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Abstract: The retention of sulfamethoxazole (SMZ) by nanofiltration (NF) membranes is strongly influenced by the pH value of
the solution. The retention of SMZ reaches its peak value when the solution pH rises above its pK,, value as the compound
transforms into a negatively charged species. Charge repulsion is the main mechanism involved in SMZ removal by NF
membranes. In this study, the removal of SMZ by NF membranes, as a function of solution chemistry, was examined at pH 8.9 to
investigate the effect of solution conditions on charge repulsion. The results show that the retention of negatively charged SMZ is
relatively independent of SMZ concentration, and an increase in the ionic strength of the solution causes a relatively small
reduction in retention. A small effect of humic acid (HA) on SMZ retention was noticed at pH 8.9, which can be explained by a
small but insignificant improvement in the zeta potential of the membrane caused by HA at high pH values. However, it was found
that SMZ concentration in the feed decreased significantly in solutions containing tannic acid (TA). The Adams-Bohart model was
applied to our experimental data and was found to be suitable for describing the initial part of the breakthrough curves. The
adsorptive parameters of the membrane were determined.
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1 Introduction

The pollution of drinking water sources by or-
ganic micropollutants at very low concentrations is
becoming a great concern as the reuse of domestic
wastewater for potable drinking water increases in
popularity. Among these micropollutants, chemicals
categorized as pharmaceutically active compounds
(PhACs) have been receiving considerable attention
recently because of their widespread occurrence in
the aquatic environment. Sulfamethoxazole (SMZ) is
an important member of the sulfonamide antibacterial
category of PhACs and is probably the most fre-
quently used antibiotic (Heberer, 2002; Kolpin et al.,
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2002; Lindberg et al., 2004).

The efficiency of removal of SMZ by conven-
tional wastewater and drinking water treatment
processes varies greatly (Batt et al., 2007). Intensive
efforts have been made to determine the ability of
advanced treatment processes, such as membrane
filtration and advanced oxidation processes, to re-
move these organic micropollutants (Andreozzi et al.,
2003; Sharma et al., 2006). In view of its high mo-
lecular weight (>200 Da), it would be reasonable to
consider that nanofiltration (NF) could provide ef-
fective control (Yoon et al., 2006; Comerton et al.,
2007; Verliefde et al., 2007).

The retention of organics can be attributed to a
number of mechanisms, the most common of which
are size exclusion, charge repulsion, and adsorption
on the membrane surface. Many PhACs are hydro-
phobic compounds (i.e., log value of noctanol/water
partition coefficient logKow>2) (Kimura et al., 2003)
and many high-pressure membranes are considered to
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be hydrophobic, as characterized by their contact
angle (Bellona et al., 2004), so hydrophobic adsorp-
tion of compounds onto membranes is widely ob-
served and can lead to overestimation of rejection
(Nghiem and Schéfer, 2002). However, very few
studies have examined the role of electrostatic inter-
actions. The low hydrophobicity of SMZ (0.89) in-
hibits the hydrophobic adsorption of SMZ molecules
by the membrane and facilitates the investigation of
electrostatic interactions.

Natural organic matter (NOM) is ubiquitous in
any aquatic environment. NOM is a mixture con-
taining a variety of water-soluble organic components,
their molecular weight ranging from less than a hun-
dred to several hundred thousand Daltons. Many
researchers have found different kinds of NOM in
various feed waters. Contaminants like SMZ may
bind to organic matter, and their presence can enhance
retention and generally determine the fate of com-
pounds. Some fractions of organic matter may com-
pete with SMZ for adsorptive sites. Consequently,
this competition may affect retention where adsorp-
tion is a dominant factor. Most studies agree that the
retention of micropollutants in membrane-based sys-
tems tends to be influenced by the presence of NOM.
However, the use by various researchers of NOM of
different origins, and inadequate information on their
physicochemical properties, do not allow comparison
of experimental results. Therefore, it is of particular
interest to study the relation between the characteris-
tic physicochemical properties of the humic sub-
stances that are present in drinking water sources, and
the retention performance of NF membranes. To this
end, the use of well-defined NOM will aid the better
understanding of the mechanisms of NOM-SMZ
retention by membranes (Plakas and Karabelas,
2009).

In this paper, the short-term removal of SMZ
from synthetic aqueous solution by NF as a function
of solution characteristics including SMZ concentra-
tion, ionic strength and pH was investigated. Many of
the experiments were completed at pH 8.9, a pH level
at which both SMZ and the membrane are negatively
charged, in order to examine the effects of other so-
lution characteristics on charge repulsion. The effects
of the presence of different types of NOMs, repre-
sented by humic acid (HA) and tannic acid (TA), were
studied. HA is widely used in experiments to repre-

sent the dissolved organic loading because it is a
major component of the NOM that is present in all
natural waters and wastewater (Agbekodo et al., 1996;
Schéfer et al., 2006). Also, commercially available
TA was used as a type of surrogate NOM for com-
parison with the results obtained by HA. We applied
the Adams-Bohart model to our experimental data to
simulate the breakthrough curves. It should be noted
that the results presented here do not necessarily show
how SMZ could be removed from wastewater in
water treatment plants because of the complex com-
position of natural water.

2 Materials and methods
2.1 Membrane

The structure of the polyamide membrane sur-
face (Schéfer et al., 2003) and the characteristics of
the NF membrane used in this study are summarized
in Fig. 1 and Table 1, respectively. The membrane,
which is available commercially, was stored at 4 °C.
The polyamide contains both carboxylic and amine
function groups that can be ionized in an aqueous
solution. NF membrane has an isoelectric point at a
pH between 3.5 and 4.0 (Nghiem et al., 2005), and
hence is negatively charged for most of the time under
the conditions in this investigation.

"
+N*—(CH2)5—C~}
5h

Fig. 1 Structure of the polyamide membrane surface

Table 1 Characteristics of the NF membranes used in this
study

. Salt rejection pH
Material ~ Manufacturer (2000 mg/L MgSO,) range
Polyamide Dow-FilmTec 98% 3-10

(USA)

2.2 Solution chemistry and chemicals

SMZ was purchased from Sigma-Aldrich (Saint
Louis, Missouri, USA) and the stock solution was
prepared by adding 100 mg SMZ to 1 L Milli-Q water.

Both HA and TA are typical waterborne com-
ponents of NOM and were purchased from



870 Wau et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(11):868-878

Sigma-Aldrich. HA contains a complex and hetero-
geneous group of many humic molecules, which can
be described as a supramolecular colloidal mixture.
Their molecular weights are typically above 50000 Da.
TA is a polyphenol, representative of relatively hy-
drophilic compounds of medium molar mass. It is
reported by the supplier to have a mean molecular
mass of 1701.18 g/mol with an empirical formula
Cr6Hs2046, but in fact it contains a mixture of related
compounds. The characteristic chemical parameters
of HA and TA used in our experiments are summa-
rized in Table 2. In all cases, the organic matter con-
centration was characterized by total organic carbon
(TOC) concentration.

Table 2 Acidity and elemental composition of HA and TA

. — Elemental composi-
Acidity (mequiv-g —C) tion (%, wiw) (02/00
Carboxylic Phenolic Total C* H O N wiw)°

HA®  3.40 - - 60 345 345 0.96

TA®  1.88 95 114 50 - - 0 58

2 Elemental composition of a dry, ash-free sample; ® percentage of H,O
in the air-equilibrated sample; © values reported in (Nghiem and
Hawkes, 2007); ® values reported in (Plakas and Karabelas, 2009)

The background electrolyte consisted of
1 mmol/L NaHCOj3; and 20 mmol/L NaCl unless oth-
erwise stated. Feed solution was prepared by spiking
SMZ stock solution into background electrolyte so-
lution to a certain SMZ concentration. CaCl,, HA and
TA were added as required, and the pH was adjusted
using 0.1 mol/L NaOH or HCI. In the experiments on
the effect of NOM, the solution containing HA or TA
and SMZ was prepared and left to stand for 24 h to
allow enough contact between HA or TA and SMZ
before filtration.

2.3 Filtration system and protocol

Cross-flow tests were carried out to assess the
removal efficiency of SMZ by NF membrane. A
schematic diagram of the cross-flow membrane fil-
tration setup is shown in Fig. 2. Both permeate and
concentrate were recycled to the feed tank except for
the sample withdrawn for SMZ concentration meas-
urement. The effective membrane area was 60.0 cm’.
The operating transmembrane pressure was con-
trolled at 0.4 MPa.

A new membrane was used in each experiment.

The membrane was soaked in Milli-Q water for a
minimum of 24 h prior to use. During this period, the
Milli-Q water was replaced every 4-8 h with another
new volume of Milli-Q water for membrane stabili-
zation. The dissolved organic carbon (DOC) of the
final rinsed water was checked to ensure that it was at

a negligible level.
Pressure meter
Concentrate

Permeate

Membrane cell

e
:

Feed

N

Flow meter

Fig. 2 Schematic diagram of the cross-flow membrane
filtration unit

The membranes were compacted for 3 h at
0.4 MPa, prior to the determination of pure water
flux with both steps using deionized water. The feed
tank was then emptied and refilled with SMZ solu-
tion. Each experiment was conducted over a period
of 8 h. The corresponding retentate was collected.
Flux values (J) were recorded with each sampling.
Observed retention rate, R, of SMZ was calculated
using R(%)=(Cr—Cp)*x100%/Cg, where Crand Cp are
the feed and permeate concentrations (ug/L),
respectively.

The adsorption breakthrough curves were ob-
tained from the results of experiments performed with
a dead-end filtration cell with magnetic stirring. The
stirring rate was maintained constant over the ex-
periments. The transmembrane pressure was provided
by a compressed N, cylinder, with the applied pres-
sure kept at 0.15 MPa. All experiments were per-
formed at pH 3.5 and room temperature ((20£2) °C).
For each feed concentration, filtrate samples were
collected during filtration at specified time intervals
for subsequent analysis.
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2.4 SMZ characteristics

The physicochemical characteristics of SMZ are
summarized in Table 3. With a logKow value of 0.89,
it is noteworthy that SMZ has low hydrophobicity in
its neutral form, and consequently low hydrophobic
adsorption to the membrane. From the speciation of
SMZ as a function of pH, it can be seen that SMZ
exists in positive, neutral, as well as negative forms as
it has two ionizable amine groups.

Adsorption can also depend on several factors
related to the membrane properties including the
nature of the polymeric membrane material, mem-
brane hydrophobicity (represented by contact angle)
and membrane surface roughness (Nghiem and
Hawkes, 2007).

2.5 Analytical methods

SMZ concentration was analyzed using a 1200
Series High Performance Liquid Chromatography
(Agilent, USA). Separation of SMZ was achieved on
a ZORBAX Eclipse Plus C18 column (4.6 mmx
150 mm, 5 um, Agilent, USA) with a mobile phase
composed of 25% acetonitrile and 75% formic acid

871

(0.1%, v/v), delivered at a constant flow rate of
1.0 ml/min. Detection was carried out using a fluo-
rescence detector at an excitation wavelength of 270
nm and an emission wavelength of 344 nm. The in-
jection volume was 50 pL and the total run time for
each analysis was 8 min. Atypical quantification limit
for SMZ under these conditions was about 1 pg/L.

TOC was measured using a Shimadzu TOC-
VCSH analyzer (Japan). All samples were filtered
through 0.45 pm membrane prior to TOC measure-
ment. Thus, the TOC values obtained here are, in fact,
DOC values.

2.6 Modeling dynamic adsorption on the
membrane

The performance of packed beds is described
using the concept of the breakthrough curve. In
dead-end filtration experiments, we can consider the
membrane as a short column, so the concept of the
breakthrough curve was applied in the filtration of
SMZ solution by NF membrane.

The breakthrough curves show the loading be-
havior of SMZ to be removed from the solution

Table 3 Physicochemical properties of sulfamethoxazole (SMZ)

Parameter

Description

Molecular formula
Molecular weight (g/mol)
Molecular size (nm)

C1oH11N303S (Clara etal., 2005)
253.3
Molecular width X: 0.526, molecular height Y: 0.587, molecular

length Z: 1.031 (Nghiem and Hawkes, 2007)

Acid dissociation constant
Octanol/water partition coefficient
Dipole moment (D)

Henry’s law coefficient (atm m%mol)
Water solubility at 293 K (mg/L)
Structure

pH dependence of SMZ speciation

pKa=1.4, pK,=5.8 (Nghiem and Hawkes, 2007)
0.89 (Nghiem and Hawkes, 2007)

5.4 (Schéfer et al., 2003)

6.42E-13 (Kimura et al., 2004)

600 (Schéfer et al., 2003)

O H
1N
H,N ﬁ—N ~ 0
0 —
CH;
(Schéfer et al., 2003)
100
= Anionic
S 80t S 1
z Neutral SMZ SMZ
8 60
Q
2 a0l Cationic SMZ
g
o 20
a
0 " " z " "
0 1 2 3 4 5 6 7 8 9
pH

(Qiang and Adams, 2004)
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passing through a membrane and are expressed in
terms of a normalized concentration, defined in this
study as the ratio of effluent SMZ concentration to
inlet SMZ concentration (C/Cy) as a function of time.

There are several kinetic models to simulate the
breakthrough curves. In this study, we used the fun-
damental equations established by Adams and Bohart
(Aksu and Gonen, 2004) to describe the relationship
between C/Cy and t in a flowing system. This model
assumes that the adsorption rate is proportional to
both the residual capacity of the adsorbent and the
concentration of the sorbing species. The Adams-
Bohart model was used for the description of the
initial part of the breakthrough curve.

The mass transfer rates of the Adams-Bohart
model obey the following equations:

q

E =—kKasCy 0, @
% = __kAB )
oZ ZC.q'

where g is the SMZ concentration in the membrane
(ug/L) at any time t (min), kag is the kinetic constant
(L/(ug:min)), Cy is the bulk SMZ concentration in the
solution flowing through the membrane (ug/L), and Z
is the thickness of the membrane (cm). The following
equation is obtained with parameters kag and No when
the differential equations are solved:

In (C/Co)=kABCot_kABNoz/Uo, (3)

where Ng and Uy are the saturation concentrations in
the Adams-Bohart model (mg/L) and the superficial
velocity (cm/min), respectively. In this study, we
change the equation to a more practical form:

QIn(C/Cy)=kagCoV—1000kasqoM, (@)

where qp is the maximum adsorption capacity of the
membrane (ug/cm?), M is the amount of adsorbent
(15.2 cm? in this experiment), V is the filtered volume
downstream (ml), and Q is the flow rate with the fixed
value of 1 ml/min in this investigation. From this
equation, values describing the adsorptive character-
istic parameters of the membrane can be determined
from a plot of QIn(C/Cy) against V at a given Q.

3 Results and discussion
3.1 Effect of pH on SMZ retention

It is known that the solution pH value can affect
the chemical speciation of dissociable compounds as
well as the charge characteristics of membranes.
Therefore, pH was expected to affect the rejection
efficiency of SMZ. In this section, we will analyze
and discuss the experimental observations on the
rejection of SMZ by NF membrane at different pH
levels. Considering the pH limitations of the NF
membrane and the pump, the pH range 3.5-8.9 was
adopted in the experiments. Within this range SMZ
was expected to show variation in negatively charged
and neutral speciation.

The dependency of SMZ rejection by NF
membrane on solution pH value is shown in Fig. 3. At
all pH levels except pH 8.0 and 8.9, SMZ
concentration in the feed decreased remarkably with
filtration time and had still not stabilized after 4 h
(Fig. 3a). There were notable differences in the feed
concentration across the pH range 3.5-6.5. This
phenomenon could be attributed directly to the
adsorption of SMZ onto the membrane. At pH 8.0 and
8.9, nearly all SMZ molecules in the initial feed water
were dissociated and negatively charged (Table 3).
The electrostatic repulsion between dissociated SMZ
molecules and the highly negatively charged NF
membrane significantly decreased the proximity of
SMZ to the membrane surface and thus reduced the
adsorption of SMZ onto the membrane. The rate of
decline in SMZ concentration in the feed varied
directly in relation to the ratio of neutral and
negatively uncharged SMZ molecules which was
proportional to the pH values. For example, at pH 3.5
the SMZ concentration in feed decreased by 73.2%
(from an initial 88.2 to 23.6 pg/L at the end of
experiment). That decline was nearly double the
38.8% reduction (from 94.7 to 57.9 pg/L) shown at
pH 5.5.

It has been widely observed that the retention of a
variety of chemicals by NF membrane or loose reverse
osmosis membrane is dependent on solution pH values
(Kimura et al., 2004). The most surprising observation
from our study compared with previous studies
(Nghiem et al., 2004; Hu et al., 2007) was the way
in which the objective micropollutant concentration
in the permeate changed over time. For example,
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Fig. 3 Effect of solution pH values on SMZ concentrations
in the feed (a) and permeate (b) and on the retention (c) of
SMZ by NF membrane (cross-flow filtration; feed solu-
tion: 100 pg/L SMZ, 1 mmol/L NaHCOj3, 20 mmol/L NaCl,
pH varied from 3.5 to 8.9)

at pH 4.5, the SMZ concentration in the permeate
dropped dramatically from 36.8 to 5.0 pg/L after 4 h
(Fig. 3b), whereas in other investigations the
concentration in the permeate increased from a low
value to a much higher value as shown by the
breakthrough curves (Aksu and Génen, 2004; Kimura
et al., 2004; Qiang and Adams, 2004) or remained

stable with filtration processing (Nghiem et al., 2006).

Retention of trace organics is often explained by the
solution diffusion model. According to this model,
solute transport across the membrane is a two-step
process: first, the solute is adsorbed or dissolved by
the membrane; second, it migrates across the
membrane by diffusion or convection (Nghiem and

Schéfer, 2002; Nghiem et al., 2002). The separation
process in such cases would be subject to the
differential diffusion coefficient between water and
SMZ, the concentration gradient, and also the
thickness of the membrane skin layer. After more
than 20-h filtration at pH 3.5 with all SMZ molecules
uncharged, it can be seen from Fig. 4 that the
permeate concentration is equal to the feed
concentration and the value is close to the detection
limit, showing that all the SMZ molecules can be
adsorbed on or into the membrane after sufficient
filtration. It indicates that the transport mechanism of
SMZ across this NF membrane can be characterized
as convection dominated and only an adsorptive
mechanism is effective in retaining SMZ. Further
investigation of the adsorption saturation of SMZ on
NF membrane is needed.

100

. —=— In permeate

= 8ol —e—In feed

)

=

5 60

®

2 4w %

e .

] \ \,

c L)

S 20} \.s.

N

= m \.\

) ol u-m 2:0
1 1 1 1 1 J
0 5 10 15 20 25

Filtration time (h)

Fig. 4 Adsorption balance of SMZ on NF membrane
(cross-flow filtration; feed solution: 100 pg/L SMZ,
1 mmol/L NaHCOg3, 20 mmol/L NaCl, pH 3.5)

The Adams-Bohart sorption model was applied
to the dead-end filtration experimental data for the
description of the initial part of the breakthrough
curve. This approach was focused on the estimation
of the characteristic parameters go and kag from the
Adams-Bohart model. After applying Eq. (4) to the
experimental data for variable inlet SMZ con-
centrations, a linear relationship between In(C/Cy)
and V was obtained for the relative concentration
region up to 0.5, i.e., up to 50% breakthrough (Fig. 5)
for all breakthrough curves (R*>0.900). Respective
values of go and kag calculated from the In(C/Cy)
versus V plots at all inlet SMZ concentrations studied,
are presented in Table 4 together with the correlation
coefficients.

It should be noted that the mechanism driving
adsorptive retention at the membrane surface is still



874 Wau et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(11):868-878

-0.3
C,=22.2 pg/L
0.4 Y=0.1625X-1.1792
R%=0.958
~ -0.5 |
Q
o
b4 -0.6 |
[e3
0.7
08| =
1 1 1 1 1 1
25 30 35 40 45 50
V (ml)
a
06 (@)
u
-0.8 }
-1.0
>
ou—1.2 - C,=48.4 g/l
z Y=0.4011X-2.4093
S 14t )
R’=0.930
-1.6
]
1.8 1 1 1 1 1 1
20 25 30 35 40 45
Vv (ml)
(b)
0.6 |- g
09}
~-l2t
o
Q,E sk C0-67.3 Hg/L
z Y=0.5895X-2.6004
© asf R’=0.946
21F =
1 1 1 1 1 1
10 15 20 25 3.0 35
V (ml)
c
05 ©
u
‘1.0 f
-
T C,=92.1pg/L
o° Y=0.7547X-3.0807
T -20 | 2
& R°=0.902
25}
-
-3.0 1 1 1 1 1 1
10 15 20 25 3.0 35
V (ml)
(d)

Fig. 5 Fit of Eq. (4) to breakthrough data in the range
of 0-0.5 (dead-end filtration; feed solution: 1 mmol/L
NaHCO3, 20 mmol/L NaCl, pH 3.5)

Table 4 Parameters predicted from the Adams-Bohart
model at different inlet SMZ concentrations (dead-end
filtration; feed solution: 1 mmol/L NaHCO3, 20 mmol/L
NaCl, pH 3.5)

Co(ug/l) kg (L/(minpg))  qo (pg/em?) R’
22.2 0.0073 00106  0.958
48.4 0.0083 00191  0.930
67.3 0.0087 00195  0.946
92.1 0.0082 0.0247  0.902

unclear, but it may reflect hydrophobic partitioning to
the organic membrane surface or be related to more
specific interactions such as hydrogen bonding. The
major adsorptive effects for SMZ seen in this inves-
tigation could be mediated by hydrogen bonding
between SMZ and the membrane because of the lim-
ited hydrophobic adsorption, i.e., SMZ has low hy-
drophobic potential because of its low logK,w value
(Table 3). Therefore, the differences in the trend of
SMZ concentration variation in the permeate may be
due to the different characteristics of SMZ compared
with other chemicals investigated in other studies.
First, without charge repulsion, SMZ molecules can
easily penetrate through the NF membrane and exist
in the permeate. Thus, with the filtration processing,
more and more SMZ molecules are adsorbed onto the
membrane as they pass through it. However, desorp-
tion from the membrane is quite difficult under this
specific interaction. Hence, the decreasing concen-
tration in the permeate is caused by the depletion of
SMZ molecules in the feed as a result of more effi-
cient adsorption with filtration.

The stable SMZ concentration in the feed and its
lowest value in the permeate guarantee a stable
retention rate (>94.0%, Fig. 3c) at pH 8.9 by the
charge repulsion mechanism. Thus, experimentation
with pH 8.9 appears to be justified to examine the
influences of other factors on charge repulsion and
retention.

3.2 Effect of SMZ concentration

Fig. 6 shows that the effect of SMZ con-
centration between the range from 100 to 500 pg/L is
minimal, when retention values are compared. The

100 - —u—100 ug/L

—o0—200 pg/L
99 —a—300 pg/L
98 L —v—400 pg/L

97 |

R (%)

96 |-

95 |-

94 |

93 1 1 1 1 1
0 1 2 3 4

Filtration time (h)
Fig. 6 Effects of concentration on SMZ retention
(cross-flow filtration; feed solution: 1 mmol/L NaHCOs,
20 mmol/L NaCl, pH 8.9, and SMZ concentration var-
ied from 100 to 500 pg/L)
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same result was obtained in previous researches
(Nghiem et al., 2005; Zhang et al., 2006), in which the
phenomenon was explained by the suggestion of a
constant partition coefficient for the objective
micropollutants between membrane and bulk solution.
However, it should be noted that the main mechanism
in this experiment is charge repulsion because all SMZ
molecules and the NF membrane are negatively
charged at pH 8.9. In previous investigations,
experiments were often carried out under the condition
that adsorption was expected to dominate the
interaction between membrane and objective
micropollutants.

3.3 lonic strength effects on retention

The presence of counterions in the solution may
partially screen the charge associated with the mo-
lecular functional groups and thus reduce the apparent
“size” of the molecules. Similarly, the ionic strength
may shield the electrostatic potential generated by the
membrane surface functional groups and thus reduce
electrostatic repulsive effects. Both phenomena
would be expected to influence the solute retention in
similar ways and cannot easily be separated.

The effect of increasing CaCl, concentration is
shown in Fig. 7. A slight decrease in retention at the
higher calcium concentrations could be the result of
the ability of Ca? to decrease the charge repulsion
since both the membrane and SMZ are negatively
charged at pH 8.9, but the effect is too minor to draw
any firm conclusions. The relatively small effect on
retention reduction at high CaCl, concentration is
consistent with the results obtained from other
investigations (Nghiem et al., 2004; Nghiem et al.,

97

R (%)

95

94 1 1 1 1 1
0 5 10 15 20

CaCl, concentration (mmol/L)

Fig. 7 Effects of CaCl, concentration on SMZ retention
(cross-flow filtration; feed solution: 100 pg/L SMZ,
1 mmol/L NaHCO;, 20 mmol/L NaCl, pH 8.9, Ca?* con-
centration varied from 0 to 20 mmol/L)

2005) even though the main interaction between the
membrane and the objective micropollutants under
the experimental conditions was different. A possible
reason is that the CaCl, concentration was still too
low to have an apparent effect on the charge
repulsion.

3.4 Effect of NOM on SMZ retention

1. HA

The effect of HA on the retention of SMZ is il-
lustrated in Fig. 8. It can be seen that the variation in
rejection under different HA concentrations is too
small and uncertain to draw any conclusions. Various
papers have reported the effect of NOM on retention
of pollutants. In some cases, retention was raised with
the presence of NOM (Agbekodo et al., 1996;
Nghiem et al., 2004) and in others, NOM independ-
ence was observed (Zhang et al., 2006).

From experiments on the effect of HA on the
zeta potential of membrane as a function of pH, it is
claimed that a dramatic increase in the effect of HA on
the membrane surface charge is most apparent at low
pH and diminishes as the pH increases, becoming
very small at high pH wvalues (Childress and
Elimelech, 1996). So added HA improved charge
repulsion only slightly at pH 8.9 within this experi-
ment compared with more significant improvements
found in previous studies at lower pH values. The
formation of a fouling layer (a brown layer attached to
the membrane surface) by HA was observed at the
end of the experiments, but no drop in permeate flux
was observed and the brown layer could be removed
very easily by rinsing. So it can be concluded that
added HA had no impact on the size exclusion by the
membrane selectively rejecting SMZ, and the ad-
sorption of SMZ onto HA molecules was negligible,
while the enhanced removal rates in other studies can
be explained by the more effective size exclusion
after pollutants become absorbed onto HA. From the
above explanations, it can be concluded that different
effects shown by HA result from differences in the
solution chemistry and in the main removal mecha-
nisms involved.

2. TA

Fig. 9 shows the influence of TA on SMZ con-
centration in the feed and permeate and the rejection
behavior of the NF membrane. We observed that SMZ
concentration in the feed decreased continuously over
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the filtration time for TA-containing solutions
compared with a stable concentration for TA-free
solutions. Moreover, higher concentrations of TA led
to a slightly more pronounced decrease in SMZ
concentration in the feed. In TA-containing solutions,
SMZ concentration in the feed decreased from an
initial 90.9 to 75.2 pg/L after 4 h of filtration and had
still not stabilized. Thus, saturation had not been
reached and more SMZ would be adsorbed onto the
membrane after longer filtration. This implies that
addition of TA may encourage the partitioning of
SMZ molecules from water to membrane. A possible
explanation is that the formation of an extra layer of
organic matter (TA) on the membrane surface led by
concentration polarization during the nanofiltration
process, decreased the charge repulsion between the
membrane and SMZ molecules and thus increased the
adsorption of SMZ on the membrane or on the extra
layer of TA.

The evolution of SMZ concentrations in the
permeate during filtration shows that added TA accele-
rated SMZ desorption from the membrane (Fig. 8b),
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NaCl, TA concentration varied from 0 to 12.5 mg/L)

R (%)

especially when a high TA concentration was used.
Fig. 9c shows the corresponding removal rate after
TA was added. The occurrence of a more signifi-
cant decrease of SMZ concentration in the feed and an
increase in concentration in the permeate can be well
explained by the influence of so-called cake enhanced
concentration polarisation (Lee et al., 2005), whereby
the fouling cake layer hinders back diffusion of sol-
utes from the membrane surface into the bulk solution.
The buildup of solutes at the membrane surface re-
sults in a higher solute concentration gradient across
the membrane and thus, a greater solute transport
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through the membrane and a lower observed solute
rejection.

The different effects of HA and TA on SMZ
removal are most likely attributable to the different
characteristics of different types of NOM. Further
study of the effect of NOM on the removal of
micropollutants is necessary.

4 Conclusions

The retention of ionizable SMZ is strongly in-
fluenced by solution pH. Solution pH governs the
speciation behavior of the compound and therefore
the retention mechanisms. With the low hydrophobic
adsorption potential on the membrane, the main
mechanism in SMZ removal is charge repulsion.
SMZ retention peaks as solution pH increases above
its pKa, value, as the compound transforms into a
negatively charged species. lonic strength screens the
molecule and membrane charges and therefore re-
duces the effectiveness of electrostatic repulsion as a
major retention mechanism in NF membranes.
However, such a reduction is relatively small.

The finding of no apparent improvement in the
zeta potential of membrane by HA at pH 8.9 supports
the small effect of HA on SMZ concentration in the

feed and permeate, and consequently on retention rate.

Decreasing SMZ concentration in the feed with fil-
tration time for TA-containing solution shows that the
addition of TA may encourage the partitioning of
SMZ molecules from water to membrane, while the
impact of TA on SMZ concentration in the permeate
and retention is not as significant as in the feed. The
different effects shown by HA and TA need to be
further investigated in terms of the characteristics of
NOM.

The Adams-Bohart model was applied to ex-
perimental data obtained from dead-end filtration
studies to predict the breakthrough curves and to
determine the membrane adsorptive kinetic parame-
ters. The results show that the initial region of the
breakthrough curve was well defined by the
Adams-Bohart model at all inlet SMZ concentrations.

References

Agbekodo, K.M., Legube, B., Dard, S., 1996. Atrazine and
simazine removal mechanisms by nanofiltration: influ-
ence of natural organic matter concentration. Water Re-

search, 30(11):2535-2542.
(96)00128-5]

Aksu, Z., Gonen, F., 2004. Biosorption of phenol by immobi-
lized activated sludge in a continuous packed bed: pre-
diction of breakthrough curves. Process Biochemistry,
39(5):599-613. [doi:10.1016/S0032-9592(03)00132-8]

Andreozzi, R., Raffaele, M., Nicklas, P., 2003. Phar-
maceuticals in STP effluents and their solar photo-
degradation in aquatic environment. Chemosphere,
50(10):1319-1330. [doi:10.1016/S0045-6535(02)00769-5]

Batt, A.L., Kim, S., Aga, D.S., 2007. Comparison of the oc-
currence of antibiotics in four full-scale wastewater
treatment plants with varying designs and operation.
Chemosphere, 68(3):428-435. [doi:10.1016/j.chemo-
sphere.2007.01.008]

Bellona, C., Drewes, J.E., Xu, P., Amy, G, 2004. Factors af-
fecting the rejection of organic solutes during NF/RO
treatment—a literature review. Water Research, 38(12):
2795-2809. [d0i:10.1016/j.watres.2004.03.034]

Childress, A.E., Elimelech, M., 1996. Effect of solution
chemistry on the surface charge of polymeric reverse
osmosis and nanofiltration membranes. Journal of
Membrane Science, 119(2):253-268. [doi:10.1016/0376-
7388(96)00127-5]

Clara, M., Strenn, B., Gans, O., 2005. Removal of selected
pharmaceuticals, fragrances and endocrine disrupting
compounds in a membrane bioreactor and conventional
wastewater treatment plants. Water Research, 39(19):
4797-4807. [doi:10.1016/j.watres.2005.09.015]

Comerton, A.M., Andrews, R.C., Bagley, D.M., Yang, P., 2007.
Membrane adsorption of endocrine disrupting com-
pounds and pharmaceutically active compounds. Journal
of Membrane Science, 303(1-2):267-277. [doi:10.1016/
j.memsci.2007.07.025]

Heberer, T., 2002. Tracking persistent pharmaceutical residues
from municipal sewage to drinking water. Journal of
Hydrology, 266(3-4):175-189. [doi:10.1016/S0022-1694
(02)00165-8]

Hu, J.Y,, Jin, X., Ong, S.L., 2007. Rejection of estrone by
nanofiltration: Influence of solution chemistry. Journal of
Membrane Science, 302(1-2):188-196. [d0i:10.1016/.
memsci.2007.06.043]

Kimura, K., Amy, G,, Drewes, J., Watanabe, Y., 2003. Ad-
sorption of hydrophobic compounds onto NF/RO mem-
branes: an artifact leading to overestimation of rejection.
Journal of Membrane Science, 221(1-2):89-101. [doi:10.
1016/S0376-7388(03)00248-5]

Kimura, K., Toshima, S., Amy, G., Watanabe, Y., 2004. Rejec-
tion of neutral endocrine disrupting compounds (EDCs)
and pharmaceutical active compounds (PhACs) by RO
membranes. Journal of Membrane Science, 245(1-2):
71-78. [d0i:10.1016/j.memsci.2004.07.018]

Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M.,
Zuggg, S.D., Barber, L.B., Buxton, H.T., 2002. Pharma-
ceuticals, hormones, and other organic wastewater con-
taminants in US streams, 1999-2000: a national recon-
naissance. Environmental Science & Technology, 36(6):
1202-1211.

[d0i:10.1016/S0043-1354



878 Wau et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(11):868-878

Lee, S., Cho, J., Elimelech, M., 2005. Combined influence of
natural organic matter (NOM) and colloidal particles on
nanofiltration membrane fouling. Journal of Membrane
Science, 262(1-2):27-41. [doi:10.1016/j.memsci.2005.03.
043]

Lindberg, R., Jarnheimer, P.A., Olsen, B., Johansson, M.,
Tysklind, M., 2004. Determination of antibiotic sub-
stances in hospital sewage water using solid phase ex-
traction and liquid chromatography/mass spectrometry
and group analogue internal standards. Chemosphere,
57(10):1479-1488. [doi:10.1016/j.chemosphere.2004.09.
015]

Nghiem, L.D., Schéfer, A.l., 2002. Adsorption and transport of
trace contaminant estrone in NF/RO membrane. Envi-
ronmental Engineering Science, 19(6):441-451.

Nghiem, L.D., Hawkes, S., 2007. Effects of membrane fouling
on the nanofiltration of pharmaceutically active com-
pounds (PhACs): Mechanisms and role of membrane
pore size. Separation and Purification Technology,
57(1):176-184. [doi:10.1016/j.seppur.2007.04.002]

Nghiem, L.D., Schéfer, A.l., Waite, T.D., 2002. Adsorptive
interactions between membranes and trace contaminants.
Desalination, 147(1-3):269-274.  [d0i:10.1016/S0011-
9164(02)00550-7]

Nghiem, L.D., Manis, A., Soldenhoff, K., 2004. Estrogenic
hormone removal from wastewater using NF/RO mem-
branes. Journal of Membrane Science, 242(1-2):37-45.
[d0i:10.1016/j.memsci.2003.12.034]

Nghiem, L.D., Schéfer, A.l., Elimelech, M., 2005. Pharma-
ceutical retention mechanisms by nanofiltration mem-
branes. Environmental Science & Technology, 39(19):
7698-7705. [doi:10.1021/es0507665]

Nghiem, L.D., Schéfer, A.l., Elimelech, M., 2006. Role of
electrostatic interactions in the retention of pharmaceu-
tically active contaminants by a loose nanofiltration
membrane. Journal of Membrane Science, 286(1-2):52-
59. [doi:10.1016/j.memsci.2006.09.011]

Plakas, K.V., Karabelas, A.J., 2009. Triazine retention by

nanofiltration in the presence of organic matter: The role
of humic substance characteristics. Journal of Membrane
Science, 336(1-2):86-100. [doi:10.1016/j.memsci.2009.03.
020]

Qiang, Z.M., Adams, C., 2004. Potentiometric determination
of acid dissociation constants (pK,) for human and vet-
erinary antibiotics. Water Research, 38(12):2874-2890.
[doi:10.1016/j.watres.2004.03.017]

Schafer, A.l., Nghiem, L.D., Waite, T.D., 2003. Removal of the
natural hormone estrone from aqueous solutions using
nanofiltration and reverse osmosis. Environmental Sci-
ence & Technology, 37(1):182-188. [doi:10.1021/
es0102336]

Schéfer, A.l., Nghiem, L.D., Oschmann, N., 2006. Bisphenol A
retention in the direct ultrafiltration of greywater. Journal
of Membrane Science, 283(1-2):233-243. [d0i:10.1016/
j-memsci.2006.06.035]

Sharma, V.K., Mishra, S.K., Ray, A.K., 2006. Kinetic assess-
ment of the potassium ferrate (V1) oxidation of antibac-
terial drug sulfamethoxazole. Chemosphere, 62(1):
128-134. [doi:10.1016/j.chemosphere.2005.03.095]

Verliefde, A.R.D., Heijman, S.G.J., Cornelissen, E.R., Amy, G,
van der Bruggen, B., van Dijk, J.C., 2007. Influence of
electrostatic interactions on the rejection with NF and
assessment of the removal efficiency during NF/GAC
treatment of pharmaceutically active compounds in sur-
face water. Water Research, 41(15):3227-3240. [doi:10.
1016/j.watres.2007.05.022]

Yoon, Y., Westerhoff, P., Snyder, S.A., Wert, E.C., 2006.
Nanofiltration and ultrafiltration of endocrine disrupting
compounds, pharmaceuticals and personal care products.
Journal of Membrane Science, 270(1-2):88-100. [doi:10.
1016/j.memsci.2005.06.045]

Zhang, Y., Causserand, C., Aimar, P., Cravedi, J.P., 2006.
Removal of bisphenol A by a nanofiltration membrane in
view of drinking water production. Water Research,
40(20):3793-3799. [d0i:10.1016/j.watres.2006.09.011]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


