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Fouling and subsequent chemical cleaning of nanofiltration
(NF) membranes used in water quality control applications
are often inevitable. To unravel the mechanisms of organic
fouling and chemical cleaning, it is critical to understand
the foulant—membrane, foulant—foulant, and foulant—
cleaning agent interactions at the molecular level. In this
study, the adhesion forces between the foulant and the
membrane surface and between the bulk foulant and the
fouling layer were determined by atomic force microscopy
(AFM). A carboxylate modified AFM colloid probe was
used as a surrogate for humic acid, the major organic foulant
in natural waters. The interfacial force data were combined
with the NF membrane water flux measurements to
elucidate the mechanisms of organic fouling and chemical
cleaning. A remarkable correlation was obtained between
the measured adhesion forces and the fouling and
cleaning behavior of the membrane under various solution
chemistries. The AFM measurements further confirmed
that divalent calcium ions greatly enhance natural organic
matter fouling by complexation and subsequent formation
of intermolecular bridges among organic foulant molecules.
Efficient chemical cleaning was achieved only when the
calcium ion bridging was eliminated as a result of the
interaction between the chemical cleaning agent and the
fouling layer. The cleaning efficiency was highly dependent
on solution pH and the concentration of the chemical cleaning
agent.

Introduction

Nanofiltration (NF) membranes are used in a wide range of
drinking water, wastewater, and industrial applications (1,
2). A major obstacle for the efficient application of NF
membrane technology is the phenomenon of membrane
fouling. Fouling results in deterioration of membrane
performance (i.e., permeate water flux and quality) and
ultimately shortens membrane life. Among the potential
foulants that are ubiquitous in natural and waste waters,
dissolved organic matter is the most recalcitrant. Therefore,
understanding the causes of membrane fouling and devel-
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oping strategies for fouling control and membrane cleaning
are major challenges.

Membrane fouling is determined by the coupled influence
of physical and chemical interactions (3—5). These interac-
tions and the resulting properties of the fouling layer are
controlled by the foulant characteristics, feedwater solution
chemistry (pH, ionic strength, divalent cation concentration),
membrane properties (surface charge, hydrophobicity, rough-
ness), and hydrodynamic conditions (permeate flux, cross-
flow velocity). The physicochemical characteristics of the
foulant, such as charge and molecular conformation, directly
control the rate of foulant accumulation and the properties
of the fouling layer and, therefore, have significant impact
on membrane permeate flux (6, 7). For natural organic matter
(NOM), solution chemistry also controls the charge and
conformation of NOM macromolecules and, thus, the
structure and hydraulic resistance of the foulant deposit layer
(3, 8—12). Divalent cations, such as Ca?", may react with
organic molecules to form metal-NOM complexes, resulting
in a highly compacted fouling layer and substantial flux
decline (3, 5, 10, 11, 13—17).

Despite the vast efforts to reduce membrane fouling, for
instance, by improving membrane properties, optimizing
operational conditions, and pretreatment of feedwater,
fouling is still inevitable. Indeed, several pretreatment
processes designed to solve specific fouling problems may
lead to other problems (18). As a result, chemical cleaning
is a necessary process to ensure sustainable operation of
membrane systems (19—24). Membrane cleaning is often
applied when a significant decrease in permeate flux or salt
rejection is observed or when the transmembrane pressure
has to be raised significantly to maintain the designed water
flux (25).

For chemical cleaning of fouled membranes, five cat-
egories of cleaning agents are commonly used: alkalines,
acids, metal chelating agents, surfactants, and enzymes (21,
26). Commercial cleaning products are usually mixtures of
these compounds, but the actual composition is often
unknown. Consequently, all chemical cleaning studies
conducted so far were not able to provide useful information
to elucidate the mechanisms of chemical cleaning.

Chemical cleaning of fouled membranes is realized
through chemical reactions between the chemical agents
and the foulants. A cleaning agent cleans the membrane by
removing the foulants, changing the morphology of the
foulants, or altering the surface chemistry of the fouling layer
(27—29). Consequently, proper selection of chemical cleaning
agents relies on our mechanistic understanding of the
foulant—particularly the chemical reactions between the
foulant and the cleaning chemicals. To date, mechanistic
studies on chemical cleaning of polymeric membranes are
rather scarce. Most reported work utilized commercial
membrane cleaning products, and the cleaning procedures
followed were specified by the membrane manufacturers
(27, 30—32).

The effectiveness of chemical cleaning was found to
depend on various factors, including temperature, pH,
concentration of the cleaning chemicals, contact time with
the cleaning solution, and operating conditions, such as cross-
flow velocity and pressure (21, 33—35). However, the test
conditions used in these studies were very specific in terms
of raw water quality, membrane properties, and operating
conditions. The results obtained from such studies often
disagree and are therefore not applicable for other situations.
This further points out to the need for more controlled and
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fundamental studies on chemical cleaning of NF (and other)
membranes.

Atomic force microscopy (AFM) has been used to measure
various forces in aqueous solutions, including electrostatic,
van der Waals, adhesion, steric, bridging, depletion, hydra-
tion, and hydrophobic interactions (36—49). It is not until
very recently that AFM force measurements have been
applied to membrane research (50—54). Measurement of
interaction forces between a colloid probe and a membrane
surface allows quantification of the electrostatic double layer
interactions when the colloid probe approaches the mem-
brane surface, and of the adhesion force when the colloid
probe is withdrawn after it has been in contact with the
membrane surface. Quantification of such interactions can
provide useful information pertaining to membrane fouling
mechanisms and, consequently, the mechanisms of mem-
brane chemical cleaning. However, to date, nowork has been
done to establish direct correlation between the measured
forces and the membrane fouling behavior. Moreover, the
effect of chemical cleaning agents on foulant interactions
and adhesion has never been studied before. Quantification
of the interaction forces involved in fouling and chemical
cleaning of fouled membranes is a key to the development
of a mechanistic description of the processes involved.

In this study, atomic force microscopy was used to
quantify the interaction forces between the foulant and the
clean or fouled membrane surface. To better understand the
role of solution chemistry, the force measurements and the
bench-scale fouling/chemical cleaning experiments were
performed under various solution conditions—total ionic
strength, divalent cation concentration, and pH—relevant to
NOM membrane fouling and chemical cleaning. Measured
interfacial forces correlated directly with the membrane
fouling rate and chemical cleaning performance and, thus,
provide molecular level information to elucidate the mech-
anisms of membrane organic fouling and chemical cleaning.

Materials and Methods

NF Membrane. A thin-film composite NF membrane,
denoted NF-270 by the manufacturer, was used (FilmTec
Corp., Minneapolis, MN). It is a semiaromatic, piperazine
based polyamide membrane (55). Membrane samples for
the fouling/chemical cleaning experiments were stored in
deionized water at 5 °C, with water replaced regularly. For
interfacial force measurements, membrane samples were
stored dry. All membrane samples were rinsed thoroughly
with deionized water prior to use.

Model Foulant. The model organic foulant used was
Suwannee River humic acid (SRHA) standard (International
Humic Substances Society, St. Paul, MN). SRHA was obtained
in a freeze-dried form. Stock solution (1 g/L) was prepared
by dissolving the freeze-dried SRHA in deionized water and
adjusting the pH to 8.2 through the addition of NaOH. Mixing
was provided until complete dissolution of the SRHA. The
stock solution was then stored in a sterilized glass bottle at
5°C.

Chemical Cleaning Solutions. The model chemical
cleaning solutions tested were deionized water as a baseline;
NaOH (pH 11) as an alkaline solution; certified grade sodium
ethylenediaminetetraacetate, EDTA, as a metal chelating
agent; and certified grade sodium dodecyl sulfate, SDS, as
an anionic surfactant. The NaOH, EDTA, and SDS were
purchased from Fisher Scientific (Pittsburgh, PA). These
chemical agents are common ingredients in commercial
chemical cleaning solutions for organic-fouled membranes
(26). Solutions were freshly prepared with deionized water
right before the experiment.

Solution Chemistry. Bench-scale membrane fouling/
chemical cleaning experiments and interfacial force mea-
surements were conducted at a total ionic strength ranging
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from 10 to 100 mM and with various ionic compositions.
Feed solution pH was keptat 8.1 in all experiments by adding
1 mM NaHCO; and a small amount of NaOH. In some
experiments, certified grade CaCl, or MgCl; (Fisher Scientific,
Pittsburgh, PA) was added at a concentration of 1 mM to
study the effect of divalent cations on fouling and chemical
cleaning. The desired total ionic strength was obtained by
adjusting the concentration of NaCl (Fisher Scientific,
Pittsburgh, PA). In all experiments, the SRHA concentration
was fixed at 20 mg/L. The SRHA concentration was confirmed
by measuring total organic carbon (TOC) of the feed solution
with a TOC analyzer (Shimadzu Corporation, Kyoto, Japan)
and comparing the measured value with the organic carbon
content provided by the International Humic Substances
Society. Chemical cleaning experiments with EDTA or SDS
were conducted at ambient (unadjusted) pH or at pH 11 by
adding NaOH to the cleaning solution. The EDTA concen-
tration used was 1 mM while SDS concentrations tested were
1, 5, 10, and 35 mM.

NF Membrane Characterization. Membrane surface
roughness was determined by surface imaging using a
Multimode atomic force microscope (AFM) (Digital Instru-
ments, Santa Barbara, CA). Imaging was performed in tapping
mode in deionized water in a fluid cell using an oxide
sharpened SiN probe (Veeco Metrology Group, Santa Barbara,
CA). Results show that the NF-270 membrane is relatively
smooth, as expected for piperazine based thin-film composite
membranes (55). The zeta potential was determined from
streaming potential measurements using an electrokinetic
analyzer (BI-EKA, Brookhaven Instruments Corp., Holtsville,
NY) (56, 57). Measurements were conducted under solution
chemical conditions similar to those used in the bench-scale
fouling/chemical cleaning experiments. The membrane was
negatively charged under all chemical conditions investi-
gated.

Bench-Scale Fouling and Chemical Cleaning Experi-
ments. Fouling and chemical cleaning experiments were
conducted in abench-scale dead-end filtration system shown
schematically in Figure 1. The filtration unit comprises a
stainless steel stirred cell, modified from acommercial system
(Millipore Corporation, Bedford, MA). The volume of the
cell is 400 mL and it houses a 76 mm diameter membrane
sample. Two stainless steel reservoirs hold the electrolyte
solution and the feed foulant solution, respectively. Pressure,
provided by a compressed N, tank, can be applied to either
of the feed reservoirs or directly to the stirred cell via a five-
port valve. Permeate water is collected and the mass is
monitored continuously during the experiments by an
analytical balance connected to a computer. Permeate flux
was calculated from the change in the cumulative mass of
permeate water with time.

The fouling and chemical cleaning experimental protocol
can be divided into four steps: compacting, conditioning,
fouling, and chemical cleaning, as shown schematically in
Figure 2. First, the stirred cell was filled with deionized water
and the membrane was compacted at 120 psi (827 kPa) until
the permeate flux stabilized. In the next stage, an electrolyte
solution containing identical electrolyte concentrations to
be used in the fouling run was fed to the cell from the
corresponding reservoir to condition the membrane and to
establish a fouling-free baseline for at least 2 h. During the
filtration of the electrolyte solution, the pressure was adjusted
to reach the desired initial permeate flux for the fouling run.
The initial permeate flux was kept constant in all experiments
at 18.0 + 2 um/s, with the applied pressure used to obtain
this flux ranging from 98 to 120 psi. After the membrane was
equilibrated with the electrolyte solution and a constant flux
was attained, the organic foulant (SRHA) solution in the
second reservoir was filtered through the membrane at the
same pressure to initiate fouling. Fouling continued until
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FIGURE 1. Schematic of the membrane filtration system used to study NF membrane fouling and chemical cleaning.
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FIGURE 2. Experimental protocol for the fouling/chemical cleaning
experiments.

the permeate flux reached a predetermined final flux. During
the conditioning and fouling stages, the mixing in the stirred
cell was maintained at 225 rpm. Samples were taken from
the permeate line at predetermined times and monitored
for organic and electrolyte concentrations. Permeate TOC
concentration was determined using a TOC analyzer (Shi-
madzu Corporation, Kyoto, Japan) and cation concentrations
were measured by ICP-AES (Perkin-Elmer, Boston, MA). The
last step in the experimental protocol was chemical cleaning
of the fouled membrane. Cleaning involved the sequential
addition of two batches of 250 mL of cleaning solution and
mixing at 470 rpm for 10 min for each batch. The filtration
unit was rinsed thoroughly with deionized water after each
cleaning procedure to remove the residual cleaning solution.
Filtration was then resumed with the foulant-free electrolyte
solution and the permeate flux was measured to assess the
chemical cleaning efficiency. For this step, the applied pres-
sure and mixing rate were identical to those used during the
conditioning and fouling stage. In cases where two clean-
ing solutions are likely to interfere with each other, separate
fouling/chemical cleaning experiments were conducted.
Interfacial Force Measurement. AFM was used to mea-
sure the interfacial forces between the foulant and the
membrane as well as those between the foulant in the bulk
solution and the foulant in the fouling layer. The force
measurements were performed with a colloid probe, modified
from a commercial SiN AFM probe, as described below.
Because carboxylic groups are the predominant functional
groups of humic acid, a carboxylate modified latex (CML)

particle (Interfacial Dynamics Corp., Portland, OR) was used
as a surrogate for humic acid. The CML particle (4 um in
diameter) contains asomewhat porous, highly charged layer
of carboxylate groups, with a titrated surface charge of 139.5
uC/cm?. The colloid probe was made by attaching the CML
particle to atipless SiN probe (Veeco Metrology Group, Santa
Barbara, CA). A drop of the CML colloidal suspension was
first spread on a freshly cleaved mica surface and dried with
filtered (0.5-um filter) Ar gas. Using a home-built micro-
manipulator, asmall amount of Scotch-Weld epoxy adhesive
(3M Industrial Adhesive and Tapes, St. Paul, MN) was applied
to the free end of the tipless cantilever. A single CML particle
was then attached to the cantilever end by the glue, with
only asmall surface area of the particle being in contact with
the glue. After curing, the strength of the colloid probe was
tested by applying forces to the attached particle from
different angles using another unmodified probe. All force
measurements were conducted using the same colloid probe.
The probe was carefully examined before and after each use
to ensure integrity.

Force measurements were conducted in a fluid cell with
a close input/output loop. Solution conditions tested were
similar to those used in the bench-scale fouling/chemical
cleaning experiments. Before injection of each solution, the
cell was rinsed with 6 mL of deionized water and another
6 mL of the test solution. After injection, the membrane was
equilibrated with the test solution for at least 30 min before
force measurement. Because of possible local membrane
surface heterogeneities, force measurements were performed
at five different locationson a1l um x 1 um area. At least five
measurements were taken at each location.

Both extending (approaching) and retracting force curves
were obtained by the AFM. The raw force data were first
processed to remove optical interference. The interference-
free raw data, that is, cantilever deflection versus cantilever
displacement curves, were then converted to force versus
surface-to-surface separation curves using the method
reported by Ducker et al. (37). Ten force curves were chosen
to obtain the average force curve for a given solution
condition. The variability in the force data was relatively small,
presumably because of the relatively smooth surface of the
NF-270 membrane.

Results and Discussion

Overview. Quantification of NOM fouling is essential for
understanding chemical cleaning of fouled membranes.
Therefore, experimental results of NF membrane organic
fouling and relevant AFM force measurements are presented
first. This is followed by presentation of chemical cleaning
of the NOM fouled NF membranes and the pertaining
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FIGURE 3. Membrane permeate flux at different stages of the fouling/chemical cleaning experiment. (a) Membrane compaction with
deionized water; (b) conditioning with electrolyte solution (total ionic strength = 10 mM, Ca?* = 1 mM, pH = 8.1); (c) fouling with SRHA
solution (SRHA = 20 mg/L, total ionic strength = 10 mM, Ca?* = 1 mM, pH = 8.1); (d) flux with foulant-free electrolyte solution after cleaning
with deionized water; (e) flux with foulant-free electrolyte solution after cleaning with 1 mM SDS at ambient pH; (f) flux with foulant-free
electrolyte solution after cleaning with 1 mM SDS at pH 11; (g) flux with foulant-free electrolyte solution after cleaning with 5 mM SDS
at ambient pH; (h) flux with foulant-free electrolyte solution after cleaning with 5 mM SDS at pH 11; (i) flux with foulant-free electrolyte
solution after cleaning with 10 mM M SDS at ambient pH; and (j) flux of electrolyte solution after cleaning with 10 mM SDS at pH 11.

interfacial force measurements. Last, on the basis of these
results, mechanisms of NOM fouling and chemical cleaning
are proposed and discussed.

Anillustration of permeate flux behavior during an entire
run involving membrane compaction, conditioning, fouling,
and chemical cleaning is shown in Figure 3. The permeate
flux during the membrane conditioning with the electrolyte
solution was very stable. This behavior is attributed to the
low salt rejection of the NF-270 membrane (44% for Na* and
53% for Ca?*), such that flux decline caused by the increased
salt concentration and the corresponding increase in osmotic
pressure isinsignificant. Therefore, the flux decline observed
during the fouling stage with the SRHA solution is attributable
to accumulation of the organic foulant on the membrane
surface. Subsequent chemical cleaning by sequentially
increasing the cleaning agent (SDS) concentration or chang-
ing the solution pH demonstrates increased recovery of the
membrane permeate flux because of the removal of the
foulant (NOM) from the membrane surface.

Natural Organic Matter Fouling of the NF Membrane.
Experimental results showing the influence of total ionic
strength and divalent cations on organic fouling of the NF-
270 membrane are presented below. A detailed description
of the mechanisms involved is presented later in this paper
following the discussion on the relevant AFM measurements.

(a) Effect of Total lonic Strength. Fouling experiments
were conducted at total ionic strengths of 10 and 100 mM,
with Na* as the only cation in the feed solution. The two
different ionic strengths resulted in essentially the same flux
decline rate (Figure 4), indicating insignificant effect of total
ionic strength on SRHA fouling of the NF-270 membrane.
The fouling rate in both cases was relatively low considering
the high concentration of SRHA used (20 mg/L), with only
11% permeate flux decline during the 300-min filtration.
These data confirm that charge screening because of
increased ionic strength does not play a major role in NOM
fouling (3). Anionic strength of 100 mM of an indifferent 1:1
electrolyte was insufficient to cause significant conforma-
tional change of SRAH macromolecules to induce significant
fouling.

(b) Role of Divalent Cations. Divalent cations have been
reported to enhance NOM fouling by forming complexes
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FIGURE 4. Permeate flux decline at different total ionic strengths.
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with NOM and neutralizing negative charges of NOM
molecules more effectively than monovalent cations (3, 5,
10, 11, 13—17). Fouling experiments were conducted at a
total ionic strength of 10 mM, with 1 mM Ca?* or Mg?* in
the feed solution to determine the effect of divalent cations
on membrane flux decline. Ca?* and Mg?" were chosen as
model divalent cations because they are the major divalent
cations in surface waters. As shown in Figure 5, Mg?* slightly
increased the membrane flux decline rate compared to Na*,
whereas Ca?" dramatically enhanced membrane fouling. The
membrane permeate flux declined by approximately 11%
over a period of 300 min when divalent cations were absent
in the feed solution. When Ca?" cations were present, the
permeate flux decreased markedly by 49% within 258 min.
Surprisingly, however, when Mg?t was present, the flux
declined by only 16% over a period of 300 min, slightly higher
than with monovalent cations (Na*) but much less than with
Ca?" cations. The dramatic effect of Ca?" on membrane
fouling, compared to Na* and Mg?" ions, will be discussed
later when presenting the corresponding interfacial force
measurements.
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FIGURE 5. Effect of divalent cations on permeate flux decline. The
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Interaction Forces between NOM and Clean or Fouled
Membrane Surface. Because of the very small pores of NF
membranes, surface fouling is the dominant fouling mech-
anism in nanofiltration. Membrane surface fouling is caused
by foulant accumulation (deposition) on the membrane
surface. Therefore, the fouling process is controlled by the
interactions between the foulant and the clean (at the initial
stage of fouling) and fouled membrane surfaces. Interfacial
force measurements using an AFM colloid probe can thus
provide a quantitative assessment of these interactions.

According to Derjaguin’s approximation (58), the interac-
tion force between a sphere and a flat surface is related to
the interaction energy per unit area:

F(h) = 27RW(h) 1)

Here, F(h) is the interaction force between a sphere and a
flat surface separated by a distance h, R is the radius of the
spherical particle, and W(h) is the interaction energy per
unit area between a sphere and a flat surface separated by
a distance of h. As shown in eq 1, the interaction energy W
is equal to F/R multiplied by a factor of 2. Moreover, the
term F/R normalizes the interaction force F by the radius of
the particle R, which allows forces measured with AFM colloid
probes of different sizes to be compared. Therefore, all AFM
force data will be presented as F/R versus distance.

Similarly, the adhesion force, Fag, Nnormalized by the radius
of the particle is proportional to the energy per unit area
required to separate the particle and the flat surface by an
infinite distance, W(x) (58):

Fag = 27RW() @

Therefore, Fo/R can also be viewed as a measure of the energy
required to prevent a foulant from accumulating on the
membrane surface. For a given system, F.4/R should be a
good indicator of the membrane fouling potential.

During the initial stage of fouling, the membrane surface
is clean. Therefore, interaction forces between the foulant
and the clean membrane surface (i.e., foulant—membrane
interactions) determine the initial fouling rate. After the
membrane surface is fouled by the organic foulant, the
rate of organic foulant accumulation and, consequently,
membrane fouling is determined by the attachment of the
foulant molecules in the bulk solution to the fouling layer.
That is, fouling at this stage is governed by foulant—foulant
interactions. Presented below are such measurements for
our NOM and NF membrane system under solution chemical
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FIGURE 6. Interaction forces between the CML colloid probe and
the clean membrane surface as a function of separation distance
under various solution chemistries: (a) extending (approaching)
force curves and (b) retracting force curves. The test solution
contained 1 mM NaHCOs, divalent cations as indicated, and NaCl
to adjust the total ionic strength to 10 mM. The solution pH during
the measurements was fixed at 8.1.

compositions similar to those employed in the fouling
experiments.

(a) Foulant—Membrane Interactions. The force mea-
surements were first conducted in humic acid free solutions,
where the interfacial forces between the CML colloid probe
(surrogate for humic acid) and the clean (foulant-free)
membrane surface were measured. These forces represent
the interaction forces between a humic acid molecule in the
bulk solution and the clean membrane surface, which control
the initial attachment of humic acid molecules to the
membrane surface. The solution chemistries tested were
identical to those used in the fouling experiments described
above. Both the extending (approaching) and retracting parts
of the force curves were analyzed, and the corresponding
force versus distance profiles are presented in Figure 6. When
divalent cations were absent, the force data obtained at a
total ionic strength of 10 or 100 mM were similar. Therefore,
only the data obtained at a total ionic strength of 10 mM are
presented here.

Figure 6a displays the forces that the CML colloid probe
experiences when approaching the clean membrane surface.
Thisapproaching part of the force curve simulates the process
where the organic foulant is brought to the membrane surface
by the convective permeate flow. Essentially, identical
approaching force curves were obtained in all the three
electrolyte solutions, indicating Mg?" or Ca?*" had roughly
the same double layer compressing effectas Na* at the same
total ionic strength. The CML particle experienced noticeable
electrostatic double layer repulsion within 20 nm from the
membrane surface and this repulsive force increased mark-
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edly at smaller separations until the particle came into contact
with the membrane surface at near zero separation distance.

Contrary to the approaching curves, the CML particle
experienced different levels of adhesion forces when it was
retracted away from the membrane surface after being
brought into contact with the membrane surface. As shown
in Figure 6b, the CML particle did not experience any
adhesion force (i.e., negative values of F/R) when the solution
was composed of only monovalent ions. When 1 mM Mg?*
was present in solution, there was very slight adhesion, that
is, 0.06 & 0.01 mN/m (indicated by the maximum negative
value of F/R). The adhesion force increased significantly up
to 0.21 £+ 0.04 mN/m when the solution contained 1 mM
Ca?", indicating that Ca?"ions induced a stronger interaction
between the carboxylic (COO~) groups of the CML particle
and the functional groups on the membrane surface. For
our piperazine based aromatic NF membrane, the predomi-
nant functional groups at pH 8.1 are carboxylic, as indicated
by the measured negative zeta potential.

The forces measured during the approach and retraction
of the colloid probe determine the tendency of the CML
particle (and presumably humic acid foulant) to attach to
the membrane surface and the strength of the attachment,
respectively. Therefore, the combination of the two mea-
surements is related to the initial fouling rate of the
membrane, provided the hydrodynamic conditions in the
membrane system remain constant. Consequently, the
difference in the adhesion forces shown in Figure 6b suggests
that the effect of ionic composition on the initial fouling rate
of the NF-270 membrane should follow the order of Ca?" >
Mg?t > Na'. However, this initial stage of fouling is very
rapid as monolayer coverage on the membrane can be
attained in avery short period of time. Thus, for most practical
applications, the rate and extent of fouling are determined
by the interaction between bulk foulant molecules and foulant
molecules deposited in the fouling layer.

(b) Foulant—Foulant Interaction. The interaction forces
between the CML particle (representing foulant molecules
in the bulk solution) and foulants on the membrane surface
(i.e., in the fouling layer) were also measured. Because of the
difficulty in using a fouled membrane sample in the AFM
liquid cell without disturbing the foulant layer, Suwannee
River humic acid (SRHA) solution was injected into the fluid
cell and equilibrated for 30 min so that a layer of SRHA
molecules could adsorb on the clean membrane surface to
simulate the foulant layer. It is likely that humic molecules
also adsorbed to the CML particle in the liquid cell. The
interaction between the CML particle and the membrane
surface with the adsorbed humic layer then represents the
foulant—foulant interaction. The ionic compositions of the
SRHA solutions were identical to those used in the bench-
scale fouling experiments.

The extending (approaching) and retracting parts of the
force curves are presented in Figure 7, panels a and b,
respectively. As shown in Figure 7a, the effect of Mg?" on the
approaching part of the force curve was similar to that of
Na*. Electrostatic double layer repulsion existed within
approximately 20 nm from the membrane surface, similar
to our earlier observation with humic-free solution. However,
a significant attractive force was observed when Ca?" ions
were presentin solution. The CML particle firstencountered
a slight repulsion at a distance of about 25 nm. Then, at 21
nm, the net force became attractive and reached 0.23 & 0.02
mN/m at 17 nm. These results indicate a strong attractive
interaction between the CML particle and the humic acid
molecules on the membrane surface, induced by chemical
interaction with Ca®" ions as discussed later in this paper.

When the colloid probe was retracted (Figure 7b), the
results indicate that the Ca?* ions caused a substantial
adhesion of the CML to the fouled membrane surface (1.57
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+ 0.12 mN/m). Although adhesion was also observed in the
presence of Mg?*, the magnitude of the adhesion force, 0.18
+ 0.02 mN/m, was much lower. No adhesion was observed
when divalent cations were not present.

The interfacial force measurements with and without
SRHA showed that the ionic solution composition had a
similar effect on foulant—membrane and foulant—foulant
interactions, with the magnitude of the adhesion forces
following the order of Ca?* > Mg?* >Na*. This result is in
agreement with the membrane fouling behavior observed
under similar solution chemistries in the bench-scale fouling
experiments, with the rate of flux decline following the order
of Ca?" > Mg?"* >Na" (Figure 5). The attractive force upon
approach to the membrane surface and the strong adhesion
caused by Ca?*, and likewise the much faster membrane flux
decline with Ca?*, point to a mechanism other than charge
screening or neutralization, as we discuss later in this paper.

Chemical Cleaning and Flux Recovery. Chemical clean-
ing of the fouled membrane was conducted using deionized
water, NaOH, EDTA, and SDS following the procedure
described in Materials and Methods. As shown in the previous
section, membrane flux decline was fairly small in the absence
of Ca?" ions in solution. Fouling experiments under these
conditions were stopped after filtering 1.6 L feed solution
through the membrane, which took more than 300 min. After
the membrane was cleaned, a foulant-free electrolyte solu-
tion, with identical ionic composition to the feed foulant
solution, was filtered through the membrane to measure the
recovered flux. Membrane samples fouled with SRHA under
these conditions (i.e., with Na™ or Mg?") could be easily
cleaned by all the chemical cleaning solutions tested, and
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FIGURE 8. Recovered permeate water flux after cleaning with
different cleaning chemicals. The feed solution contained 1 mM
NaHCO;, 1 mM CaCl,, and NaCl to adjust the total ionic strength to
10 mM. Other experimental conditions: pH = 8.1 and the applied
pressure was the same as that used in the preceding fouling runs.

the flux was completely recovered after deionized water
cleaning alone. For experiments with feed solutions contain-
ing Ca?", the fouling runs were stopped when the permeate
flux decreased to approximately 50% of the initial flux. The
chemical cleaning results presented below are all for
membrane samples fouled with feed solutions containing
Ca?t.

(a) Chemical Cleaning Efficiency. Figure 8 compares the
recovered permeate flux of membrane samples fouled in the
presence of Ca?" after cleaning with the four chemical
cleaning agents. The EDTA concentration used was 1 mM
while the SDS concentration was 10 mM. Chemical cleaning
was conducted at pH 11, except for the deionized water. In
contrast to observations when the membrane was fouled in
the presence of Na*® or Mg?*t, deionized water and NaOH
solution were both ineffective in recovering the permeate
water flux after the membrane was fouled by feed solutions
containing Ca®" ions. The recovered fluxes were only 5 and
7% higher than the final flux after fouling for deionized water
and NaOH cleaning, respectively. The poor efficiency of
caustic cleaning suggests that the severe fouling in the
presence of Ca?* cations was not merely caused by confor-
mational changes of SRHA due to electrostatic interactions
(9).

EDTA and SDS cleaning, on the other hand, recovered
the initial clean membrane water flux, indicating complete
removal of SRHA from the membrane surface. A visual
inspection of the membrane after cleaning also revealed no
visible SRHA remaining. The recovered flux after EDTA or
SDS cleaning was slightly higher than the original clean
membrane flux, probably because of a very small amount
of SRHA and EDTA or SDS remaining on the membrane
surface, which made the membrane slightly more hydrophilic
3.

(b) Effect of Cleaning Solution pH. Chemical cleaning
with EDTA or SDS was also conducted at ambient (unad-
justed) pH to determine the effect of solution pH on chemical
cleaning efficiency. The recovered permeate fluxes are
presented in Figures 9 and 10 for EDTA and SDS cleaning,
respectively. Results clearly show that cleaning efficiency of
EDTA strongly depends on solution pH. At ambient pH (4.8
for the 1 mM EDTA solution), the recovered flux after EDTA
cleaning was 35% lower than cleaning with EDTA at pH 11.
The reason for this marked difference in cleaning efficiency
will be explained later when we propose the cleaning
mechanisms of fouled membranes. On the other hand,
solution pH showed very little effect on SDS cleaning.

L Flux after fouling

Recovered Flux, J/J,

i

c 0 0o 0o 0 = =
o N A O ® O N
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EDTA Cleaning Solution pH

FIGURE9. Recovered permeate water flux after cleaning with EDTA
solutions of different pH. The EDTA concentration of the cleaning
solutions was 1 mM. The feed solution contained 1 mM NaHCOs,
1 mM CaCl,, and NaCl to adjust the total ionic strength to 10 mM.
Other experimental conditions: pH = 8.1 and the applied pressure
was the same as that used in the preceding fouling runs.
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FIGURE 10. Effect of SDS concentration and cleaning solution pH
on permeate water flux recovery. The feed solution contained 1
mM NaHCOs, 1 mM CaCly, and NaCl to adjust the total ionic strength
to 10 mM. Other experimental conditions: pH = 8.1 and the applied
pressure was the same as that used in the preceding fouling runs.

However, the ambient pH of the SDS solution (approximately
9) was much higher than that of the EDTA solution (pH 4.8).
The difference between the ambient pH and pH 11 might
not be large enough to cause significant difference in chemical
cleaning efficiency.

(c) Effect of SDS Concentration. SDS cleaning was
performed using various SDS concentrations at both ambient
pH (pH 9) and pH 11. Figure 10 shows how the recovered
flux increased with increasing SDS concentration. Similar
effect of cleaning chemical (mixture of EDTA, SDS, and
NaOH) concentration on flux recovery of a reverse osmosis
membrane was reported by Madaeni et al. (22). Very little
flux recovery—11 and 12% of the initial flux for ambient pH
and pH 11, respectively—was achieved by cleaning with 1
mM SDS. This is in agreement with the results by Lee et al.
(59), reporting poor cleaning efficiency by SDS at this
concentration when an ultrafiltration membrane was fouled
by surface or groundwater NOM. For both solution pH values
tested, the recovered flux increased with increasing SDS
concentration. At 10 mM SDS concentration or higher,
cleaning completely recovered the initial clean membrane
water flux. This critical concentration (i.e., 10 mM SDS) is
very close to the critical micelle concentration (CMC) of SDS,
reported as 8.36 mM in deionized water at 20 °C (60). The
results suggest that formation of micelles may be critical for
SDS cleaning of NOM-fouled membranes. The possible
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mechanisms involved in surfactant cleaning of NOM fouled
membranes are described in detail later in this paper.

Effect of Chemical Cleaning on NOM Adhesion to the
Membrane Surface. During chemical cleaning, the foulant
molecules in the fouling layer experience two types of
forces: an adhesion force that keeps them on the surface
and a hydrodynamic shearing force removing them to the
bulk phase. Therefore, the strength of the adhesion force
among foulant molecules in the fouling layer determines the
ease of membrane cleaning for given hydrodynamic condi-
tions.

Interfacial force measurements using the CML colloid
probe were performed in the presence of the chemical
cleaning agents to investigate the effect of chemical cleaning
on foulant—foulant interactions in the fouling layer. Since
significant fouling was only observed in the presence of Ca?",
the test solutions contained 1 mM CacCl,. Other conditions
were similar to those used in the foulant—foulant interaction
force measurements described previously, namely, total ionic
strength of 10 mM and 20 mg/L SRHA. In each test solution,
one of the following cleaning chemicals was added: NaOH,
1 mM EDTA, or 5 mM SDS. The solution pH was adjusted
to 11 in all runs. These solution conditions simulate the
solution chemistry during the bench-scale chemical cleaning
experiments described earlier.

Figure 11 compares the adhesion forces measured with
and without the addition of a chemical cleaning agent. As
shown, addition of cleaning chemicals dramatically reduces
the adhesion force between the CML particle and the fouled
membrane surface. It is striking that EDTA and SDS at the
tested concentrations eliminated the adhesion force com-
pletely. However, a significant adhesion force, 0.14 + 0.01
mN/m, still existed in the presence of NaOH at pH 11. The
relative magnitudes of the adhesion forces are inversely
related to the relative chemical cleaning efficiencies obtained
using the same cleaning agents. That is, the elimination of
the adhesion force in the presence of EDTA or SDS corre-
sponds to complete flux recovery, whereas the remaining
adhesion force with NaOH addition corresponds to the poor
cleaning efficiency of NaOH.

Although the adhesion force was reduced significantly by
NaOH compared to without cleaning chemical addition,
cleaning by NaOH was not efficient presumably because the
hydraulic shearing force provided during cleaning was not
high enough to overcome the remaining adhesion force. Also,
the effect of SDS concentration on chemical cleaning was
not reflected by the adhesion force data; the 5 mM SDS
reduced the adhesion to zero, but it was not sufficient to
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completely recover the membrane flux in the bench-scale
fouling/chemical cleaning experiments (Figure 10). We
attribute this result to the different ratios of the cleaning
chemical concentration relative to the organic foulant mass
in the AFM fluid cell and the stirred cell filtration system. In
the stirred cell filtration unit, the foulant layer formed by
accumulation of SRHA during filtration of approximately 1
L of 20 mg/L SRHA solution. That is, the total amount of
humic acid on the fouled membrane in the stirred cell during
chemical cleaning was much higher than that in the AFM
fluid cell, which contained less than 1 mL of the 20 mg/L
SRHA solution. Therefore, complete removal of the adhesion
force in the AFM fluid cell could be attained at a lower
concentration of SDS than in the bench-scale chemical
cleaning experiments.

Mechanistic Models of NOM Fouling and Chemical
Cleaning. On the basis of the experimental data presented
above with both the bench-scale fouling/cleaning experi-
ments and the AFM interaction force measurements, mech-
anisms of humic acid fouling and chemical cleaning of NF
membrane are proposed.

(a) Enhanced Fouling by Divalent Cations. When mono-
valent cations are present, the fouling process is determined
by electrostatic and hydrophobic interactions between the
foulant and the clean membrane surface at the initial stage
and between the foulant molecules in the bulk solution and
foulants on the fouling layer surface once the membrane is
covered with the foulants. Because of the negative surface
charge of the NF-270 membrane, a net repulsive electrostatic
force exists between the humic acid molecules (represented
by the CML particle) and the membrane as observed in Figure
6a. A similar net repulsive force exists when the membrane
surface is covered by a layer of humic acid molecules (Figure
7a) because of the negative charge of SRHA molecules. As a
result of the strong electrostatic repulsion, there is no
adhesion between the CML particle or humic acid molecules
and the clean or fouled membrane surfaces when only
monovalent ions are present as indicated in Figures 6b and
7b. Consequently, the accumulation of humic acid on the
membrane surface is very slow and the foulant layer formed
isthin and loose, leading to a very low fouling rate, as shown
in Figure 4.

Compared to monovalent cations, divalent cations can
screen charges more effectively and therefore have a greater
effect on reducing double repulsion. However, force mea-
surements in Figure 6a show no difference in electrostatic
repulsion with and without divalent cations at a fixed total
ionic strength. Apparently, the changes in membrane surface
potential and foulant surface charge by divalent cations are
too small to cause measurable changes in electrostatic
repulsion compared to the case with monovalent cations
when the same total ionic strength of 10 mM was used. This
is consistent with the similar fouling rate and foulant—
membrane interaction forces measured with monovalentions
at total ionic strengths of 10 and 100 mM. For the same reason,
the adhesion force between humic acid molecules and the
clean membrane surface is negligible in the presence of Mg?*
as demonstrated in Figure 6b.

In addition to effective charge screening, divalent cations
(Ca?t and Mg?*) form metal—humic complexes (61) and
therefore effectively reduce the negative charge of humic
acid (62). Moreover, as a result of the reduced interchain
electrostatic repulsion due to neutralization of negative
charges of functional groups, humic acid molecules form a
small, coiled conformation (63), and subsequently a more
compact fouling layer (3). The increased adhesion in the
presence of Mg?* (Figure 7b) is an indication for these
changes. Because of the higher adhesion force and the more
compact structure of humic acid, Mg?* causes higher fouling
rate than Na*, as shown in Figure 5.
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FIGURE 12. Schematic illustration of the influence of Ca?* on the
interaction between the CML particle and (a) the clean membrane
surface and (b) the fouled membrane surface. The binding sites
shown are solely for illustration purposes.

Unlike Mg?*, Ca?* caused significant adhesion of the CML
colloid probe to the clean membrane surface (Figure 6b).
This may be attributed to intermolecular bridging by Ca*"
(17), which associates the COO~ functional groups on the
CML particle, representing humic acid molecules in the bulk
solution, with a small number of COO~ groups on the clean
membrane surface. A schematic illustration of this proposed
mechanism is presented in Figure 12a.

Once the membrane is fouled, the membrane surface is
covered by a layer of humic acid molecules, rendering it a
greater number of COO~ functional groups. These COO~
groups associate with those on the CML colloid probe via
Ca®" bridging. The overall Ca?" binding force between the
CML particle and the humic acid molecules on the membrane

surface becomes much stronger than the electrostatic
repulsion, resulting in a net attractive force when the CML
particle approaches the fouled membrane surface. Because
of the much greater number of COO™~ groups on the fouled
membrane surface, the adhesion force also increases greatly
compared to when clean membrane surface was used. The
complexation/bridging effect of Ca?* with the fouled mem-
brane is schematically depicted in Figure 12b.

During membrane filtration, Ca?* forms intramolecular
complexes with humic acid (predominantly with carboxylic
groups), rendering the humic acid molecules a small, coiled
conformation. At the same time, intermolecular bridging
formed by Ca?" between carboxylic groups arranges the
humic acid molecules into a “cross-linked” structure in the
fouling layer, with each humic acid molecule strongly
associated with humic acid molecules around it. As a result,
the fouling layer formed in the presence of Ca*" is very
compact and highly resistant to hydrodynamic forces. An
illustration of the structure of the humic acid fouling layer
formed in the presence of Ca?" on the basis of our proposed
mechanism is shown in Figure 13a.

(b) Mechanisms of Chemical Cleaning with EDTA. As
described above, humic acid fouling in the presence of Na*
or Mg?" is mainly controlled by electrostatic interactions.
Therefore, cleaning with a low ionic strength solution, such
as deionized water, is able to achieve efficient flux recovery.
Our discussion will therefore focus on cleaning mechanisms
when Ca?* ions are present in the feedwater.

In the presence of Ca?* ions, the humic acid molecules
in the fouling layer are bound to each other by Ca?". Since
EDTA forms a stronger complex with Ca?", humic acid
molecules originally associated with Ca?* ions are replaced
by EDTA via a ligand exchange reaction. The intermolecular
bridges among humic acid molecules as well as those between
humic acid molecules and the membrane surface are then
destructed, as indicated by the zero adhesion force with EDTA
shown in Figure 11. Thus, the foulant layer loses its cross-
linked, gel-like structure. At the same time, interchain
repulsion is resumed and humic acid molecules return to
the original loose conformation due to the destruction of
intramolecular Ca?*—humic complexes. These detached
individual humic acid molecules can then be easily rinsed
off the membrane surface. The changes in the fouling layer
structure and humic acid conformation as a result of EDTA
cleaning are depicted schematically in Figure 13.

membrane

FIGURE 13. Schematic illustration of the change in the organic fouling layer structure by EDTA. (a) Compact fouling layer formed in the
presence of Ca?*. (b) Loose structure of the fouling layer after EDTA addition. The binding sites shown are solely for illustration purposes.
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FIGURE 14. Mechanism of humic acid solubilization by SDS: (a)
low SDS concentration, (b) moderate SDS concentration, and (c)
SDS concentration exceeding the CMC. The binding sites shown
are solely for illustration purposes.

The cleaning efficiency of EDTA strongly depends on
solution pH because the number of deprotonated carboxylic
groups of EDTA is a function of pH. The pK, values of EDTA
are 2.72, 3.24, 6.68, and 11.12 (62). At the ambient pH of 1
mM EDTA solution (pH 4.8), only two of the four carboxylic
groups are deprotonated, while at pH 11 almost all the
carboxylic groups are deprotonated and available for Ca?*
complexation.

(c) Mechanisms of Chemical Cleaning with SDS. Sur-
factants, such as SDS, are known to solubilize macromol-
ecules by forming micelles around them (64). The proposed
mechanism of SDS cleaning is depicted in Figure 14. Because
of the amphiphilic character of SDS, the hydrophobic tails
of SDS molecules adsorb onto humic acid molecules. The
adsorbed SDS molecules reduce the hydrophobicity of humic
acid and help relaxing the coiled structure. At a low SDS
concentration, for instance 1 mM, the hydrophilic interaction
rendered by the adsorbed SDS is not strong enough to break
the intermolecular bridging formed with Ca?* (Figure 14a).
Therefore, very little flux recovery was achieved after cleaning
(Figure 10). When a higher SDS concentration is used (Figure
14b), more SDS molecules partition into the foulant layer
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and the increased hydrophilic interaction results in breakup
of some Ca?* bindings. Some humic acid molecules are then
solubilized into the aqueous phase and are flushed away by
the hydrodynamic shearing force. Once the SDS concentra-
tion exceeds the CMC (8.36 mM in deionized water), micelles
form in the cleaning solution (Figure 14c). These micelles
diffuse into the fouling layer, where they dissociate and adsorb
as monomers on humic acid molecules (65, 66). Local SDS
micelles may also form at hydrophobic portions of humic
acid molecules (67). The resulting solubilization force is then
strong enough to break up all the Ca?* induced bridges (as
indicated by the zero adhesion with SDS shown in Figure
11), leading to release of the humic acid to the aqueous phase.
The local micelles formed also help keeping the humic acid
molecules from reprecipitating.
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