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ABSTRACT: The surface morphology of regenerated
cellulose membranes prepared by casting cellulose/N-
methylmorpholine-N-oxide (NMMO) and cuprammonium
solutions onto a glass plate (denoted NMMO membrane
and cuprammonium membrane, respectively) were studied
by using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The concentration of cellulose in
the casting solution was 8 wt %. The SEM images of the
surfaces of both membranes indicated that they had aggre-
gate structures formed by cellulose particles (10–150 nm in
diameter). In the NMMO membrane, the glass-side surface
was composed of larger particles and was rougher than the
air-side surface. However, in the cuprammonium mem-
brane there was little structural difference between air-side
and glass-side surfaces. The AFM images showed that all

surfaces were rough due to the cellulose particles. As for the
NMMO membrane, the difference in the surface structure
between the air-side and the glass-side was the same as
observed by SEM. AFM also indicated that the order of the
surface roughness was as follows: glass-side of NMMO
membrane > air-side of NMMO membrane > air-side of cu-
prammonium membrane % glass-side of cuprammonium
membrane. On the basis of these results observed for both
membranes, the reason for the difference in the performan-
ces of NMMO and cuprammonium membranes is discussed
from the viewpoint of surface structure. VC 2010 Wiley Periodi-
cals, Inc. J Appl Polym Sci 116: 3040–3046, 2010
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INTRODUCTION

Polymer membranes have largely contributed to the
development of medical treatments. In particular, di-
alysis membranes have played a very important role
in renal failure as artificial kidneys.1,2 The regener-
ated cellulose membrane prepared by the cupram-
monium rayon method was the first hemodialysis
membrane in clinical use, and is still in use. How-
ever, it has been pointed out that the conventional
cellulose membrane has two major faults in compari-
son with synthetic polymer membranes. One of the
faults is its poor blood compatibility, represented by
complement activation during extracorporeal circula-
tion.3–5 This problem was improved by membrane
surface modification methods, such as the grafting

of poly(ethylene glycol)6,7 or the coating of vitamin
E8 on the membrane surface. The other is its low
ultrafiltration rate (UFR) performance. In addition, it
is said that the performance for the removal of low
molecular weight proteins is not sufficient (e.g., the
accumulation of b2-microglobulin (b2-MG; 11.8 kDa)
in a patient’s body could bring about amyloidosis).9

This lower permeability is caused by the cellulose
membrane structure. That is, the cellulose membrane
has a homogeneous and dense structure, depending
on the membrane preparation method. One of the
methods to improve the poor permeability is the
introduction of an asymmetric structure to it such as
a synthetic polymer membrane.10,11 Inamoto et al.
studied the effect of the regeneration conditions in
the cuprammonium rayon method on the membrane
structure and succeeded in preparing a cellulose
membrane having an asymmetric structure and high
performance. Another way to obtain an asymmetric
structure is to change the solvent from a cuprammo-
nium solution to an organic solvent because it is
expected that a membrane can form via a simple
coagulation mechanism similar to that of synthetic
polymer membranes.12 From this viewpoint, N-
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methylmorpholine-N-oxide (NMMO) is an attractive
solvent because of its strong ability to dissolve cellu-
lose, and the applications of the solvent to the man-
ufacture of cellulosic products, such as fiber and
film (the NMMO method), have been investi-
gated.13–15 Indeed, regenerated cellulose fiber pro-
duced by the NMMO method was industrialized,16

and a lot of studies on the manufacturing and charac-
terization of the fiber have been carried out.17–19 Such
studies on the NMMO method interested us, and we
began to look into the feasibility of this method for
preparing a hemodialysis membrane with high mem-
brane performance. In previous articles,20–22 for mem-
branes prepared from a cellulose/NMMO solution
(NMMO membrane), the relationships between the
preparation conditions of the membrane (i.e., the cel-
lulose concentration of the casting solution, coagulant
composition, and coagulant temperature) and the
membrane performance were reported. In compari-
son with the cuprammonium membrane, the NMMO
membrane had excellent performance in regard to the
UFR, diffusive solute permeability, and sieving coeffi-
cient (SC).20 Observation by SEM under low magnifi-
cation showed that both membranes apparently had
the same structures, and they were classified into
dense, nonporous membranes. However, the estima-
tion of the pore structures of both membranes accord-
ing to the Hagen-Poiseuille law showed that the
NMMO membrane had larger pore radii and a
smaller number of pores than the cuprammonium
membrane.21,22 These results led to the conclusion
that the higher performances of the NMMO mem-
brane were caused by the larger pore size. Thus, in
this study, we compared the surface morphology of
the NMMO membrane with that of the cuprammo-
nium membrane by using SEM and AFM, and discuss
the reason for the differences in the performance
between the two types of membranes.

EXPERIMENTAL

Materials

The cellulose used was cotton linter containing over
97.5% a-cellulose, purchased from Taihei Paper Man-
ufacture Co. (Tokyo, Japan). The viscosity of the cellu-
lose/cupriethylenediamine solution (cellulose ¼ 0.5
wt %) and polymerization degree of cellulose were 7.3
cP and 1180, respectively. NMMO monohydrate (con-
taining 13.3 wt % water, melting point ¼ 72�C) was
supplied by Nippon Nyukazai Co. (Tokyo, Japan). n-
Propyl gallate, sodium n-dodecyl sulfate, a 25 wt %.
NH3 aqueous solution, Na2SO3, CuSO4�Cu(OH)2,
NaOH, and H2SO4 were reagent grade, purchased
from Kanto Kagaku Co. (Tokyo, Japan). n-Propyl gal-
late is one of the polyphenolic anti-oxidants and pro-
tects cellulose from oxidative decomposition.

Preparation of the membranes

As reported in previous articles,20,21 two kinds of
regenerated cellulose membranes were prepared
from a cellulose/NMMO solution and from a cellu-
lose/cuprammonium solution (denoted NMMO
membrane and cuprammonium membrane, respec-
tively). The cellulose concentration in the solution
was 8 wt % in both cases. The cellulose solution was
cast onto a glass plate, and the plate was immedi-
ately soaked in a coagulant bath. In the NMMO
method, the coagulant used was pure water, and its
temperature was 5�C. In the cuprammonium rayon
method, the coagulation of cellulose was carried out
in a 3.5 N NaOH aqueous solution at 26�C, and then
regeneration was carried out in a 1 wt % H2SO4

aqueous solution at room temperature.

Observation of the membrane surface morphology

In observing the membrane surface, we distin-
guished the top and bottom surfaces of the mem-
branes as follows:

1. Glass-side surface means the surface in contact
with a glass plate when the solution was cast.

2. Air-side surface is the surface in contact with
air when the solution was cast.

Preparation of the dry membrane

The as-cast wet membrane was dehydrated accord-
ing to the method reported by Fukuda.23 Briefly, the
wet membrane was soaked in 50, 70, 80, 90, 95, and
99 vol % ethanol aqueous solutions and ethanol suc-
cessively for 30 min each; then it was soaked in
ethanol, t-butanol/ethanol (50/50 vol %), and t-buta-
nol successively for 30 min each to substitute the
alcohol with water in the membrane, after which it
was freeze-dried in vacuo for 3 days.

SEM observation

The dry membrane was sputter-coated with plati-
num by a magnetron sputter (JUC-5000, JEOL, To-
kyo, Japan) before observation under an SEM
equipped with a field emission gun (JSM-840F,
JEOL, Tokyo, Japan). The sputter-coating produced a
platinum layer about 1.5 nm thick on the surface.
After sputtering, the surfaces of the membrane were
observed by SEM.

AFM observation

The surface morphology of the dry membrane was
observed by an AFM (Probe station/Unit; SPI3800/
SPA300, Seiko Instruments, Tokyo, Japan). The

SURFACE MORPHOLOGY OF REGENERATED CELLULOSE MEMBRANES 3041

Journal of Applied Polymer Science DOI 10.1002/app



scanning was carried out at room temperature in air,
using a scanner (FS-20A, Seiko Instruments, Tokyo,
Japan) in dynamic force mode with a silicon cantile-
ver tip (SI-DF20, Seiko Instruments, Tokyo, Japan).
The scan speed was 0.8 Hz in a 500 � 500 nm area
(x-, y- direction). The surface roughness parameters
were measured by SPI3800/SPA300-dedicated soft-
ware (SPIWin ver.2.31F, Seiko Instruments, Tokyo,
Japan).

RESULTS AND DISCUSSION

SEM observation

We found that the performance of the NMMO mem-
brane was higher than that of the cuprammonium
membrane20 and attempted to clarify the reason for
the difference in terms of the membrane structure.
SEM observation with low magnification (i.e., �
1000 � 5000) revealed that the NMMO and cupram-
monium membranes had dense and nonporous

structures.21,22 These facts alone could not explain
the differences in the performances between the
NMMO and cuprammonium membranes. Therefore,
in this study we observed the morphology of these
membranes in detail by SEM with higher magnifica-
tion (i.e., � 50,000) and AFM. First, the investigation
by SEM is described. The results are shown in Fig-
ures 1 and 2, which are SEM micrographs of
NMMO and cuprammonium membranes [Figs. 1(a)
and 2(a) show the top surface (air-side) and Figs.
1(b) and 2(b) show the bottom surface (glass-side)],
respectively. It is known that a cuprammonium
membrane has a surface composed of numerous cel-
lulose particles, which are nanometer-sized, formed
by alkaline coagulation.10,23,24 These pictures indicate
that both membranes have aggregate structures
formed by cellulose particles of which the sizes
range from 10 to 150 nm. Moreover, on the NMMO
membrane surfaces the particle size is larger and the
surface is rougher on the glass-side than on the air-
side. Meanwhile, in the cuprammonium membrane,

Figure 1 SEM micrographs of the surfaces of the NMMO membrane. (a) Air-side, (b) Glass-side. The bar length in all
micrographs is 100 nm.

Figure 2 SEM micrographs of the surfaces of the cuprammonium membrane. (a) Air-side, (b) Glass-side. The bar length
in all micrographs is 100 nm.
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the structure of the air-side surface shows little dif-
ference from the glass-side one.

Atomic force microscopic observation

Along with the development of the Atomic force mi-
croscopic (AFM) method, much research on the
characterization of the surface of fibers and mem-
branes has been carried out.25–29 Hongo et al.28

reported the surface morphology of various regener-
ated cellulose fibers by AFM.2,9 Compared with
SEM, AFM has the advantage of measuring the ver-
tical direction. Thus, AFM measurement is expected
to provide information on the 3-dimensional (3D)
structural difference between NMMO and cupram-
monium membranes causing the difference in per-
meation performance. For the NMMO membrane,
AFM images of the top surface of the air-side and
glass-side surfaces are shown in Figures 3 and 4.
Figures 5 and 6 are images of the cuprammonium
membrane. In these figures, (a) and (b) are top-view
and 3D images, respectively, and (c) is result of sur-
face roughness parameters measured by SPI3800/
SPA300-dedicated software. The top-view images
show that all the surfaces are rough due to the
aggregation of cellulose particles and that the parti-

cle size ranges from 10 to 150 nm in diameter. These
images are in good agreement with the SEM results
mentioned earlier. As for the NMMO membrane, the
structural difference between the air-side and the
glass-side is similar to that observed by SEM. The
surface roughness features are listed in Table I,
which are roughness average (Ra), peak-to-valley
roughness (P–V), root-mean-square (RMS), ten-point
mean roughness (Rz), surface area (S), and ratio of S
to scan area (S Ratio). For the NMMO membrane,
Ra, RMS, and Rz of the glass-side surface were
higher than those of the air-side, and also P–V of the
glass-side is about twice as high as that of the air-
side. Thus, it is clear that the glass-side surface is
rougher than the air-side surface. Meanwhile, in the
cuprammonium membrane, there is little difference
between the air-side and the glass-side surfaces
regarding Ra, RMS, and Rz, indicating that the sur-
face roughness of both sides is the same. There is no
difference between the S Ratio of the air-side and
that of the glass-side in each membrane (1.165 and
1.154 for NMMO membrane, 1.093 and 1.078 for cu-
prammonium membrane, respectively), although the
NMMO membrane has a higher S Ratio than the
cuprammonium membrane. This S Ratio result
corresponds to the roughness features mentioned

Figure 3 AFM images of the air-side surface of the NMMO membrane. (a) Top-view image (X: 500 nm � Y: 500 nm, X,
Y: 100 nm per division), (b) 3D image (X: 500 nm � Y: 500 nm � Z: 100 nm, X, Y: 100 nm per division, Z: 50 nm per divi-
sion), (c) Surface roughness parameters. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5 AFM images of the air-side surface of the cuprammonium membrane. (a) Top-view image (X: 500 nm � Y: 500
nm, X, Y: 100 nm per division), (b) 3D image (X: 500 nm � Y: 500 nm � Z: 100 nm, X, Y: 100 nm per division, Z: 50 nm
per division), (c) Surface roughness parameters. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 4 AFM images of the glass-side surface of the NMMO membrane. (a) Top-view image (X: 500 nm � Y: 500 nm,
X, Y: 100 nm per division), (b) 3D image (X: 500 nm � Y: 500 nm � Z: 100 nm, X, Y: 100 nm per division, Z: 50 nm per
division), (c) Surface roughness parameters. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]



earlier – that is, the surface of the NMMO mem-
brane is rough compared with that of the cupram-
monium membrane. It is concluded that the order of
the surface roughness is glass-side of NMMO mem-
brane > air-side of NMMO membrane > air-side of
cuprammonium membrane % glass-side of cupram-
monium membrane. This result is in good agree-
ment with the SEM images mentioned earlier.

As the degree of surface roughness depends on
the size of the cellulose particle, the larger the cellu-
lose particle size is, the higher the surface roughness
is. The roughness or the particle size is determined
by the coagulation process, and the difference in the
roughness between the air-side and glass-side sur-
face is explained as follows. NMMO dissolves cellu-
lose directly without the formation of a cellulose
complex or its derivatives, whereas a cuprammo-
nium hydroxide solution dissolves cellulose by
forming a complex with cellulose. Thus, cellulose
can easily be regenerated from an NMMO solution
via a simple mechanism called phase-inversion. In
the coagulation process, NMMO is gradually
replaced by water from the air-side to the glass-side
surfaces and, at the same time, the cellulose particles

are formed in the casting solution and aggregated
from the air-side to the glass-side. The replacement
of NMMO with water is slow when the distance
from the air-side surface is longer, resulting in the
slow coagulation and the promotion of particle

Figure 6 AFM images of the glass-side surface of the cuprammonium membrane. (a) Top-view image (X: 500 nm � Y:
500 nm, X, Y: 100 nm per division), (b) 3D image (X: 500 nm � Y: 500 nm � Z: 100 nm, X, Y: 100 nm per division, Z: 50
nm per division), (c) Surface roughness parameters. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

TABLE I
Roughness of Membrane Surface Analyzed by AFM

Parameter*

Membrane

NMMO Cuprammonium

Air-side Glass-side Air-side Glass-side

Ra (nm) 7.72 11.02 5.87 5.63
P-V (nm) 57.68 91.71 53.00 37.71
RMS (nm) 9.53 13.92 7.72 6.94
Rz (nm) 38.98 43.86 26.56 27.22
S (nm2) 291,200 288,400 272,500 268,800
S Ratio 1.165 1.154 1.093 1.078

* Ra, roughness average; P-V, peak-to-valley roughness;
RMS, root-mean-square; Rz, ten-point mean roughness; S,
surface area; S Ratio, surface area (S)/scan area (250,000
nm2). The surface with S Ratio ¼ 1 is completely flat and
smooth, and the surface roughness increases with the
increasing the S Ratio greater 1.
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growth. Thus, the particle size of the glass-side sur-
face is larger than that of the air-side one. On the
contrary, in the cuprammonium rayon method the
coagulation/regeneration process is very compli-
cated.30 This process involves coagulation with
NaOH for forming cellulose and an Naþ complex in
the Normann reaction,31 and regeneration is com-
pleted by soaking in an acid solution. The cellulose
particles are homogeneously formed in the casting
solution on any side by the Normann reaction,
resulting in little difference in the particle sizes
between the air-side and the glass-side surfaces. The
reason for the larger particle size in the NMMO
membrane than in the cuprammonium membrane is
not yet clear.

As mentioned earlier, we reported that the
NMMO membrane had high performance in regard
to UFR, SC, and solute permeability,20 and analysis
by the Hagen-Poiseuille law suggested that the
NMMO membrane had large pores in comparison
with those of the cuprammonium membrane. It is
very easy to predict that the larger particles form
larger pores and a smaller number of pores in a
membrane. This is supported by the report that the
surface roughness of the cellulose membrane
increased with an increase in UFR.23 The results
obtained in this work and the earlier-mentioned
results on membrane performance and the semi-em-
pirical pore structure lead to the conclusion that the
high performance of the NMMO membrane is due
to the larger cellulose particle which forms the mem-
brane structure.

CONCLUSIONS

The surface morphology of regenerated cellulose
membranes prepared from solutions of NMMO and
cuprammonium were studied by SEM and AFM.
The SEM images indicated that both membrane
surfaces had aggregate structures formed by cellu-
lose particles. In the NMMO membrane, the glass-
side surface had larger particles and was rougher
than the air-side surface. However, in the cupram-
monium membrane, the glass-side surface had a
similar structure to the air-side surface. The AFM
images showed that all surfaces were rough due to
the aggregation of cellulose particles. As for the
NMMO membrane, the structural difference
between the air-side and the glass-side was similar
to that observed by SEM. The order of the surface
roughness was glass-side of NMMO membrane >
air-side of NMMO membrane > air-side of cupram-
monium membrane % glass-side of cuprammonium
membrane. On the basis of SEM and AFM results,
we concluded that the high performance of the
NMMO membrane was due to the large size of the
cellulose particles.

The authors thank Dr. Takeshi Ito and Mr. Masahiko Mitsu-
hashi of Kanagawa Industrial Technology Center, (Kana-
gawa, Japan) for technical support in the use of the AFM, and
for useful discussions and advice in regard to analyzing the
features of themembrane surface roughness.
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