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A B S T R A C T

Membrane fouling by organic, inorganic and biological materials is a significant cause of the increased opera-
tional costs in the membrane separation processes such as reverse osmosis, nanofiltration, ultrafiltration and
microfiltration. To better understand the fouling mechanism and increase the membrane performance via op-
timizing membrane structure, elucidation of the physicochemical interactions between membranes and foulants
is essential. Atomic force microscopy (AFM) has been proved to be a powerful method to qualitatively char-
acterize the interaction force between the tip and the substrate. In this paper, the AFM tips were modified to bear
five representative organic end-groups: benzyl, hexyl, propionic acid, ethylamine hydrochloride, sodium propyl
sulfonate, which are commonly found in organic foulants. The adhesion force between the modified AFM tip and
the reverse osmosis membrane was measured carefully to understand the potential fouling tendency of each
category function group on the membrane. The results showed the average interaction force between the tip
modified by -(CH2)3-SO3Na group and membrane is 13.80 nN, which is as twice as the force between membrane
and the unmodified tip. The results also showed that the tips modified by -(CH2)2-COOH group and -(CH2)3-
SO3Na group, have stronger interaction force with the membrane surface than the tips modified by three other
end-groups, which indicated these two kinds of organic compounds are easier to deposit on the membrane
surface and cause membrane fouling. It should be possible to use the method developed in this paper to predict
the organic fouling on other types of membranes beyond reverse osmosis membrane.

1. Introduction

Membrane separation processes play a very important role in the
separation industry. Microfiltration, ultrafiltration, nanofiltration, re-
verse osmosis (RO) are widely used membrane separation processes,
and their difference is based on separation mechanisms and size of the
separated particles. Membrane separation processes are now widely
used in waste water treatment, drinking water treatment and ultra-pure
water production.

Fouling, i.e., flux reduction with time, is one of the most serious
concerns in the application of membrane processes [1–4]. Membrane
fouling caused by organic, inorganic and biological materials is a sig-
nificant cause of increased operational costs and energy consumption
for membrane separation processes such as reverse osmosis, nanofil-
tration, ultrafiltration and microfiltration. This phenomenon depends
on many factors, like feed characteristics, membrane apparatus type,
membrane characteristics and operational procedures etc. Many ap-
proaches have been examined to minimize the impact of membrane
fouling, such as improving the membrane module design [5,6],

changing membrane surface properties [7–12], optimizing operation
conditions [13], developing effective pretreatment [14,15] and
cleaning methods [16,17]. The basic mechanism of these approaches is
to decrease the interaction between membrane and foulants to reduce
the deposition of foulants on the membrane surface. Elucidation of the
physicochemical interactions between membranes and foulants is
needed for understanding the fouling mechanism and minimize the
membrane fouling.

Atomic force microscopy (AFM) [18] has been used to get in-
formation about the surface properties with a molecular-scale resolu-
tion. AFM is becoming a powerful tool in the field of membrane tech-
nology [19–23]. The technique has been applied to provide useful
membrane information [24–27] about surface morphology, surface
pore size and its distribution, surface porosity and measure force in-
teractions between the sharp tip of a cantilever and specimen surface as
a function of probe-surface separation distance [28]. Especially AFM
can image surfaces and measure the force interactions in air and in
liquid without any special sample treatment. In several research papers
[29,30], it has already been demonstrated that the AFM force
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measurement for quantification of the affinity between a modified
colloid particle on the cantilever and the surfaces of nano-filtration/
reverse osmosis membranes.

The fundamental mechanism controlling the fouling of RO mem-
branes is complex and not well understood. AFM would be a very useful
method to help people understand the mechanism of fouling, such as
the interaction between foulants and membrane, then control it. The
purposes of this paper is to assess membrane-organics interaction by
using the AFM technique. In this study AFM tips modified by different
organic groups are used to measure the interaction between organic
groups and membrane surface.

2. Experimental

2.1. Materials

The membrane used in this study was brought from GE Water &
Process Technologies. AFM Cr-Au tips were from Mikromasch and
chemicals 4-Methylbenzenethiol (SH-C6H4-CH3), 1-Hexanethiol (SH-
(CH2)5-CH3), 3-Mercaptopropionic acid (SH-(CH2)2-COOH),
Cysteamine hydrochloride (SH-(CH2)2-NH3Cl), Sodium 3-mercapto-1-
propanesulfonate (SH-(CH2)3-SO3Na) used for modification of AFM Cr-
Au tips were purchased from Sigma-Aldrich.

2.2. Preparation of modified AFM tips

To evaluate the interaction force between the organic foulants and
the membrane, a tip modification strategy was adopted in this study
[31,32] This method not only allows us to test a series of model fou-
lants, but also provides a reliable force measurement due to the reduced
interfacial fraction between the modified tip and substrate [33]

Especially, a self-assembly technique [34] has been demonstrated to be
useful to obtain a relatively well-ordered monolayer even on the na-
nosized tip. The modified tips used in the AFM force measurement were
prepared by the following procedure [33]. First, the AFM Cr-Au tips
were soaked in 100mL 1.0 mmol/L ethanol solution of the modifying
molecule for 24 h. Then, the modified Cr-Au tips were rinsed thor-
oughly with ethanol and super-pure water respectively to remove the
contaminants on the tips. The bare Cr-Au tips were prepared by being
soaked in ethanol solvent for 24 h as a control sample.

2.3. AFM image and interfacial force measurement

An atomic force microscope (OpenSYS from Benyuan Nano
Equipment Co, Ltd., China) was used to capture the membrane surface
image and measure interfacial force. Measurements were done in air
with 20–40% humidity and by using contact operation mode. Taken the
heterogeneities of membrane surfaces into account, force curves mea-
surement on one membrane were made by four AFM tips and each at 15
different locations. At each location 30 force curves were tested. So
total 1800 force curves between each type of modified AFM tips and
membrane sample (30 curves/location×15 locations/tip× 4
tips= 1800 at least) were obtained to represent the interaction be-
tween tip and membrane. Gaussian fitting was chosen to analyze the
data and the peak position, Xc, was obtained to represent the interac-
tion force.

All force curves obtained by the AFM force measurement were ex-
pressed as a function of force and separation distance. On AFM force
curves, the separation distance at which the interaction became either
repulsive or attractive was identified as the point where the measured
force was either positive or negative, respectively.

Based on the force curve, the slope of the line (s) could be calculated

Fig. 1. AFM images and surface particles size and height analysis of RO membrane (a) membrane area 10 µm×10 µm; (b) membrane area 5 µm×5 µm; (c) particle
height distribution curve; (d) particle size distribution curve.
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where the separation distance x was negative. The deformation degree
Δx could be calculated by the equation Δx= z× Δy/s, where Δy was
the absolute value of the minimum force and z was the strictive coef-
ficient with value of 10.93 nm/V for the used equipment. The adhesion
force F could be obtained by the equation F=k× (Δx), which k was
the force constant of the AFM tip with value of 0.12 N/m.

3. Results and discussion

3.1. Surface morphology of RO membrane

The surface morphology is one of the most important membrane
properties. Study on the membrane surface morphology can help to
understand the cause-and-effect relationships among membrane mor-
phology, membrane fouling and membrane performance. Fig. 1 shows
typical 3D AFM images of RO membrane over areas of 10 µm×10 µm
(Fig. 1a) and 5 µm×5 µm (Fig. 1b). Different color represents the
vertical deviations in the sample with the white regions being the
highest and the dark regions the lowest. The AFM images obtained are
so distinct and that membrane surface structures are clearly captured.
The color intensity in the images reflects the vertical profile of the
membrane surface with the light regions as the highest points and the
dark regions as the lowest points. Both pictures (Fig. 1a and b) show a
typical RO membrane surface structure. The whole membrane surface is
covered by humps with different height, which is an inherent property
of interfacially polymerized aromatic polyamide composite mem-
branes. The humps are uniform over the observed area and the size is
about 150–500 nm, which is fully in agreement with the typical RO
membrane surface structures reported in other research paper [35].

From the sample morphology, we further analyze the surface
roughness with a statistical summary for the samples. Usually, a good
mathematical analysis requires large scanned area. However, the re-
solution of AFM images decreases with the scan area increasing. The
image resolution decreases with increase of the surface area. Higher
resolution can be achieved when the area is smaller. But for the smaller
membrane area, less number of humps is covered. While the scanned
area is too large, the decreased resolution may cause relatively large
error statistically. On the contrary, a small scan range is not re-
presentative for the whole sample. The scan range of several micro-
meters is reasonable, because this scale includes a few tens of the
specific structural features. In order to represent the typical membrane
morphology and reasonable statistical analysis, we chose the membrane
area of 10 µm×10 µm and 5 µm×5 µm.

The statistical analysis results of typical samples are compared in
Fig. 1(c) and (d). In the present sample, the average peak-valley height
is 215.3 nm, and less than 10% points have height from 0 to 137.nm,

and less than 50% have height from 0 to 200 nm, and less than 90%
have height from 0 to 287.5 nm. The root-mean-square roughness
(RMS) value of this RO membrane is 43.3 nm, which is substantially less
than those values of most other types of RO membranes [35]. Different
roughness of membrane surface is due to the different membrane for-
mula and manufacture process. The smoother membrane surface is, the
lower fouling in operation it causes due to the low tendency of foulants
tracked in the valley and easy removal of the foulants on membrane
surface.

In Fig. 1(d), the average particle size is 305.63 nm, and the per-
centage of size from 0 to 140 nm is less than 10%. The percentage of
size from 0 to 260 nm is less than 50%, and the percentage of size from0
to 500 nm was less than 90%. The measurements were performed at
different locations with membrane area of 10 µm×10 µm and
5 µm×5 µm. There is no significant difference between the results of
different locations. The membrane surface is covered by uniform layer
with average particle size of 305.63 nm which is much larger than the
radius of AFM tips (20–30 nm). So interfacial force measurement from
AFM tips and membrane surface is believed to be the pure interaction
between tip molecular and membrane material.

3.2. The force curve measurement of the unmodified AFM tip

In order to prove the feasibility of the experiment design, originally
unmodified tip was used as the control method to measure the inter-
action force between tip and membrane. Four new Cr-Au tips were
immersed in ethanol solvent for over 24 h and washed with ethanol and
pure water to remove the contaminants before use. Fig. 2 shows 10
typical force curves of the unmodified AFM tip on the RO membrane at
one location. When the AFM tip removed from the membrane surface,
the adhesion force between tip and membrane increases with increase
of the distance. The adhesion force keeps increased till a critical value.
After that, the adhesion force suddenly jumps to zero, which indicates
the tip is not touching the sample surface. In general, the repeatability
of this measurement is good except very few curves on which the ad-
hesion force was much less or bigger than others. The possible reason
for that could be the micro structure, transient contamination, or tur-
bulence from the thermal drift. For example, when the tip stabs into a
polymer valley, the adhesion force is much enhanced due to the large
contact area. Also vibration of tip could happen when it bounces off the
membrane surface.

In order to obtain reliable experiment results, usually a large
amount of measurements between tip and one membrane were made
and statistical analysis is used to represent the interaction. A statistical
average of more than 400 individual adhesive force measurements
using Gaussian fit was used to represent the adhesion force between tip

Fig. 2. Example of statistical results summary of 50 force curves between un-
modified AFM tips and RO membrane.
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Fig. 3. Statistical summary of 1800 force curves between unmodified AFM tips
and RO membrane.
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and sample in Zhang's research [36]. Wang [37] also reported a sta-
tistical average of 300–500 force-distance curves obtained at different
points on the sample as the tip was moved over the surface. In this
paper, due to the variation of interaction measurement by AFM, mea-
surements with large number of repeats for one sample were applied to
get more accurate results. For each tip, 15 different locations were
measured and at each location 30 force curves were tested. So totally
1800 force curves were obtained to explain the interaction force be-
tween the various tips and RO membrane. The force curves from dif-
ferent tips were compared and the repeatability was reasonably good,
and the repeatability of force curves from one tip but different locations

was also good enough, which meant the repeatability of this experiment
was good and results was reliable. The interaction force between un-
modified tip and RO membrane was calculated from the statistical
summary of all the tested curves. Gaussian fitting was chosen to analyze
the data as also adopted by other researchers [36,38] and peak position,
Xc, was obtained to express the interaction force showed in Fig. 3. The
interaction force between unmodified tip and RO membrane was
7.56 nN with standard error of 1.01 nN.

3.3. Evaluation of the reliability of the adhesive force of the modified tips

Fouling is a big challenge for RO membrane application, and or-
ganic fouling is one of the major fouling issues. The typical organic
foulants includes alkane, aromatic, acid, anionic and cationic organics.
Therefore, in this paper, -C6H4-CH3, -(CH2)5-CH3, -(CH2)2-COOH,
-(CH2)2-NH3Cl, -(CH2)3-SO3Na were chosen as representative organic
groups to modify the AFM tips and mimic the organic fouling of RO
membrane.

Although the reliability for the unmodified AFM tip was tested as
discussed before, it is still unknown whether this method is valid while
the tip is covered by a monolayer of organic compound. In the present
study, a self-assembly technique was used to form the organic mono-
layer on the tip. It has been widely demonstrated that the thiol group
can be robustly immobilized on the gold surface with a covalent bond
after 24 h soaking [34]. However, it is still a big question whether the
modified monolayer remains after several tens punches to the mem-
brane substrate. Therefore, we firstly tested the stability of the mono-
layer during force measurements. The -(CH2)5-CH3 monolayer was
chosen as an example to demonstrate if the modified groups were
moved away from the tip surface after several times testing. Fig. 4
shows the statistical summary of first and second 500 force curves, and
total 1000 force curves. Fig. 4a shows the statistical distribution of the
counts of the first 500 force curves that gives peak position of 7.83 nN
with standard error of 0.56 nN. Fig. 4b gives the statistical result of the
second 500 force curves with 8.49 peak position and 0.84 standard
error. Fig. 4c summarize all 1000 force curve and gives 8.17 nN peak
position and 0.57 nN standard error. This comparison proves the re-
liability of the test. The summary showed no significant difference
between the first, second 500 force curves and total 1000 force curves,
indicating that the interaction between organic group and AFM tips was
strong and the results obtained from different time were consistent. It is
not difficult to be understood, while we recognized that the organic
monolayer serves as the lubricant between the tip and the substrate.
[39,40].
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Fig. 4. (a) Statistical summary of first 500 force curves between -(CH2)5-CH3

modified AFM tips and RO membrane; (b) Statistical summary of second 500
force curves between -(CH2)5-CH3 modified AFM tips and RO membrane; (c)
Statistical summary of total 1000 force curves between -(CH2)5-CH3 modified
AFM tips and RO membrane.

Fig. 5. Force curve between unmodified/modified AFM tips and RO membrane.
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3.4. Measurement of the interaction between the modified tips and
membrane

The main reason for quantifying the interactions between a

modified tip and a membrane by AFM is to quantify the propensity of
the surface to foul in use. The interaction force between the modified
tips and RO membrane was measured by the same testing procedure as
used for the previous unmodified tips and membrane. Fig. 5 shows force
curves between unmodified/modified tips and RO membrane, and here
just shows one representative curve of each modified tip. The repeat-
ability for the force curves between one modified tip and membrane
meets the requirement of the force measurement. After modification,
the adhesion force between tips and membrane changed, compared
with the force between unmodified tip and membrane, which meant the
interaction between different organic group and membrane surface was
different.

In order to get more accurate results, four tips were modified with
one organic group and used for the force curve measurement. For each
modified tip, 15 different locations were measured, at each location 30
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Fig. 6. Statistical summary of adhesion between different organic group modified tip and RO membrane (a) -C6H4-CH3 (b) -(CH2)5-CH3 (c) -(CH2)2-COOH (d)
-(CH2)2-NH2﹒HCl (e) -(CH2)3-SO3Na.

Table 1
Summary of adhesion force between different organic groups modified tip and
RO membrane.

Organic group Adhesion Force Xc (nN) Standard error (nN)

Unmodified tip 7.56 1.01
-C6H4-CH3 5.73 0.65
-(CH2)5-CH3 8.34 0.45
-(CH2)2-COOH 11.02 0.37
-(CH2)2-NH3Cl 9.89 0.63
-(CH2)3-SO3Na 13.80 0.81
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force curves were tested and total 1800 force curves were obtained to
elaborate the interaction between modified tips and RO membrane.
Fig. 6 shows the statistical summary of the interaction between dif-
ferent organic groups modified tips and membrane, and Lorenz fitting
was used to analyze the data and Xc was calculated to express the in-
teraction force. The detailed interaction forces between modified tips
and RO membrane were summarized in Table 1. The adhesion force of
different organic group modified tips and RO membrane was different.
The tips modified by -C6H4-CH3 group had the weakest adhesion to
membrane surface, possibly due to the fact that phenyl group is similar
to the membrane chemistry. The tips modified by -(CH2)2-COOH group
and -(CH2)3-SO3Na group had stronger adhesion to membrane surface
than other groups, which might be due to the higher ionic strength of
these two groups. The stronger interaction means that these organic
groups are easier to deposit on membrane surface which causes mem-
brane fouling. This method can be used to predict the organic fouling
tendency of RO membrane. The study on membrane fouling using
synthetic organic salt water will be done in the future. In order to get
the membrane with low fouling tendency, the membrane design with
smooth membrane surface and neutral charge is desired to decrease the
interaction between foulants and membrane surface so as to decrease
the foulants deposition.

4. Conclusion

In this paper a new method was developed to measure the inter-
action between membrane and organics. The curve about relationship
between the adhesion force and the distance of AFM tip and membrane
surface was obtained by AFM. The adhesion force between unmodified
tip, five modified tips by different organic groups (C6H4-CH3, (CH2)5-
CH3, (CH2)2-COOH, (CH2)2-NH2HCl, (CH2)3-SO3Na) and RO membrane
were measured. To get reliable results, 1800 force curves of each tip
were tested, and statistical method was used to calculate the adhesion
force. The adhesion force between (CH2)3-SO3Na modified tip reaches
13.8 nN which is about twice of the hydrophobically modified tips, such
as C6H4-CH3 and (CH2)5-CH3 and unmodified tips. These results in-
dicate that the hydrophilic organic groups are easier to deposit on
membrane surface and cause membrane fouling. This paper provides a
convenient way with almost no need to prepare membrane sample, to
predict the organic fouling tendency of RO membrane. In the future, it
should be possible to use the method developed here to allow pre-as-
sessment on the organic fouling possibility of process water with dif-
ferent types of membranes. This should allow optimum membrane se-
lection with no need for pilot tests and huge cost saving.
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