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SYNOPSIS 

The surface topography and pore structure of ultrafiltration membranes can be investigated 
with atomic force microscopy. In this study, it was found that the substitution of ethanol 
for water as the immersion medium improved the resolution of the fine structure of 10K 
polyethersulfone ultrafiltration membranes. Pores in the membrane surface from 7 to 9 
nm in diameter were measured, which coincides with the range expected for 10,000 molecular 
weight cutoff (MWCO) ultrafiltration membranes. I t  is believed that this image enhance- 
ment results from increased damping and concomitant noise reduction resulting from the 
higher viscosity of ethanol in contrast to water. 

I NTRO DU CTlO N 

The atomic force microscope yields topographic im- 
ages by scanning a sample surface in contact with 
a sharp tip.'S2 The images are obtained by the mea- 
surement of the deflection of the cantilever with a 
tip underneath as the features on the sample surface 
are moved under the tip. The force of the cantilever 
on the surface is kept both small and constant with 
a feedback mechanism that adjusts the height of the 
sample. As the tip is moved in a raster pattern, a 
trace of the surface sample is generated and a three- 
dimensional image is constructed. Unlike the scan- 
ning tunneling microscope ( STM) , atomic images 
can be produced on insulators as well as on conduc- 
t o r ~ . ~ , ~  

Atomic force microscopy ( AFM) also avoids the 
problems inherent in electron-beam  instrument^.^ 
In contrast to the measurements utilizing force, 
electron beams are subject to chromatic aberrations 
that result from a dispersion of the energy of the 
electrons leaving the source. This energy spread re- 
sults in decreased resolution. The higher beam 
energies needed to decrease the effects of chromatic 
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aberration can damage sample surfaces under some 
conditions. In addition, bombarding a sample with 
electrons can lead to the charging of samples whose 
conductivity is low. When a conductive coating is 
applied to circumvent these potential problems, the 
finer detail in the sample may be obscured. Fur- 
thermore, both the coating of the sample and its 
subsequent examination are conducted under a high 
vacuum, which may alter the sample structure. In 
contrast, samples for AFM examination require 
neither coating nor high-vacuum exposure. Instead, 
the samples may be studied in the air. However, sur- 
faces in air are typically covered with an adsorbed 
layer of water and unknown contaminants. When a 
tip covered with such a layer approaches a sample 
that is also so covered, there exists an adhesive force 
that drives the tip toward the sample.6 The force of 
the tip upon the sample is given by the equation 
from Israelachvili6: 

F = 47rR6 (1) 

where R is the radius of the tip, approximately 2.5 
X 10-8M, and 6 is the surface tension of the im- 
mersing fluid. For example, immersion in water with 
a surface tension of 7.27 X lop2 N / M a t  2OoC would 
yield a force of 2.3 X lo-' N, which exceeds the 
maximum allowable interaction force of lo-' N.7 
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The problems associated with this adhesive force 
can be avoided if the AFM is operated with the sam- 
ple, tip, and cantilever immersed in a liquid. Water, 
seawater, ethanol, and paraffin oil have been 
With this approach, AFM has successfully imaged 
surfaces with adsorbed organic molecules, such as 
sorbic acid, DNA, and proteins.' Also, the use of the 
smaller interaction forces by operation in water have 
permitted the observations of biological samples in 
physiologically relevant environments, such as the 
clotting of the human blood protein fibrogen. 

This capability of AFM to image with low-inter- 
action forces and in an aqueous environment sug- 
gested that it could be used to define the structure 
and morphology of ultrafiltration membranes." The 
initial studies focused on polyethersulfone ultrafil- 
tration membranes because such membranes with 
very narrow pore-size distributions are available in 
a range of molecular weight cutoffs (MWCO ) . Also, 
polyethersulfone ultrafiltration membranes must be 

maintained wet to prevent alteration in their pore 
structures, which occurs upon drying. Although the 
pore dimensions in 30K and 1OOK MWCO polyeth- 
ersulfone ultrafiltration membranes were measured, 
the dimensions of the pores in the 10K MWCO ul- 
trafiltration membrane remained elusive. The pores 
in this ultrafiltration membrane remained just below 
the limits of resolution of the AFM. 

As seen in the schematic diagram given in Figure 
1, laser light is focused on a cantilever and is re- 
flected toward a photodiode. The photodiode detects 
the deflection of the cantilever by sensing the po- 
sition of the reflected beam. In operation, a feedback 
loop keeps the position of the reflected beam and, 
hence, the force on the sample constant, which is 
accomplished by moving the sample up and down 
with the z-axis of the piezoelectric translator as the 
sample is scanned underneath it with the x-  and y-  
axes. The optical lever amplifies the motion of the 
tip of the cantilever to produce the reflected beam 

Figure 1 
cantilever deflection. 

Schematic diagram of an AFM utilizing an optical lever technique for sensing 
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at the detector that is greater by a factor of 2L/1, 
where L x 4 cm is the distance from the cantilever 
to  the photodiode and 1 ,  which is approximately 100 
pm, is the length of the cantilever.’ This factor of 
800 is sufficient so that sensitivity is not limited by 
the photodiode but by sound and building vibra- 
tions.’ 

Vibrational analysis may be used to gain an un- 
derstanding of the motions in the AFM sensor, 
which can be represented by the model shown in 
Figure 2.l’ In this diagram, m is the mass of the 
cantilever and tip; x ,  its replacement, k, the spring 
constant; and C ,  the damping constant. 
The general solution is 

x = Cle - ( c / 2 m )  +i( c / 2 m ) * -  ( k / m  1 t 

providing c/2m # vk/m. 
The value of the damping constant that causes 

the radical part of the exponent in this equation to 
vanish is a convenient reference called the critical 
damping constant and is designated by cc ,  which is 
defined by 

+LU 2m ( 3 )  

For a damped system, the ratio of the damping 
constant to the critical value is a dimensionless pa- 
rameter that represents a meaningful measure of 
the amount of damping present in the system; the 

Tx 
Figure 2 Model of AFM sensor in which m is the mass 
of the cantilever and tip, x is its displacement, k is the 
spring constant, and c is the damping constant. 

ratio { is called the damping factor and is defined 
by 

C { = -  
CC 

(4 )  

The solution for eq. ( 2 )  for 0 < { < 1 is 

Because damping is directly proportional to  the vis- 
cosity of the fluid in the sample cell, substituting a 
liquid such as ethanol [ q( 20°C) = 1.2 cps] for water 
[ q( 20°C) = 1.0 cps] will increase the damping and, 
consequently, decrease the resultant vibrational 
displacements yielding the background noise. 
Therefore, it was believed that the substitution of 
an immersion medium with a 20% higher viscosity 
might improve the resolution of the AFM, and the 
resultant increase in resolution might permit the 
pore structure in the 10K polyethersulfone ultrafil- 
tration membrane to be observed. It is the purpose 
of this paper to  present and to discuss the results 
of such an examination with ethanol substituted for 
water as the immersion fluid. 

EXPERIMENTAL 

The 10K polyethersulfone ultrafiltration membrane 
selected for this study is commercially available from 
BIOKEN Separations. It is fabricated from a pro- 
prietary formulation that is cast on a nonwoven 
polyolefin fabric substrate and subsequently coag- 
ulated. This membrane has a sharp molecular weight 
cutoff (MWCO) and a high water flux rate. The 
performance of the membrane (pure water flux, wa- 
ter flux with dissolved protein, and percent protein 
rejections ) is determined using 44 mm-diameter 
membrane disks in Amicon 8050 magnetically 
stirred ultrafiltration cells a t  room temperature and 
55 psig. Each sample is tested in triplicate. 

The proteins used to challenge the membrane 
were purchased from Sigma Chemical Co., St. Louis, 
MO. The concentrations of proteins in the permeate 
and retentate solutions were determined from their 
absorbences using a Perkin-Elmer Lambda 3A UV/ 
visible spectrophotometer. The wavelengths a t  
which the absorbences were measured are 360 nin 
for vitamin B-12 and 409 nm for myoglobin. Vitamin 
B-12 has a molecular weight of 1400 Daltons and 
myoglobin of 17,500 Daltons. The performance data 
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used to characterize the membranes were obtained 
using wet membranes, which had been stored in 18 
Mohm-cm water in the refrigerator prior to testing. 

The sample for evaluation by AFM was placed in 
a polyethylene bag with 18 Mohm-cm ultrapure wa- 
ter to maintain the moisture level. The polyethylene 
bag was then heat-sealed and subsequently shipped 
to Digital Instruments, Inc., of Santa Barbara, CA, 
for examination using the Nano-Scope AFM. Upon 
receipt, a small section (1 X 1 cm) was cut from the 
center of the membrane sheet for examination. This 
section was placed in ethanol for about 5 s and then 
exposed to air for 2-3 min to allow the excess ethanol 
on its surface to evaporate. It was then placed in the 
AFM sample cell and covered with ethanol. The 
sample was repeatedly scanned over a 2-h period. 
The AFM images used as figures in this paper were 
obtained after 2 h exposure to ethanol. 

To determine the influence of ethanol exposure 
on the 10K polyethersulfone membrane pore struc- 
ture, samples were immersed in ethanol for 2 h and 
subsequently tested immediately after rinsing in 18 
Mohm-cm water or after 2 d exposure to 18 Mohm- 
cm water. These performance characteristics were 
also obtained by measuring the samples in triplicate. 

RESULTS AND DISCUSSION 

The initial scans of the surface of the 10K polyeth- 
ersulfone ultrafiltration membrane yielded relatively 
smooth, monotonous images. These images are 
reminiscent of those obtained from the 10K poly- 
ethersulfone ultrafiltration membrane examined 
during water immersion and presented in an earlier 
paper in this series." However, the AFM images im- 
proved with time so that fine detail could be detected 
after 30 min exposure to ethanol. The surface struc- 
ture of the 10K polyethersulfone membrane im- 
mersed in ethanol as revealed by the AFM is shown 
in Figures 3-8. Figure 3 is a top-view image, i.e., the 
picture is perpendicular to the horizontal plane, of 
an area approximately 500 X 500 nm. The color bar 
a t  the right side of the image indicates the vertical 
deviation of the sample with the white regions being 
the highest points, and the dark regions, the depres- 
sions. Although it is not possible to determine a 
priori which dark regions are pores, numerous dark 
structures reminiscent of pores can be detected in 
this AFM image. 

The AFM permits the measurement of distance 
variations in the sample's surface, as seen in Figures 
4 and 5. An insert with a line traversing it can be 

seen in the lower left corner of each figure. These 
lines yield profiles of the surface structure and are 
shown in the upper portion of each figure. Distance 
variations along these profiles are determined by 
measurements of the horizontal and vertical dis- 
tances between pairs of cursors, which are also 
shown. These measurements indicate that the pores 
are 7-9 nm in diameter, which is equivalent to the 
pore diameter expected for a 10,000 MWCO ultra- 
filtration membrane." The size of the AFM tip limits 
its penetration into the pores, which appears to be 
less than 0.9 nm for these ultrafiltration membranes. 

The sample can also be viewed at pitch angles 
other than perpendicular to the horizontal plane, as 
seen in Figures 6-8. Figures 6 and 7 were obtained 
using a 60" pitch angle and vary in their scan sizes. 
Figure 6 shows an area approximately 125 X 125 
nm. Figure 8 was obtained at a 30" pitch angle with 
a scan size area of 900 X 900 nm. When the surface 
is examined at these pitch angles, the surface struc- 
tures can be observed from a different perspective, 
and these features can be made more pronounced 
by expansion of the z-axis. The scale of the z-axis 
in Figure 6 is 10 times that used for the xy-plane. 
Consequently, structures that appear hemispherical 
in Figure 6 are in reality 10 times larger across their 
base in the xy-plane than in their heights as reflected 
by their z-axis image. Similarly, Figures 7 and 8 show 
fourfold and 15-fold expansions of their z-axis over 
xy -planes, respectively. Therefore, measurements of 
the surface features of Figure 8 indicate that the 
conical structures are around 45 nm at their bases 
and 2 nm in their heights. These structures result 
from portions of impinging assemblies of nodule ag- 
gregates that constitute the surface of the ultrafil- 
tration membrane. Only a fraction of the volume of 
each assembly of nodule aggregates is revealed. The 
remainder is submerged within the membrane skin. 

Although substitution of ethanol for water as the 
immersion liquid improves the resolution of the 
AFM images, the improvement with exposure time 
was unexpected. An immediate improvement in res- 
olution had been predicted. However, the membrane 
was dipped in ethanol for only a few seconds prior 
to its mounting in the AFM. It is doubtful that all 
water entrained in the pores of the membrane could 
exchange with the ethanol in such a short time. 
Therefore, water and ethanol continue to exchange 
by diffusion after the sample placement in the in- 
strument. Therefore, it is suspected that the gradual 
removal of water from the pores of the membranes 
and its replacement by ethanol caused the improve- 
ment of resolution with time. 
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However, another possibility is that the ultrafil- 
tration membrane swelled as it gradually absorbed 
ethanol into its polymer matrix. Swelling of the 
membrane simultaneously increases the diameter of 
its pores. The extent of such dimensional changes 
can be readily estimated by water flux measure- 
ments. The flow rate is directly proportional to the 
fourth power of the pore radius as described by the 
Poiseuille equation: 

where F is the flow rate; p ,  the pressure differential 
across the membrane; r ,  the pore radius; I, the pore 
length; and q, the fluid viscosity. Consequently, 

(:) = ($)1'4 ( 7 )  

where ro and rt are the radii of the pores initially 
and after ethanol exposure, respectively, and Fo and 
Ft are the corresponding flow rates. 

Membranes were characterized after an ethanol 
dip for 5 s, after immersion in ethanol for 2.5 h, and 
after 2.5 h of ethanol immersion followed by 48 h 
immersion in water. The results are given in Table 
I. The increase in mean water flux from the control 
samples that were only dipped in ethanol to the 
samples that were immersed in ethanol for 2.5 h 
represents an increase in the pore radius of less than 
6%. This increase is too small to account for the 
dramatic improvement in the resolution of the AFM 
images with time. However, the results do show that 
ethanol exposure does induce small, irreversible 
changes in the membrane. 

Extended exposure to water (48 h ) after ethanol 
exposure does not return the membrane's water flux 
or percent myoglobin rejection to their original val- 
ues. These irreversible changes are a result of the 

nonequilibrium nature of the glassy state. Ethanol 
absorption facilitates configurational rearrangement 
of the polymer chains that also can alter the pore 
dimensions. 

Ultrafiltration membranes separate molecules in 
solution on the basis of size, and they are classified 
according to molecular weight cutoff (MWCO) by 
membrane manufacturers. The molecular weight at 
which the membrane exhibits a t  least a 90% rejec- 
tion of the challenge protein defines its MWCO. Yet, 
the reliance on MWCO to characterize membrane 
pore size is often misleading. Proteins adsorb onto 
the surfaces of membranes, altering both pore di- 
mensions and performance. Protein adsorption is 
impacted by numerous factors including the relative 
hydrophobicity of the membrane, its surface charge, 
its rugosity, etc. Often, large discrepancies in the 
percent rejections of the protein by the membrane 
are seen if samples for analysis are taken from both 
the permeate and retentate portions of the challenge 
sample. Furthermore, variations in the measured 
percent rejection can be observed with the same 
protein if taken from different lots due to differences 
in their compositions, i.e., purity. Also, differences 
in the conformation of one protein to another in 
solution as well as their relative ability to adsorb on 
the membrane may yield misleading results. 

Consequently, experimental techniques that yield 
direct measurements of membrane pore size are 
needed to classify ultrafiltration membranes, and 
scanning electron microscopy has been extensively 
applied for this purpose. However, not only do elec- 
tron-beam instruments possess inherent limitations, 
but sample preparative techniques, such as freeze 
drying and solvent-exchange procedures to eliminate 
water, also alter the pore structure of many mem- 
branes. In contrast, the applications of AFM elim- 
inate the need for often lengthy and tedious sample 
preparation techniques, which may also alter the 
pore structures of the ultrafiltration membranes. 
Liquids other than ethanol and water may be used 

Table I Performance of Polyethersulfone Ultrafiltration Membranes after Ethanol Exposure 

Ethanol Dip 
(5 sec.) 

Ethanol 
(2.5 h) 

Ethanol 
and Water 

Water flux (LMH)" 638 + 124 800 k 50 755 k 63 
Water flux with vitamin B-12 (LMH) 440 k 44 556 + 4 1  - 
% Rejection vitamin B-12 8.6 + 3.1 9.3 k 0.8 - 
Water flux with myoglobin (LMH) 127 + 3.0 151 k 12 146 k 5 
% Rejection myoglobin 99.0 + 0.1 82.4 k 1.1 85.8 f 1.1 

a LMH, liters per square meter per hour. 
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as immersion fluids, and the facility of operation of 
the AFM permits rapid screening of potential im- 
mersion liquids to identify those that are most com- 
patible with any given membrane. 

CONCLUSIONS 

The atomic force microscope ( AFM) is an effective 
tool with which to investigate the surface topography 
and measure the pore dimensions of ultrafiltration 
membranes. Samples can be examined by AFM 
without preparative procedures that can alter the 
membrane structure, such as the need for solvent 
exchange prior to high-vacuum coating in scanning 
electron microscopy. Furthermore, ultrafiltration 
membranes can be investigated while immersed in 
liquids, such as water and ethanol. It was shown 
that the resolution of the AFM image was improved 
with the substitution of ethanol for water as the 
immersion medium. It is believed that the improve- 
ment in resolution results from increased damping 
of the noise in the system due to the higher viscosity 
of ethanol than water. The resolution of the fine 
structure improved with ethanol exposure time. It 
is suspected that this enhancement results from the 
diffusion of entrained water from the membrane 
pores and its replacement with ethanol. 

The authors wish to express their gratitude to Selly Sabach 
for typing this manuscript. 
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