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Chemical and physical aspects of cleaning of
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Abstract

The role of chemical and physical interactions in cleaning of organic-fouled reverse osmosis (RO) membranes is systematically investigated.
Fouling and cleaning experiments were performed with organic foulants (alginate and natural organic matter) that simulate effluent organic
matter (EfOM) and selected cleaning agents using a laboratory-scale crossflow test unit. Following accelerated organic fouling runs with
divalent calcium ions, cleaning experiments were performed at various chemical and physical conditions. The results showed that a metal
chelating agent (EDTA) and an anionic surfactant (SDS) were able to clean the fouled RO membrane effectively by optimizing chemical
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dose and pH) and physical (time, crossflow velocity, and temperature) conditions during cleaning. The permeate flux was, howe
ecovered when cleaning was performed with NaOH (pH 11). Interfacial force measurements (by AFM) further confirmed the cleani
emonstrating the influence of cleaning agents on reducing the foulant–foulant adhesion force. The results showed that the ad
aused by calcium-induced foulant–foulant interaction was reduced significantly with EDTA and SDS cleaning, while substantia
orce still remained following NaOH cleaning. It is proposed that an efficient cleaning agent and favorable cleaning conditions
elected by considering two important mechanisms:chemical reaction between cleaning agents and foulants in the fouling layer, andmass
ransfer of chemical agents (from the bulk phase to the fouling layer) and foulants (from the fouling layer to the bulk phase).

2005 Elsevier B.V. All rights reserved.
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. Introduction

Reverse osmosis (RO) membranes are widely used in
rinking water, wastewater, and industrial applications. The
se of RO membranes in advanced wastewater reclamation
sing secondary treated wastewater effluent to produce water

or indirect potable use has also increased over the past few
ears[1,2]. However, a major impediment in the application
f RO membrane technology for desalination and wastewater
eclamation is membrane fouling.

In advanced water reclamation, secondary effluent from
astewater treatment plants contains dissolved organic mat-

er, commonly known as effluent organic matter (EfOM).
hen the secondary wastewater effluent is introduced to

∗ Corresponding author. Tel.: +1 203 432 2789; fax: +1 203 432 2881.
E-mail address: menachem.elimelech@yale.edu (M. Elimelech).

the RO membrane processes as feed water, the prese
EfOM contributes to organic fouling[3]. EfOM represents
range of organic compounds, such as polysaccharides
teins, aminosugars, nucleic acids, humic and fulvic a
organic acids, and cell components[3]. These complex an
heterogeneous compounds can generally be classifie
two groups according to their origin: (i) soluble microb
products (SMPs) derived during substrate metabolis
the biological wastewater treatment process and (ii) na
organic matter (NOM) originating from the drinking wa
source[3,4]. It has been reported that the majority of EfO
in secondary wastewater effluent is made up of SMPs[5,6].
Polysaccharides, one of the major constituents of SMP[7],
have been found to play an important role in the foulin
nanofiltration (NF) and ultrafiltration (UF) membranes[8].

Developing strategies for fouling control has always b
a major challenge in membrane research. However, de
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the many preventive strategies, fouling is inevitable. The
long-term solution would be to remove the foulant deposited
on membrane surfaces via chemical cleaning[9–14]. Mem-
brane cleaning is performed when there is a significant drop
in permeate flux or salt rejection, or when there is a need to
increase the transmembrane pressure significantly to main-
tain the desired water flux[15]. There are five categories of
cleaning agents — alkaline solutions, acids, metal chelating
agents, surfactants, and enzymes[9,16]. Commercial clean-
ing products are often mixtures of these compounds, but in
most cases the actual composition is unknown. Therefore,
many past studies on chemical cleaning are not able to provide
useful information to illuminate the mechanisms of chemical
cleaning.

In this study, alkaline solution, metal chelating agent,
and surfactant are used to clean the organic-fouled mem-
branes. Alkaline solutions clean organic-fouled membranes
by hydrolysis and solubilization. Alkaline solutions increase
the solution pH, and therefore increase the negative charge
and solubility of the organic foulant. For example, when car-
boxylic functional groups of the organic foulant are deproto-
nated at alkaline conditions, solubility increases nearly three
orders of magnitude[17]. In the presence of divalent cations,
such as Ca2+, alginate, which is selected in this study to rep-
resent the hydrophilic (polysaccharide) fraction of EfOM,
forms complexes with calcium ions, resulting in a highly
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profiles from AFM force measurements were used to explain
the cleaning mechanisms involved.

2. Experimental

2.1. Organic foulants

The organic foulants chosen as representative hydrophilic
and hydrophobic EfOM were sodium alginate (Sigma-
Aldrich, St. Louis, MO) and Suwannee River natural organic
matter (SRNOM) (International Humic Substances Society,
St. Paul, MN), respectively. Sodium alginate was extracted
from brown seaweed. Based on the manufacturer, the molec-
ular weight of the sodium alginate ranges from 12 to 80 kDa.
Other characteristics of SRNOM, including molecular weight
and mass fraction of hydrophobic NOM, can be found else-
where [26,27]. Both organic foulants were received in a
powder form, and stock solutions (2 g/l) were prepared by
dissolving each of the foulants in deionized (DI) water. Mix-
ing of the stock solutions was performed for over 24 h to
ensure complete dissolution of the foulants, followed by fil-
tration with a 0.45�m filter (Durapore, Millipore, Billerica,
MA). The filtered stock solutions were stored in sterilized
glass bottles at 4◦C.
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ompacted gel network of fouling layer[18,19]. Metal chelat
ng agents, such as EDTA, remove divalent cations from
omplexed organic molecules and improve the cleanin
he fouled membrane[20]. Surfactants are compounds t
ave both hydrophilic and hydrophobic groups, and are s
oluble in both organic and aqueous solvents. Surfactan
olubilize macromolecules by forming micelles around th
21], and help to remove the foulant from the membrane
ace.

Atomic force microscopy (AFM) has recently been u
o quantify intermolecular forces in membrane rese
22–24], as it is able to measure interaction forces in liqu
t pico- or nano-Newton level. Li and Elimelech[25] have
ecently demonstrated that foulant–foulant interactions c
e determined by performing force measurements us
arboxylate-modified latex colloid probe in an AFM flu
ell. The technique has been used to quantify the fou
ehavior of a nanofiltration membrane by humic acid
ell as the cleaning efficiency by several chemical cle

ng agents. The study showed a good correlation bet
he measured adhesion force and the fouling and clea
ehaviors.

The objective of this paper is to systematically st
he physical and chemical aspects of cleaning of orga
ouled RO membranes, with emphasis on cleaning o
O membrane fouled by acidic polysaccharides. AFM
sed to study the interaction forces between the foula

he bulk solution and the foulant accumulated on the m
rane surfaces. The results from the bench-scale cros

ouling/cleaning experiments and the relevant adhesion
.2. Chemical cleaning agents

The chemical cleaning agents used were NaOH (pH 1
s an alkaline solution, certified grade disodium ethylen
minetetraacetate (Na2-EDTA) as a metal chelating age
nd certified grade sodium dodecyl sulfate (SDS) a
nionic surfactant. These cleaning agents are the
ommon compounds in commercial cleaning products
rganic-fouled membranes[9,16]. The NaOH, EDTA, an
DS were purchased from Fisher Scientific (Pittsburgh,
nd used with no further purification. The stock chem
olutions were prepared freshly by dissolving each chem
n deionized (DI) water. Cleaning with DI water served a
aseline. The pH of the EDTA and SDS cleaning solut
as adjusted with 1.0 M NaOH as needed.

.3. RO membrane

The relatively well characterized thin-film compos
FC-1 (Hydranautics, Oceanside, CA) was used as a m
O membrane. The average hydraulic resistance was
ined to be 9.16 (±0.11)× 1013 m−1. The observed sa

ejection was 98.7–99.3% — determined with a 10
584 mg/l) NaCl feed solution at an applied pressure
00 psi (2068.5 kPa) and a crossflow velocity of 8.1 c
embrane samples were received as dry large sheets
ere cut and stored in DI water at 4◦C. The membrane h
een reported to be negatively charged at solution chemi

ypical to natural and waste waters, with an isoelectric p
t about pH 4[28].
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2.4. Crossflow membrane test unit

Fouling and subsequent cleaning experiments were per-
formed with a laboratory-scale crossflow test unit. The mem-
brane test unit consists of a membrane cell, pump, feed reser-
voir, temperature control system, and data acquisition system.
The membrane cell was a rectangular plate-and-frame unit,
containing a flat membrane sheet placed in a rectangular
channel of dimensions 7.7 cm long, 2.6 cm wide, and 0.3 cm
high. Both permeate and retentate were recirculated back
to the feed reservoir. Permeate flux was registered continu-
ously by a digital flow meter (Optiflow 1000, Humonics, CA)
interfaced with a computer. A floating disc rotameter (King
Instrument, Fresno, CA) was used to monitor the retentate
flow rate. The crossflow velocity and the operating pressure
were adjusted using a bypass valve (Swagelok, Solon, OH)
in conjunction with a back-pressure regulator (US Paraplate,
Auburn, CA). Temperature was controlled by a recirculating
chiller/heater (Model 633, Polysciences) with a stainless-
steel coil submerged in the feed water reservoir.

2.5. Fouling and cleaning experiments

The experimental protocol developed for fouling/cleaning
is shown inFig. 1. The membrane was first compacted with
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reservoir was disposed and cleaning of the fouled membrane
was performed by adding the chemical cleaning solution to
the feed reservoir. At the end of the cleaning stage, the chem-
ical cleaning solution in the reservoir was emptied, and the
reservoir and the membrane cell were rinsed with DI water
to flush out the residual chemical cleaning solution. Finally,
the cleaned RO membrane was subjected to the second base-
line performance with DI water for 2 h to determine the pure
water flux again. The operating conditions (i.e., initial flux,
crossflow velocity, and temperature) at this stage were iden-
tical to those applied during the initial baseline performance,
so as to determine the cleaning efficiency by comparing the
pure water fluxes determined before fouling and after clean-
ing. To confirm the reproducibility of determined cleaning
efficiency, selected fouling/cleaning runs were duplicated.
Results showed that fouling rate and cleaning efficiency
obtained from the duplicate runs were always within less than
5% difference. Throughout all the fouling/cleaning stages,
the feed water in the reservoir located on top of a magnetic
stirrer was mixed vigorously to ensure complete mixing of
the feed water and cleaning solution.

Cleaning efficiency varies with respect to the conditions
applied during cleaning, namely, type of cleaning agent,
cleaning solution pH, cleaning agent dose, cleaning time,
crossflow velocity during cleaning, and cleaning solution
temperature. Furthermore, cleaning efficiency, even at fixed
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I water for 12 h until the permeate flux became constant
owed by the initial baseline performance for 2 h. Follow
he initial baseline performance, the membrane was s
ized and equilibrated with a foulant-free electrolyte solu
or 4 h. After attaining a stable flux, the initial flux and
rossflow velocity were adjusted to the values used fo
ubsequent fouling runs. The chemistry of feed solution
perating conditions adjusted in this stage were simila

hose used for the ensuing fouling runs. Fouling was
nitiated by adding organic foulants (i.e., alginate, SRNO
r both alginate and SRNOM) to the feed water to ach

he desired organic concentration. Fouling runs were ca
ut for 17 h. At the end of fouling, the solution in the fe

Fig. 1. Experimental protocol for the fouling/cleaning runs.
leaning conditions, is also influenced by the condit
pplied during fouling. For a systematic investigation

he role of chemical and physical interactions in cleanin
ouled membranes, it is necessary to isolate cleaning c
ions from the influence of fouling conditions, thus focus
olely on the influence of cleaning conditions on cleaning
iency. Therefore, all the fouling runs subjected to clea
xperiments were performed at the same fouling condi

n terms of feed solution chemistry (i.e., pH 6.0, 0.5 m
alcium, and 10 mM total ionic strength adjusted by vary
aCl concentration) and operating conditions (i.e., initial
f 20�m/s, crossflow velocity of 8.56 cm/s, and tempera
f 20◦C); these conditions yielded similar flux decline p
les. This implies that each cleaning is applied to an iden
rganic fouling layer since the same organic fouling la
roduces identical resistance to permeate flow and, h

he same flux profiles. A few fouling runs were perform
ith feed waters containing different organic foulants (
RNOM or mixture of alginate and SRNOM); however,

ouling and cleaning conditions were the same as above
llowing to investigate the influence of foulant composi
n cleaning efficiency.

During the fouling experiments, calcium was used for
easons. First, calcium was used to accelerate fouling o
harged organic foulant, leading to a substantial flux dec
hich was needed to differentiate the cleaning efficie
etermined at various conditions. Based on our previous

ngs[20,25], it was shown that calcium ions specifically b
ith carboxylic functional groups of organic foulants (i
OM and acidic polysaccharides) and form bridges betw
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adjacent foulants. This results in the formation of a cross-
linked fouling layer at the membrane surface, thus producing
substantial resistance to permeate flow. In addition, calcium-
induced organic fouling is one of the major causes for severe
flux decline and known to be most recalcitrant since natural
and waste waters contain substantial amounts of calcium.

2.6. AFM adhesion force measurements

Atomic force microscopy (AFM) was used to measure the
interfacial force between the foulant in the bulk solution and
the foulant in the fouling layer on the membrane. The force
measurements were performed with a colloid probe, modified
from a commercialized SiN AFM probe (Veeco Metrology
Group, Santa Barbara, CA). A carboxylate-modified latex
(CML) particle (Interfacial Dynamics Corp., Portland, OR)
was used as a surrogate for the organic foulants, because
organic foulants (alginate and SRNOM) carry predominantly
carboxylic functional groups. To make a colloid probe, a
CML particle of diameter 4.0�m was attached by Norland
Optical adhesive (Norland Products Inc., Cranbury, NJ) to a
tipless SiN cantilever. The colloid probe was cured under UV
light for 20 min.

The AFM adhesion force measurements were performed
in a fluid cell using a closed inlet/outlet loop. The solution
c the
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i ter
a 6 ml
o shed
o tlet
w test
s per-
f three
t aken

at each location. Because the focus of this study was on
the foulant–foulant interaction (adhesion), only the raw data
obtained from the retracting force curves were processed and
converted to obtain the force versus surface-to-surface sepa-
ration curves. The force curves presented were the averages
of all the representative force curves obtained at the different
locations. The detailed procedures of using AFM in con-
junction with a colloid probe to determine the intermolecular
adhesion forces in membrane fouling/cleaning can be found
in our recent work[25].

3. Results and discussion

3.1. 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.
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hemistries of the test solutions in the fluid cell were
ame as those used in the bench-scale fouling/cleaning e
ments. The fluid cell was first rinsed with 6 ml of DI wa
nd 6 ml of the test solution, before injecting another
f test solution. Once all the air bubbles had been flu
ut of the fluid cell, the injection would stop and the ou
as closed. The membrane was equilibrated with the
olution for 60 min before force measurements were
ormed. The force measurements were conducted at
o five different locations, and 15 measurements were t

ig. 2. Influence of cleaning solution type on cleaning of organic-fou
ariation in cleaning efficiency with respect to cleaning solution type.
ration = 0.5 mM, total ionic strength = 10 mM (i.e., 0.5 mM Ca2+ plus 8.5
nd temperature = 20.0± 0.2◦C. Conditions for cleaning experiments:
olutions were used without pH adjustment (ambient pH) except for th
ater after the corresponding cleaning.
-
.1.1. Effect of cleaning solution type

The cleaning efficiency with different cleaning solutio
NaOH (pH 11), SDS, and EDTA – is compared inFig. 2.
I water was also used to serve as a baseline for com
on with the cleaning solutions. Because fouling runs p
o each cleaning experiment were performed under iden
onditions, the flux behavior of each run was almost ident
xcept the pure water flux obtained after cleaning. There

membranes: (a) flux behavior during the fouling/cleaning experime(b)
ions for fouling experiments: alginate concentration = 20 mg/l, calcium concen
aCl), pH 5.90± 0.05, initial flux = 20�m/s, crossflow velocity = 8.56 cm
15 min, temperature = 20.0± 0.2◦C, crossflow velocity = 42.8 cm/s. Cleani
H cleaning. Note that the last data points inFig. 2a are for flux measured with D
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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 inFig. 2.

Fig. 2a 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 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 algi-
nate fouling layer can also be explained by the gel forma-
tion of alginate in presence of calcium ions as commonly
described by the ‘egg-box’ model[18,19]. Based on this
model, divalent cations (such as calcium ions) induce gela-
tion 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 con-
firmed 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.

Fig. 2b presents the efficiency of each cleaning solution,
determined by comparing the pure water fluxes before fouling
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increase in cleaning efficiency of an NOM-fouled NF mem-
brane 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 com-
plexes 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 effi-
ciency was less than 25% for all cases shown inFig. 2b.

3.1.2. Effect of cleaning solution pH
The influence of solution pH on the cleaning efficiency of

SDS and EDTA is illustrated inFig. 3. It is shown that clean-
ing 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, all
the carboxylic functional groups of EDTA are deprotonated
(pKa values are 1.99, 2.67, 6.16, and 10.26[30,31]). The
i lted
i DTA
a yer.
C rela-
t ed in
a pH
s
t
t The

F n of
c foul-
i
f
c

nd after cleaning (the initial and final water fluxes are sh
n Fig. 2a). The cleaning efficiencies with NaOH (pH 11) a
mM SDS were 14 and 15%, respectively. This points

hat NaOH and SDS cleaning performed at these experi
al conditions was ineffective since the cleaning efficie
ith DI water was already 12%. Cleaning with 0.5 mM ED
as relatively more effective compared to NaOH and S
nd the cleaning efficiency (25%) was two times hig

han that of DI water. This is attributed to the preferen
DTA–calcium complexation compared to alginate–calc
omplexation.

In the case of NaOH cleaning, it is inferred that che
al reaction between NaOH and alginate–calcium comp
n the alginate gel layer was limited and, thus, resultin

poor cleaning efficiency. There are two possible way
ncrease NaOH cleaning efficiency: an increase in N
oncentration (i.e., higher pH) and/or use of more favor
hysical conditions. The former, however, is not applicab
eal world applications since most polymeric RO membra
olerate a limited pH range (i.e., pH 3–12). Therefore, the
er possibility has been investigated, and the results w
hown later in this paper.

The ineffective SDS cleaning is attributed to the low S
oncentration applied during cleaning. The 2 mM conce
ion was much lower than the critical micelle concentra
CMC) of SDS, reported as 8.36 mM in DI water[29]. At this
ow SDS concentration, the interaction of the adsorbed

olecules with alginate–calcium complexes was not st
nough to break the intermolecular bridging formed with
ium ions. Li and Elimelech[25] demonstrated that a mark
ncrease in the chelating ability of EDTA at pH 11.0 resu
n a more effective ligand-exchange reaction between E
nd alginate–calcium complexes within the alginate gel la
onsequently, the alginate gel layer was broken down

ively more easily compared to lower pH and, thus, result
higher cleaning efficiency. On the other hand, solution

howed very little effect on SDS cleaning, because the pKa of
he sulfate functional group of SDS is 2.12[30,31], implying
hat SDS is in its ionic form at both pH values examined.

ig. 3. Variation in SDS and EDTA cleaning efficiencies as a functio
leaning solution pH. Cleaning experiments were performed following

ng runs carried out at the same conditions as those inFig. 2a. Conditions
or cleaning experiments were identical to those inFig. 2b except for the
leaning solution pH as indicated in this figure.
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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.

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 clean-
ing of NOM-fouled NF membranes[20,25]. 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 con-
centration (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 hydropho-
bic 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 paper (Section3.1.4).

3.1.3. Effect of cleaning chemical dose
an-

i DS
( -
t ith
E ning
a por-
t 0%
e n-
c tion
e s a

F on.
E ling
r g
c

Fig. 5. 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 inFig. 2a. Other cleaning conditions were
identical to those inFig. 2b.

notable increase in cleaning efficiency when SDS concen-
tration 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[29]. 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 presence of calcium ions, has
been discussed in our recent work[25].

3.1.4. Effect of organic foulant composition
As discussed in previous sections, the fouling layer struc-

ture as well as the extent of foulant accumulation on the
membrane surface is expected to affect cleaning efficiency
for a given cleaning agent under the same cleaning condi-
tions. 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 com-
positions 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 algi-
nate plus 14 mg/l SRNOM, and (iv) 20 mg/l SRNOM and
no alginate. It is expected that the difference in feed water
o nic
f er,
t me
c ing
e he
fl ien-
c ents
a

-
i ere
Cleaning experiments were also performed with cle
ng solutions containing different doses of EDTA or S
both at the pH 11), as presented inFigs. 4 and 5, respec
ively. The results clearly show that cleaning efficiency w
DTA and SDS cleaning increased with increasing clea
gent dose. For EDTA, cleaning efficiency increased pro

ionally with EDTA concentration and reached near 10
fficiency at 2.0 mM EDTA. Note that this molar EDTA co
entration is four times higher than the calcium concentra
mployed during fouling. For SDS cleaning, there wa

ig. 4. Variation of EDTA cleaning efficiency with EDTA concentrati
DTA cleaning experiments were performed at pH 11.0 following fou

uns carried out at the same conditions as those inFig. 2a. Other cleanin
onditions were identical to those inFig. 2b.
rganic composition will result in the formation of orga
ouling layer, which is structurally different from one anoth
hus resulting in different cleaning efficiencies with the sa
leaning solution. Following the fouling runs, each clean
xperiment was performed with 0.5 mM EDTA (pH 11). T
ux profiles of these fouling runs and the cleaning effic
ies determined from the subsequent cleaning experim
re presented inFig. 6.

The flux behaviors depicted inFig. 6a varied, indicat
ng that the structure and/or amount of fouling layer w
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Fig. 6. 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 mg/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 inFig. 2a. Cleaning experiments were
performed with 0.5 mM EDTA cleaning solutions at pH 11.0. Other cleaning conditions were identical to those inFig. 2b. Note that the last data points in
Fig. 6a are for flux measured with DI water after the corresponding cleaning.

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 foul-
ing 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 ear-
lier based on the ‘egg-box’ model. The gelation of charged
macromolecules in the presence of calcium ions is predomi-
nant for hydrophilic organic macromolecules (such as acidic
polysaccharides) compared to hydrophobic organic macro-
molecules (such as humic acids)[18,19]. However, it should
be noted that NOM fouling in presence of calcium ions also
results in severe flux decline during nanofiltration and tight-
ultrafiltration[20,32,33]. 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.

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
f nce
u yer
w yer
t in a
h flux
d .e.,
a ate
f han

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.

Fig. 6b 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%, respectively.
These values were expected as they were within the range
of the cleaning efficiencies for the alginate- 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[20]. 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
[
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i (ii)
t ser
a M,
a the
ouling layer, leading to a substantial hydraulic resista
pon gel formation. However, this alginate fouling la
as likely less compressible than the SRNOM fouling la

hat became more compact during filtration, resulting
igher fouling rate as fouling progressed. In addition, the
ecline behavior with the higher SRNOM proportion (i
lginate:SRNOM = 3:7) was more similar to that for algin

ouling (i.e., 20 mg/l alginate and absence of SRNOM) t
20].
The difference in the EDTA cleaning efficiency for

lginate- and SRNOM-fouled membranes can be attrib
o one or more of the following: (i) the stronger bin
ng and bridging of calcium to alginate than SRNOM,
he gel-forming nature of alginate which yields a den
nd more compact fouling layer compared to SRNO
nd (iii) the larger mass of alginate accumulating on



W.S. Ang et al. / Journal of Membrane Science 272 (2006) 198–210 205

membrane surface compared to SRNOM. The first expla-
nation 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 sug-
gests that the alginate fouling layer is much denser and
more compact than the SRNOM fouling layer due to its gel-
like structure. Consequently, during EDTA cleaning, EDTA
molecules diffused more easily into the looser SRNOM foul-
ing 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- and SRNOM-fouled membranes is the variation
in the amount of accumulated foulant on the membrane sur-
face. At the given hydrodynamic conditions (i.e., initial flux
and crossflow velocity), the larger alginate macromolecules
may accumulate more effectively on the RO membrane sur-
face compared to the smaller SRNOM molecules because
of the lower back-diffusion experienced by larger macro-
molecules. In the previous results (Fig. 3), an almost 100%
c uled
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t the
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t the
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3.2. Physical aspects of cleaning

In this section, we investigate the physical aspects of clean-
ing – 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 reac-
tion between the cleaning agent and deposited foulants has
weakened the structural integrity of the fouling layer. Cross-
flow velocity in the membrane cell mainly controls the mass
transfer, and cleaning time and temperature affect the overall
mass transfer as the rate and extent of solute transport are
functions of time and temperature. Cleaning experiments –
following fouling runs carried out under identical conditions
(Section2.5) – 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 reac-
tion. While investigating the influence of a certain physical
factor on the efficiency of a cleaning agent, all other physical
factors are kept constant.

3.2.1. Effect of cleaning time
The influence of cleaning time on the efficiency of each
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leaning efficiency was demonstrated for the alginate-fo
O membrane when 2.0 mM EDTA was used. This s
ests that 0.5 mM EDTA was not enough to react with

he alginate–calcium complexes in the gel layer (within
5 min cleaning time), while this dose was sufficient to r
ith all the SRNOM–calcium complexes in the fouling la

over 100% cleaning efficiency). Thus, to better unders
he cleaning mechanisms, the “stoichiometry” between
leaning agent dose and amount of foulant on the memb
urface must be considered.

ig. 7. Variation in NaOH and EDTA cleaning efficiencies with respect
fficiency. Cleaning experiments were performed at pH 11.0 followin
onditions were identical to those inFig. 2b except the cleaning time as
ith DI water after the corresponding cleaning.
leaning agent was investigated. The flux behaviors du
he fouling/cleaning runs and the resulting cleaning effic
ies with NaOH (pH 11) and 0.5 mM EDTA (pH 11) a
hown inFig. 7. The influence of cleaning time on clean
fficiency is also compared for two different SDS concen

ions (2 and 10 mM; both at pH 11) as shown inFig. 8. In all
ases, the results are compared for cleaning performed
nd 60 min.

For NaOH (pH 11) cleaning, an increase in cleaning
rom 15 to 60 min resulted in negligible difference in clean

ning time: (a) flux behavior during fouling/cleaning experiments and (bleaning
ng runs carried out at the same conditions as those inFig. 2a. Other cleanin
ed in the figure. Note that the last data points inFig. 7a are for flux measure
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Fig. 8. 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
Fig. 2a. Other cleaning conditions were identical to those inFig. 2b except
the cleaning time as indicated in the figure.

efficiency (Fig. 7). 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 min. Contrary to NaOH, EDTA is a favorable
cleaning agent since EDTA reacts specifically within the foul-
ing layer through a ligand-exchange reaction.

Previous results (Fig. 5) demonstrated that the efficiency
of SDS cleaning is significantly influenced by SDS concen-
tration with respect to its CMC. As shown inFig. 8, increasing
cleaning time from 15 to 60 min resulted in nearly 100%
cleaning efficiency when 10 mM SDS was used. However,
cleaning with 2 mM SDS for 60 min was still ineffective (less
than 30% cleaning efficiency). This observation is closely
related to the previous results for NaOH and EDTA clean-
ing performed for different cleaning times. Similar to NaOH,
cleaning with 2 mM SDS was, to some extent, limited in terms
o did
n ver,
i d to
a since
c mi-
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l ts of
c ation

Fig. 9. 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 inFig. 2a. Other cleaning conditions were identical to
those inFig. 2b except the crossflow velocity as indicated in the figure.

of cleaning time should be taken into account since increas-
ing cleaning time does not always result in a corresponding
increase in cleaning efficiency.

3.2.2. Effect of crossflow velocity
The influence of crossflow velocity (during cleaning) on

cleaning efficiency was investigated with solutions contain-
ing different doses of EDTA (0.5 and 2.0 mM; both at pH 11),
as shown inFig. 9. 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 concentra-
tion of cleaning agent was not enough to produce a favorable
chemical reaction with the foulants in the fouling layer within
the 15 min 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 favor-
a ease
i We
c t with
d enom-
e

3
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p h
f chemical reaction and, thus, increasing cleaning time
ot significantly enhance the cleaning efficiency. Howe

ncreasing cleaning time for the 10 mM SDS solution le
n almost complete cleaning of the fouled membrane
leaning with 10 mM SDS was favorable in terms of che
al reaction between SDS and the foulants within the fou
ayer. Therefore, while considering the chemical aspec
leaning (e.g. deciding the cleaning agent dose), optimiz
ble for a rigorous chemical reaction. This led to an incr
n cleaning efficiency with increasing crossflow velocity.
onclude that the chemical reaction of the cleaning agen
eposited foulants and the associated mass transfer ph
na are quite important in membrane cleaning.

.2.3. Effect of temperature
The results for EDTA cleaning performed at different te

eratures are presented inFig. 10. We note that, in bot
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Fig. 10. 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 inFig. 2a. Other cleaning conditions were identical to
those inFig. 2b except the temperature as indicated in the figure.

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. 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[34,35].

3.3. 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 capa-
bility 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 deter-
mined with the same solution used as feed water for the
fouling runs (i.e., 20 mg/l alginate, 0.5 mM Ca2+, 10 mM total
ionic strength, and pH 6.0). The interfacial adhesion forces
determined in the presence of cleaning solutions (same solu-
tion chemistries as those used in the cleaning experiments)
were compared with the cleaning efficiency determined from
fouling/cleaning experiments, as shown inFig. 11.

Fig. 11a shows the intermolecular adhesion forces deter-
mined 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 mN/m. The addition of SDS to the test solution was the
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ig. 11. Relationship between intermolecular adhesion forces and cle
olution type (the curve indicated as ‘no cleaning agent’ was determine
f cleaning solution type. The test solutions used in the interfacial fo
leaning solutions as indicated in the figure. Cleaning experiments we
n Fig. 2a. Other cleaning conditions were identical to those inFig. 2b.
ost effective, almost eliminating the adhesion force.
ddition of EDTA to the test solution decreased substan

he adhesion force, reducing the maximum adhesion
o 0.4 mN/m. In the presence of NaOH (pH 11), howe

significant adhesion force (1.3 mN/m) was still presen
s also noted that, with the reduction in adhesion forc
resence of the cleaning solution, the distance from the

ng layer on the membrane surface to the point wher
dhesion force was observed was reduced correspond
he reduction in intermolecular adhesion force with e

fficiency: (a) variation in foulant–foulant adhesion forces as a function of cleaning
absence of cleaning solution) and (b) variation in cleaning efficiencyas a function

asurements were the same as those used during fouling runs and ained
ed out for 60 min following fouling runs performed at the same conditios as thos
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cleaning solution was directly related to the cleaning effi-
ciency as shown inFig. 11b. These cleaning efficiencies were
determined from experiments with each cleaning solution
at fixed physical cleaning conditions (60 min cleaning time,
crossflow velocity of 42.8 cm/s, and 20◦C).

The results inFig. 11 demonstrate a strong relationship
between the efficiency of a cleaning solution and the resid-
ual 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[25].
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
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ig. 12. Schematic representation for effective cleaning of organic-fouled R
n presence of calcium ions, which bind to organic foulants and form bridges
ith the foulants in the fouling layer yielding loosened foulants. These react
ydrodynamics/mass transfer. Thus, efficient cleaning can be achieved thro
ptimization of cleaning conditions responsible for the favorable chemical re
O membranes. A cross-linked fouling layer is formed on the membrane surface
between adjacent foulant molecules. During cleaning, the cleaning agentreacts

ion products are removed from the fouling layer to the bulk solution through the
ugh the coupling between the chemical reaction and mass transfer along with the
action and mass transfer.
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intermolecular adhesion force prior to the fouling/cleaning
experiments. Following this prediction, the selected favor-
able cleaning solution can be used for cleaning experiments to
determine the optimal physical cleaning conditions in terms
of both cleaning efficiency and operating cost.

3.4. 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 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 effec-
tive cleaning of organic-fouled RO membranes is shown in
Fig. 12. Effective cleaning can be achieved only when both
the chemical and physical interactions are favorable as dis-
cussed 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 effective-
ness 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
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of loosened foulants from the fouling layer to the bulk solu-
tion. 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. For favorably reactive clean-
ing 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 crossflow 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 adhe-
sion force between foulants in the fouling layer. A remarkable
correlation is noted between the cleaning efficiencies and the
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leaning agent has a favorable chemical reactivity, the c
ng agent, upon contact with the foulants, will be able
eact with the foulants and weaken the structural integri
he fouling layer. The physical (hydrodynamic) conditio
hich are mainly responsible for the mass transfer of

eaction products, then play an important role in remo
he foulants from the fouling layer.

As we have shown earlier, some physical conditions
leaning time and temperature) affect the mass transfe
hemical reaction concurrently, unless the cleaning age
imited in terms of chemical reactivity. When a cleaning ag
as a favorable chemical reaction with the foulants in the

ng layer, an optimization of the physical conditions impro
ts cleaning efficiency significantly, as illustrated for 0.5 m
DTA and 10 mM SDS solutions when the cleaning t
as increased from 15 to 60 min. However, optimizing
hysical conditions will not enhance the cleaning efficie
f a cleaning agent which does not have a favorable ch
al reaction with the foulants, as shown for NaOH solu
hen the cleaning time was increased from 15 to 60 min
e emphasized earlier, effective cleaning of organic-fo
O membranes requires both the physical and chemical
ctions to be favorable.

. Conclusion

The cleaning of organic-fouled RO membranes is acc
lished by the chemical reaction between cleaning agent

oulants in the fouling layer, followed by the mass tran
agnitudes of the adhesion force measured in the pre
f the corresponding cleaning solutions. The cleaning
iency was inversely related to the residual foulant–fou
dhesion force, implying that favorable cleaning agents

hose effective in reducing the intermolecular adhesion fo
t is therefore suggested that AFM force measurement
e used as a tool to predict the effectiveness of the che
eactivity of a cleaning agent. The selection of reactive cl
ng agents is of paramount importance in determining
verall cleaning efficiency since the optimization of phys
onditions could improve the cleaning efficiency only w
he chemical reaction of the cleaning agent with depo
oulants is favorable.
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