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ABSTRACT: An environmental friendly regenerated cellulose membrane (RCM) was successfully prepared via NaOH/urea aqueous

solution system by utilizing recycled newspaper (RNP) as the cellulose source. The morphological and chemical structure of resulting

membrane were characterized using scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission electron

microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) spectroscopy, and thermogravimetric

analysis (TGA). Results from FTIR and XRD verified that the transparent RCM possesses cellulose II structure. SEM observation

revealed that the transparent RCM consist of homogeneous dense symmetric membrane structure and composed of a skin layer with

mean roughness parameter Ra, obtained from AFM analysis of 29.53 nm. Pure water flux, water content, water contact angle, poros-

ity, and pore size of the resulting membrane were also measured. This study promotes the potential of the cellulose-based membrane

obtained from low cost cellulose source for application in filtration and separation system. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 42684.
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INTRODUCTION

The rapid developments in synthetic polymer have provided

great benefits to the modern society. However, the waste from

synthetic polymer is difficult to degrade and dispose of, result-

ing in severe urban environmental consequences. As environ-

mental sustainability is concerned, the world is in urged to

search for an alternative source in order to prevent and control

the white pollutions. The white pollutions will lead to the detri-

mental effects on soil structure, water and nutrient transport,

and crop growth, thereby disrupting the agricultural environ-

ment and reducing crop production.1 Among the alternatives,

polymer recycling and returning to biologically based renewable

polymers may be emphasized.2,3 Cellulose is unquestionably the

most abundant naturally occurring reproducible organic com-

pound and it will become the main chemical resource in the

future.4

Regenerated cellulose membrane (RCM) has been extensively

commercialized in the field of membrane science and technol-

ogy involving various membrane separation processes, such as

microfiltration, ultrafiltration, nanofiltration, reverse osmosis,

gas separation, and pervaporation.5–12 Moreover, the regener-

ated cellulose can be a promising biobased packaging materials

as well as for wound dressing.8,13,14 The versatility of cellulose

to be applied in various applications is due to its low cost,

strong hydrophilicity properties, fascinating structure, biocom-

patibility, and derivable properties.15,16 In recent years, the

green comprehensive utilization of cellulose resources has drawn

much attention from governments and researchers.3 Previous

studies have utilized various sources of cellulose in the fabrica-

tion of RCM such as cotton linter, soft wood pulp, and micro-

crystalline cellulose.17–19 To the best of our knowledge, there is

yet any research attempt of preparing RCM by utilizing old

recycled newspaper (RNP) as a cellulose sources. This would be

an environmental friendly approach since tonnes of newspapers

are discarded every year. Therefore, it is important to assess the

feasibility of old RNP as the cellulose sources for the prepara-

tion of environmental friendly RCM.

Recently, a variety of solvents based on aqueous alkali (contain-

ing NaOH and urea) have been developed and shown to be

suitable for fiber spinning, membrane and aerogel formation,

cellulose blending, and homogeneous cellulose modification.20

A number of researchers reported that the 7 wt % NaOH/

12 wt % urea aqueous solution pre-cooled to 2128C has been
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developed as low cost solvent for rapid dissolution of cellu-

lose.3,21–25 It have been proven that the presence of NaOH

hydrates and urea hydrates in the aqueous solution is the key

for the cellulose dissolution at low temperature.26 The main

advantages of this solvent system are its rapid dissolution, ease

of handling, economy, and environmental friendly material.

In this study, we prepared a RCM by utilizing old newspaper to

obtain the cellulose, in which the dissolution of the cellulose

was carried out via pre-cooled 7 wt % NaOH/ 12 wt % urea

aqueous solution system. Scanning electron microscopy (SEM),

atomic force microscopy (AFM), transmission electron micros-

copy (TEM), Fourier transform infrared (FTIR) spectroscopy,

X-ray diffraction (XRD) spectroscopy, and thermal gravimetric

analysis (TGA) were carried out to investigate the physicochem-

ical and structural properties of the RCM. In addition, the

physical characteristics of resulting membrane were studied in

terms of pure water flux, water content (WC), water contact

angle, porosity, and pore size. The fabrication of RCM by utiliz-

ing RNP can promote a truly ‘green’ method for the prepara-

tion of RCM in terms of dissolving process and cost-effective

recycled cellulose-based materials.

EXPERIMENTAL

Materials

Non-printed area of the RNP was used as the raw material for

cellulose source. Sodium hydroxide (NaOH) pallets, sulphuric

acid (H2SO4) (95–97%), and nitric acid (HNO3) (65%) were

purchased from QReC Malaysia. Sodium chlorite (NaClO2)

(80%) was purchased from Sigma Aldrich. All of the chemicals

were of reagent grade and used as received.

Extraction of Cellulose

Cellulose was extracted according to our previous study,27 which

is described below: Non-printed area of the RNP was ground

until its fibrous strand was obtained, and then dried in oven at

508C for 24 h. The ground RNP was treated with 5 wt % of

NaOH at 1008C for 4 h. The ratio between ground RNP and

NaOH solution was 1 : 40 (g/mL). Subsequently, bleaching treat-

ment was carried out using NaClO2 solutions. About few drops

of 60 wt % HNO3 were added dropwise into 800 mL 2 w/v % of

NaClO2 solution at 1008C under vigorous mechanical stirring.

After that, the sample was immediately added into NaClO2 solu-

tion and boiled at 1008C for 4 h under continuous vigorous

mechanical stirring. After each step of alkali and bleaching treat-

ment, the sample was washed with running tap water and finally

washed with distilled water until neutral pH was achieved. The

sample was then dried in the oven at 508C for 24 h.

Preparation of Regenerated Cellulose Membrane

To prepare the membrane, an aqueous solution consisting of

7 wt % NaOH/12 wt % urea was prepared and the solution was

pre-cooled to 2158C. A desired amount of cellulose was imme-

diately dispersed into the pre-cooled aqueous solution under

continuous vigorous mechanical stirring until 4 wt % of cellu-

lose dope was obtained. The resulting cellulose dope was then

subjected to centrifugation to eliminate the air bubbles and to

discard the remaining undissolved portion, at 4000 rpm for 1 h.

The transparent cellulose dope solution was casted on a glass

plate and immediately immersed in 5 wt % of H2SO4 coagulant

bath for 10 min. After the membrane was detached from the

glass plate, the wet membrane was washed with running tap

water and finally washed with distilled water to remove excess

H2SO4 on the surface of the prepared membrane. Finally, the

wet membrane was transferred onto a glass plate and dried at

room temperature of 258C.

CHARACTERIZATION METHODS

Morphological Analysis

The surface and cross sectional morphology was examined by

using SEM, brand TM-3000 Hitachi at an acceleration voltage

15 kV. The samples were sputter coated with platinum to avoid

charging. The pore size distributions of the samples were stud-

ied by using an AFM. AFM measurement was performed using

an atomic force microscope (XE-100 Park System) with SSS-

NCHR non-contact probes at 1 mm/s of scan speed. Transmis-

sion electron microscopy was carried out using (TEM) PHILPS

CM12 at an accelerating voltage of 100 kV.

Fourier Transforms Infrared Spectroscopy

FT-IR spectra were carried out on a Perkin Elmer infrared spec-

trometer using attenuated total reflection (ATR) accessory to pro-

vide non-destructive measurement method. All samples were

directly put in contact with ATR diamond by clamping each

sample onto the diamond surface, and then pressure was applied

to ensure good optical contact between the sample and the dia-

mond. All samples were scanned within the wave range of

650–4000 cm21 at room temperature with relative humidity of

40–50% and instrument resolution is about 0.5 cm21 to 64 cm21.

X-ray Diffraction

The crystallinity of samples was determined by using Siemens

X-ray diffractometer D5000 with CuKa radiation of wavelength

0.15406 nm at 40 kV and 40 mA. The diffracted intensity was

measured within scan range 2h 5 5–808 with a step speed of

28 min21. The crystallinity of the samples was calculated from

the diffraction intensity data using the empirical method for

native cellulose. The crystalline-to-amorphous ratio material

was determined using eq. (1).

Cr :I %ð Þ5 I0022Iam

I002

(1)

where Cr.I is the crystallinity index, Ioo2 is the maximum inten-

sity (in arbitrary units) of the diffraction from 002 plane at

2h 5 22.68, and Iam is the intensity of the background scatter

measured at 2h 5 198.28

Thermogravimetric Analysis

Thermal stability was characterized using thermogravimetry ana-

lyzer (Mettler Toledo). Dry sample was ground into fine powder

and then placed in a platinum pan with the heating rate of 108C

min21 over 20–6008C temperature range under nitrogen atmos-

phere, with a nitrogen flow rate of 20 mL min21.

Water Content and Contact Angle Analysis

The water contact angle of the RCM was determined by using a

contact angle goniometer (OCA15Pro, Data Physics), equipped

with image-processing software. This tool was used to evaluate

the degree of membrane hydrophilicity via sessile drop
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technique. Five contact angle measurements were performed for

each sample, whose average and the standard deviation were

calculated.

WC was obtained by the immersion of the dried film in water

for 24 h at room temperature. The wet film was then removed

from water and the excess water on the surface of the film was

removed by mopping it with blotting paper. The weight of the

wet film was measured, and it was placed in vacuum oven at

708C for 48 h. The weight of dry film was measured and the

WC was calculated with the following equation:29

WC% 5
Ww2Wd

Ww

3 100 (2)

where Ww and Wd are the weight of wet and dry membrane

(g), respectively.

Pure Water Flux

The pure water flux (J) of film samples were measured using

water permeability equipment at 2.0 bar pressure feed pressure

and room temperature as shown in Figure 1. In order to mini-

mize concentration polarization during the experiment, Teflon-

coated magnetic stirring bar was used and controlled at

1200 rpm on top of the active side of membrane. Membrane

circular coupons were of 14.6 cm2 (effective diameter: 4.3 cm).

The newly prepared RCM membranes were pre-pressured to

minimize their compaction effects using deionized water for 30

min at 3.0 bar pressure before measurement. The pure water

flux (J) was calculated by using the following equation:

J 5
V

A:t
(3)

where J is the pure water flux, V is the permeated volume water

(mL), t is the permeation time (h), and A is the membrane area

(14.6 cm2).

Membrane Porosity

The porosity of the prepared films was determined via gravi-

metric method as expressed in the following equation:30

eð%Þ5
ðWw 2WdÞ

qH

ðWw 2WdÞ
qH

1 Wd

qc

(4)

where Ww and Wd are the weight of wet and dry membrane

(g), respectively. qH is the density of water (0.998 g/cm3), and

qc is the density of cellulose (1.5 g/cm3).

Membrane Mean Pore Size

The mean pore radius, rf was calculated by employing the fol-

lowing equation, derived based on the straight through cylindri-

cal pore model:18

rf 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 3 g 3 l 3 J

e 3 DP

r
(5)

where g is the water viscosity (8.9 3 1024 Pa s), l is the mem-

brane thickness (m), J is the permeation flux (m3 m22 s21),

and DP is the load pressure (Pa).

RESULTS AND DISCUSSION

Morphological Analysis

The extraction of the cellulose microfiber resulted in morpho-

logical changes, as well as chemical changes on the cellulose

microfiber surfaces. SEM images of the recycled newspaper

(RNP-pulp) and treated cellulose microfibers (t-CMF) are

shown in Figure 2(a,b). It was observed that the structure of

cellulose chain became smoother and had cleaner surface,

which indicated the removal of lignin, with some others extrac-

tives surrounding the fiber via NaOH pretreatment and

delignification with acidified NaClO2. Similar observation was

also been reported in previous study.31 It was revealed that an

average diameter of the t-CMF decreased from the original

RNP-pulp from 12 to 15 mm to 5–8 mm. The decrease in aver-

age diameter exhibited the production of highly purified cellu-

lose microfibers.27 In addition, the extraction of the cellulose

microfiber from RNP-pulp produced white colored treated cel-

lulose powder, as shown in Figure 2(c). This white powder was

further used for the preparation of cellulose dope solution. Fig-

ure 2(d) shows a photograph of the transparent cellulose dope

solution obtained from preparation technique using 7 wt %

NaOH/12 wt % urea aqueous solutions and pre-cooled to

2158C. Cellulose is not soluble in usual solvent due to strong

inter and intramolecular hydrogen bonds. Nevertheless, previ-

ous studies have shown that RCM can be produced from this

cellulose dope solution.12,17,32

Figure 3(a,d) shows the SEM images of the RCM surface and

cross section, respectively. The SEM images revealed that, the

transparent cellulose membrane presented smooth surface, while

the cross sectional image confirmed that the prepared cellulose

membrane acquired homogeneous dense symmetric membrane

structure which composed of a skin layer. The formation of the

skin layer results from the increase in polymer concentration

stimulated by an extremely rapid solvent depletion from the top

layers of the polymer solution during regeneration in the coagu-

lation bath.33 Ichwan and Son have prepared dense RCM from

Figure 1. Schematic diagram of dead-end permeation cell.
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N-methylmorpholine-N-oxide (NMMO)/water solvent system

that possesses dense asymmetric structure with comparable

membrane porosity with our study as shown in Table I.18 More-

over, Biganska and Navard also have prepared RCM by using

NMMO/water solvent system but the RCM produced possesses

finger-like structure.33 The formation of finger-like structure is

triggered when non-solvent enters into polymer solution faster

than the solvent diffuses out. In other words, the finger-like

voids are formed when a low viscosity fluid (water) is displacing

a more viscous one (molten cellulose dope solution) in the

coagulation bath.33 On the other hand, the formation of dense

homogeneous structure was probably due to the intermolecular

interactions in cellulose during coagulation with H2SO4.34

Moreover, the dense structure formation was resulted from the

nucleation and growth mechanism of the slow solidification

process.35 Ying and co-workers suggested that the changes in

mean pore size and pore size distribution may be attributed by

the interaction in the polymer side chains during membrane

fabrication.36 It has been reported that the pKa values for cellu-

losic hydroxyl groups range from 13.4 to 13.7.37 In the fabrica-

tion of the membrane at pH values lower (more acidic) than

the pKa of the cellulose polymer, the anionic nature of the cel-

lulose side chains is reduced. Consequently, the electrostatic

repulsion among the adjacent chains is reduced. The reduction

in electrostatic repulsion promotes a closer packing of the poly-

mer chains and thus, resulted in a substantially denser mem-

brane structure with low mean pore size.36

Based on the membrane porosity and membrane mean pore

size analysis, prepared RCM with low mean pore size and

porosity of 2.48 6 0.41 nm and 41.03 6 2.37%, respectively, was

obtained. Therefore, the resultant RCM can be considered in

the range of ultrafiltration (1 nm to 0.1 mm). It was difficult to

observe the pore of RCM from the cross section of scanning

micrograph magnification as the pore size was in the range of

nanoscale. The resultant RCM pore size in this study was rela-

tively low as compared with the previous studies as shown in

the Table I. The differences in mean pore size and the porosity

is likely due to different fabrication approach implemented.

Feiya and coworkers concluded that the larger pores of the

RCM were easily formed with low coagulation concentration

than those from the coagulation bath with a higher concentra-

tion.38 In addition, it have been concluded that the RCM coagu-

lated with acidic aqueous solution produces smaller pore size

and narrower distribution than those of RCM coagulated with

Figure 2. SEM images of (a) RNP-pulp, (b) t-CMF, (c) photograph of cellulose microfiber extracted from recycled newspaper (c), and (d) cellulose dope

solution after being dissolved in NaOH/urea aqueous solution and precooled at 2158C. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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pure water and salt aqueous solution, whereas those coagulated

with organic coagulant possesses relatively large pore size and

wide distribution.17

Figure 4(a,b) present the AFM images in 3D view and height

view of the surface topography of the RCM, respectively. Con-

tradictory with the SEM image of free surface of RCM in Figure

3(a), a slightly rough surface of the RCM was observed in the

AFM images. The difference in surface topography was due to

the limitation of scanning micrograph magnification as the

AFM technique can only detect surface roughness at nano-scale

level. The mean roughness parameter, Ra of 29.53 nm was

obtained from the AFM analysis. The Ra value obtained from

this study is relatively high as compared to the previous studies

as shown in Table II.18,39 The high in surface roughness is prob-

ably due to the prominent formation of nodular with spherical

cell that promote compact conformation and irregularities on

the membrane surface.40 Furthermore, based on the previous

studies, the surface roughness of the membrane were decreased

with the increase in polymer concentration.41,42 Therefore, the

high surface roughness in our study can be justified by the low

concentration of cellulose (4 wt %) employed as compared to

Ichwan and coworkers (8–11 wt %). TEM image as shown in

Figure 4(c) revealed that the formation of the RCM after the

regeneration process consisted of compact granular clusters,

which indicated the regeneration process would result in dense

structure. The results were in agreements with those of recent

study reported by Geng and coworkers.22

In this study, the RCM was successfully prepared via phase

inversion technique. Generally, phase inversion can be described

as a demixing process where the initially homogeneous polymer

solution is transformed in a controlled manner from a liquid to

a solid state. The transformation from cellulose dope solution

into thin film membrane was accomplished by immersion pre-

cipitation approach where the polymer solution is immersed in

a non-solvent coagulation bath (typically water).44,45 Demixing

and precipitation occur due to the exchange of NaOH/urea

aqueous solvent system (from cellulose dope solution) and non-

solvent (5 wt % H2SO4) aqueous solution (from coagulation

bath). Mao and co-workers suggested that the membrane for-

mation process is mainly related to the diffusion between non

solvent and solvent in the cellulose dope solution.17 When the

rate of non-solvent diffusion into the cast RCM is higher, more

pores will emerge. The emerged pore size will continue to grow

as long as the non-solvent can diffuse into the growing pore.46

The diffusion of non-solvent into the growing pore will cause

an increase in the cellulose concentration of the cellulose-rich

phase surrounding the pore.43,46 When the surrounding

cellulose-rich phase enters the solidification phase, it will spon-

taneously stops the growth of the pores.17,18 The solidification

phase is reached when the viscosity of the cellulose polymer

(cellulose-rich phase) was increased which limits the motion of

the cellulose chain and thus solidifies the membrane. Therefore,

the solidification of the polymer membrane is the major factor

in determining pore size. In addition, when the affinity between

Figure 3. SEM images of the RCM (a), (b) surface and (c), (d) cross section.
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solvent and non-solvent is relatively low, the diffusion rate will

slow down and allow nuclei to grow homogenously to yield

denser and smaller pore size of membrane structure as shown

in Figure 3.1818 Low mutual affinity between solvent and non-

solvent is due to the increase in the cellulose concentration of

the cellulose rich phase.46

FT-IR Analysis

The chemical structures of RNP-pulp, t-CMF, and RCM were

analyzed using FTIR analysis in the range of 4000–650 cm21 as

shown in Figure 5. It was observed that all samples exhibited

identical FTIR spectrum with slightly shifted absorption band.

The absorption band at 3287 cm21 for RCM clearly broadened

as compared to those of t-CMF and RNP-pulp. Previous studies

suggested that the broadened band was attributed to intra- and

inter-molecular of hydrogen bond, respectively.21,47 As t-CMF

was dissolved in NaOH/urea/H2O pre-cooled at 2158C, the

intra- and intermolecular hydrogen bonds of cellulose were bro-

ken. Thus, the rearrangement of hydrogen bonding of the RCM

occurred during the coagulation in 5% of H2SO4. In addition,

the FTIR spectrum for RNP-pulp showed the presence of lignin

characteristic at 1505 cm21 absorption band, indicating that

C5C stretching of aromatic ring was present in lignin.48,49

However, this peak was absent in t-CMF and RCM spectrum.

This indicated that the lignin had been removed after being

treated using acidified NaClO2.

The FTIR analysis revealed that the produced RCM showed the

characteristic peaks of cellulose II with evident main absorption

peak shift.50,51 The band at 891 cm21 (cellulose II) assigned to

CAOAC stretching at b-linked glucose of cellulose was shifted

from 897 cm21 (cellulose I) in t-CMF and RNP-pulp.52–54 Simi-

lar observation can also be found in previous study.51 In addi-

tion, the transformation from cellulose I to cellulose II was

observed at band 1419 cm21 (cellulose II). This peak was

assigned to CH2 symmetry bending, shifted from 1428 cm21

(cellulose I) in t-CMF and RNP-pulp with decrease in absorp-

tion peak. The alteration of its crystalline conformation from

cellulose I to II can be explained by the fact that the presence of

NaOH creates significant ion-pair interactions, which reduce

the strong self-associated character of water, favoring the estab-

lishment of hydrogen bonds between urea molecules and cellu-

lose chains.34 These new intermolecular interactions bring the

cellulose into the aqueous solution and, spontaneously modify

its crystalline conformation from cellulose I to II during regen-

eration in the coagulation bath. The summary of main absorb-

ance peaks of interest of this study is listed in Table III.

Crystallinity Study

The XRD patterns of RNP-pulp, t-CMF and RCM are shown in

Figure 6. It was seen that both RNP-pulp and t-CMF displayed

a typical crystal lattice of cellulose I with main diffraction at

2h 5 16.58C (110 crystal plane) and 22.58 (200 crystal plane)

peak pattern.55,56 Moreover, there were two peaks observed at

Table I. Summary of the Properties and Pure Water Flux of RCM

Cellulose
sources

Solvent
aqueous
system

Coagulation
bath

Structure
properties

Mean pore
size (nm)

Porosity
(%)

Permeability
(mL h21 m22

mmHg21) Reference

RNP 7 wt %
NaOH/12 wt
% urea

5% H2SO4

at 258C
Homogeneous
symmetric dense
structure

2.48 6

0.41
41.03 6

2.37
0.47 6 0.02 This work

Cotton linter 7.5 wt %
NaOH/11 wt
% urea

5% H2SO4 Homogeneous
mesh network
structure

30.6 87 41.50 17

Cellulose
carbamate

7 wt %
NaOH/1.6 wt
% ZnO

3 wt % H2SO4 Homogeneous
mesh network
structure

115–624 87–91 10.93–
23.66

36

Cotton linter 6 wt %
NaOH/4 wt
% urea

CaCl2 aqueous
solution
1 3 wt % HCl

Homogeneous
mesh network
structure

120–140 84–86 66.5–82.9 37

Softwood pulp NMMO/water
mixture

H2O Dense
asymmetric
structure

13.4–20.2 24–41 28.17–
47.67

18

Cellulose pulp NMMO/water
mixture

H2O Finger-like
structure

– – – 33

Bacteria
cellulose

4 wt % NaOH/
3 wt % urea

5 wt % CaCl 1
1 wt % HCl

Dense porous
structure

1.26 – – 38

Cotton pulp Ionic liquid
(1-butyl-3-
methylimidazolium
chloride)

H2O Homogeneous
nonporous surface

– – – 39
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2h 5 11.68 and 21.68 corresponding to the (110 crystal plane)

and (200 crystal plane), respectively. These peaks were attrib-

uted to the typical crystal lattice of cellulose II in RCM.3 Similar

XRD pattern was also observed in previous studies.18,23,57 The

results revealed that the crystal lattice of cellulose in RCM pro-

duced from NaOH/urea aqueous solution transformed from cel-

lulose I into cellulose II. Furthermore, the transformation of

cellulose I to cellulose II was in good aggreement with the FTIR

analysis.

The intensity of XRD peak for t-CMF became sharper than

RNP-pulp, which indicated the increase in the degree of crystal-

linity. The higher crystallinity index of t-CMF (93.6%) than

RNP-pulp (87.0%) was attributed to the more compact and

ordered crystalline structure after having treated by NaOH and

NaClO2. However, RCM exhibited the lowest crystallinity index

(42.2%) as compared to the RNP-pulp and t-CMF. The decrease

in crystallinity index was due to the rearrangement of the cellu-

lose macromolecules during dissolution and regeneration.3 The

dissolution of t-CMF in NaOH/urea aqueous solution had

destroyed its original crystalline form by rapidly destroying the

Figure 4. AFM images (a) 3D view and (b) height view, and (c) TEM image of RCM. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table II. Contact Angle and Surface Roughness Comparison with Previous

Studies

Cellulose
source

Contact
angle/8

Surface
roughness
(Ra)/nm Reference

RNP 55.68 6 3.83 29.53 This work

Softwood
pulp

28240 2.1726.31 18

Commercial
RCM

26 6 3 18.5 6 0.6 39

Figure 5. FTIR spectrum of (a) RNP-pulp, (b) t-CMF, and (c) RCM.
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inter- and intramolecular hydrogen bonds between the cellulose

molecules.26,58

Thermal Stability Study

Thermal stability analysis was conducted to compare the ther-

mal stability of prepared RCM with t-CMF and RNP-pulp. The

TGA and DTG curves of RCM, together with t-CMF and RNP-

pulp sample are presented in Figure 7. The thermal degradation

data (T5%, T20%, T50%, and Tmax) as well as residual weight at

6008C are listed in Table IV. Figure 7 shows that all samples had

initial weight loss in the temperature range between 298C to

1108C, which indicated the evaporation of the moisture on the

surfaces of the samples.48,53 The chemisorbed water or the inter-

molecularly H-bonded water existed in the sample as confirmed

by FTIR of this peaks assignment, located at 1645 or

1635 cm21.

The TGA and DTG curves in Figure 7 show that all samples fol-

lowed almost identical degradation mechanism since there were

very small significant differences in T5%, T20%, and T50%, as

shown in Table IV. However, the DTG curves revealed that

t-CMF exhibited the highest thermal stability since the maxi-

mum rate of degradation occurred at Tmax of 360.88C, followed

by RNP-pulp and RCM at Tmax of 346.48C and 326.38C,

Table III. FT-IR Absorption Band for Functional Group of RNP, t-CMF,

and RCM

Peak assignment

Peak frequency (cm21)

RNP-pulp t-CMF RCM

OAH stretching 3336 3333 3336

CAH stretching 2918 2898 2895

OAH bending 1645 1635 1650

C5C stretching of
aromatic ring

1505 – –

CH2 symmetric bending 1428 1428 1419

CAH bending 1370 1375 1369

CH2 wagging 1316 1315 1313

CAO anti-symmetric
stretching

1163 1163 1154

CAO and CAC stretching 1104 1105 1105

CAOAC stretching 1053 1054 –

CAO and CAC stretching 1030 1030 1015

CAOAC stretching 897 897 891

Figure 7. TG and DTG curve of (a) t-CMF, (b) RNP-Pulp, and (c) RCM.

Table IV. Thermal Stability Data of RNP-Pulp, t-CMF, and RCM

Samples
T5%

(8C)
T20%

(8C)
T50%

(8C)

DTG
peak,
Tmax (8C)

Residue
at 6008C
(%)

RNP-Pulp 252.9 305.6 340.6 346.4 25.3

t-CMF 233.5 291.5 337.8 360.8 18.5

RCM 263.4 308.9 338.9 326.3 26.8

Figure 6. XRD diffractogram of RNP-pulp, t-CMF, and RCM. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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respectively. Furthermore, sample t-CMF exhibited the lowest in

residual percent, at about 18.5%, followed by RNP-pulp and

RCM about 25.3% and 26.8%, respectively. It has been reported

by previous works that the thermal stability of cellulose fiber

will be increased as it undergoes alkalization and bleaching

treatment.31,53,59,60 The improvement in thermal stability after

chemical treatment was due to the removal of non-cellulosic

materials (hemicelluloses and lignin), which resulted in dense

and compact structure, and therefore, increase of the degrada-

tion temperature and lowering of the residual percentage. How-

ever, it is quite interesting to note that, the resultant RCM

exhibited the lowest thermal stability compared to its origin

source t-CMF. Previous research has indicated that reduced

thermal stability is highly due to the low crystallinity which can

accelerate the degradation process.61

Hydrophilic Properties

The hydrophilicity property of RCM was studied based on water

contact angle (WCA) measurement and WC [eq. (3)]. Previous

study suggested that the strong hydrophilic property was attrib-

uted to the interaction of hydroxyl group in cellulose with water

molecule and led to the surface contact angle, which was

observable at surface contact angle below 908.18 Furthermore,

the WC in the regenerated membrane was related to the mem-

brane hydrophilicity property.29 Thus, in this study, we were

able to prepare RCM with hydrophilicity property with the

equilibrium water contact angle and WC value of 55.68 6 3.838

and 40.95 6 2.53%, respectively. . In general, cellulose mem-

brane in nature possesses high hydrophilicity. However, as com-

pared to the previous study as shown in the Table II, the

prepared RCM exhibit relatively high water contact angle might

be due to the high surface roughness as compared to others

which at huge extent of adding certain hydrophobicity to the

surface of prepared RCM.62

Meanwhile, the low water permeability of the prepared RCM

was achieved through pure water flux measurement. In general,

the pure water flux has a close relationship with hydrophilicity,

WC, and the morphological structure of the membrane. Yuan

Mao and co-workers suggested that the water permeability are

related to porosity and amount of through pore in the mem-

branes.17 Therefore, as compared to the previous study (Table

I), it is worth to note that the low in permeability in this study

is due to the low in mean pore size and porosity.38 Membranes

with high hydrophilicity properties and low surface roughness

are very crucial in filtration and separation since these lead to a

lower fouling tendency.30,63 The fouling phenomena on the sur-

face of membrane will reduce the performance of membrane,

require increased energy expenditure or cleaning frequency.64

CONCLUSION

In this study, the utilization of RNP as the cellulose source for

the fabrication of RCM was successfully prepared through low

cost and environmental friendly process with application of

7 wt % NaOH/12 wt % urea aqueous solution technique. The

extraction of the cellulose from RNP through NaOH and

NaClO2 pretreatment promoted the production of high crystal-

linity index of the cellulose microfiber (CMF) with 5–8 mm in

width, due to the removal of lignin and other extractives on the

surface of the CMF. The regeneration of the cellulose dope solu-

tion led to the production of the RCM with the transformation

of cellulose structure type I to type II, which have been con-

firmed by FTIR and XRD analysis. From SEM, AFM, and TEM

observation, the resultant membrane was observed exhibiting

homogeneous dense symmetric membrane structure which was

composed of a skin layer with mean pores size and porosity of

2.48 6 0.41 nm and 41.03 6 2.37%. Therefore, the resultant

RCM can be considered in the range of ultrafiltration (1 nm to

0.1 mm). The produced RCM possessed a hydrophilic property

which the contact angle of surface observed at 55.68 6 3.838

and WC value of 40.95 6 2.53%. In general, this work provides

a novel process for the manufacture of RCM and fiber from

RNP. The findings from this study showed that, RCM has a

potential to be applied in ultrafiltration application. This work

provided a promising way to prepare RCM with symmetric

dense structure and applied a green fabrication approach for

the production of the RCM. In addition, this study provides an

alternative to paper recycling and possibly address the issue of

by-products arising from paper to paper recycling.
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