bond. This finding also supports 
for the higher value for elongation at break of regenerated 
cellulose membranes (Zhang et al., 2011). The peak at 
2891 cm-1 indicated that there were few interactions 
between CH, CH2 and other chemical components. It 
also suggested that the membrane has compact structure 
compared to raw cellulose and the crystallinity had been 
destroyed during regeneration (Cai et al., 2007; Shuai et al., 
2009; Tang et al., 2011).  

[1]

FIGURE 1	FTIR spectra of regenerated cellulose membrane a) Raw 
cotton linter, b) RCM-0, c) RCM-5H and d) RCM-5N.
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Table 1 shows the crystallinity index (CrI) of 
native cotton linter and the regenerated cellulose. XRD 
diffractogram on figure 2 was analysed by focusing at 
peak 2θ = 12.1, 20.3, and 21.8° are corresponding to the 
(110), (110), and (200) planes of cellulose II crystalline, 
respectively (Zeng et al. 2011). The diffractogram showed 
that the crystallinity of cellulose membrane regenerated 
in distilled water is 45.4% while membrane regenerated 
in sulphuric acid and ammonium sulphate are 43.7% and 
42.5% respectively and the crystallinity of native cotton 
linter was 73% as reported by Oun and Rhim (2015).

The tensile strength and elongation at break of 
the membranes were illustrated in figure 3 and figure 
4 respectively. The results showed that different types 
of coagulant used to regenerate cellulose did affect their 
mechanical properties where the tensile strength for RCM-
0, RCM-5H and RCM-5N are 34.23, 27.24, and 24.15 MPa 
respectively, while the elongation at break for each sample 
are 4.08, 12.04 and 15.09 % respectively. The membrane 
that coagulated in distilled water has the highest tensile 
properties, but its elongation at break was the lowest.

TABLE 1	 Crystallinity index of regenerated cellulose membrane.
Sample CrI (%) Reference

Raw cotton linter 73.0 Oun & Rhim 2015
RCM-0 45.4 This study

RCM-5H 43.7 This study
RCM-5N 42.5 This study

FIGURE 2	XRD diffractogram of a) RCM-0, b) RCM-5H and c) 
RCM-5N

FIGURE 3	The tensile strength of regenerated cellulose 
membranes. RCM-0 in distilled water RCM-5H in 
5 wt% H2SO4 and RCM-5N in 5 wt% (NH4)2SO4.

FIGURE 4	Elongation at break of regenerated cellulose 
membrane.

Lower crystallinity could be caused by the 
disturbance at the crystalline area of samples during 
cellulose dissolution and regeneration process. As 
reported, the crystallinity of native cellulose was 
destroyed during cellulose dissolution process (Fu et al., 
2017; Kaco et al., 2014; Li et al., 2015; Lue et al., 2007). In 
the dissolution and regeneration process, cellulose tends 
to aggregate back to its crystalline structure by forming 
different types of bonding which were van der Waals, 
hydrophobic and inter- and intramolecular hydrogen 
bonding (Gan et al., 2017). Different coagulant type 
contributes to the regeneration of organizing crystalline 
structure. RCM with lower crystallinity imply lower 
percentage of bonding. This is because the crystalline 
region in the native cellulose had been destroying during 
the dissoution process (Mohamed et al., 2016). 

RCM formed by coagulating in H2SO4 and (NH4)2SO4 
had lower CrI compared to coagulated in distilled water 
because the neutralization of the solvent and nonsolvent 
in the system was slower compare to the solidification 
process of the membrane (Jin et al. 2010). The lower 
crystallinity value for RCM has also proven that they do not 
possess similar properties as the native cellulose. 

Higher tensile value suggests that the membrane 
possessed with stronger inter- and intra-molecular 
hydrogen bonding (Fu et al., 2014). During regeneration 
of cellulose in distilled water, the cellulose solution 
coagulated slowly and homogeneously due to lower 
differences of coagulant concentration which contributed 
to the phase separation (Li et al., 2012). It also contributed 
to the compact structure of regenerated membrane (Fu 
et al., 2014) which was supported by the value calculated 
for the crystallinity of the membrane.

Sulphuric acid possesses H+ cations which are the 
key component to trigger neutralization reaction of the 
membrane and it also has higher concentration difference 
compared to distilled water/cellulose solution (Zhang et 
al., 2009). Although the coagulation process using sulphuric 
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