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Abstract. The surface structures of asymmetric cellulose
acetate membranes prepared by the phase inversion
method were investigated by the atomic force microscopy
(AFM). The differences in the surface morphology have
been expressed in terms of four types of roughness
parameters such as; roughness average (S), root mean
square roughness (S,), surface skewness (Sy), and surface
kurtosis (Sqy). The association of the roughness
characteristics with the salt rgjection performance has also
been investigated. The results show that the increase in the
evaporation time, results in the change of the membrane
morphology and rejection efficiency.
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1. Introduction

Atomic Force Microscopy (AFM) gives the
topographic images in 3D by scanning with a sharp tip
over a surface. It is a useful method to characterize the
surface structures of membranes due to the possibility of
analyzing dry or wet samples without any special
pretreatment. AFM imaging of the membrane structure
has advantages over both the scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Since the resolution is higher, the sample
preparation is minimum and no electron beam damage
occurs [1, 2]. In addition to its imaging capability, AFM
can measure the interaction forces which allow the
characterization of the adhesive behavior of a polymer
film in the nanoscale level. Hence, AFM has become a
popular method of investigating the surface structures of
polymer and inorganic membranes. AFM characterization
of a membrane has been focused on the determination of
the surface morphology and pore structures (pore size,
pore size distribution, pore density, surface roughness) [3-
10], correlation of the membrane structure with membrane
properties [1, 11-14], surface adhesion [15] and
membrane fouling [16, 17].

It is wel known that the morphology and
performance of the membranes depend largely on the
conditions under which the membranes are prepared [18,
19]. The phase inversion method induced by immersion
precipitation is the most common technique to develope
asymmetric polymeric membranes [18, 20]. The
immersion precipitation method involves mainly four
steps, starting with the casting phase, then the evaporation
stage followed by the gelation period, and finally the
annealing step. Solvent evaporation is of importance in
the case of the formation of the asymmetric structure that
is the main property of the RO membrane [21].

In this study, the effect of evaporation time on
resulting pore structure characterigtics of both active and
support layers were investigated by AFM anaysis.
Surface roughness parameters such as; roughness average
(S), root mean sguare roughness (), surface skewness
(S%) and surface kurtosis (Sq) values were obtained to
compare the differences in the surface structures. The salt
rejection performances of the membranes were also
determined to relate them with the roughness parameters.

All roughness parameters can be calculated from
the AFM image with an AFM software program.
However, specific roughness parameters depend on the
curvature on the membrane surface and also the size of the
cantilever tip, as well as on the treatment of the captured
images (plane correction, median fitler, etc.). Thus, the
roughness parameters should not be considered as an
absolute value that represents surface properties[2].

2. Experimental

2.1. Materials

Cdlulose acetate was supplied by FLUKA, with a
molecular weight of 37000 kg/kgmol and with a ~ 40 %
acetyl content used as a polymer. Both extra pure
(99%) acetone and formamide were supplied by
MERCK, used as a solvent and swelling agent,

respectively.
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2.2. Preparation of CA Membranes

The immersion precipitation method was applied
by following the steps of casting, evaporation, gelation,
and annealing as described in the literature [22, 23].

Polymer solution, with a composition of 20 wt %
CA, 69 wt % acetone and 11 wt % formamide was cast on
a glass plate kept at the temperature of 263 K. After a
varying period of solvent evaporation (15-130 ) in
ambient atmosphere (the temperature of 298 K and
relative humidity of 55-60 %), the membranes were
immersed in a pure water bath (274 K) for gelation of the
polymer solution for 90 min. Then the membranes were
annealed in a water bath at 359 K for 6 min.

The film which was cast in the thickness of 300 mm
by Doctor Blade reached the final thickness value of
131+ 17.7 mm after drying.

2.3. Reverse Osmosis Tests

The laboratory set-up used in the permeation
experiments was previously described [23].

The apparatus consists of a 30 | feed reservoir, test
cell with an effective membrane area of 227 cn, a high
pressure pump and hydraulic system. The salt rgection
experiments were conducted at an operating pressure of
620’ kPa,

The reverse osmosis performances of the prepared
membranes were tested by using a feed with a
concentration of 1 % NaCl by weight. The concentration
of the Na" ion in both the feed and permeate were
analyzed with Atomic Absorption Spectroscopy (Varian
10 Plus). The salt rejection performance was determined
by the equation given below:
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where R is a rgection, %; C, and Cr are Na“ ion
concentrations in the permeate and feed streams as ppm,
respectively.

2.4. AFM Analysis

The surface structure of the membranes produced at
several evaporation times, was observed by a multimode
AFM  (RT-SHPM) obtained from NanoMagnetic
Instruments Co. The membrane surfaces were scanned by
an aluminum reflex coated silicon probe (Tap 300Al,
NanoMagnetics Instruments) having a spring constant of
40N/m and a resonance frequency of 300KHz in a
tapping mode. The scan area and speed were chosen as
10x10 mmand 5 mvs, respectively.

The membrane surfaces were compared in terms of
roughness parameters such as; roughness average (S),
root mean square roughness (S;), surface skewness (Sy)
and surface kurtosis (Sq).
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Average roughness, S, The arithmetic average of
the absolute values of the measured height deviations
from the mean surface taken within the evaluation area.
Analytically itis given in Cartesian coordinates by [24]:

(2

where Ae is the total area over which the values of the
surface parameters are evaluated and Z(x,y) is the height
function which is used to represent the point-by-point
deviations between the measured topography and the
mean surface.

For a rectangular array of M>XN digitized profile
values Zj, the formulais given as:

M N
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Root mean square (RMS) roughness, S, The root
mean square average of the measured height deviations

from the mean surface taken within the evaluation area.
Analytically, S is given by:

472
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The digital approximationis:
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Surface skewness, Ssk. A measure of the
asymmetry of surface heights about the mean surface.
Analyticaly, Sd< can be expressed as follows:

( )3Ae

For digitized profilesit can be calculated from:

‘ ' *Z (xy)dxdy  (6)
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The surface skewness, related to the third
momentum of the height distribution, informs about the
asymmetry, that is, its dissimilarity relative to a Gaussian
distribution. Surfaces with a positive skewness, such as
turned surfaces have fairly high spikes that protrude above
aflatter average. Surfaces with negative skewness, such as
porous surfaces have fairly deep valleys in a smoother
plateau. More random (for example, ground) surfaces
have a skewness of about zero. A value of Sy greater than
about 1.5 in magnitude (positive or negative) indicates
that the surface does not have a simple shape and more
advanced parameters are needed to fully describe the
surface structure [25].

Surface kurtosis, Sq,. A measure of the peakedness
of the surface heights about the mean surface.
Analytically, Sy, can be expressed as.
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For adigitized profile, itcanbecalculated by:
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For the Gaussian distribution, the skewnessis equal
to zero and the kurtosisis equal to three.

In this study, surface roughness parameters were
calculated from the AFM images using the built-in
software SPM 1.16.13.1.

LX

Z*(x,y)dxdy (8)

3. Results and Discussion

Identification (ID) of membranes having different
evaporation timesisgiven in the Table 1.

Tablel

I Ds of membraneswith their evaporation periods
Membrane ID M1 [M2|M3 |M4 |M5 | M6
Evaporationtime,s |15 |25 |70 90 |110 |130

3.1. Salt Rejection Performances

The salt rejection performance of membranes is
given in Fig. 1 which helps to show the effect of the
evaporation time on a membrane structure.

As the salt rejection of the membrane having 15 s
of evaporation time, was so low (5.66 %), the active layer
formation had not started yet. The salt reection value
increased to 30 % by using the membrane with 25s of
evaporation time. Although the salt rejection value of
membrane M3 increased to a level of 56.23 %, it was not
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able to withstand higher pressures above 6:40° kPa due to
the lack of mechanical strength. A well developed
structure of the active layer was reached at 90 s of
evaporation for the membrane M4. Both the devel opment
of the active layer formation and the salt rgection
performance at 110 s of evaporation time (the membrane
M5) reached their optimum levels. The decrease in the salt
rejection of the membrane M6 can be explained by the
distortion of the active layer.

3.2. AFM Analysis

AFM images taken from the active layer (top
surface or air side) and support layer (bottom surface or
glass side) of the asymmetric membranes produced at
various evaporation times are presented in Figs. 2 and 3,
respectively. As shown in the figures, the images have
light and dark regions. The color intensity shows the
vertical profile of the membrane surface, with light
regions being the highest points and the dark points
representing the depressions and pores.

Membranes are in an asymmetrical structure
having a top thin skin layer (active) and a porous support
layer. According to the kinetics of solvent evaporation
time, structural changes develop in both layers.

When the images are compared, it can be seen
that the active sides are much smoother than the support
layer of the membrane. These differences are due to
different natures of the air-solution and of the glass plate-
solution interfaces. In the support layer of the membranes
(Fig. 3) prepared using shorter evaporation times, the
average size of the darker depression areas is higher than
that for the membranes cast at longer evaporation times.
The surface morphology also illustrated by the values of
the statistical parameters (Table 2).
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15 25 70 90 110 130

Evaporation time, s
Fig.1. Comparison of the membranes performance prepared at various evaporation time
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4. Conclusions

8 As evaporation time increases, pore diameters of
both active and support layers of the membrane decrease.
Salt rejection values increase up to 96 % by membranes
having evaporation time of 110 s. Further extention of
evaporation time resultsin arejection loss.

8 Atomic force microscopy images indicated that
an increase in evaporation time leads to a systematic

Fig. 2. AFM images of active layers of the membranes having
the evaporation times of 15, 25, 70, 90, 110 and 130 s
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decrease in pore size and an increase in surface roughness.
Although roughness average (S;) and root mean square
roughness (S;) values of the active layer increase with
increasing evaporation time, there is no drastic change in
roughness parameters (S, §;) of support layers.

8 The negative values of skewness for active
layer indicate the porous structure. Both active and
support layers have kurtosis (Sq) value scattering
between 2.10-2.85.

Fig. 3. AFM images of support layers of the membranes having
the evaporation times of 15, 25, 70, 90, 110 and 130 s

Table 2
Roughness par ameter s of the membranes

Membrane Evaporation Roughness average Root mean Surface skewness kurtsclnjsr'?c(:esw)

No time, s (S), nm square (&), nm (S0, nm nm '
M1 15 217.75 272.10 -141 2.83
% M2 25 203.54 239.13 -0.18 217
< M3 70 335.31 417.72 -0.84 2.10
= M4 90 434.48 497.85 -0.24 2.12
g M5 110 57123 655.56 -0.66 2.76
M6 130 753.68 849.47 -1.14 2.58
. M1 15 202.30 245.45 0.18 2.53
= M2 25 256.80 306.50 0.31 2.10
= M3 70 261.52 295.81 0.19 2.71
8 M4 90 238.95 276.67 0.20 2.85
(%L M5 110 334.48 397.85 0.24 212
M6 130 349.14 416.13 0.45 2.19
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MOP®OJIOTTYHA XAPAKTEPUCTUKA MEMBPAH
3BOPOTHOI'O OCMOCY HA OCHOBI AIIETATY
LEJIIOJIO3U METOJOM ATOMHO-CHJIOBOI
MIKPOCKOIII (ACM) — BILIUB YACY
BUIIAPOBYBAHHS

Anomauin. 3a 0onomozoio AmMomMHO-CUNOBOI MIKpOCKONiT
(ACM) oocniooicero cmpyxmypy nosepxmi acumempuyux Memopan
3 ayemamy yemono3u NPUSOMOBGILEHUX MemoOOM Paz060i iHBEpPCIi.
Biominnocmi ¢ mopgonoeii nosepxui Oynu eupadsiceHi womupma
Munamu napamempie WopCmKoCmi, Makux fAK. CepeoHs. uopcm-
kicmo (&), cepednvoksadpamuyna wopcmkicmo (), nosepxuesa
acumempis.  (Sy) ma nosepxnesuti excyec (poznoodin) (Sq)-
Bcemanosneno 63aemoss6’ a30x midic wopcmiicmio ma 6UOQIEHHAM
coni. Tlokasano, wjo 36inbWeEHHA 4aACy 6UNAPOBYBAHHS NPU3EOOUMD
00 3MiHU MOpgonoeii membpan i echexmugrocmi.

Knrouosi cnosa. amomno-cunosa Mikpockonis, memopana
360POMHO20 OCMOCY, MOPGONO2Is, WIOPCMKICHb NOBEPXHI.



