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a b s t r a c t

This study examined the effect of molecular weight (MW) fractions on electro-ultrafiltration (EUF). MW
fractions fractionated from Aldrich humic substances (AHSs) were defined as G1 (3000 to >20,000 Da), G2
(500 to 3000 Da) and G3 (<400 to 500 Da) by using gel fractionation chromatography (GFC). G3 exhibited
eywords:
olecular weight (MW)

lectro-ultrafiltration (EUF)
ldrich humic substances (AHSs)

the largest flux decline in the absence of an electric field. The decline may be attributed to the relatively
small MW and apparent electrophoretic mobility (AEM) of G3. The result from atomic force microscopy
(AFM) roughness analysis suggested that G3 possibly blocked the membrane pore, but G1 and G2 were
possibly accumulated on the membrane surface. In the presence of an electric field, both flux and removal
were simultaneously increased due to the electrokinetic phenomena. However, the extent of the flux
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decline was higher for G1
characteristics of membra

. Introduction

Membranes with large pore sizes (>0.01 �m), such as microfil-
ration (MF) and ultrafiltration (UF), have received great attention
ue to their enhanced performance to remove pathogens, as com-
ared with traditional water treatment processes [1]. In addition,
he replacement or cooperation of traditional water treatment pro-
esses with an advanced technology, such as membrane filtration,
rovides an alternative means to meet stringer environmen-
al regulations. However, MF and UF suffer from fouling, which
ould deteriorate permeation flux, and therefore operation cost

s increased. Many studies showed that humic substances (HSs) are
ne of the most significant fouling agents [2,3].

Although membrane fouling by HSs has been studied exten-
ively [3–7], the results regarding which molecular weight (MW)
raction of HSs is the major fouling component are contradictory.
or example, Lin et al. [4] examined the effect of MW on UF with
nd without powder active carbon (PAC) pretreatment. Without
AC treatment, flux decline was more pronounced for the large MW

raction than that for the small MW fraction. In addition, the frac-
ion that could not be adsorbed by PAC also caused significant flux
ecline. Yuan and Zydney [8] also reported that large MW frac-
ion induced severe fouling. However, several studies showed that

∗ Corresponding author. Tel.: +886 2 23698112; fax: +886 2 23638173.
E-mail address: kcli@ntu.edu.tw (K.-C. Li).
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that for G3. It was postulated that electrochemical reactions changed the
d AHSs.

© 2008 Elsevier B.V. All rights reserved.

mall MW fraction with hydrophilic characteristic has significant
nfluence on flux decline [3,6,7].

In order to counter fouling, an electric field is applied dur-
ng UF. This is called “electrofiltration” in which the movement
f foulant, such as HSs, was influenced by the applied electric
eld and its apparent electrophoretic mobility (AEM). Since HSs
re negatively charged in natural water system with neutral pH,
he anode is placed on the feed side and cathode is placed on fil-
rate side to attract HSs and to prevent them from accumulating
n membrane surfaces or pores. It is noted that polarity should
e reversed if the foulant is positively charged [9]. Generally, the
EM of HSs ranges from −3.0 to −5.0 × 10−8 m2 V−1 s−1 depending
n sources and solution environments [10,11]. In a study on cap-
llary electrophoresis of a peat HSs, De Nobili et al. [10] reported

similar fingerprint for different MW HSs. While efficiency of
lectrofiltration is primarily based on AEM of species in solution,
t was expected that fouling could be controlled during electro-
ltrafiltration (EUF).

Although much has been reported to eliminate fouling and
ncrease removal of HSs by electrofiltration [12–15], there are still
aps in the literature about the effect of HSs MW fractions on the
erformance of EUF. In this study, gel fractionation chromatogra-

hy (GFC) was used to separate HSs into different MW groups. Flux
nd HSs removals were determined for each EUF experiment. Fur-
hermore, membrane morphology was measured by atomic force

icroscopy (AFM) to understand the change of membrane surface
efore and after fouling.

http://www.sciencedirect.com/science/journal/13835866
mailto:kcli@ntu.edu.tw
dx.doi.org/10.1016/j.seppur.2008.03.030
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. Materials and methods

.1. Preparation of AHSs solution

The synthetic raw water was prepared by filtering 5 g/L humic
cid (sodium salt, purchased from Aldrich Chemical Co.) solution
hrough a 0.45 �m filter, giving a stock solution with a dissolved
rganic carbon (DOC) concentration of approximately 250 mg/L.
he stock solution of Aldrich humic substances (AHSs) was stored
n refrigerator at 4 ◦C before use. Sodium chlorine was used as back-
round electrolyte. The DOC concentration was adjusted to 5 mg/L
ith a conductivity of 50 �S/cm and pH 7 for each EUF experiment.

.2. Fractionation of AHSs by molecular weight

The AHSs stock solution was fractionated by gel fractionation
hromatography. The gel used in this study was Sephadex G-75 type
hich is suitable for preparing the dextran and global protein in the

ange from 1000 to 80,000 Da. This method has been used previ-
usly to fractionate AHSs [2,4]. Polyethylene glycols (PEGs) with
W of 20,000, 12,000, 6000, 1500 and 400 Da (Merck) were used

s standards for calibration. It is well known that solution envi-
onments have significant impacts on MW fractionation of HSs. In
his study, distilled water was used as eluent. No buffers and pH
djustments were applied during fractionation experiments. The
lution at different time intervals was collected by an automatic
raction collector. Samples at each tube were analyzed by using
V spectroscopy and DOC analyzer to obtain a MW distribution
urve. In principle, large MW molecules are excluded earlier than
maller ones, because they are unable to travel through the gel
ores. High correlation between the exclusion time and the MW
as obtained. According to the MW distribution curve calibrated
ith PEGs, AHSs samples were divided into three MW groups,
enoted as G1 (3000 to >20,000 Da), G2 (500 to 3000 Da) and G3
<400 to 500 Da). The recovery of the AHSs in this study was approx-
mately 73%. Table 1 shows typical characteristics of fractionated
HSs.

.3. Filtration modules and experiment protocol

A laboratory scale EUF module was constructed by assembling
wo plates with one silicon plate in between. The electrodes which
ere located on two sides of the membrane were consisted of
latinum and titanium. The distance between two electrodes was
mm, and the filtration area was 16.75 cm2. The detailed layout of

he cell was shown previously [14].
The membranes used were 100 kDa polyacrylonitrile (PAN)

F membranes (purchased from Osmosis). This membrane was
ydrophilic with a contact angle of 4◦. Before the experiment was
onducted, the membrane was soaked in Milli-Q water and then
ltered with Milli-Q water for 1 h to remove preservatives and sta-
ilize the membrane. Thereafter, AHSs solutions with different MW

istributions were pumped into the cell. The transmembrane pres-
ure was 49–98 kPa and crossflow velocity was 0.12 m/s. It should
e noted that all the filtrate and the concentrate were recycled back
o the feed tank except those were taken for chemical analyses.
xperiments were conducted at room temperature (∼20 ◦C).

s
a

l
w

able 1
haracteristics of different MW AHSs at pH ∼ 5.6

W group Unfractionated G1 (3000 > 20,0

tock (DOC mg/L) 256 48
EM (x 10−8 m2 V−1 s−1) −3.09 −3.25
eta potential (mV) −39.3 −41.4
tion Technology 63 (2008) 23–29

Flux reduction (Jred) is defined in Eq. (1), where Ji is the flux at
nitial (t = 0) and Jf is the flux at final (t = 300 min). A high Jred means
higher potential to experience flux decline.

red = Ji − Jf
Ji

× 100% (1)

.4. Water quality analyses

The total organic carbon (TOC) was analyzed with an Organic
arbon Analyzer (model OI Analytical 1010). Conductivity and pH
ere measured with potentiometers Suntex model SC-120 and
onsort model C831. Additionally, AHSs were also quantified as
V254 measured with a Cintra 20 UV–Visible spectrometer at pH
.0 ± 0.1. Electrophoretic mobility measurements were made by
alvern Zeta Sizer 3000, giving an AEM for each sample.
AHSs removal efficiency (R) was calculated by Eq. (2), where C0

nd Cf are initial UV absorbance in feed and the final UV absorbance
n filtrate, respectively.

= C0 − Cf

C0
× 100% (2)

The filtration resistance was calculated by Darcy’s law in Eq. (3).

f = �P

J�
(3)

In this equation, Rf is the filtration resistance (m−1), �P is trans-
embrane pressure (Pa), J is flux (m/s) and � is viscosity (N s m−2).

.5. Membrane morphology and zeta potential analyses

AFM was used to analyze membrane morphology. Measure-
ents were made by Digital Instrument. The samples were dried

t room temperature and a specimen was cut before AFM analysis.
he scan size for all the specimens was 5 �m × 5 �m. The average
oughness can be calculated from the computer software.

Membrane streaming potential was measured using a device
onsisting of two parallel-plates with two IrO2 electrodes at each
ide. The measurement was carried out by varying applied pres-
ure corresponding to different currents. The tangential streaming
otential can be calculated using Helmholtz–Smoluchowski equa-
ion [16].

. Results and discussion

.1. Fractionation of AHSs by GFC

Fig. 1 shows MW distribution of AHSs using a GFC technique
nd calibrated with PEGs. G1, G2 and G3 groups represented large-
3000 to >20,000 Da), medium- (500 to 3000 Da) and small- (<400
o 500 Da) sized organics in AHSs. There is a peak at around
0,000 Da, which dominated large MW fraction. This result is con-

istent with previous studies with the same separation technique
nd model compound [2,4].

The characteristics of unfractionated and fractionated AHSs are
isted in Table 1. Major DOC comes from the large MW component,

hich represents 50% of organic in stock solution. In addition, all

00 Da) G2 (500 to 3000 Da) G3 (<400 to 500 Da)

24 29
−2.71 −2.17

−34.4 −27.7
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Fig. 1. Molecular weight distribution of AHSs.

f these three fractions were negatively charged from AEM mea-
urements. AEM was higher for G1 than that for medium and small
W groups, i.e., G2 and G3. It was therefore postulated that the

lectric field would be less effective for G3 group than that for G1
nd G2 groups. These AEM values were on the same order with our
revious study [12] and measurements by capillary electrophore-
is [10,11]. In addition, the AEM result suggested that AHSs charge
s not independent of MW, although De Nobili et al. [10] reported

similar AEM for different MW fractions of HSs extracted from
eat. This may be due to the differences in origin and measurement
echniques employed.

It is well known that zeta potential of a spherical particle can be
erived from electropohretic mobility according to Henry’s equa-
ion [16] where � is the electrophoretic mobility (m2 V−1 s−1), ε is
he dielectric constant of the solution (C2 N−1 m−2), ς is the zeta
otential (V), � is the viscosity of solution (N s m−2).

= 2ες

3�
f (˛) (4)

While Henry’s equation implicitly assumes that the zeta poten-
ial of a particle is low and neglect retardation effect, it is reasonably
rue in most environmental application. Both AEM and zeta poten-
ial of AHSs were reported here, although the real conformation and
hape of AHSs are unknown. It is noted that zeta potentials were
alculated in Helmholtz–Smoluchowski’s limit. It is clear that zeta
otential is proportional to electrophoretic mobility from Henry’s
quation.

.2. Effect of transmembrane pressure on flux

Fig. 2 shows the effect of transmembrane pressure on flux.
he Milli-Q water fluxes for clean membrane were 8.1, 6.2 and
.2 × 10−5 m/s at 98, 74 and 49 kPa, respectively. Therefore, the
ltration resistance for a clean membrane was 1.25 × 1012 m−1,as
alculated by the Darcy’s law in Eq. (3). The initial filtration flux
f AHSs solution was slightly smaller than that of Milli-Q water. In
omparison with its Mill-Q water flow, the flux reduction after 5 h
peration was 15%, 22% and 27% at 49, 74 and 98 kPa, respectively.

The application of electric voltage at 50 V raised the initial flux
ramatically at all operational pressures. Flux fluctuation became
reater, after applying voltages and reached a relatively stable value

t 200 min. A Similar phenomenon was observed from electrofiltra-
ion of AHSs [13], wastewater [17] and colloidal solution [18]. The
nitial flux for EUF was not only greater than that for UF of AHSs

ithout voltage, but also greater than that for UF of Mill-Q water.
fter applying an electric field, flux enhancements were 34%, 33%

a
a
t

r

Fig. 2. Flux of AHSs at different pressures during EUF.

nd 13% at 49, 74 and 98 kPa, respectively. However, it could not
void flux decline during EUF of AHSs. There were 25%, 21% 26%
ux reduction at 98, 74 and 49 kPa, respectively, as compared to its

nitial value in the presence of electric field. Despite the flux decline
ccurred, the final flux in the presence of electric field remained
igher than that in the absence of an electric field.

At beginning of the experiment, there were 26%, 20% and 6% flux
nhancement in comparison with its Mill-Q water flux at 49, 74
nd 98 kPa, respectively. Since electrophoresis denotes the move-
ent of species in the electric field, it was not able to account for

he incremental flux in such a circumstance. Therefore, it is clearly
hat the incremental flux was the contribution of electroosmosis
lthough electrophoresis did take place at the same time. Similar
esults were obtained by Weng and Li [12] with 100 kDa polyvinyli-
ene fluoride (PVDF) membranes and Weng et al. [14] with 100 kDa
AN membranes during EUF of AHSs. They reported that electroos-
otic flux during EUF of AHSs was in the range of 5–36% which

s in agreement with present study. In general, electroosmosis is
ependent on the electric field, characteristics of membrane and
olution properties. Interestingly, more than 100% enhancement
as observed during electrofiltration of a polymer suspension at
igh voltage [19]. It is noted that the higher percentage of flux
nhancement at low pressure condition was due to low perme-
te flux. The absolute values of the electroosmotic flow at different
ressures were not significantly different.

.3. Effect of MW fraction on flux

In order to investigate more severe fouling scenarios, pressure
as chosen at 98 kPa during the experiments. Figs. 3(a) and 4 show

hat flux declined to 68%, 67% and 54% of its initial value for G1, G2
nd G3 groups, respectively. This result suggested that G3 group, i.e.,
ow MW organic, had higher potential to cause membrane fouling.
evertheless, G1 and G2 groups also induced more than 30% flux
eclination in this study. Other studies also indicated that small
W HSs had higher potential to cause flux decline than larger ones

3,6,7]. For instance, Howe and Clark [7] pointed out that low MW
ompound was the major contributor to fouling during filtration
f natural water in US. They also showed that no fouling condition
as found after removing the small MW foulants. In addition, the

tudy by Carroll et al. [6] showed that the smallest MW component
xtracted from Moorabool River had a neutral-hydrophilic feature

nd caused the severest flux decline. Furthermore, Li and Chen [3]
lso reported that small MW fractions separated from AHSs tented
o cause fouling in membrane pores.

However, our result was different from the studies by several
esearchers [4,5]. In the studies, it was shown that large MW frac-
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Fig. 3. Effects of different MW fractions of AHSs on EUF: (a) w

ion caused more severe fouling than small MW one. Yuan and
ydney [5] showed that HSs aggregates would cause fouling on the
embrane surface and removing them can reduce fouling. How-

ver, their experiments were conducted in a dead-end mode, and
he results may not be applicable to our study. The differences
etween this study and Lin’s lie in different membrane materi-
ls [4]. The hydrophilic characteristics of PAN membrane might
e preferential to adsorb G3 in membrane pore because of its
ower charge and lower size (Table 1). Several researchers have
ointed out the importance of membrane characteristics on foul-

ng [5,20,21]. A different fouling tendency could be obtained when
wo UF membranes, i.e., one hydrophobic and one hydrophilic, were

ig. 4. Flux reductions during filtration of MW fractions at various electric voltages.
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t voltage, (b) G1 fraction, (c) G2 fraction and (d) G3 fraction.

sed to treat water containing natural organic matter (NOM) and
odel compounds [20].
Fig. 5 shows the membrane images by AFM. AFM roughness

nalysis has been considered as an indicator to gain insight into
embrane fouling because it is noninvasive and free of pretreat-
ent [20,21]. Table 2 demonstrates that membrane roughness is

ot only dependent on membrane materials, but also on water qual-
ties. Increased or decreased roughness after fouling was observed.
ee et al. [21] reported that particulate organic matter tended to
eposit on the membrane surface and thereby increased mem-
rane roughness after filtration. In contrast, AFM image of a clean UF
embrane was not significantly different from that of membrane

ouled by dissolved organic matter. It appeared that G3 group filled
embrane pore and reduced roughness of membrane, whereas G1

nd G2 groups were accumulated on the membrane surface and
herefore increased membrane roughness. Thus, fouling induced
y G1 and G2 might be retained on the membrane surface due to
heir larger MW.

Table 2 also demonstrates that streaming potential of the mem-
rane during filtration of AHSs. It is clear that membrane streaming
otential was less affected by filtering G3 group AHSs. Although
HSs and membrane were both negatively charged, it is inevitable

o experience fouling during membrane filtration [5]. Since mem-
rane is a pressure driven process, it is clear that both convective
orce towards membrane and the repulsive force coming from

embrane charge should be considered. As observed from the

xperimental results, the convective force was greater than the
epulsive force. This resulted in deposition of AHSs on the mem-
rane surface or in the membrane pore. In addition, adsorption
f AHSs on the membrane also decreased the membrane surface
otential, which resulted in less repulsive force between the mem-
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Fig. 5. AFM surface analysis on fouled membrane: (a) M

rane and ASHs [5]. Thus, despite of larger zeta potential of G1 and
2 groups, flux decline occurred during filtration.

Fig. 3(b)–(d) shows the effect of MW on EUF. For all three
ractions, flux increased after applying voltages. In general, flux
ncreased as the applied electric field increased. Interestingly, flux
t 50 V was higher than that at 25 V in the beginning, but a reverse
rend was observed over time. Flux reduction analysis also showed
similar trend (See Fig. 4), i.e., 25 V performed better than 50 V.

possible explanation for this could be the change in membrane

urface property due to water hydrolysis near the electrodes. In
eneral, pH would rise to 10 in cathode chamber and lower to 4
n anode chamber in our experimental conditions. According to
he suggestions by the manufacturer, this membrane adapts to

t
b
s
t
[

able 2
oughness and streaming potential of clean and fouled membranes

ater matrix 100 kDa PAN membranea (nm) 100 kDa PAN membr

lean 3.6 −11.55
1 11.3 −8.25
2 14.2 −8.39
3 3.0 −9.32

a This study.
b Regenerated cellulose (RC) membrane, data from Lee et al. [21].
ater, (b) G1 fraction, (c) G2 fraction and (d) G3 fraction.

H ranging from 2 to 10. Therefore, alkalinity solution at pH ∼ 10
as used to simulate the solution environment during EUF. The
embrane was soaked in a 0.1 N NaOH solution for 5 h, and Mill-Q
ater filtration rate was measured before and after NaOH treat-
ent. Fig. 6 shows that Mill-Q water flux decreased after NaOH

retreatment. It is postulated that pH changes due to water hydrol-
sis might affect the performance of the EUF. Although Yang et al.
17] have attributed the decrease in flux after elctromicrofilation

o clogging of small particles into membranes, change of mem-
rane property in terms of Mili-Q water flux was observed in this
tudy. Recently, application of electrofiltration to remove nanopar-
icles from water was demonstrated by using inorganic membrane
22].

anea (mV) Water matrix 100 kDa RC membraneb (nm)

Clean 22.9
Marne River 26.8
Yffiniac River 23.5
Brittany Reservoir 20.2
Silver Lake 11.0
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Fig. 6. Effect of membrane pretreatment on Mili-Q water flux.

Moreover, changes in AHSs characteristics might occur after EUF.
lthough the electrophoresis and electroosmosis are major effects
uring electrofiltration, electrochemical reactions do take place if
he electrodes are not separated from the streams [14]. It has been
hown that AHSs compositions changed but to a less extent after
lectrofiltration [13].

Fig. 7 summarizes the filtrate produced in various experimen-
al conditions. Water produced in terms of volume was calculated
y integration of flux versus time curve. In general, the higher the
oltage, the more water produced. In average, the incremental vol-
me was 20% and 24% at 25 and 50 V, respectively. It is clear that
lectroosmosis would benefit EUF but long term experiments are
eeded to understand the practical limitation in large scale appli-
ation.

.4. AHSs removal efficiency

Fig. 8 shows AHSs removals in terms of UV absorbance at
54 nm at various experimental conditions. The unfractionated
HSs removals were 86%, 85% and 80% at 49, 74 and 98 kPa, respec-

ively and increased to more than 90% after applying voltages. It
s clear that applying electric voltage could benefit AHSs removals.

ore AHSs were conveyed towards the membrane at higher pres-

ure than those at lower pressure, and therefore the removal
fficiency decreased as transmembrane pressure increased. The
ncremental AHSs rejections in the presence of electric field were
ontributed by electrophoresis which carries charged AHSs away

Fig. 7. Effect of voltage on water production.

fl
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ig. 8. AHSs rejections via EUF. A: AHSs, 49 kPa; B: AHSs, 74 kPa; C: AHSs, 98 kPa;
: G1 fraction, 98 kPa; E: G2 fraction, 98 kPa; and F: G3 fraction, 98 kPa.

rom the membrane surface. The improvement of rejection was
lso observed during electrofiltration of proteins [23], oil wastew-
ter [24] and silica wastewater [22]. The decrease in AHSs removal
hen electric voltage increased may be due to the electrochemi-

al interactions between membrane and solution as described in
ection 3.3.

Fig. 8 also demonstrates the MW effect on EUF performance.
ithout voltage, removal efficiency followed the MW order, i.e.,

1 > G2 > G3. This is consistent with the result of Lin et al. [4]. After
pplying voltage, this trend remained. In general, more than 90%
HSs removal could be achieved at 50 V. Furthermore, a decrease

n AHSs removal for G1 group from 25 to 50 V indicated a change
n characteristic of AHSs.

. Conclusions

This study investigated the effect of pressure and AHSs MW
n EUF. The AHSs were fractionated into G1, G2 and G3 groups
hich represented organics in 3000 to >20,000, 500 to 3000, and

400 to 500 Da, respectively. Without applying electrical voltages,
ux declined in a descending order: G3 > G2 > G1 ∼ unfractionated.
ased on flux, AHSs removal and AFM surface analysis results, a
mall MW group with low AEM would pass through membrane
nd cause severer fouling. After applying electrical voltages, both
ux and AHSs removal were increased due to electrokinetic effects.
owever, the electrochemical reactions which took place in anode
nd cathode may influence membrane characteristics as well as
HSs composition. Therefore the results suggest that an inorganic
embrane is more appropriate, if high electric voltage is applied

uring EUF.
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