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ABSTRACT: Dual-layer acetylated methyl cellulose (AMC) hollow fiber membranes were prepared by coupling the thermally induced

phase separation (TIPS) and non-solvent induced phase separation (NIPS) methods through a co-extrusion process. The TIPS layer

was optimized by investigating the effects of coagulant composition on morphology and tensile strength. The solvent in the aqueous

coagulation bath caused both delayed liquid–liquid demixing and decreased polymer concentration at the membrane surface, leading

to porous structure. The addition of an additive (triethylene glycol, (TEG)) to the NIPS solution resolved the adhesion instability

problem of the TIPS and NIPS layers, which occurred due to the different phase separation rates. The dual-layer AMC membrane

showed good mechanical strength and performance. Comparison of the fouling resistance of the AMC membranes with dual-layer

polyvinylidene fluoride (PVDF) hollow fiber membranes fabricated with the same method revealed less fouling of the AMC than the

PVDF hollow fiber membrane. This study demonstrated that a dual-layer AMC membrane with good mechanical strength, perform-

ance, and fouling resistance can be successfully fabricated by a one-step process of TIPS and NIPS. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 42715.
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INTRODUCTION

Cellulose is an outstanding membrane material due to its low

cost, as well as natural hydrophilic and good mechanical prop-

erties.1 In particular, membranes made of cellulose esters2–5

have gained wide use owing to their superior resistance to

membrane fouling and chlorine degradation compared with

other membranes made of polysulfone (PSf), polyvinylidene flu-

oride (PVDF), and so on.6–9 However, the cellulose esters have

lower mechanical properties due to their lower molecular

weight.5 Therefore, there has been a strong demand for the

development of new cellulosic membrane materials with excel-

lent mechanical strength. Most cellulose ester membranes have

been fabricated using this non-solvent induced phase separation

(NIPS) process. The NIPS process uses the separation of a

homogeneous solution into two phases through the exchange of

solvent and non-solvent during precipitation,10 thus allowing

the process to be applied to various polymers which are misci-

ble with a solvent.11 The membrane structure and performance

are usually determined by the exchange rate.12 The NIPS pro-

cess is a simple and convenient method for the fabrication of

membranes, but the membranes so prepared have intrinsically

weak mechanical strength.

However, membranes prepared by the thermally induced phase

separation (TIPS) process displayed good mechanical

strength.13,14 In the TIPS process, a homogeneous solution sepa-

rates into two phases when the elevated temperature of the

solution decreases, until binodal is reached.12 Thus, the process

has been applied to several semi-crystalline polymers, including

polypropylene (PP),15,16 Poly(ethylene chlorotrifluoroethylene)

(ECTFE),17,18 and poly(vinylidene fluoride) (PVDF).19,20

Recently, hydrophilic materials of cellulose acetate (CA),21 cellu-

lose acetate butyrate (CAB),22,23 poly(methyl methacrylate)

(PMMA),24 and polyacrylonitrile (PAN)25 were used for the

fabrication of porous membranes by the TIPS process.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4271542715 (1 of 8)

http://www.materialsviews.com/


Matsuyama et al.21 achieved the first hydrophilic cellulose ace-

tate hollow fiber membrane by liquid–liquid phase separation

using TIPS, and showed that the membrane had isotropic pore

structure without the formation of macrovoids. Fu et al.23 stud-

ied the effect of membrane preparation method on the outer

surface roughness of cellulose acetate butyrate hollow fiber

membranes prepared via TIPS and NIPS.

Hollow fiber membranes fabricated by the TIPS process tend to

have high tensile strength, but the pores are too large to retain

polymeric molecules. In contrast, the hollow fiber membranes

prepared by the NIPS process can have smaller pores than those

produced by the TIPS process, but the tensile strength is much

lower. The dual-layer hollow fiber membrane prepared by both

NIPS and TIPS processes can have both small pores and high

tensile strength. Furthermore, the co-extrusion method allows

the dual-layer membrane to possess the advantages of each indi-

vidual layer.26 Liu et al.27 prepared a dual-layer hollow fiber

ultrafiltration membrane with PVDF dope solutions via the

TIPS method, and then fabricated a second layer with PES dope

solutions through the NIPS method in a two-step process. In

another study, Liu et al.28 prepared polyvinyl chloride (PVC)

matrix reinforced hollow fiber membranes including a separa-

tion layer and a porous supported matrix via the two-step pro-

cess. The porous inner layer works as a mechanical support for

the selective outer skin layer.29 Various studies have reported

the use of polymeric dual-layer hollow fiber membranes for

wastewater treatment, nanofiltration,30 gas separation,31–33 for-

ward osmosis,34 membrane distillation,35,36 pervaporation,37

and biomedical applications.38 However, dual-layer hollow fiber

membranes made with cellulosic polymers have rarely been

reported in the literature. Sun et al.29 reported the fabrication

of a dual-layer nanofiltration hollow fiber membrane by the

simultaneous co-extrusion (one-step) of polyamide-imide and

cellulose acetate dopes through a triple-orifice spinneret in a

dry-jet wet phase inversion process. However, the major issue

facing dual-layer composite membranes is the adhesion of the

two layers and integrity of the membrane.39

The objective of this study was to fabricate a dual-layer acety-

lated methyl cellulose (AMC) hollow fiber membrane with

enhanced mechanical strength and fouling resistance. To the

best of our knowledge, this is the first report of a dual-layer

hollow fiber membrane based on cellulosic polymers with two

different phase inversion pathways. A one-step co-extrusion

method was applied for fabrication of dual-layer hollow fiber

membranes to improve the ultrafiltration properties of the

membrane. A novel dual-layer AMC hollow fiber membrane

was fabricated by forming the inner layer via the TIPS method,

followed by formation of the outer layer with the NIPS method.

The mechanical properties, morphology, and performances of

the prepared dual-layer membranes were systematically charac-

terized. We consider this as an important step in engineering

cellulosic polymer membranes into affordable devices.

EXPERIMENTAL

Materials

Acetylated methyl cellulose (AMC, Mw of 370 kDa) was sup-

plied by Samsung Fine Chemical Corporation, Korea. N,N’-

dimethylacetamide (DMAc), triethylene glycol (TEG), poly(vinyl

pyrrolidone) (PVP, MW of 30 kDa), and c-butyro lactone

(GBL) were purchased from Sigma-Aldrich. Poly(vinylidene

difluoride) (PVDF, Mw of 500 kDa) was purchased from Solvay,

Japan. Deionized water from Millipore systems was used as the

non-solvent in the coagulation bath.

Membrane Preparation

Prior to the preparation of TIPS/NIP combined dual-layer fiber,

TIPS layer was fabricated to investigate the effect of preparation

conditions on membrane structure. For the TIPS process, AMC

was added in TEG solvent and the mixture was stirred at 393 K

for 4 h under a nitrogen condition. The doping solution and

Table I. Spinning Conditions of AMC Hollow Fibers

TIPS TIPS/NIPS

Dope solution of TIPS (wt %) AMC/TEG (25 : 75) AMC/TEG (25 : 75) PVDF/GBL (40/60)

Dope solution of NIPS (wt %) AMC/DMAc/TEG
(12 : 78 : 10)

PVDF/DMAc/PVP
(14/80/6)

Pressure of TIPS dope (kgf/cm2) 3 3 3

Pressure of NIPS dope (kgf/cm2) 0.8 1

Bore fluid composition (wt %) DMAc/TEG (50 : 50) DMAc/TEG (50 : 50) DMAc/EG (30/70)

Bore fluid flow rate (ml/min) 6 6 5

Air gap (mm) 0.8 0.8 5

Take-up speed (m/min) 20 20 30

External coagulant composition (wt %) Water/DMAc
(100/0, 80/20, 50/50)

Water water

Dope temperature of TIPS (K) 393 393 403

Dope temperature of NIPS (K) 313 313 313

Bore fluid temperature (K) 353 353 323

External coagulant temperature (K) 313 313 293

Dimension of spinneret (mm) i.d./o.d. (2.0/4.1) i.d./o.d. (2.0/5.1) i.d./o.d. (2.0/4.1)
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inner coagulant (bore solution) were extruded through the

outer and the inner channels of a spinneret under the nitrogen

pressure of 3 kgf/cm2. The spinneret had outer and inner diam-

eters of 4.1 and 2.0 mm, respectively. The compositions of the

dope used for the TIPS process and the bore solution were

AMC/TEG (25/75 wt %) and DMAc/TEG (50/50 wt %), respec-

tively. The coagulation bath contained various amounts of

DMAc solvent in water, and the temperature of the bath was

maintained at 293 K. The water/DMAc weight ratios in the

bath were set at 100/0, 80/20, and 50/50, and the solidified fiber

in coagulation bath was taken up at the speed of 20 m/min.

After finding the proper fabrication condition of TIPS process,

TIPS/NIPS dual-layered hollow fiber membranes were prepared.

The composition of the dope for the NIPS process was AMC/

DMAc/TEG (12/78/10 wt %) except when checking the effect of

TEG content on its performance. The composition of TIPS

solution AMC/TEG (25/75 wt %). The TIPS solution was fed to

a spinneret by extruding under the nitrogen pressure of 3 kgf/

cm2 and NIPS solution was fed to a spinneret by extruding

Figure 1. SEM photographs of the AMC membranes fabricated by the TIPS process: (a) outer surface, (a1) cross-section, and (a2) inner surface of the

membranes coagulated in water; (b) outer surface, (b1) cross-section, and (b2) inner surface of the membranes coagulated in 20 wt % DMAc solution;

(c) outer surface, (c1) cross-section, and (c2) inner surface of the membranes coagulated in 50 wt % DMAc Solution.

Figure 2. Tensile strength and pore size of the AMC membranes fabri-

cated with different solvent content in external coagulant. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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under the nitrogen pressure of 0.8 kgf/cm2. As an inner coagu-

lant, DMAC/TEG mixture of 50/50 was used for spinning con-

dition with a fixed air gap of 0.8 cm. The coagulation bath

composed of water. The diluent remaining in the hollow fiber

product was extracted by immersion in water for 24 h.

In order to compare the prepared AMC membrane with PVDF

hollow fiber membranes, a dual-layer PVDF hollow fiber mem-

brane was also fabricated with the same procedure as the dual-

layer AMC membranes. Table I shows the spinning conditions

for the AMC and PVDF dual-layer hollow fiber membranes.

Membrane Characterization

The structure and morphology of the dual-layer hollow fiber

membrane were characterized by field emission scanning elec-

tron microscope (FE-SEM) using a Tescan Mira 3 LMU FEG

operated at an acceleration voltage of 10 kV. The FE-SEM sam-

ples were prepared by vacuum sputtering Pt onto the dried

samples at room temperature. Atomic Force Microscopy (AFM)

was applied for determination of the surface roughness of the

hollow fiber membranes using a Multimode V (Veeco, USA).

Tensile strength tests were conducted at a load speed of 50 mm/

min with 50 mm lengths of samples until specimen breakage

occurred. Pure water flux and rejection of polyethylene oxide

(PEO, MW of 100 kDa, Sigma-Aldrich) of the hollow fiber

membranes were also measured. Pure water or PEO solution

was introduced from the outside to the inside of the dual-layer

hollow fiber membranes at the conditions of 1 kgf/cm2 and 1 L/

min. Rejection of PEO was measured using HPLC.

In order to measure the contact angle, the membranes were

fixed on a cover glass and then immersed in isoparaffin (SKC,

Korea) solution. After 1 h, a droplet of ethylene glycol (Sigma-

Figure 3. Cross-sectional images of the dual-layer AMC hollow fiber membrane: (a) no TEG in NIPS solution, (a1) enlarged cross-section of (a), (b)

TEG in NIPS solution, and (b1) enlarged cross-section of (b).

Figure 4. Effect of TEG addition to the NIPS solution on the performance

of dual-layer AMC hollow fiber membranes.
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Aldrich) was placed on the membrane sample. Two membrane

replicates were used, with measurement and averaging of five

drops per replicate. Membrane fouling experiments were con-

ducted with 20 ppm of bovine serum albumin (BSA, Sigma-

Aldrich). The water flux decrease due to BSA fouling was meas-

ured for 2 h at 1 kgf/cm2 and 1 L/min.

RESULTS AND DISCUSSION

Optimization of AMC TIPS Layer

Prior to the fabrication of AMC hollow fibers with TIPS and

NIPS dual-layers, optimization of the TIPS layer was conducted.

It is well known that increase of the polymer concentration at

the interface of the polymer solution resulting from lower

exchange of the solvent with the non-solvent during the precipi-

tation process leads to the formation of a non-porous, dense

active layer. To inhibit the formation of a dense skin layer,

which is unfavorable for porous membranes, the polymer solu-

tion was spun into coagulation baths with various compositions

of water/DMAc, and the effects of coagulation bath composition

on the membrane structures were investigated. As shown in

Figure 1, no large spherulites could be found in the cross-

section or inner surface of the hollow fiber membrane, indicat-

ing that the AMC polymer solution resulted in liquid–liquid

phase separation instead of solid–liquid phase separation from

crystallization. The liquid–liquid phase separation divided the

homogeneous solution into two phases, an AMC-rich phase

and a TEG-rich phase, before solidification. This allowed the

membrane structure to be bicontinuous, resulting in hollow

fibers without the production of nucleation and growth of the

AMC polymer.

In the case of the coagulation bath composed of only water, the

AMC membrane exhibited a symmetric cellular structure, com-

posed of a dense active layer. Upon immersion of the polymeric

solution in the 100% water coagulation bath, fast exchange

between the solvent and non-solvent occurred across the inter-

face. The role of the TIPS layer is to give the hollow fiber high

tensile strength by increasing the polymer concentration. Expo-

sure of the TIPS solution to a strong non-solvent causes the

polymers to have strong entanglement with each other. As a

result, a dense surface and sponge-like pores with small pore

size were formed. After immersed in a bath containing 20 wt %

DMAc, larger pores on the membrane surface appeared, as rep-

resented in the Figure 1. With further increase of the DMAc

concentration to 50%, more pores were formed on the mem-

brane surface, and the pore size also became larger. It was also

found that the pore size at the outer surface was smaller than

that at the inner surface. The addition of solvent into the

immersion precipitation bath delayed solidification of the poly-

mer, which caused the polymer concentration on the membrane

surface to decrease. The resulting hollow fiber membrane

showed a porous structure at the outer surface, as well as at the

inner surface of the membrane. However, a clear trend appeared

Figure 5. Cross-sectional images of the dual-layer PVDF hollow fiber membrane: (a) overall cross-section, and (b) enlarged cross-section of (a).

Table II. Comparison of the Properties of the Two Hollow Fiber

Membranes

Hollow
fibers

PWF
(LMH)

Rejection
of PEO
100 kDa (%)

Tensile
strength (MPa)

Roughness
(Ra, nm)

AMC 510 81 8.5 2.12

PVDF 650 85 6.3 4.39

Figure 6. Relative fluxes of AMC and PVDF hollow fiber membranes.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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that increase of the DMAc concentration in the coagulation

bath led to decrease of the tensile strength and increased pore

size with loose structure, as illustrated in Figure 2.

Fabrication of TIPS and NIPS Dual-Layer Membrane

Dual-layer AMC hollow fiber membranes were prepared via a

combination of the TIPS and NIPS processes in a single process.

Figure 3(a) shows the cross-sectional images of the dual-layer

AMC hollow fiber membrane, which was fabricated in absence

of TEG in NIPS solution. The interface between the TIPS and

NIPS layers was separated them from each other. Because of the

different phase separation rates between the TIPS and NIPS sol-

utions, the adhesion stability of the two was poor. In order to

enhance the adhesion stability, the diluent, TEG, used in the

TIPS solution was added to the NIPS solution. As can be seen

in Figure 3(b), the interface between the TIPS and NIPS layers

could be completely interconnected through this method. This

is likely due to easy mixture of TIPS solution and NIPS solution

at the interface. The inner side of TIPS solution can solidify

first due to contact with an inner coagulant (bore solution),

after which phase separation of the NIPS solution can occur

due to contact with an outer coagulant. The use of the diluent

in the NIPS solution resulted in TEG transfer from temperature

elevated TIPS solution to the NIPS solution during phase

inversion, leading to the entanglement of polymers between

TIPS and NIPS solutions.

Figure 4 shows the permeation performance of the dual-layer

hollow fiber membranes at different TEG contents in the NIPS

solution. The results indicate that increasing TEG content in the

NIPS solution caused decreased flux and pore size of the dual-

layer hollow fiber membranes. The increased adhesion stability

might reduce the production of large vacant voids between the

NIPS and TIPS layers. Instead of the large voids, an intercon-

nected layer of the two solutions can be formed. Interconnec-

tion of the two layers may reduce the flow channels and

decrease the water flux. Moreover, the defects in the interface

completely disappeared, which could support enhanced rejec-

tion of polymeric molecules.

Fouling of the AMC Dual-Layer Hollow Fiber Membrane

Fouling of the AMC dual-layer hollow fiber membrane was

compared with that of the PVDF dual-layer hollow fiber

membrane.

PVDF has enjoyed wide use as a membrane material for water

treatment. However, PVDF membranes are very sensitive to

membrane fouling due to their hydrophobic properties. Accord-

ingly, many researchers have modified the materials to control

fouling. The PVDF dual-layer hollow fiber membrane was fabri-

cated using the same method as the AMC dual-layer hollow

Figure 7. Contact angle of (a) AMC and (b) PVDF hollow fiber membranes. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. AFM pictures of (a) AMC and (b) PVDF hollow fiber membranes. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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fiber membrane, after which the two types of membranes were

compared. The composition of the PVDF casting solution was

determined for fabrication of membranes with similar permea-

tion properties as the AMC hollow fiber membrane. Figure 5

shows the SEM pictures of the PVDF dual-layer hollow fiber

membrane. The TIPS cross-sectional structure of the PVDF hol-

low fiber membrane was looser than that of the AMC hollow

fiber membrane, while the NIPS layer showed the finger-like

structure. The NIPS layer was completely connected with the

TIPS layer in the PVDF membrane. Comparison of the proper-

ties of the two hollow fiber membranes is shown in Table II. The

pure water flux and rejection of PEO 100 kDa was similar. How-

ever, the tensile strength of the AMC hollow fiber membrane was

higher than that of the PVDF hollow fiber membrane.

The fouling of the AMC and the PVDF hollow fiber membranes

was investigated and shown in Figure 6. The PVDF hollow fiber

membrane was heavily fouled due to its protein adsorption, dis-

playing a decrease in the flux to one-tenth after 2 h. In contrast,

the AMC hollow fiber membrane became less fouled than the

PVDF hollow fiber membrane, with a decrease to 40% flux after

2 h. In order to determine the reasons for this fouling differ-

ence, contact angles and AFM pictures were taken, as shown in

Figure 7. From the contact angle, it could be confirmed that the

AMC hollow fiber membrane was more hydrophilic than the

PVDF hollow fiber membrane. In general, it is widely known

that cellulosic polymers are hydrophilic and have smooth surfa-

ces, causing them to be fouled less. AMC is also a cellulosic

polymer. Methyl cellulose (MC), which is soluble in water, is

partially substituted with acetyl groups. AMC is more hydro-

phobic than MC. However, AMC is more hydrophilic than

PVDF, which is widely used as a membrane material. In com-

parison, PVDF contains a fluoro group, which is water repellent

and highly hydrophobic. From the AFM pictures of Figure 8, it

was determined that the roughness of the AMC hollow fiber

membrane was lower than that of the PVDF hollow fiber mem-

brane, which means that the AMC membrane was smoother.

The roughness data are summarized in Table II. The phase

inversion rate of the AMC membrane may be faster than that

of the PVDF membrane. As AMC is a hydrophilic polymer,

coagulant water can approach the AMC solution more easily

during the phase inversion process, allowing formation of a

smoother surface. In contrast, PVDF is a hydrophobic polymer,

which means that the PVDF hollow fiber membrane solidified

slowly due to its water repellent property. As a result, the sur-

face of the PVDF membrane could be rougher.

CONCLUSION

Acetylated methyl cellulose (AMC) was used as a new mem-

brane material. AMC hollow fiber membranes with a coating

layer placed on a support layer were prepared by the thermally

induced phase separation (TIPS) and non-solvent induced

phase separation (NIPS) methods through a co-exclusion pro-

cess. Moreover, a PVDF dual-layer hollow fiber membrane with

good adhesion stability was fabricated for comparison of the

fouling resistance. In the case of AMC hollow fiber membranes,

liquid–liquid phase separation was observed. As the concentra-

tion of solvent in the coagulation bath containing a non-solvent

increased, the membrane morphology became more porous.

Structures that are more porous causes the membrane to have

weak mechanical strength. However, the composite AMC hollow

fiber membrane with dual-layers had good mechanical strength,

as well as finger-like porous structure. The addition of TEG to

the NIPS solution could enhance the adhesion stability between

the TIPS and NIPS layers. It was confirmed that the coating

layer could successfully adhere to the support layer via the TIPS

process, as revealed by SEM. The AMC hollow fiber membrane

displayed better fouling resistance than the PVDF hollow fiber

membrane. It seems that the better fouling resistance resulted

from the higher hydrophilicity and smoother surface of the

AMC hollow fiber membrane.
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