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1. Executive Summary

Effluent organic matter (EfOM) has been known to contribute significantly to
organic fouling in waste water reclamation. Sodium alginate (SA), bovine serum
albumin (BSA), Suwannee River natural organic matter (SRNOM), and octanoic
acid (OA) have been selected as model foulants representing, respectively,
polysaccharides, proteins, humic acids, and fatty acids in EFOM. The effects of
each individual organic foulant and mixtures containing several types of organic
foulants in the absence and presence of calcium ions (Ca>") on the fouling of

RO membranes are systematically investigated. It is observed that membrane
fouling is severe when alginate is present in the feed as a co-foulant in the
presence of Ca*".

Sodium hydroxide (NaOH), sodium chloride (NaCl), disodium
ethylenediaminetetraacetate (EDTA), and sodium dodecyl sulfate (SDS) have
been selected as cleaning agents to represent an alkaline solution, a salt solution, a
metal chelating agent, and an anionic surfactant, respectively. In attempting to
determine optimal procedures for chemical cleaning of organic-fouled
membranes, our approach was to investigate the chemical reactivity of a cleaning
agent with foulants in the fouling layer, using atomic force microscopy (AFM).
Results were then used to determine the optimum concentration of cleaning agent
to be used for cleaning fouled membrane. The AFM results suggest that NaCl,
SDS, and EDTA have good chemical reactivity with the foulants, whereas NaOH
has less favorable chemical reactivity.

For membranes fouled by waste water effluent, chemical cleaning by dual or
combined cleaning agents, when used appropriately, is more effective than
membrane cleaning by individual cleaning agents. Membrane cleaning with dual
cleaning agents is more efficient when there is a change in cleaning solution pH,
than when the solution pH of the cleaning agents remains constant at neutral pH.
In dual cleaning, when the two cleaning agents have different cleaning
efficiencies, applying the less effective cleaning agent first generally has a higher
overall cleaning efficiency than applying the more effective cleaning agent first.
This observation could be attributed to the proposed step-by-step approach in
removing the top fouling layer by the less effective cleaning agent, followed by
removing the accumulated foulants within the ‘valley’ regions of the membrane
by the more effective cleaning agent.



2. Background

To provide the world’s increasing population with potable water, the use of
reverse osmosis (RO) membranes in advanced waste water reclamation using
secondary treated waste water effluent to produce water for indirect potable use
has increased over the past few years (Drewes et al., 2003; Shannon et al., 2008).
However, the efficient application of RO membranes in advanced waste water
reclamation is hampered significantly by the phenomenon of membrane fouling,
whereby secondary treated effluent from waste water treatment plants is
introduced to the RO membrane processes as feed water. The effluent contains
dissolved organic matter, commonly known as effluent organic matter (EfOM),
which contributes to organic fouling (Barker et al., 2000). EfOM comprises
polysaccharides, proteins, aminosugars, nucleic acids, humic and fulvic acids,
organic acids, and cell components (Barker et al., 2000).

Most advanced waste water reclamation plants have a pretreatment process for the
secondary effluent via microfiltration (MF) or ultrafiltration (UF) to remove
suspended and colloidal matter prior to the RO membrane process. However, the
EfOM is generally smaller than the pore size of MF or UF membranes, such that a
fraction of the EfOM passes through these pretreatment membranes and can
contribute significantly to organic fouling of the RO membranes. The presence of
calcium ions (Ca”") in the feed source for the RO membranes has been reported to
form complexes with the constituents of EfOM, such as polysaccharides (Lee et
al., 2006) and natural organic matter (Hong and Elimelech, 1997), and to increase
significantly membrane fouling.

Although membrane properties for minimizing fouling have improved and fouling
control strategies have been developed in waste water reclamation, fouling is still
inevitable. Consequently, chemical cleaning is a necessary process and a long-
term solution to ensure sustainable operation of RO membrane systems (Liikanen
et al., 2002; Mohammadi et al., 2003). In this study, alkaline solutions, metal
chelating agents, surfactants, and salt cleaning are used to clean organic-fouled
membranes. We have chosen sodium hydroxide (NaOH), disodium
ethylenediaminetetraacetate (EDTA), sodium dodecyl sulfate (SDS), and sodium
chloride (NaCl) as models for these classes of cleaning agents.

Alkaline solutions clean organic-fouled membranes by hydrolysis and
solubilization. Alkaline solutions also increase the solution pH and, therefore,
increase the negative charges and solubility of the organic foulant. It is reported
that NaOH generally is effective at removing whey protein based products
(Vaisanen et al., 2002). Metal chelating agents, such as EDTA, remove divalent
cations from the complexed organic molecules and improve the cleaning of the
fouled membrane (Hong and Elimelech, 1997). Surfactants are compounds that
have both hydrophilic and hydrophobic groups and are semisoluble in both



organic and aqueous solvents. Surfactants can solubilize macromolecules by
forming micelles around them (Rosen, 1989) and help to clean the surface of the
fouled membrane. In our earlier study on salt cleaning of organic-fouled

RO membranes (Lee and Elimelech, 2007), NaCl and other common inert salts
can be used as an effective alternative for cleaning RO membranes fouled by gel-
forming hydrophilic organic foulants. The proposed cleaning mechanisms
involved during salt cleaning involve gel layer swelling and ion-exchange
reaction. In the presence of salt solution, the fouling layer swells and becomes
more porous. As a result, this would facilitate the diffusion of Na" into the
fouling layer and breakup of Ca”"-alginate bonds by ion exchange.

Increasing cleaning agent concentration and enhancing the physical aspects of
cleaning may aid in removing foulants from the membrane surface, but the result
of overdosing a cleaning agent can have adverse implications. First, the
membrane selectivity and properties may be impacted. A cleaning agent, when
added in excess concentration, can raise the cleaning solution pH to beyond the
recommended range. The cleaning operation at a higher temperature can further
damage the membrane. Second, the cost associated because of overdosing with a
cleaning agent can be significant. More money is spent on the cleaning agent,
membrane replacement, and other overhead costs of running the membrane plant
(e.g., effluent disposal, electricity on raising the temperature, and pumping) (Bird
and Bartlett, 1995). Third, the environment may be impacted. The discharge of
EDTA, which is nonbiodegradable, into receiving waters and the environment can
remobilize toxic heavy metal ions from soil (Pihko et al., 2004). Thus, systematic
studies on chemical cleaning of RO membranes are critical to minimize the
possible adverse impacts to the permeate quality, operational cost, and
environment via process optimization (by controlling chemical and physical
aspects of cleaning) (Ang et al., 2006; Tragardh, 1989).

Atomic force microscopy (AFM), attenuated total reflection Fourier infrared
(ATR-FTIR) spectroscopy, and dynamic light scattering (DLS) experiments are
used in this research to supplement the bench-scale fouling/cleaning experiments.
AFM has been used in membrane research to quantify intermolecular forces (Ang
et al., 20006; Lee et al., 2006; Li and Elimelech, 2004), as it is able to measure
interaction forces in liquids at the pico- or nano-Newton level. Our research has
shown that foulant-foulant interactions could be determined by performing force
measurements using a carboxylate-modified latex colloid probe in an AFM fluid
cell (Ang et al., 2006; Li and Elimelech, 2004). The technique has been used to
quantify the fouling behavior of a nanofiltration membrane by humic acid, as well
as the cleaning efficiency of several chemical cleaning agents (Li and Elimelech,
2004), and has been extended to study RO membrane fouling by organic foulant
in the form of alginate (Ang et al., 2006), bovine serum albumin (BSA) (Ang and
Elimelech, 2007), and octanoic acid (OA) (Ang and Elimelech, 2008). In this
research, we have used the AFM as an alternative tool for indicating the
concentration of cleaning agent to be used for cleaning membranes fouled by
foulant mixtures and have modified the AFM protocol to investigate the
intermolecular adhesion force between different foulants.



ATR-FTIR spectroscopy analysis has been performed on both virgin membranes
fouled by foulant mixtures simulating waste water effluent and by real waste
water effluent, as well as the fouled membranes after cleaning with cleaning
agents. The ATR-FTIR spectroscopy is able to detect functional groups on the
membrane surface and, thus, can be used to determine the presence of foulant
composition after chemical cleaning. The ATR-FTIR has been shown to be an
effective supplementary tool to investigate the extent of membrane fouling by
organic foulants and the extent of cleaning by a cleaning agent. The multidetector
light scattering unit is used to perform DLS experiments on foulant solution in the
presence of Ca®” so as to measure the effective diameters of foulant aggregates.
The analysis aids in investigating the fouling mechanisms of membranes fouled
by the foulant mixtures. The DLS also is used to determine the effective
diameters of foulant aggregates in the presence of a cleaning agent to better
understand the cleaning mechanism for foulant removal on membrane surface.

The objectives of this research were to explore the mechanisms governing the
chemical cleaning of organic-fouled RO membranes for a complex and more
realistic mixture of organic foulants and to develop a general methodology for
selection of optimal combination of cleaning agents and chemical/physical
conditions for efficient cleaning. The general approach was to first investigate the
influence of feed solution chemistry on the fouling of the RO membranes by each
type of organic foulant. Next, the study of the physical and chemical aspects of
chemical cleaning was performed on RO membranes fouled by alginate. In these
studies, the AFM was used to study the interaction forces between the foulant in
the bulk solution and the foulant accumulated on the membrane surfaces. The
results from the bench-scale crossflow fouling/cleaning experiments and the
relevant adhesion force profiles from AFM force measurements were used to
explain the cleaning mechanisms involved. Next, cleaning experiments were
performed on RO membranes fouled by foulant mixtures simulating waste water
effluent. The cleaning data were verified with cleaning experiments on
membranes fouled by real waste water effluents. The concept of cleaning with
single and dual cleaning agents was explored with membranes fouled by real
waste water effluent. In these latter studies, the AFM protocol was slightly
modified to account for the possibility of investigating intermolecular adhesion
force between different foulants. The DLS experiments were used to investigate
the sizes of foulant aggregates in the absence and presence of a cleaning agent, so
as to further understand the fouling and cleaning mechanisms of RO membranes
in waste water reclamation.



3. Conclusions and Recommendations

To develop a methodology for the cleaning of RO membranes fouled with waste
water effluent, we have to understand the governing membrane fouling
mechanisms. As organic fouling by waste water effluent is contributed to
significantly by EfOM, a complex mixture of organic foulants, fouling studies are
performed on membranes fouled by various organic foulants mixtures. The
model organic foulants are alginate, BSA, Suwannee River natural organic matter
(SRNOM), and OA, which, respectively, represent the polysaccharides, proteins,
humic acids, and fatty acids in EFOM. We found that membrane fouling is severe
when alginate is present in the feed as a co-foulant in the presence of Ca*". From
the salt rejection data, it appears that the resultant fouling layer is compact and
improves the ability of the fouling layer to act as a barrier against the transport of
salt across the membrane.

In chapter 4, on the chemical and physical aspects of cleaning of organic-fouled
membranes, we propose that an effective membrane cleaning involves the
coupling between (1) chemical reaction of the cleaning agent with the foulants in
the fouling layer and (2) mass transfer of the cleaning agent from the bulk
solution to the fouling layer and of foulants from the fouling layer to the bulk
solution. We have also shown that when a cleaning agent has a favorable
chemical reactivity with the foulants in the fouling layer, its cleaning efficiency
can be improved significantly by optimizing the physical conditions, which are
mainly responsible for the mass transfer of the cleaning agent and the foulants.
However, when a cleaning agent does not have a favorable chemical reactivity,
adjusting the physical conditions will not enhance the cleaning efficiency of the
cleaning agent. While the physical cleaning conditions are more direct and
standardized (most membrane plants perform cleaning under favorable physical
conditions—high crossflow velocity, long cleaning time, and high cleaning
temperature), the chemical reactivity of a cleaning agent, on the other hand, might
not be as direct and varies according to the concentration of the cleaning agent
and the solution pH. Therefore, the first approach to optimize chemical cleaning
would be to investigate the chemical reactivity of a cleaning agent by keeping the
physical cleaning conditions constant for all cleaning experiments.

NaOH, NaCl, EDTA, and SDS are effective in cleaning membranes fouled by a
mixture of alginate, BSA, SRNOM, and OA (simulating waste water effluent).
With increased alginate content in the foulant mixture, it is proposed that the
resultant fouling layer matrix has a higher porosity than the fouling layer matrix
formed from a feed solution containing a lower content of alginate while
maintaining the same total foulant concentrations. As a result, the cleaning
efficiencies of NaOH and EDTA are higher than those on membranes fouled with
lesser alginate content. AFM is a useful tool to indicate the concentration of a
cleaning agent to be used for the cleaning of a fouled membrane. We observe an
increase in the reduction of the foulant intermolecular adhesion force with



increasing cleaning agent concentration. With the exception of NaOH, we
observe significant increases in reducing the adhesion force with increasing
concentration. The adhesion force reduction does not increase above a certain
cleaning agent concentration, which would indicate the optimum cleaning agent
to adopt for the cleaning runs. The results suggest that NaCl, SDS, and EDTA
have good chemical reactivity with organic foulants whereas NaOH has relatively
poor chemical reactivity. However, the relatively poor chemical reactivity of
NaOH is compensated by the favorable physical conditions during chemical
cleaning.

It is further proposed that fouling is governed by the foulant aggregate size and
conformation in the bulk solution. In the study on membrane fouling by alginate
as a co-foulant, the smaller and tighter the foulant aggregates, the more significant
the flux decline is due to the formation of a more compact and tighter fouling
layer. The state of the fouling layer would also affect the transfer of a cleaning
agent into the fouling layer.

For membranes fouled by waste water effluent, it is proposed that the structural
integrity of the fouling layer matrix is supported mainly by the polysaccharide-
calcium complexes, as the intermolecular adhesion force among alginate
molecules in the presence of Ca”" is the most significant among the various
foulant-foulant interactions. Furthermore, the permeate flux profile is similar to
that of alginate-fouled membranes in the presence of Ca®". However, based on
the ATR-FTIR analysis, polysaccharide complexation with calcium in the fouling
layer matrix is not as extensive as that in the case of membrane fouled by alginate
as a single foulant or as a co-foulant.

Membrane cleaning by dual or combined cleaning agents, when used
appropriately, is more effective than membrane cleaning by individual cleaning
agents. Membrane cleaning with dual cleaning agents is more efficient when
there is a change in solution pH of the cleaning agents (i.e., when one of the
cleaning agents is NaOH) than when the solution pH of the cleaning agents
remains relatively constant at pH 7. In dual cleaning when the two cleaning
agents differ significantly in the cleaning efficiency, applying the less effective
cleaning agent first generally has a higher overall cleaning efficiency than
applying the more effective cleaning agent first. This observation could be due to
the presence of a top fouling layer that is relatively easier to remove while the
accumulated foulants within the ‘valley’ regions of the membrane can only be
removed by effective cleaning agents.



4. Chemical and Physical Aspects of
Cleaning of Polysaccharide-fouled
RO Membraness

4.1 Chemical Aspects of Cleaning

The chemical aspects of cleaning—cleaning solution type, cleaning solution pH,
and cleaning agent dose—have been systematically investigated to find out the
favorable cleaning conditions in terms of chemical reaction between the cleaning
agent and foulants. In addition, the influence of fouling layer composition on
cleaning efficiency is examined with feed waters containing both alginate and
SRNOM with different mass ratios. Cleaning experiments presented in this
section were performed at fixed physical conditions so that only the chemical
aspects of cleaning could be investigated.

4.1.1 Effect of Cleaning Solution Type

The cleaning efficiency with different cleaning solutions — NaOH (pH 11), SDS,
and EDTA—is compared in figure 4-1. Deionized (DI) water was also used to
serve as a baseline for comparison with the cleaning solutions. Because fouling
runs prior to each cleaning experiment were performed under identical conditions,
the flux behavior of each run was almost identical, except the pure water flux
obtained after cleaning. Therefore, the flux profiles for subsequent
fouling/cleaning experiments will not be shown, unless different concentrations
and types of organic foulants were used, which would result in flux decline
profiles different from those shown in figure 4-1.

Figure 4-1(a) clearly shows that permeate flux during fouling runs decreased
dramatically since alginate fouling of the RO membrane was accelerated in the
presence of calcium ions (0.5 millimolar [mM]). As described earlier, calcium
ions bind with carboxylic groups of alginate and bridge between adjacent alginate
molecules, leading to the formation of a cross-linked alginate fouling layer on the
membrane surface. This alginate fouling layer can also be explained by the gel
formation of alginate in presence of calcium ions as commonly described by the
‘egg-box’ model (Grant et al., 1973). Based on this model, divalent cations (such
as calcium ions) induce gelation of alginate through binding with and bridging
between alginate molecules in a highly cooperative manner, leading to the ‘egg-
box’ shaped gel network. In fact, visual inspection of the membrane surface at
the end of the fouling runs confirmed the presence of a thick alginate gel layer.
Therefore, the efficiency of a cleaning agent depends on the ability of the cleaning
agent to break down the alginate gel network in the fouling layer through
chemical reaction of the cleaning agent with the fouling layer.
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Figure 4-1. Influence of cleaning solution type on cleaning of organic-fouled

RO membranes: (a) flux behavior during the fouling/cleaning experiments and (b)
variation in cleaning efficiency with respect to cleaning solution type. Conditions for
fouling experiments: alginate concentration = 20 milligrams per IitergmglL), calcium
concentration = 0.5 mM, total ionic strength = 10 mM (i.e., 0.5 mM Ca”* plus 8.5 mM
NaCl), pH = 5.90 * 0.05, initial flux = 20 micrometers per second (um/s), crossflow
velocity = 8.56 centimeters per second (cm/s), and temperature = 20.0 * 0.2 degress
Celsius (°C). Conditions for cleaning experiments: time =15 minutes, temperature =
20.0 £ 0.2 °C, crossflow velocity = 42.8 cm/s. Cleaning solutions were used without
pH adjustment (ambient pH) except for the NaOH cleaning. Note that the last data
points in figure 4-1(a) are for flux measured with DI water after the corresponding
cleaning

Figure 4-1(a) presents the efficiency of each cleaning solution, determined by
comparing the pure water fluxes before fouling and after cleaning (the initial and
final water fluxes are shown in figure 4-1(a)). The cleaning efficiencies with
NaOH (pH 11) and 2 mM SDS were 14 and 15 percent (%), respectively. This
points out that NaOH and SDS cleaning performed at these experimental
conditions was ineffective since the cleaning efficiency with DI water was already
12%. Cleaning with 0.5 mM EDTA was relatively more effective compared to
NaOH and SDS, and the cleaning efficiency (25%) was two times higher than that
of DI water. This is attributed to the preferential EDTA-calcium complexation
compared to alginate-calcium complexation.

In the case of NaOH cleaning, it is inferred that chemical reaction between NaOH
and alginate-calcium complexes in the alginate gel layer was limited and, thus,
resulting in a poor cleaning efficiency. There are two possible ways to increase
NaOH cleaning efficiency: increasing NaOH concentration (i.e., higher pH)
and/or using more favorable physical conditions. The former, however, is not
applicable in real world applications since most polymeric RO membranes
tolerate a limited pH range (i.e., pH 3—12). Therefore, the latter possibility has
been investigated, and the results will be shown later in this chapter.

10



The ineffective SDS cleaning is attributed to the low SDS concentration applied
during cleaning. The 2-mM concentration was much lower than the critical
micelle concentration (CMC) of SDS, reported as 8.36 mM in DI water (Mukerjee
and Mysels, 1970). At this low SDS concentration, the interaction of the
adsorbed SDS molecules with alginate-calcium complexes was not strong enough
to break the intermolecular bridging formed with calcium ions. Li and Elimelech
(Li and Elimelech, 2004) demonstrated that a marked increase in cleaning
efficiency of a natural-organic-matter- (NOM) fouled nanofiltration (NF)
membrane was observed when SDS concentration was higher than the CMC. The
influence of SDS concentration on cleaning efficiency will be discussed later.

In the case of EDTA cleaning, cleaning efficiency is quite sensitive to solution
pH. The chelating ability of EDTA to remove complexed calcium ions from
alginate-calcium complexes through a ligand exchange reaction increases at
higher pH where more carboxylic groups of EDTA are deprotonated. This will be
confirmed when the effect of cleaning solution pH on cleaning efficiency is
reported.

For the above runs, visual inspection of the membranes after cleaning by all tested
solutions revealed that there was still substantial alginate gel layer on the
membrane surface. This observation is not surprising since the cleaning
efficiency was less than 25% for all cases shown in figure 4-1(a).

4.1.2 Effect of Cleaning Solution pH

The influence of solution pH on the cleaning efficiency of SDS and EDTA is
illustrated in figure 4-2. It is shown that cleaning efficiency increased noticeably
(i.e., from 25 to 44%) with increasing pH from 4.9 to 11.0 for EDTA, while there
was only a slight increase for SDS at higher pH. At pH 11.0, essentially all the
carboxylic functional groups of EDTA are deprotonated (pK, values are 1.99,
2.67,6.16, and 10.26 (Budavari, 1989; Dean, 1987). The increase in the chelating
ability of EDTA at pH 11.0 resulted in a more effective ligand exchange reaction
between EDTA and alginate-calcium complexes within the alginate gel layer.
Consequently, the alginate gel layer was broken down relatively more easily
compared to lower pH and, thus, resulted in a higher cleaning efficiency. On the
other hand, solution pH showed very little effect on SDS cleaning, because the
pK, of the sulfate functional group of SDS is 2.12 (Hong and Elimelech, 1997; Li
and Elimelech, 2004), implying that SDS is in its ionic form at both pH values
examined. The results imply that cleaning solution pH is a governing factor
affecting chemical reaction between EDTA and deposited foulants, while
chemical reaction between SDS and foulants is less influenced by cleaning
solution pH.

11
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Figure 4-2. Variation in SDS and EDTA cleaning
efficiencies as a function of cleaning solution pH.
Cleaning experiments were performed following fouling
runs carried out at the same conditions as those in figure
4-1(a). Conditions for cleaning experiments were identical
to those in figure 4-1(b), except for the cleaning solution
pH as indicated in this figure.

It is noteworthy that the efficiency of the 0.5-mM EDTA cleaning solution at

pH 11 was relatively low (less than 45%) compared to the results of other studies
on EDTA cleaning of NOM-fouled NF membranes. These studies showed that
EDTA treatment was effective (almost 100% cleaning efficiency) in cleaning
NOM-fouled NF membranes in the presence of calcium ions when the molar
EDTA concentration (cleaning solution) was the same as the calcium
concentration used during the fouling runs. Note that, in our study, both EDTA
and calcium concentrations during the cleaning and fouling experiments were

0.5 mM. The reason for this discrepancy is attributed to the structural difference
in the fouling layers as well as the different extent of foulant accumulation on the
membrane surface for these two cases. The fouling layer of the other studies
comprised hydrophobic NOM with smaller molecular weight, whereas the fouling
layer in this study comprised hydrophilic alginate with larger molecular weight.
This argument will be discussed later in this chapter.

4.1.3 Effect of Cleaning Chemical Dose

Cleaning experiments were also performed with cleaning solutions containing
different doses of EDTA or SDS (both at the pH 11), as presented in figures 4-3
and 4-4, respectively. The results clearly show that cleaning efficiency with
EDTA and SDS cleaning increased with increasing cleaning agent dose. For
EDTA, cleaning efficiency increased proportionally with EDTA concentration
and reached near 100% efficiency at 2.0 mM EDTA. Note that this molar
EDTA concentration is four times higher than the calcium concentration

12
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Figure 4-4. Variation in SDS cleaning
efficiency with SDS concentration.

SDS cleaning experiments were performed at
pH 11 following fouling runs carried out at
the same conditions as those in figure 4-1(a).
Other cleaning conditions were identical to
those in figure 4-1(b).
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employed during fouling. For SDS cleaning, there was a notable increase in
cleaning efficiency when SDS concentration increased from 5 to 8 mM. We note
that an 8-mM SDS concentration is close to the CMC of SDS, reported as

8.36 mM in DI water (Mukerjee and Mysels, 1970). Therefore, it is concluded
that cleaning with SDS above the CMC is the critical factor for efficient

SDS cleaning, allowing adequate chemical reaction between SDS and the
foulants to break down the alginate gel network. A similar mechanism of

SDS cleaning of fouled NF membranes by humic acid in the presence of calcium
ions has been discussed in our recent work (Li and Elimelech, 2004).

4.1.4 Effect of Organic Foulant Composition

As discussed in previous sections, the fouling layer structure as well as the extent
of foulant accumulation on the membrane surface are expected to affect cleaning
efficiency for a given cleaning agent under the same cleaning conditions. To
investigate the influence of structural difference of the organic fouling layer on
cleaning efficiency, fouling runs were performed with feed waters containing
different mass ratios of alginate to SRNOM. Several feed water foulant
compositions were examined with the total foulant concentration maintained at
20 mg/L: (i) 20 mg/L alginate and no SRNOM, (ii) 14 mg/L alginate plus

6 mg/L-SRNOM, (iii) 6 mg/L alginate plus 14 mg/L SRNOM, and (iv) 20 mg/L
SRNOM and no alginate. It is expected that the difference in feed water organic
composition will result in the formation of organic fouling layers which are
structurally different from one another, thus resulting in different cleaning
efficiencies with the same cleaning solution. Following the fouling runs, each
cleaning experiment was performed with 0.5 mM EDTA (pH 11). The flux
profiles of these fouling runs and the cleaning efficiencies determined from the
subsequent cleaning experiments are presented in figure 4-5.

The flux behaviors depicted in figure 4-5(a) varied, indicating that the structure
and/or amount of fouling layer were different for each foulant composition. A
more severe flux decline was observed with increasing alginate concentration, and
there was a significant difference in the flux profiles for alginate (i.e., absence of
SRNOM) and SRNOM (i.e., absence of alginate) fouling runs. This implies that
the alginate fouling layer produced greater hydraulic resistance to permeate flow
than the SRNOM fouling layer. This is attributed to the formation of gel-type
alginate fouling layer as described earlier based on the ‘egg-box’ model. The
gelation of charged macromolecules in the presence of calcium ions is
predominant for hydrophilic organic macromolecules (such as acidic
polysaccharides) compared to hydrophobic organic macromolecules (such as
humic acids) (Grant et al., 1973). However, it should be noted that NOM fouling
in presence of calcium ions also results in severe flux decline during
nanofiltration and tight-ultrafiltration (Cho et al., 2000; Hong and Elimelech,
1997; Seidel and Elimelech, 2002). The reason for the less pronounced flux
decline with SRNOM observed in this study is that the additional hydraulic
resistance of the SRNOM fouling layer to permeate flow is relatively much
smaller than that of the RO membrane used in this study.

14
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Figure 4-5. Influence of feed water organic composition on cleaning of organic-
fouled RO membranes: (a) flux behavior during the fouling/cleaning experiments
and (b) variation in cleaning efficiency with respect to feed water organic
composition. Fouling experiments were performed with feed waters containing:
alginate = 20 mgl/L (i.e., alginate only); alginate = 14 mg/L and SRNOM = 6 mg/L
(i.e., alginate: SRNOM = 7:3); alginate = 6 mg/L and SRNOM = 14 mg/L (i.e.,
alginate: SRNOM = 3:7); or SRNOM = 20 mg/L (i.e., SRNOM only). Other fouling
conditions were identical to those in figure 4-1(a). Cleaning experiments were
performed with 0.5-mM EDTA cleaning solutions at pH 11.0. Other cleaning
conditions were identical to those in figure 4-1(b). Note that the last data points in
figure 4-5(a) are for flux measured with DI water after the corresponding cleaning.

It is also noteworthy that, in the case of alginate fouling, the flux declined rapidly
in the initial stage and, then, declined gradually. On the other hand, for SRNOM
fouling, the fouling rate increased as fouling progressed (i.e., flux declined more
rapidly with filtration time). This implies that the alginate gel layer was denser
and more compact than the SRNOM fouling layer, leading to a substantial
hydraulic resistance upon gel formation. However, this alginate fouling layer was
likely less compressible than the SRNOM fouling layer that became more
compact during filtration, resulting in a higher fouling rate as fouling progressed.
In addition, the flux decline behavior with the higher SRNOM proportion (i.e.,
alginate:SRNOM = 3:7) was more similar to that for alginate fouling (i.e.,

20 mg/L alginate and absence of SRNOM) than that for SRNOM fouling (i.e.,

20 mg/L SRNOM and absence of alginate). This suggests that a small amount of
alginate (6 mg/L alginate and 14 mg/L SRNOM) was enough to form alginate gel
layer on the membrane surface, and the alginate molecules more easily
accumulated on the membrane surface compared to SRNOM molecules.

Figure 4-5b clearly shows that the cleaning efficiency with 0.5 mM EDTA

(pH 11) increased when the fouling runs were performed with feed waters
containing a higher proportion SRNOM to alginate. The SRNOM-fouled
membrane (i.e., absence of alginate) achieved the highest cleaning efficiency
(108 %), while the alginate-fouled membrane (i.e., absence of SRNOM) had the
lowest efficiency (44%). The combined organic fouling with alginate to
SRNOM ratios of 3:7 and 7:3 had cleaning efficiencies of 102 and 64%,
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respectively. These values were expected as they were within the range of the
cleaning efficiencies for the alginate-fouled and SRNOM-fouled membranes. The
high-cleaning efficiency of SRNOM-fouled membrane was in agreement with our
recent study on EDTA cleaning of NOM-fouled NF membrane (Hong and
Elimelech, 1997). A cleaning efficiency of over 100% suggests that the recovered
flux after EDTA cleaning was higher than the flux of the original clean
membrane, probably due to the presence of a small amount of EDTA and/or
NOM on the membrane surface, making the membrane more hydrophilic and,
thus, enhancing the partitioning and passage of water molecules (Hong and
Elimelech, 1997).

The difference in the EDTA cleaning efficiency for the alginate-fouled and
SRNOM-fouled membranes can be attributed to one or more of the following:

(1) the stronger binding and bridging of calcium to alginate than SRNOM, (ii) the
gel-forming nature of alginate which yields a denser and more compact fouling
layer compared to SRNOM, and (iii) the larger mass of alginate accumulating on
the membrane surface compared to SRNOM. The first explanation is not likely
since a strong chelating agent, such as EDTA, can easily remove the complexed
calcium from both alginate-calcium and SRNOM-calcium complexes via a
ligand-exchange reaction. The second explanation is based on the observation
that, in the presence of divalent cations, the alginate gel layer produced more
resistance to permeate flow than the SRNOM fouling layer. This behavior
suggests that the alginate fouling layer is much denser and more compact than the
SRNOM fouling layer due to the gel-like structure of the alginate fouling layer.
Consequently, during EDTA cleaning, EDTA molecules diffused more easily into
the looser SRNOM fouling layer. Thus, a more rigorous ligand-exchange
reaction is likely to occur within the SRNOM fouling layer than within the
alginate fouling layer; and, consequently, this has more impact on breaking up the
intermolecular bridging of SRNOM induced by calcium ions than that of alginate.
A third possible explanation for the difference in cleaning of the alginate-fouled
and SRNOM-fouled membranes is the variation in the amount of accumulated
foulant on the membrane surface. At the given hydrodynamic conditions (i.e.,
initial flux and crossflow velocity), the larger alginate macromolecules may
accumulate more effectively on the RO membrane surface compared to the
smaller SRNOM molecules because of the lower back-diffusion experienced by
larger macromolecules. In the previous results (figure 4-2), an almost 100%
cleaning efficiency was demonstrated for the alginate-fouled RO membrane
when 2.0 mM EDTA was used. This suggests that 0.5 mM EDTA was not
enough to react with all the alginate-calcium complexes in the gel layer (within
the 15-minute cleaning time), while this dose was sufficient to react with all the
SRNOM-calcium complexes in the fouling layer (over 100% cleaning efficiency).
Thus, to better understand the cleaning mechanisms, the “stoichiometry” between
the cleaning agent dose and amount of foulant on the membrane surface must be
considered.
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4.2 Physical Aspects of Cleaning

In this section, we investigate the physical aspects of cleaning—crossflow
velocity, cleaning time, and temperature—to determine the favorable conditions
for effective mass transfer. During cleaning, mass transfer of foulants from the
fouling layer to the bulk solution takes place after the chemical reaction between
the cleaning agent and deposited foulants have weakened the structural integrity
of the fouling layer. Crossflow velocity in the membrane cell mainly controls the
mass transfer, and cleaning time and temperature affect the overall mass transfer
since the rate and extent of solute transport are functions of time and temperature.
Cleaning experiments—following fouling runs carried out under identical
conditions—were performed at fixed chemical conditions, thus focusing on the
physical aspects of cleaning. However, it is important to note that cleaning time
and temperature also affect chemical reaction between cleaning agent and foulants
since contact time (between cleaning agent and fouling layer) and solution
temperature influence the extent and rate of reaction. While investigating the
influence of a certain physical factor on the efficiency of a cleaning agent, all
other physical factors are kept constant.

4.2.1 Effect of Cleaning Time

The influence of cleaning time on the efficiency of each cleaning agent was
investigated. The flux behaviors during the fouling/cleaning runs and the
resulting cleaning efficiencies with NaOH (pH 11) and 0.5 mM EDTA (pH 11)
are shown in figure 4-6. The influence of cleaning time on cleaning efficiency is
also compared for two different SDS concentrations (2 and 10 mM; both at

pH 11) as shown in figure 4-7. In all cases, the results are compared for cleaning
performed for 15 and 60 minutes.

For NaOH (pH 11) cleaning, an increase in cleaning time from 15 to 60 minutes
resulted in negligible difference in cleaning efficiency (figure 4-6). This is
attributed to the limited chemical reaction between NaOH and foulants in the
alginate gel layer. In other words, a longer contact time did not contribute to
enhancing cleaning efficiency, unless there was a favorable chemical reaction
between the cleaning agent and foulants in the fouling layer to lessen foulant-
foulant interactions. Therefore, we conclude that NaOH is not a suitable cleaning
agent for membranes fouled by organic matter in presence of calcium ions.
Besides, as mentioned earlier, increasing the NaOH concentration and, hence,
resulting in a pH higher than 12, is not applicable for most polymeric

RO membranes. In the case of EDTA cleaning, there was a twofold increase in
cleaning efficiency when the cleaning time was increased from 15 to 60 minutes.
Contrary to NaOH, EDTA is a favorable cleaning agent since EDTA reacts
specifically within the fouling layer through a ligand-exchange reaction.
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Figure 4-6. Variation in NaOH and EDTA cleaning efficiencies with respect to
cleaning time: (a) flux behavior during fouling/cleaning experiments and

(b) cleaning efficiency. Cleaning experiments were performed at pH 11.0 following
fouling runs carried out at the same conditions as those in figure 4-1(a). Other
cleaning conditions were identical to those in figure 4-1(b) except the cleaning time
as indicated in the figure. Note that the last data points in figure 4-6(a) are for flux
measured with DI water after the corresponding cleaning.
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Figure 4-7. Variation in SDS cleaning efficiency
with respect to cleaning time at different

SDS concentrations. Cleaning experiments were
performed at pH 11 following fouling runs carried
out at the same conditions as those in figure 4-
1(a). Other cleaning conditions were identical to
those in figure 4-1(b), except the cleaning time
and SDS concentration as indicated in the figure.
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Previous results (figure 4-4) demonstrated that the efficiency of SDS cleaning

is significantly influenced by SDS concentration with respect to its CMC.

As shown in figure 4-7, increasing cleaning time from 15 to 60 minutes resulted
in nearly 100% cleaning efficiency when 10 mM SDS was used. However,
cleaning with 2 mM SDS for 60 minutes was still ineffective (less than 30%
cleaning efficiency). This observation is closely related to the previous results for
NaOH and EDTA cleaning performed for different cleaning times. Similar to
NaOH, cleaning with 2 mM SDS was, to some extent, limited in terms of
chemical reaction; and, thus, increasing cleaning time did not significantly
enhance the cleaning efficiency. However, increasing cleaning time for the
10-mM SDS solution led to an almost complete cleaning of the fouled membrane
since cleaning with 10 mM SDS was favorable in terms of chemical reaction
between SDS and the foulants within the fouling layer. Therefore, while
considering the chemical aspects of cleaning (e.g., deciding the cleaning agent
dose), optimization of cleaning time should be taken into account since increasing
cleaning time does not always result in a corresponding increase in cleaning
efficiency.

4.2.2 Effect of Crossflow Velocity

The influence of crossflow velocity (during cleaning) on cleaning efficiency was
investigated with solutions containing different doses of EDTA (0.5 and 2.0 mM;
both at pH 11), as shown in figure 4-8. It is shown that cleaning efficiency with
0.5 mM EDTA did not improve significantly with increasing crossflow velocity,
while there was a discernible increase in cleaning efficiency with 2.0 mM EDTA
as crossflow velocity increased. We have shown earlier that, for a cleaning agent
to be effective, the chemical reaction with the foulants has to be favorable before
physical interaction (due to crossflow velocity) takes place. With 0.5 mM EDTA,
the concentration of cleaning agent was not enough to produce a favorable
chemical reaction with the foulants in the fouling layer within the 15-minute
cleaning time. An increase in crossflow velocity which resulted in an increase in
the shear rate did not enhance the mass transfer of foulants in the fouling layer to
the bulk solution because the EDTA molecules did not react strongly with the
foulants, and the structural integrity was still very much intact. However, with
2.0 mM EDTA, an increase in shear rate enhanced the mass transfer of the
foulants from the fouling layer to the bulk solution, as 2.0 mM EDTA is favorable
for a rigorous chemical reaction. This led to an increase in cleaning efficiency
with increasing crossflow velocity. We conclude that the chemical reaction of the
cleaning agent with deposited foulants and the associated mass transfer
phenomena are quite important in membrane cleaning.

4.2.3 Effect of Temperature

The results for EDTA cleaning performed at different temperatures are presented
in figure 4-9. We note that, in both cases, the pure water flux after cleaning was
determined at 20 °C. The cleaning efficiency with 0.5 mM EDTA (pH 11)
increased dramatically with increasing cleaning temperature from 20 to 40 °C.
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Figure 4-8. Variation in EDTA cleaning efficiency with the
crossflow velocity during cleaning with different EDTA
concentrations. Cleaning experiments were performed at
pH 11 following fouling runs carried out at the same
conditions as those in figure 4-1(a). Other cleaning
conditions were identical to those in figure 4-1(b) except
the crossflow velocity and EDTA concentrations as
indicated in the figure.
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Figure 4-9. Variation in EDTA cleaning efficiency

with respect to cleaning solution temperature. Cleaning
experiments were performed with 0.5-mM EDTA solution
at pH 11 following fouling runs carried out at the same
conditions as those in figure 4-1(a). Other cleaning
conditions were identical to those in figure 4-1(b) except
the temperature as indicated in the figure.



Both the rate of chemical reaction of EDTA with the deposited foulants and the
diffusive transport of foulants from the fouling layer to the bulk solution increased
as temperature was increased. At a higher temperature, the swelling of the

alginate gel layer might have also contributed to weakening its structural stability
(Moe et al., 1992).

4.3 Relating Cleaning Efficiency to Measured
Adhesion Forces

Based on the preceding results, it has been shown that chemical reaction of the
cleaning agent with the foulants in the fouling layer plays a critical role in
determining the overall cleaning efficiency. Determining the intermolecular
adhesion forces between foulants in the fouling layer in the presence, or absence,
of cleaning solution enables us to predict the capability of chemical reaction
between cleaning agent and the foulants. A more favorable (or reactive) cleaning
agent will result in less intermolecular adhesion force between foulants in the
fouling layer.

The intermolecular adhesion force was first determined in the absence of
cleaning solution to serve as a baseline and, then, in the presence of the

cleaning agent. In the absence of cleaning solution, the interfacial adhesion force
was determined with the same solution used as feed water for the fouling runs
(i.e., 20 mg/L alginate, 0.5-mM Ca®", 10-mM total ionic strength, and pH 6.0).
The interfacial adhesion forces determined in the presence of cleaning solutions
(same solution chemistries as those used in the cleaning experiments) were
compared with the cleaning efficiency determined from fouling/cleaning
experiments, as shown in figure 4-10.

Figure 4-10(a) shows the intermolecular adhesion forces determined in the
presence of different cleaning solutions (i.e., NaOH, 0.5 mM EDTA, and 10 mM
SDS, all at pH 11) as well as in the absence of cleaning solution. The maximum
adhesion force (corresponds to the minimum in the adhesion force curve) in the
absence of cleaning solution was about 1.5 millinewton per meter (mN/m). The
addition of SDS to the test solution was the most effective, almost eliminating the
adhesion force. The addition of EDTA to the test solution decreased the adhesion
force substantially, reducing the maximum adhesion force to 0.4 mN/m. In the
presence of NaOH (pH 11), however, a significant adhesion force (1.3 mN/m)
was still present. It is also noted that, with the reduction in adhesion force in
presence of the cleaning solution, the distance from the fouling layer on the
membrane surface to the point where no adhesion force was observed was
reduced correspondingly. The reduction in intermolecular adhesion force with
each cleaning solution was directly related to the cleaning efficiency as shown in
figure 4-10(b). These cleaning efficiencies were determined from experiments
with each cleaning solution at fixed physical cleaning conditions (60-minute
cleaning time, crossflow velocity of 42.8 cm/s, and 20 °C).
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Figure 4-10. Relationship between intermolecular adhesion forces and cleaning
efficiency: (a) variation in foulant-foulant adhesion forces as a function of
cleaning solution type (the curve indicated as ‘no cleaning agent’ was determined
in the absence of cleaning solution) and (b) variation in cleaning efficiency as a
function of cleaning solution type. The test solutions used in the interfacial force
measurements were the same as those used during fouling runs and also
contained cleaning solutions as indicated in the figure. Cleaning experiments
were carried out for 60 minutes following fouling runs performed at the same
conditions as those in figure 4-1(a). Other cleaning conditions were identical to
those in figure 4-1(b).

The results in figure 4-10 demonstrate a strong relationship between the
efficiency of a cleaning solution and the residual intermolecular adhesion force in
the presence of the same cleaning solution. This is because the efficiency of a
cleaning solution at fixed physical conditions was mainly governed by the
chemical reaction of the cleaning agent with the foulants in the fouling layer. A
more favorable chemical reaction would lead to a lower foulant-foulant adhesion
force and, hence, higher cleaning efficiency. This general relationship between
intermolecular adhesion force and cleaning efficiency has also been demonstrated
in our recent study with humic acid-fouled NF membranes (Li and Elimelech,
2004). Therefore, the selection of a favorable cleaning solution in terms of
chemical reaction between the cleaning agent and the foulants in the fouling layer
can be predicted by measuring the intermolecular adhesion force prior to the
fouling/cleaning experiments. Following this prediction, the selected favorable
cleaning solution can be used for cleaning experiments to determine the optimal
physical cleaning conditions in terms of both cleaning efficiency and operating
cost.

4.4 Effective Cleaning Requires Favorable Chemical
and Physical Interactions

Membrane cleaning involves both chemical and physical interactions. These
interactions include (i) chemical reaction between the cleaning agent and the
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foulants in the fouling layer and (ii) mass transfer of cleaning agent from the bulk
solution to the fouling layer and the foulants from the fouling layer back to the
bulk solution. A schematic representation of the roles of chemical and physical
interactions for effective cleaning of organic-fouled RO membranes is shown in
figure 4-11. Effective cleaning can be achieved only when both the chemical and
physical interactions are favorable as discussed below.

In the presence of a cleaning solution, chemical reaction will occur between the
cleaning agent and the foulants in the fouling layer. In this study, we have seen
that the effectiveness of cleaning in terms of chemical reactivity depends on the
type of cleaning solution, cleaning solution pH, cleaning chemical dose, and the
foulant chemical composition. When a cleaning agent has a favorable chemical
reactivity, the cleaning agent, upon contact with the foulants, will be able to react
with the foulants and weaken the structural integrity of the fouling layer. The
physical (hydrodynamic) conditions, which are mainly responsible for the mass
transfer of the reaction products, then play an important role in removing the
foulants from the fouling layer.

As we have shown earlier, some physical conditions (i.e., cleaning time and
temperature) affect the mass transfer and chemical reaction concurrently, unless
the cleaning agent is limited in terms of chemical reactivity. When a cleaning
agent has a favorable chemical reaction with the foulants in the fouling layer, an
optimization of the physical conditions improves its cleaning efficiency
significantly, as illustrated for 0.5 mM EDTA and 10-mM SDS solutions when
the cleaning time was increased from 15 to 60 minutes. However, improving the
physical conditions will not enhance the cleaning efficiency of a cleaning agent
that does not have a favorable chemical reaction with the foulants, as shown for
NaOH solution when the cleaning time was increased from 15 to 60 minutes. As
we emphasized earlier, effective cleaning of organic-fouled RO membranes
requires both the physical and chemical interactions to be favorable.

4.5 Conclusion

The cleaning of organic-fouled RO membranes is accomplished by the chemical
reaction between cleaning agents and foulants in the fouling layer, followed by
the mass transfer of loosened foulants from the fouling layer to the bulk solution.
The chemical reaction is greatly influenced by the type and dose of cleaning agent
as well as cleaning solution pH. In addition, the fouling layer composition also
influences the reactivity of a cleaning agent with foulants in the fouling layer.

EDTA and SDS were quite effective in reacting with organic foulants in the
fouling layer formed in the presence of calcium ions, while NaOH cleaning
resulted in poor cleaning efficiency due to its limited reactivity with deposited
foulants. Cleaning efficiency with EDTA and SDS was improved by optimizing
cleaning agent dose and solution pH. However, these chemical factors hardly
contributed to improving the efficiency of NaOH cleaning.
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Figure 4-11. Schematic representation for effective cleaning of organic-fouled RO
membranes. A cross-linked fouling layer is formed on the membrane surface in
presence of calcium ions, which bind to organic foulants and form bridges
between adjacent foulant molecules. During cleaning, the cleaning agent reacts
with the foulants in the fouling layer yielding loosened foulants. These reaction
products are removed from the fouling layer to the bulk solution through the
hydrodynamics/mass transfer. Thus, efficient cleaning can be achieved through
the coupling between the chemical reaction and mass transfer along with the
optimization of cleaning conditions responsible for the favorable chemical reaction
and mass transfer.
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For favorably reactive cleaning agents, cleaning efficiency can be further
improved by enhancing the mass transfer of the reaction products from the fouling
layer to the bulk solution. Mass transfer of the foulants from the fouling layer to
the bulk solution was mainly controlled by the crosstflow velocity, whereas
cleaning time and temperature affected both the mass transfer and chemical
reaction.

The AFM force measurements show that the chemical reaction between cleaning
agents and deposited foulants plays an important role in reducing the
intermolecular adhesion force between foulants in the fouling layer. A
remarkable correlation is noted between the cleaning efficiencies and the
magnitudes of the adhesion force measured in the presence of the corresponding
cleaning solutions. The cleaning efficiency was inversely related to the residual
foulant-foulant adhesion force, implying that favorable cleaning agents are those
that are effective in reducing the intermolecular adhesion force. Therefore, it is
suggested that AFM force measurements can be used as a tool to predict the
effectiveness of the chemical reactivity of a cleaning agent. The selection of
reactive cleaning agents is of paramount importance in determining the overall
cleaning efficiency since the optimization of physical conditions could improve
the cleaning efficiency only when the chemical reaction of the cleaning agent with
deposited foulants is favorable.
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5. Cleaning of RO Membranes Fouled
by Mixtures of Organic Foulants

5.1 Fouling Runs

Figures 5-1 and 5-2 show the normalized flux profiles for LFC-1 membranes
fouled by each individual foulant (alginate, BSA, SRNOM, or OA) in the absence
and presence of Ca”", respectively. The solution pH was adjusted to 6.0 so as to
simulate the pH of waste water effluents. In the absence of Ca®", the flux decline
profiles of membranes fouled by the various foulants are insignificant. The effect
of Ca”" is most significant on membranes fouled by alginate due to the gel
formation of alginate in the presence of Ca**. At a relatively low foulant
concentration of 25 mg/L, the effect of Ca’" on fouling of RO membranes by
BSA, SRNOM, or OA is minimal. However, we have observed that the presence
of Ca”" can affect fouling behavior when the foulant concentrations are higher
(300 mg/L BSA; 2 mM or 288 mg/L OA).
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Figure 5-1. Influence of individual foulant type on
fouling of LFC-1 membranes in the absence of Ca®*".
The total ionic strength of the feed solution was fixed at
10 mM by adjusting with NaCl, and the feed solution pH
was adjusted to 6.0 £ 0.2, if necessary, by adding NaOH.
Fouling conditions: foulant concentration = 25 mg/L,
initial permeate flux = 23 pm/s (or 83 L m-2 h-1),
crossflow velocity = 8.6 cm/s, and temperature = 21.0 *
0.5 °C.
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Figure 5-2. Influence of individual foulant type on
fouling of LFC-1 membranes in the presence of 0.5 mM
Ca*'. The total ionic strength of the feed solution was
fixed at 10 mM by adjusting with NaCl, and the feed
solution pH was adjusted to 6.0 £ 0.2, if necessary, by
adding NaOH. Fouling conditions were identical to
those in figure 5-1.

To investigate the implications for waste water reclamation, the effect of Ca** on
fouling of RO membranes by all possible combinations of two or more foulant
types is investigated. The concentration of each foulant type was maintained at
25 mg/L. Figures 5-3 and 5-4 show the normalized flux profiles of membranes
fouled by a mixture of two foulants in the absence and presence of Ca®",
respectively. In the absence of Ca®", the flux declines are insignificant, especially
for foulant mixtures containing SRNOM. The effect of Ca®" is most significant
for feed solutions containing alginate as one of the two foulant types. Comparing
the flux profiles of membranes fouled by alginate as a co-foulant, the flux-decline
profile of membrane fouled by alginate and OA is the least significant due to the
formation of octanoic acid-calcium complexes that increase the hydrophilicity of
the fouling layer. The relevant data is not shown in this report but has been
included in a journal paper titled “Fatty acid fouling of reverse osmosis
membranes: Implications for waste water reclamation” which has been submitted
for publication.

Figures 5-5 and 5-6 show the normalized flux profiles of membranes fouled by a
mixture of three foulant types and all foulant types in the absence and presence of
Ca”", respectively. In accordance with the membrane fouling behavior observed
in figure 5-3, membranes fouled by foulant mixtures containing SRNOM in the
absence of Ca*" have less significant flux-decline profiles than the membrane
fouled by a mixture of alginate, BSA, and OA. Comparing the latter with the flux
profile of the membrane fouled by all four foulant types, the addition of SRNOM
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Figure 5-3. Influence of two-foulant mixture on fouling
of LFC-1 membranes in the absence of Ca®*. The total
ionic strength of the feed solution was fixed at 10 mM
by adjusting with NaCl, and the feed solution pH was
adjusted to 6.0 * 0.2, if necessary, by adding NaOH.
Fouling conditions were identical to those in figure 5-1.
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Figure 5-4. Influence of two-foulant mixture on fouling
of LFC-1 membranes in the presence of 0.5 mM ca®.
The total ionic strength of the feed solution was fixed at
10 mM by adjusting with NaCl, and the feed solution pH

was adjusted to 6.0 £ 0.2, if necessary, by adding NaOH.

Fouling conditions were identical to those in figure 5-1.
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Figure 5-5. Influence of three-foulant and four-foulant
mixtures on fouling of LFC-1 membranes in the
absence of Ca**. The total ionic strength of the feed
solution was fixed at 10 mM, and the feed solution pH
was adjusted to 6.0 £ 0.2, if necessary, by adding NaOH.
Fouling conditions were identical to those in figure 5-1.
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Figure 5-6. Influence of three-foulant and four-foulant
mixtures on fouling of LFC-1 membranes in the
presence of 0.5 mM Ca”. The total ionic strength of the
feed solution was fixed at 10 mM, and the feed solution
pH was adjusted to 6.0 * 0.2, if necessary, by adding
NaOH. Fouling conditions were identical to those in
figure 5-1.



to the foulant mixture did not affect the flux profile. These observations would
imply that, among various foulant types, SRNOM plays the least significant role
in membrane fouling caused by a combination of foulant types in the absence of
Ca™".

In the presence of Ca®", for membranes fouled by mixtures containing alginate,
the effect of Ca®" on flux profiles is most significant, especially for the membrane
fouled by a mixture of alginate, BSA, and SRNOM (without OA). Comparing the
latter with the flux profile of the membrane fouled by all four foulant types, an
inhibitory effect of OA on the flux-decline profile in the presence of Ca*" is
observed for the same reason given for the membrane fouling behavior when the
feed contains alginate and OA in the presence of Ca®*. The inhibitory effect of
OA on flux-decline profiles also can be observed from the flux profile by
combined foulant types of alginate, SRNOM, and OA in figure 5-6 and the profile
by alginate and SRNOM in figure 5-4.

Figure 5-7 shows Na" rejection of RO membranes fouled by combined foulant
types of alginate, BSA, SRNOM, and OA in the presence of Ca*" determined
before, and at the start and end of, the fouling runs. The feed solution pH was
adjusted to pH 6.0. The trend of Na" rejections is similar both in the absence and
presence of Ca®’. At the onset of fouling, the Na* rejections increase due to the
instantaneous formation of a fouling layer, which acts like an additional barrier to
the RO membrane. Towards the end of the fouling runs, the fouling layer
becomes thicker, resulting in higher Na* rejections. The presence of Ca®" resulted
in a more compact fouling layer, which improves the ability of the fouling layer to
act as a barrier against the transport of Na" across the membrane.

5.2 Cleaning Data

5.2.1 Single Cleaning Agent

5.2.1.1 Type of Cleaning Agent

Figure 5-8 shows the cleaning efficiencies of various cleaning agents on
membranes fouled by combined foulant types comprising alginate, BSA,
SRNOM, and OA, with the concentration of each foulant type at 25 mg/L, in the
presence of 0.5 mM Ca®". Cleaning was performed for 15 minutes without an
operating pressure (i.e., no permeate) and at a crossflow velocity five times as
high as that during fouling. Cleaning the fouled membrane with DI water resulted
in 19% cleaning efficiency, which implies that the fouling layer on the membrane
surface is largely irreversible. Conventional cleaning agents, such as NaOH (pH
11), 10 mM SDS (pH 11), and 0.5 mM EDTA (pH 11), are effective in removing
the fouling layer, as the cleaning efficiencies of the respective cleaning agents
measure 75, 79, and 91%. 500 mM NaCl (at unadjusted pH), which was proven
to be effective in cleaning alginate-fouled RO membranes (Lee and Elimelech,
2007), is also effective in cleaning the membrane fouled by the combined foulant

types.
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Figure 5-7. Na+ rejection of RO membranes measured before, and at
the start and end of, the fouling runs under an adjusted feed solution
pH of 6.0. The membranes were fouled by combined foulant types
comprising 25 mg/L each of alginate, BSA, SRNOM, and OA. Permeate
and feed samplings obtained before the fouling run were collected

30 minutes before the onset of fouling. Samplings taken at the start of
the fouling run were initiated after first discarding 20 mL of permeate
(duration of 8 minutes). Permeate and feed samples taken at the end
were collected during the final 40 minutes of the fouling run. Error
bars indicate one standard deviation. Fouling conditions were
identical to those in figure 5-1.
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Figure 5-8. Cleaning efficiencies of various cleaning agents
on membranes fouled by combined foulant types comprising
alginate, BSA, SRNOM, and OA, with the concentration of
each foulant type at 25 mg/L, in the presence of 0.5 mM ca”.
Cleaning conditions: time =15 minutes, temperature =21 *
0.5 °C, operating pressure = 0 pounds per square inch (psi).



5.2.1.2 Cleaning Agent pH

The influence of cleaning solution pH on the cleaning efficiency of cleaning
agents is illustrated in figure 5-9. Cleaning efficiencies increased significantly for
NaOH when the solution pH was increased from 6.5 to 11.0 (from 47 to 76%) and
for EDTA when the solution pH was increased from 4.8 to 11.0 (from 35 to 91%)).
At pH 11, the organic foulants are above the isoelectric points and negatively
charged. The effect of the shear due to the crossflow velocity, coupled with the
repulsive interaction among the foulant types within the fouling layer, is
substantial enough to break up the fouling layer matrix and transport the foulants
from the membrane surface to the bulk solution. It is interesting to observe that a
slight increase in solution pH from about 5.7 (DI water) to 6.5 (NaOH) results in a
two-fold increase in the cleaning efficiency from 19 to 47%. While NaOH

(pH 11) is not a favorable cleaning agent for cleaning membranes fouled solely
with alginate in the presence of Ca>" (Ang et al., 2006), we see that NaOH (pH

11) plays an effective role in cleaning membranes fouled with combined foulant
types. It is hypothesized that the type of foulant affects both the fouling layer
matrix and the cleaning efficiencies of cleaning agents in removing the foulants
from the membrane surface.
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Figure 5-9. Cleaning efficiencies of various cleaning
agents on membranes fouled by combined foulant
types comprising alginate, BSA, SRNOM, and OA, with
the concentration of each foulant type at 25 mg/L, in
the presence of 0.5 mM Ca®*. Other cleaning
conditions were identical to those in figure 5-8 except
for the indicated adjustments of pH.

At an unadjusted solution pH (4.8), ETDA is not fully deprotonated to chelate
fully with Ca** from the combined foulant-calcium complexes within the fouling
layer. When EDTA solution is adjusted to pH 11 with NaOH, the chelating
ability of EDTA is enhanced due to the full deprotonation of the carboxylic
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functional groups, resulting in a more effective ligand-exchange reaction between
EDTA and the combined foulant-calcium complexes within the fouling layer.
Interestingly, while 0.5 mM EDTA (pH 11) is effective in removing the combined
foulants from the membrane surface, the cleaning agent at the same concentration
and solution pH is not as effective as a cleaning agent for membranes fouled
solely with alginate in the presence of Ca** (Ang et al., 2006).

5.2.1.3 Cleaning Time

The influence of cleaning time on the cleaning efficiency of each cleaning agent
was investigated. The efficiencies of cleaning with DI water, EDTA, and SDS for
15 and 60 minutes are shown in figure 5-10. Increasing the cleaning time for

DI water from 15 to 60 minutes does not increase the cleaning efficiency
markedly (from 19 to 28%). This implies that DI water is not favorable as a
cleaning agent, as the enhanced physical and chemical aspects of cleaning did not
result in significant improvement in the cleaning efficiency. When the cleaning
times for EDTA and SDS are increased from 15 to 60 minutes, we see that the
cleaning efficiencies increased beyond 100% for both cleaning agents. As EDTA
and SDS are favorable cleaning agents, enhancing the physical and chemical
aspects of cleaning results in increased cleaning efficiencies. The presence of
permeate flux that is higher than that before the onset of fouling is a result of
modification to the surface properties (e.g., hydrophilicity) by the cleaning agent.
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Figure 5-10. Cleaning efficiencies of various cleaning
agents on membranes fouled by combined foulant
types comprising alginate, BSA, SRNOM, and OA, with
the concentration of each foulant type at 25 mg/L, in
the presence of 0.5 mM Ca®*. Other cleaning
conditions were identical to those in figure 5-8 except
for the indicated adjustments in cleaning times.
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5.2.1.3 Foulant composition

As discussed in previous sections, the feed foulant composition affects the
membrane flux profile, which is influenced by the foulant accumulation as well as
by the structure of the fouling layer on the membrane surface. To investigate the
effect of fouling layer structure on cleaning efficiency, the foulant composition in
the feed solution is varied. It is expected that the structure of the fouling layer
would affect the transfer of the cleaning agent to the fouling layer matrix and,
hence, removing the foulants from the membrane surface to the bulk solution.
Figure 5-11(a) shows the flux profiles of membranes fouled with feed solutions
containing different proportions of foulant types and cleaned with 0.5 mM EDTA
(pH 11). Keeping the total foulant concentration of each feed solution at

100 mg/L, the foulant composition comprised 25 mg/L alginate, 25 mg/L BSA,
25 mg/L SRNOM, and 25 mg/L OA for one feed solution; and 50 mg/L alginate,
17 mg/L BSA, 17 mg/L SRNOM, and 17 mg/L OA for the other solution. As the
flux profiles of the membranes fouled by the two foulant compositions were
identical, the cleaning efficiencies of the cleaning agents on the fouled
membranes can be compared.

Figure 5-11(a) shows the cleaning efficiencies of DI water, NaOH (pH 11), and
0.5 mM EDTA (pH 11) on membranes fouled with different feed foulant
compositions. The cleaning agents exhibit the same trend for membranes fouled
by different feed foulant compositions. 0.5 mM EDTA (pH 11) has a higher
cleaning efficiency than NaOH (pH 11), while DI water has a relatively low
cleaning efficiency. Each cleaning agent has a higher cleaning efficiency on
membranes fouled with a feed solution containing a higher proportion of alginate.
This observation can be attributed to the higher porosity of the fouling layer
structure formed from a feed solution containing a higher concentration of
alginate and lesser concentrations of the other foulant types. The more porous
fouling layer structure would enhance the transfer of the cleaning agents from the
bulk solution to the fouling layer and the transfer of reaction products from the
fouling layer back to the bulk solution.

5.3 Foulant-foulant Intermolecular Adhesion Forces

5.3.1 Effect of Ca®* on Foulant-foulant Interaction of Individual and
Combined Foulants

The AFM is used to determine the foulant-foulant interaction for all combinations
of foulant mixtures. Figures 5-12 and 5-13 show the intermolecular adhesion
force of individual and combined foulants (alginate, BSA, SRNOM, and OA) in
the absence and presence of Ca>", respectively, in feed solutions with identical
solution chemistries. In the absence of Ca**, the intermolecular adhesion force of
alginate molecules is the strongest and that of BSA molecules the weakest. The
magnitude of the intermolecular adhesion force of the combined foulants is
similar to that of the individual foulant which has the highest adhesion force
(alginate). This observation suggests that the combined foulant types in the
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Figure 5-11. Influence of feed foulant composition on cleaning of fouled membranes in
the presence of 0.5 mM Ca**: (a) flux profiles of fouled membranes with varying
proportions of foulant types, cleaned with 0.5 mM EDTA (pH 11) and (b) variations in
cleaning efficiencies with respect to feed foulant composition. Fouling experiments were
performed with feed solution containing (i) alginate = 25 mg/L, BSA = 25 mg/L, SRNOM =
25 mg/L, OA = 25 mg/L (i.e., alginate:BSA:SRNOM:OA = 1:1:1:1), or (ii) alginate = 50 mg/L,
BSA =17 mg/L, SRNOM =17 mg/L, OA = 17 mg/L (i.e., alginate:BSA:SRNOM:0OA =
3:1:1:1). The total ionic strength of the feed solution was fixed at 10 mM, and the feed
solution pH was adjusted to 6.0 £ 0.2. Other fouling and cleaning conditions were
identical to those in figures 5-1 and 5-8, respectively.
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Figure 5-12. Variation of mean foulant-foulant adhesion
forces of the individual foulants and the combined
foulants in the absence of Ca**. The concentration of each
individual foulant was 25 mg/L, and the combined foulants
were a mixture of all individual foulants at 25 mg/L each.
The total ionic strength of the feed solution was fixed at
10 mM, and the feed solution pH was adjusted to 6.0 by
adding NaOH. The error bars represent the standard
errors of the mean adhesion forces.
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Figure 5-13. Variation of mean foulant-foulant
adhesion forces of the individual foulants and the
combined foulants in the presence of 0.5 mM Ca®".
The concentration of each individual foulant was
25 mg/L, and the combined foulants were a
mixture of all individual foulants at 25 mg/L each.
The total ionic strength of the feed solution was
fixed at 10 mM, and the feed solution pH was
adjusted to 6.0 by adding NaOH. The error bars
represent the standard errors of the mean
adhesion forces.

mixture are not interacting and adhering to one another in the absence of Ca*",
and would therefore have an adhesion force largely determined by the individual
foulant possessing the highest adhesion force.

In the presence of Ca”", the intermolecular adhesion force of the alginate
molecules is the strongest, and that of BSA molecules is the weakest (adhesion
forces of individual foulants are similar to those in the absence of Ca®"). The
effect of Ca®" is most prominent on alginate as the adhesion force increases two-
fold from 0.71 + 0.04 to 1.45 + 0.03 mN/m. The magnitude of intermolecular
adhesion force of the foulant mixture is within the range of the highest and lowest
adhesion forces of the individual foulants (alginate and BSA, respectively). The
presence of Ca®" will cause the various foulant molecules to bind among
themselves to a different extent, depending on the foulant types in the solution. It
is hypothesized that when there is an increase in the interaction among the various
foulant types on the probe and the membrane surfaces, there will be less tendency
for the foulants on the adsorbed probe to interact and adhere to the foulants on the
membrane surfaces and vice versa, accounting for less foulant-foulant adhesion
force as compared to the highest adhesion force observed for the individual
foulants.
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The significant effect of Ca®" on the intermolecular adhesion force of alginate
molecules is reflected from the fouling runs when Ca”" is added to alginate in the
feed solution (figures 5-1 and 5-2), whereby the flux-decline profile is
significantly enhanced. While the effect of Ca®* on the intermolecular adhesion
forces of BSA, SRNOM, and OA is less obvious, we also see that the flux profile
of membrane fouled by BSA, SRNOM, or OA in the absence of Ca*" (figure 5-1)
is not noticeably affected with the addition of Ca** (figure 5-2). The effect of
Ca”" on the fouling of combined foulants (figures 5-1 and 5-2), which resulted in
an enhanced fouling behavior, is less telling from the corresponding effect of Ca**
on the intermolecular adhesion force of combined foulants, which increases from
0.70 + 0.03 to 0.78 + 0.05 mN/m in the presence of Ca*".

5.3.2 Effect of Cleaning Agents on Intermolecular Adhesion Force of
Combined Foulants
While the optimum concentration of a cleaning agent for a fouled membrane can
be determined from a series of cleaning experiments using various cleaning agent
concentrations on membranes fouled under the same fouling conditions, the
optimum concentration is only applicable under specific fouling and cleaning
conditions and will change with fouling and cleaning conditions. Determining the
optimum concentration by such a protocol is also time-consuming.

To circumvent the above issues, we can make use of the AFM as an alternative
tool for indicating the concentration of cleaning agent to be used for cleaning the
fouled membrane. The protocol for preparing the test solution is similar to that
used for analyzing intermolecular adhesion force of single foulants in the
presence of a cleaning agent, except that the foulant composition in the test
solution would include all the foulant types at the concentrations used in the
fouling runs. AFM force measurements are taken after a specific time

(15 minutes), so that the intermolecular adhesion forces can be compared in the
presence of various cleaning agent concentrations.

In the chapter on cleaning of alginate-fouled membrane, we proposed that
efficient cleaning involves two important mechanisms: (i) chemical reaction
between the cleaning agent and the foulants in the fouling layer and (ii) mass
transfer of the cleaning agents from bulk phase to fouling layer and foulants from
fouling layer to bulk phase. One major limitation of the AFM is that the physical
conditions at which membrane fouling takes place cannot be reproduced in the
AFM fluid cell. Consequently, the effect of mass transfer of the cleaning agents
during cleaning cannot be reflected. Nonetheless, the profile of the reduction in
intermolecular adhesion force with cleaning agent concentration would suggest
the concentration of cleaning agent to use. While chemical reaction between the
cleaning agent and the foulants at the suggested cleaning agent concentration is
favorable, the cleaning efficiency of a cleaning agent can be further optimized by
adjusting the operating conditions during cleaning, and such conditions would
vary accordingly depending on the fouling conditions.
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5.3.21 NaOH

The effect of NaOH on the reduction in foulant intermolecular adhesion force was
investigated. Figure 5-14 (a) shows that, although the foulant adhesion force
decreases with the addition of NaOH, the decrease is gradual. Figure 5-14 (b)
shows the profile of percentage reduction in adhesion force of the combined
foulants in the presence of NaOH. The trend of the slight reduction in adhesion
force with NaOH does not correspondingly reflect NaOH as a favorable cleaning
agent for membranes fouled by a mixture of foulant types comprising alginate,
BSA, SRNOM, and OA in the presence of 0.5 mM Ca*" (figure 5-8), a favorable
cleaning agent. It can be inferred that while NaOH is not a chemically favorable
cleaning agent (as shown by the cleaning efficiency of NaOH for alginate fouled
membranes and the effect of NaOH on the intermolecular adhesion force of
alginate molecules in chapter 4), the bulk of the fouling layer formed from
combined foulants can be removed by physical aspects of cleaning (e.g., shear
due to the crossflow velocity). The fact that the cleaning efficiency of NaOH is
higher for membranes fouled by combined foulants than alginate-fouled
membranes in the presence of Ca®* suggests that the binding among alginate-
calcium complex, which constitutes the bulk of the structural integrity of the
fouling layer for both types of membranes, is stronger when the feed solution
contains alginate as the sole foulant type, and weakened when other foulant types
are present in the feed solution.
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Figure 5-14. Effect of NaOH concentration: on (a) foulant intermolecular

adhesion forces. Test solutions contain 25 mg/L alginate + 25 mg/L BSA + 25 mg/L
SRNOM + 25 mg/L OA, in the presence of 0.5 mM Ca**. The total ionic strength

was fixed at 10 mM, and solution pH was adjusted by adding NaOH. (b) Effect of

NaOH concentration on percentage reduction in foulant intermolecular adhesion
forces. The reduction is based on the intermolecular adhesion force in the absence of
cleaning agent (pH 6).
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5.3.2.2 NacCl

Figure 5-15a shows the effect of concentration of NaCl on the reduction in foulant
intermolecular adhesion force. As NaCl concentration increases, the
intermolecular adhesion force of the combined foulants decreases constantly and
stabilizes at 100 mM. The percentage reduction in adhesion force in the presence
of NaCl, as indicated in figure 5-15b, is more significant than that in the presence
of NaOH. This observation is reflected in the fact that the cleaning efficiency for
500 mM NacCl is higher than that of NaOH (pH 11) (figure 5-8).
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Figure 5-15. Effect of NaCl concentration (pH 6.0 + 0.2): on (a) foulant intermolecular
adhesion forces. Test solutions contain 25 mg/L alginate + 25 mg/L BSA + 25 mg/L
SRNOM + 25 mg/L OA, in the presence of 0.5 mM Ca*. The total ionic strength was fixed at
10 mM, and solution pH was adjusted by adding NaOH. (b) Effect of NaCl concentration (pH
6.0 * 0.2) on percentage reduction in foulant intermolecular adhesion forces. The
reduction is based on the intermolecular adhesion force in the absence of cleaning agent.

5.3.2.3 SDS

The effect of concentration of SDS (pH 11) on the reduction in foulant
intermolecular adhesion force was investigated. Figure 5-16a shows that, as the
SDS concentration increases, the intermolecular adhesion force decreases. The
decrease in the adhesion force is more significant when the SDS concentration
exceeds 8 mM, as the CMC of SDS is reported to be at 8.36 mM. Fig 5-16 (b)
shows the profile of percentage reduction in adhesion force with SDS
concentration (pH 11). It can be inferred from the graph that the optimum SDS
concentration for a favorable chemical reaction between SDS and the foulants is
about 10 mM, as the percentage reduction in adhesion force improves
significantly at 10 mM SDS. The relatively high percentage reduction in
intermolecular adhesion force of combined foulants in the presence of 10 mM
SDS (65%) corresponds to the high cleaning efficiency of the cleaning agent
(79%) from the cleaning experiment (figure 5-8).
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Figure 5-16. Effect of SDS concentration (pH 11): on (a) foulant intermolecular adhesion
forces. Test solutions contain 25 mg/L aI%inate + 25 mg/L BSA + 25 mg/L SRNOM +

25 mg/L OA, in the presence of 0.5 mM Ca**. The total ionic strength was fixed at 10 mM,
and solution pH was adjusted by adding NaOH. (b) Effect of SDS concentration (pH 11) on
percentage reduction in foulant intermolecular adhesion forces. The reduction is based
on the intermolecular adhesion force in the absence of cleaning agent.

5.3.24 EDTA

The effect of EDTA concentration (pH 11) on the reduction in foulant
intermolecular adhesion force is shown in figure 5-17a. The intermolecular
adhesion force decreases with increasing EDTA concentration and stabilizes at
1.0 mM EDTA. From figure 5-17b, the percentage reduction of 47% in
intermolecular adhesion force of combined foulants in the presence of 0.5 mM
EDTA (pH 11) does not correspond well to the high cleaning efficiency of the
cleaning agent (91%) from the cleaning experiment (figure 5-8). This is because
that at a concentration of 0.5 mM EDTA (pH 11), the cleaning agent is not
adequate enough to have a favorable chemical reaction with the foulants (a
concentration of 2 mM EDTA (pH 11) was adopted to clean alginate-fouled
membranes as shown in chapter 4). The high cleaning efficiency of the cleaning
agent could be explained by the presence of a coupling effect of the physical
aspects of cleaning (e.g., shear due to the crossflow velocity).

5.3.3 Probing Adhesion Force Between Different Foulants Using
New Protocol

While intermolecular adhesion forces of combined organic foulants have been

probed in the absence and presence of cleaning agents, such analysis does not

give us a more realistic sense of actual interaction between different foulant types

(e.g., between alginate and BSA).
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Figure 5-17. Effect of ETDA concentration (pH 11): on (a) foulant intermolecular
adhesion forces. Test solutions contain 25 mg/L alginate + 25 mg/L BSA + 25 mg/L
SRNOM + 25 mg/L OA, in the presence of 0.5 mM Ca*". The total ionic strength was
fixed at 10 mM, and solution pH was adjusted by adding NaOH. (b) Effect of EDTA
concentration (pH 11) on percentage reduction in foulant intermolecular adhesion
forces. The reduction is based on the intermolecular adhesion force in the absence
of cleaning agent.

The protocol for AFM analysis has been modified slightly to investigate the
interaction between different foulant types. The AFM colloidal probe is soaked in
organic foulant solution (2,000 mg/L alginate, BSA, or SRNOM, or greater than
or equal to (>) 98% OA) for at least 24 hours (at 4 °C for alginate, BSA, and
SRNOM solutions to prevent organic degradation, and at room temperature for
OA). The membrane is fouled with 200 mg/L organic foulant (alginate, BSA,
SRNOM, or OA) using the crossflow unit for about 17 hours. After transferring
the colloidal probe to the AFM fluid cell and the membrane to the AFM disc
puck, an electrolyte solution containing 0.5 mM CaCl, and 8.5 mM NaCl
(adjusted to pH 6.5 £ 0.2) is injected into the fluid cell. The volume of electrolyte
solution added is just enough to fill up the fluid cell so as to minimize the
possibility of flushing away the foulants on the membrane and probe surfaces.
AFM force measurements are taken after 20 minutes of equilibration time.

5.3.3.1 Various foulant-foulant Interactions

Figure 5-18 shows the intermolecular adhesion force between the organic foulant
adsorbed on the colloidal probe and the organic foulant adsorbed on the
membrane surface—alginate, BSA, SRNOM, and OA, respectively, shown in
figures 18a, b, ¢, and d—in the presence of Ca*". Generally, the intermolecular
adhesion forces between the different foulants are comparable when the foulants
adsorbed on the colloidal probe and on the membrane surface are interchanged.
The intermolecular adhesion forces between different foulants, when
interchanged, are slightly varied with OA as one of the foulants.
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Figure 5-18. Intermolecular adhesion force between foulant adsorbed on colloidal probe
and membrane: fouled by (a) alginate, (b) BSA, (c) SRNOM, and (d) OA (e.g., SA-SRNOM
refers to the adhesion force between alginate adsorbed on colloidal probe and SRNOM
adsorbed on membrane surface). The electrolyte solution contains 0.5 mM CaCl, and
8.5 mM NaCl and is adjusted to pH 6.0 + 0.2.

The intermolecular adhesion force between alginate and alginate molecules is the
strongest among all the combinations of foulant interactions, as indicated in
figure 5-18a. This is not surprising since alginate molecules are known to bind
specifically and strongly among themselves in the presence of Ca®" (chapter 4).
The next strongest intermolecular adhesion forces are among OA molecules as
reflected in figure 18d and between alginate and BSA molecules as shown in
figures 18a and b. The other combinations of foulant-foulant interactions have
relatively less significant adhesion forces as compared to the intermolecular
adhesion forces between alginate and alginate molecules and between alginate
and BSA molecules. The implication in waste water reclamation would be that
the alginate molecules present in waste water effluent have a tendency to form
aggregates among themselves and with BSA molecules near the membrane
surface where the foulant type concentrations are increased due to concentration
polarization.
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5.3.3.2 Explaining Fouling Behavior with Foulant-foulant Interaction

and Foulant Size
Figure 5-19 is similar to figure 5-4 (except for the inclusion of a flux profile of a
membrane fouled by 50 mg/L alginate for comparison purposes), which shows the
fouling behavior of membranes fouled by combinations of two foulant types in
the presence of Ca>" (fouling by 50 mg/L alginate is included for comparison).
Membrane fouling is significant when alginate exists as a co-foulant in the
presence of Ca®", because alginate molecules have the strongest adhesion among
themselves as shown in the earlier section, and the interactions of alginate
molecules with other foulant types become secondary. When alginate is absent
from the feed solution, regardless of the other foulant types present, fouling is
relatively insignificant.

1 25 mg/L BSA + 25 mg/L SRNOM
1-0'7}&. " T 25 mg/L OA + 25 mg/L SRNOM
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Figure 5-19. Influence of two-foulant mixture on fouling of LFC-1 membranes in
the presence of 0.5 mM Ca”. The total ionic strength of the feed solution was
fixed at 10 mM, and the feed solution pH was adjusted to 6.0 * 0.2, if necessary,
by adding NaOH. Fouling conditions were identical to those in figure 5-1.

To investigate foulant interactions in feed solutions containing two foulant types,
we examine all possible foulant interactions. As shown in figure 5-19, the flux
profile of a membrane fouled by BSA and SRNOM has the least significant flux
decline. The possible foulant interactions are between BSA and BSA, between
SRNOM and SRNOM, and between BSA and SRNOM, which are shown as
BSA-BSA (figure 5-18b), SRNOM-SRNOM (figure 5-18c), BSA-SRNOM
(figure 5-18c), and SRNOM-BSA (figure 5-18 b). The adhesion forces are
consistent and range from 0.36 to 0.51 mN/m. For membranes fouled by OA and
SRNOM and by OA and BSA, with the exception of intermolecular adhesion
forces between OA and OA molecules, the intermolecular adhesion forces of
foulant interactions range from 0.36 to 0.59 mN/m. The adhesion force between
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OA and OA molecules is 0.90 mN/m, due to strong hydrophobic interaction
between the molecules when brought into contact with one another.

Fouling behavior becomes significant with alginate as one of the co-foulants. For
a membrane fouled by alginate and OA, the dominant foulant interactions are
between alginate and alginate molecules (1.03 mN/m) and between OA and

OA molecules (0.90 mN/m). For a membrane fouled by alginate and SRNOM,
the dominant foulant interaction is between alginate and alginate molecules

(1.03 mN/m). For a membrane fouled by alginate and BSA, the dominant foulant
interactions are between alginate and alginate molecules (1.03 mN/m) and
between alginate and BSA molecules (0.73—-0.79 mN/m). We observe that when
alginate is present in the feed, regardless of the co-foulant, the interaction of
alginate molecules among themselves is most dominant, with the possibility of
alginate molecules interacting with other molecules, especially BSA molecules.

Figure 5-20 shows the foulant sizes using DLS. A solution consisting of

200 mg/L organic foulant was prepared in an electrolyte solution containing

0.5 mM CaCl, and 8.5 mM NacCl, to simulate solution chemistry for membrane
fouling. The organic concentration of 200 mg/L is higher than the 25 mg/L used
in the fouling runs because foulant sizing is not detectable at such a low
concentration. The solution pH is adjusted to 6.0 + 0.2 with NaOH, if necessary.
The solution is left for 30 minutes before DLS analysis is performed. In the
presence of Ca*’, the alginate molecules have an effective diameter of

51 nanomolars (nm), whereas the other foulant types are not detectable. This
observation implies the ability of alginate molecules to form aggregates among
themselves in the presence of Ca®’, as alginate molecules at the same
concentration are not detectable in the absence of Ca”".

We have observed that, when various foulants are present in the feed, there will
be interaction between different foulant types. To investigate the effect of various
foulant interactions on the foulant size, DLS analysis is performed on a solution
containing two foulant types (200 mg/L alginate plus 200 mg/L of another foulant
type) in the presence of Ca*". Figure 5-21 shows the alginate molecules in the
solution have an effective diameter of 84 nm, which is an increment as compared
to the effective diameter of 51 nanmolars (nM) of alginate molecules in a solution
in which the foulant concentration is halved. The effective diameters of the
foulant molecules in mixtures of alginate and BSA, alginate and SRNOM, and
alginate and OA are, respectively, 48, 63, and 73 nM. The effective diameter is
an indirect indication of the foulant size due to aggregation between the foulants.

The results imply that aggregation of alginate molecules is concentration
dependent. The bigger effective diameter of aggregates formed in 400-mg/L
alginate solution as opposed to those in 200-mg/L alginate solution also implies a
more extensive gel network at a higher concentration. Because of the varying
interactions between alginate and another foulant type in the presence of Ca>, the
aggregate size differs for foulant aggregates of different foulant combinations.
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Figure 5-20. Effective diameter of various foulants in
solution. The foulant solution consists of 200 mg/L of
the foulant in an electrolyte solution of 0.5 mM CaCl,
and 8.5 mM NaCl (same solution chemistry as that
during fouling). The solution pH was adjusted to 6.0 *
0.2 if necessary, by adding NaOH.

Comparing the effective diameters of the foulant aggregates in various two-
foulant mixtures (figure 5-21) with the intermolecular adhesion force between
different foulants (figure 5-18), reveals that foulant aggregate size generally
decreases as intermolecular adhesion force increases. It is hypothesized that the
interaction among the foulant types within the aggregates would affect the
conformation and, hence, the size of the aggregates in the foulant solution. For
example, the relatively stronger intermolecular adhesion force between alginate
and BSA molecules in the feed solution in the presence of Ca®" results in a more
‘compact’ or ‘tighter’ conformation of the foulant aggregates as compared to the
foulant aggregates formed from a solution of alginate and SRNOM. The
deposition of the smaller and more ‘compact’ alginate-BSA aggregates results in
a tighter fouling layer and a lower final flux (figure 5-19).

5.3.3.3 Effect of Cleaning Agent on Foulant-foulant Interaction and

Foulant Size
The effect of a cleaning agent on foulant-foulant interaction is investigated by
adding EDTA to the electrolyte solution before injection into the fluid cell, with
the solution pH at unadjusted and adjusted pH. The carboxylate modified latex
(CML) probe is presoaked in foulant solutions, and the membrane was prefouled
with alginate. AFM force measurements are taken after 30 minutes of
equilibration time, and the average intermolecular adhesion forces between the
foulant-foulant interactions in the presence of EDTA at different pH are present in
figure 5-22.

46



100
E, 80f [ 1 .
E 1
(] L T i
= 60
S = 1
(m)
. 40 .
=
3 20} -
w

SA+SA  SA+BSA SA+SRNOM SA+OA

Foulant Solution

Figure 5-21. Effective diameter of foulant aggregates
in solutions of various foulant combinations
consisting of alginate as co-foulant. The foulant
solution consists of 200 mg/L alginate plus 200 mg/L
of another foulant type in an electrolyte solution of
0.5 mM CacCl, and 8.5 mM NaCl (same solution
chemistry as that during fouling). The solution pH
was adjusted to 6.0 * 0.2 if necessary, by adding

NaOH.
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Figure 5-22. Effect of cleaning agent on intermolecular adhesion force between foulant
adsorbed on colloidal probe and alginate-fouled membrane: (a) 2 mM EDTA (unadjusted
pH of 3.9) and (b) 2 mM EDTA (adjusted pH of 11.0). The electrolyte solution contains
0.5 mM CaCl, and 8.5 mM NaCl.
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While the various foulant-foulant interactions are reduced in the presence of all
the cleaning agents, the change in the adhesion forces is most significant for
alginate-alginate and BSA-alginate interactions when we compare the results with
those in figure 18a where the force measurements were performed in the absence
of a cleaning agent. The focus for discussion will be on alginate-alginate and
BSA-alginate interactions, as the integrity of the fouling layer is governed by the
presence of the strongest foulant-foulant interaction. The extent of reduction
varies according to the effect of solution pH. In the presence of 2 mM EDTA
(unadjusted pH of 3.9), the alginate-alginate and BSA-alginate interactions are
relatively higher than those in the presence of 2 mM EDTA (adjusted pH of 11.0),
since EDTA is not fully deprotonated for effective chelating ability at lower pH.

The effect of a cleaning agent on the foulant size in solutions containing two
foulant types (200 mg/L alginate plus 200 mg/L of another foulant type) is
investigated using DLS. Figure 5-23 shows the effect of introducing 2 mM
EDTA (pH 11) to various foulant solutions which have alginate as a single foulant
or co-foulant. The cleaning agent was added 60 minutes after the foulant solution
had been prepared. After a contact time of 15 minutes, the solution was analyzed
for the effective diameter of the foulants.

It is observed that the aggregate sizes become bigger in the presence of 2 mM
EDTA (pH 11). The aggregates of a two-foulant solution (figure 5-21) increase in
size due to the chelating effect of EDTA with Ca’" bound in the foulant
aggregates which result in bigger-sized and less ‘compact’ foulants, as observed
in figure 5-23. We also see that the size increase was most significant for
aggregates in the alginate solution, SA+SA (400 mg/L alginate + 0.5 mM CaCl, +
8.5 mM NacCl), and least significant for SA+BSA (200 mg/L SA + 200 mg/L
BSA + 0.5 mM CaCl, + 8.5 mM NaCl).

This is because the conformation of the foulant aggregates plays a role in the
transfer of EDTA to the aggregates. In the previous section, it is hypothesized
that the conformations and sizes of the foulant aggregates vary due to the
difference in the intermolecular adhesion force between alginate and the various
foulants in the presence of Ca®". The fact that the increment in effective
diameters of pure alginate solutions upon adding EDTA was most significant and
that of alginate and BSA solution least significant suggests that the structured
alginate-calcium complex aggregates in the former case have looser structures and
are more permeable to the transfer of EDTA into the aggregates than in the latter
case.

Figure 5-24 shows the effect of Ca®" on the foulant size of alginate solutions. In
the absence of Ca”", the effective diameter of aggregates increases significantly to
221 nM (as compared to 84 nM in the presence of Ca*") as alginate molecules do
not form alginate-calcium complex and, thus, have more ‘relaxed’ and ‘spread-
out’ confirmation.
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Figure 5-23. Effect of 2 mM EDTA (pH 11) on effective
diameter of foulant aggregates in solutions of various
foulant combinations. 2 mM EDTA is added 60 minutes after
preparation of foulant solution consisting of 200 mg/L
alginate plus 200 mg/L of another foulant type in an
electrolyte solution of 0.5 mM CaCl, and 8.5 mM NaCl (same
solution chemistry as that during fouling). Solution pH is
adjusted to 11.0 with NaOH, and DLS analysis is performed
15 minutes after EDTA has been added.
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Figure 5-24. Effect of Ca** on effective diameter of foulant
aggregates in alginate solution (400 mg/L). The first
electrolyte solution has 0.5 mM CaCl, and 8.5 mM NaCl, and
the second solution has 10 mM NaCl. The solution pH is
unadjusted at 5.8. DLS analysis is performed 30 minutes
after the solutions have been prepared.
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5.4 ATR-FTIR

5.4.1 Membranes Fouled by Individual and Combined Foulants

Figure 5-25a shows the ATR-FTIR spectrum profiles of a virgin membrane

and membranes fouled by the individual and combined foulants in the absence
of Ca®". The 60 scans taken for each membrane are averaged and presented in
the figures. As the wavenumber increases, the detected functional groups
become closer to the top of the active layer, due to the infrared radiation having
a shallower depth of penetration. Because the higher frequency portion of the
spectrum profile is difficult to read at this scale, the portion from 1,700 to 1,400
is shown in expanded scale at the right in each such figure.

The ATR-FTIR profiles of a virgin membrane are characterized by a broad

band centered at 3,300 centimeters” (cm™), which is due to the overlapping

of stretching vibration of N-H and carboxylic groups from the polyamide

layer and functional groups (e.g., O-H group) from the top coating layer

above the active layer and a smaller peak at 2,900 cm™ due to the presence of
C-H functional groups (Tang et al., 2007). The presence of a coating layer for
LFC-1 membranes is evident from the smoothened broad band around 3,300 cm'l,
as the O-H functional groups from the coating layer overwhelm the presence of
other functional groups (e.g., N-H groups from the polyamide layer) (Tang et al.,
2007). For fouled membranes, it is observed that the peaks at 3,300 and

2,900 cm™ are reduced regardless of the foulants on the membrane surface. As
foulants get deposited on the coating layer of the LFC-1 membranes, the
contribution to the peaks at ,3300 and 2,900 cm’! from the N-H, carboxylic, and
O-H functional groups are reduced and, hence, the peaks are reduced accordingly.

Zooming in on the spectra, peaks are also observed to be reduced in the

1,700- to 1,400-cm™ range for fouled membranes, as shown in figure 5-25b.

The functional groups detected in this range are further from the membrane
surface and are more representative of functional groups within the active

layer. The peaks at 1,660, 1,610, and 1,540 cm’! for the spectrum of the virgin
membrane correspond to, respectively, C=0 signal (amide I), aromatic ring
breathing, and C-N stretching (amide II) functional groups, which are associated
with the presence of amide groups (Rao et al., 2003). For membranes fouled by
combined foulants in the absence of Ca2+, the peaks are reduced, to the extent that
some peaks are smoothed for the spectrum of the membrane fouled by combined
foulants. Because of the presence of a thin layer of loosely bound fouling layer,
the penetration by infrared radiation is focused less within the active layer and
more on the fouling layer, which accounts for the reductions in the peak profile
reduced in the 1,400- to 1,700-cm’ range.

Figure 5-26a shows the ATR-FTIR spectrum profiles of a virgin membrane and
membranes fouled by the individual and combined foulants in the presence of
Ca®". For the membrane fouled by alginate (individually or as a co-foulant), the
spectrum peak is increased at 3,300 cm™, as compared to fouling by other
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Figure5-25. Spectra of virgin membrane and membranes fouled by individual or
combined foulants in the absence of Ca®*. The concentration of the individual foulant is
25 mg/L in feed solution containing 10 mM NaCl. The combined foulant mixture
comprises alginate, BSA, SRNOM and OA, each foulant type at 25 mg/L. The operation
conditions of the crossflow unit are identical to those in figure 5-1.
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Figure5-26. Spectra of virgin membrane and membranes fouled by various organic
foulant types and by combined foulants in the presence of Ca®. The foulant
concentrations are identical to those used in figure 25, except that feed solution contains
0.5 mM CacCl;, and 8.5 mM NaCl. The operation conditions of the crossflow unit are
identical to those in figure 5-1.

foulants, possibly due to increased carboxylic functional groups from the
complexation of calcium with carboxylic functional groups of alginate in the
fouling layer. A peak is also detected at about 1,600 cm™ when fouled by
alginate, which is higher than the peak detected at the same wavenumber for
spectrums of the virgin membrane and membranes fouled by other foulants. The
peak at 1,600 cm™ is indicative of the presence of carboxylic functional groups on
the fouling layer, which have been reported to have been be in the spectrum

range of 1,550-1,610 cm’! (Coates, 2000). Thus, the peaks at 3,300 and
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1,600 cm™ can be used as benchmarks or indicators for fouling by calcium
complexation with the carboxylic functional groups of foulants.

To further investigate the effect of calcium complexation with the carboxylic
functional groups of foulants on the spectrum profile, the ATR-FTIR spectrum
profile of a membrane fouled with combined foulants with a higher alginate
content (alginate:BSA:SRNOM: OA = 3:1:1:1), and the spectrum profiles are
compared with those of a virgin membrane and a membrane fouled by combined
foulants with equal foulant type concentrations (alginate:BSA:SRNOM:OA =
1:1:1:1). Figure 5-27b shows that the spectrum profile of the membrane fouled by
combined foulants with higher alginate content has a higher peak at 1,600 cm™,
which is comparable to the peak at 1,600 cm™ for the spectrum of the membrane
fouled solely by alginate in the presence of Ca*"
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Figure 5-27. Spectra of virgin membrane and membranes fouled by combined foulants of
different concentration ratio combinations of each foulant type in the presence of ca®

The feed solution during fouling contains 0.5 mM CaCl, and 8.5 mM NaCl. The operatlon
conditions of the crossflow unit are identical to those in figure 5-1.

5.4.2 Membranes Cleaned with Cleaning Agents

Figure 5-28a shows the ATR-FTIR spectrum profiles of membranes that were
fouled earlier by a mixture of foulants in equal concentrations in the presence of
Ca®" and subsequently cleaned with cleaning agent, so as to investigate the effect
of varying cleaning extent on the spectrum profiles. The profiles are compared
with those of a virgin membrane and a fouled membrane which is not cleaned by
any cleaning agent.

When a higher cleaning efficiency is achieved using 10 mM SDS (pH 11)
than 0.5 mM EDTA (pH 5), the decrease of the spectrum peak at 3,300 cm™

is more significant. When a cleaning efficiency exceeds 100%, as in the case
of cleaning with 10 mM SDS (pH 11), the top coating layer might be modified

52



0.03 T T 0.05
Virgin membrane

Fouled by combined foulants
(1:1:1:1, 100 mg/L)

Cleaned with 0.5 mM EDTA (pH 5),

T T
—Virgin membrane
Fouled by combined foulants
0.04+ (1:1:1:1, 100 mg/L) 8
Cleaned with 0.5 mM EDTA (pH 5),

il
\

® 0.02F  comin cF=4a5% | 1 3 60 min, CF = 45 %

% Cleaned with 10 mM SDS (pH 11),| ‘ % 0.03f Cleaned with 10 mM SDS (pH 11), T
3 60 min, CF = 125% ‘ n o 60 min, CF = 125%

S I S

2 o.o1f . 3

< Aﬁ\ | <

\
0.00 ' 0.00 v y
4000 3000 2000 1000 1700 1600 1500 1400

Wavenumbers (cm'l) Wavenumbers (cm'l)

Figure 5-28. Spectra of a virgin membrane, a membrane fouled by combined foulants of
equal concentration ratios for each foulant type in the presence of Ca”, and fouled
membranes cleaned with cleaning agents. The feed solution during fouling contains
0.5 mM CacCl, and 8.5 mM NaCl. The operation conditions of the crossflow unit are
identical to those in figure 5-1.

or removed, partially or completely, together with the foulants. Hence, the
contribution to the absorbance at 3,300 cm™ by the O-H functional groups from
the coating layer is reduced accordingly.

The decrease in peak at 3,300 cm™ is also observed for fouled membranes by
individual and combined foulants in the absence and presence of Ca** (with the
exception of membranes fouled by alginate as the sole or co-foulant in the
presence of Ca®", when the peak would increase due to contribution to the
absorbance at 3,300 cm™ by the carboxylic functional groups of the alginate
molecules). A better spectrum indicator for the cleaning extent of a fouled
membrane is the spectrum range from 1,400 to 1,700 cm™. The membrane with
45% cleaning efficiency (EDTA cleaning) has a spectrum profile similar to that of
the fouled membrane, and the one with 125% cleaning efficiency has a profile
similar to that of the virgin membrane.

5.5 Conclusion

Fouling of RO membranes was performed using organic foulants, both
individually and in various combinations as foulant mixtures, in the absence and
presence of Ca®". To keep the study relevant to waste water reclamation, fouling
and cleaning experiments were performed on membrane fouled by a feed solution
consisting of alginate, BSA, SRNOM, and OA in the presence of Ca*". For
fouling experiments, the foulant composition in the feed was varied, and for
cleaning experiments, the effects of various cleaning agents, solution pH, and
cleaning time on fouled membranes were investigated.
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Because significant membrane fouling is governed by alginate in the presence of
Ca®’, the investigation of intermolecular adhesion force and foulant size involves
alginate as a single or co-foulant. It is proposed that the membrane fouling by
alginate as one of the foulant types in the feed is governed by the foulant
aggregate size and conformation in the bulk. The smaller and tighter the foulant
aggregates, the more significant the flux decline is due to the formation of a more
compact and tighter fouling layer. The state of the fouling layer would also affect
the transfer of a cleaning agent to the fouling layer. ATR-FTIR is a good
supplementary tool to investigate the nature of the foulants on the RO membrane
and the extent of membrane cleaning by a cleaning agent.
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6. Chemical Cleaning of
RO Membranes Fouled by
Real Waste Water Effluent

In this chapter, cleaning experiments are performed on RO membranes fouled by
prefiltered waste water effluent collected at a waste water treatment plant
(Wallingford, Connecticut). The waste water effluent was collected after the
ultraviolet (UV) disinfection stage (at the final exit point) just prior to being
discharge to the Quinnipiac River, so as to minimize the effect of micro-
organisms on membrane fouling. The waste water effluent is collected by an
automatic sampler. Once collected, the containers of waste water effluent are
stored under refrigeration at 4 °C.

6.1 Waste Water Characterization

The parameters of the waste water effluent are shown in table 6.1. The
parameters are analyzed based on 12—18 samples from three batches of waste
water effluent that were collected at the treatment plant every few weeks, with the
exception of fatty acid analysis which is based on two samples. The solution pH
is the average of the solution pH taken at the start of the fouling experiment. The
biodegradable oxygen demand (BOD) data is obtained from the plant’s
laboratory. The cations and anions are analyzed using ion chromatography. The
polysaccharide, protein, NOM, and fatty acid concentrations were analyz