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Abstract

The fate of chemical of concern is not yet fully understood during treatment of impaired
waters. The aim of this paper is to assess the impact of different organic-based foul-
ing layers on the removal of a large range of trace organics. Both model and real
water samples (mixed with trace organic contaminants at environmental concentra-
tion of 2ug|‘1) were used to simulate fouling in NF under controlled environment.
The new and fouled membranes were systematically characterised for surface charge,
hydrophobicity and roughness. It was observed that fouling generally reduced the
membrane surface charge; however, the alterations of the membrane hydrophobicity
and surface roughness were dependent on the foulants composition. The rejection of
charged trace organics was observed to be improved due to the increased electrostatic
repulsion by fouled membranes and the adsorption of the trace organic chemicals onto
organic matters. On the other hand, the removal of nonionic compounds decreased
when fouling occurred, due to the presence of cake enhanced concentration polariza-
tion. The fouling layer structure was found to play an important role in the rejection of
the trace organic compounds.

1 Introduction

Water recycling, including direct/indirect potable reuse, has been identified as efficient
use of available water resources and thereby providing some relief to water scarcity.
However, a wide range of trace organic contaminants such as endocrine disrupting
compounds (EDCs), pharmaceutically active compounds (PhACs) and pesticides are
known to persist (in ug I~ to ng I concentrations) in wastewater-treated effluents (Le-
Minh et al., 2010; Watkinson et al., 2009). The negative effects of these contaminants
on human health as the result of their long term exposure are generally unknown.
Therefore, effective removal of trace organic compounds is required to prevent any
potential risks of human and environmental exposure (Ongerth and Khan, 2004).

118

Jaded uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

Title Page
Abstract Introduction
Conclusions References

Tables Figures

>l
>
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

,@0



http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-print.pdf
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

High pressure membrane processes such as nanofiltration (NF) has been increas-
ingly used for treatment of surface water in both direct and indirect potable water re-
cycling applications (Schafer et al., 2003; Van der Bruggen and Vandecasteele, 2003).
The rejection of some trace contaminants trough NF was reported to be incomplete
(Van der Bruggen et al., 2008; Van der Bruggen and Vandecasteele, 2003). Several
studies have been conducted over the last decade to identify the different factors in-
volved in NF rejection mechanisms (Bellona et al., 2004; Bolong et al., 2009; Nghiem
and Schafer, 2006; Radjenovic et al., 2008). It is generally believed that a given solute
can be rejected by NF membranes by size exclusion and charge repulsion, and also
by adsorption to the membrane surface. All of these mechanisms are largely depen-
dent on both solute and membrane properties. However, detailed understanding of
the rejection mechanisms of trace organics by NF, as well as the interactions between
trace contaminants and the membrane polymer, fouling layers and other solutes in the
solution is still incomplete (Van der Bruggen et al., 2008).

Fouling is an inevitable phenomenon in membrane filtration systems. Besides af-
fecting the permeate flux, fouling alters membrane surface properties. In a previous
study, it was reported that membrane surface charge decreased, while contact angle
increased, during fouling with surface water (Verliefde et al., 2009). In another exam-
ple, significant increase of membrane surface roughness was observed as a result of
protein fouling (Bowen et al., 2003).

Several studies have investigated the effects of organic and colloidal fouling on mem-
brane performance, with emphasis on permeate flux decline, salt rejection. A number
of papers have also focused on the effect of fouling on removal of trace organics (Elim-
elech and Ng, 2004; Hajibabania et al., 2011; Nghiem and Hawkes, 2009; Verliefde et
al., 2009; Xu et al., 2006; Zazouli et al., 2009). It has been observed that the rejection
of trace organic compounds was enhanced when membrane was fouled with humic
acid, due to pore restriction (Nghiem et al., 2008). In another study, an increase in
rejection of hydrophilic compounds was reported, also due to pore restriction, follow-
ing NF fouling with varying concentrations of alginate (Xu et al., 2006). Moreover, it
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was noted that the magnitude of this rejection enhancement was more pronounced for
membranes with large pore sizes. A significant increase in rejection of nonionic solutes
after fouling with secondary treated wastewater effluent was also reported. This was
due to the formation of a fouling layer which isolated the solute-membrane interactions
and increased adsorbed mass of hydrophobic nonionic compounds on the fouling layer.

Yangali-Quintanilla et al. (2009) reported that the rejection of both charged and neu-
tral compounds decreased due to the occurrence of cake enhanced concentration po-
larization (CECP) when alginate fouling was established on the membrane surface
(Yangali-Quintanilla et al., 2009). It has also been reported that the rejection of com-
pounds by NF membranes fouled with filtered and raw lake waters increased signifi-
cantly (Comerton et al., 2009). This increased rejection of trace organics was attributed
to the higher trace organic-organic complexes in the presence of calcium.

The seemingly contradictory findings in these studies are difficult to untangle since
NF rejection mechanisms are affected by a large number of variables such as mem-
brane type, feed water composition (feed concentration of trace organics, pH, and salt
balance) and operating conditions. Moreover, detailed characterisation of fouled mem-
branes should be considered as a prerequisite for any investigation aiming to better
understand the effects of fouling on membrane surface properties and on resulting
rejection behaviour of trace organics.

Most previous studies have investigated removal of trace organics at high feed con-
centrations (mg I‘1) in order to facilitate detection of the trace chemicals in membrane
feed and permeate samples. Also, most studies were carried out under constant
transmembrane pressure (TMP) since this is often a simpler protocol to implement for
laboratory-scale studies. As a result, previous research failed to accurately represent
full-scale plants, which usually operate under constant flux and treat lower trace organ-
ics concentrations in the feed (ung I'1). It has been observed that filtration at constant
flux may result in significantly lower fouling rates, compared to studies conducted at
constant TMP (Defrance and Jaffrin, 1999). In this research, the phenomena occurring
in NF operation will be studied using environmental concentrations of Organic matter
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(OM) and trace organics in constant flux mode, as a more realistic approach.

In the current study, the effect of membrane fouling on the rejection of trace organics
in conjunction with solute and membrane physicochemical characteristics is assessed.
Various types of OM are used to foul the membrane, to investigate the influence of OM
nature on the rejection of trace organics. This study will also address the influence of
the foulants nature on the temporal changes and properties of the fouled membrane,
and their interactions with the physicochemical properties of trace organics.

2 Materials and methods
2.1 NF Membrane and filtration protocol

A commercially available NF membrane, NF270 (Dow chemicals) was used in this
study. The membrane properties are shown in Table 1. The molecular weight cut off
(MWCO) and salt rejection values were provided by the membrane manufacturer. The
membrane was rinsed with Milli-Q water prior to use. Then, the virgin membrane was
characterised in terms of pure water permeability with Milli-Q water.

A bench-scale NF set up was used in this study (Fig. 1). A flat sheet membrane
cell with channel dimensions of 12.2cm in length, 3.8 cm in width and 0.3 cm in height
was used to accommodate the membrane active area of 46.4cm?. In all experiments,
the permeate and concentrate were recirculated back to the feed vessel, except when
samples were collected for analysis. The feed temperature was maintained at25+1°C
using a stainless steel water cooling system (Grant thermostat).

All experiments in this study were carried out in 3 steps as shown in Fig. 2. In the first
step, the membrane was compacted with Milli-Q at 15 bar for 24 h, to allow TMP sta-
bilisation. Then, the membrane was characterised for salt rejection using a 500 mg I
NaCl-solution to ensure that the specimen was not damaged or ruptured before or dur-
ing compaction. In the second step, organic fouling was developed by introducing a
synthetic feed solution containing organic foulant, surface water, or MBR effluent to
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the feed reservoir. Fouling experiments were conducted at feed pressure of 5.5 bar,
constant cross-flow velocity of 0.2m s~ and constant flux of 20Im™2h over 48h. The
increase in TMP was monitored to evaluate membrane hydraulic performances. In the
third step, the concentrated stock solution of trace organics was spiked in the feed
solution to obtain a concentration of 2 ug I=" of each individual compound. Triplicate
samples of both feed and permeate streams were taken (150 ml) to determine the sta-
tistical variance on the results. Rejection (R in %) was defined as indicated in Eq. (1):

C
R%=1OO-(1——P) (1)
Cr
where Cp and Cr are permeate and feed concentration, respectively. After each exper-
iment, the membrane sample was carefully preserved in dry conditions for subsequent
surface characterisation.

2.2 Membrane characterisation

Membrane contact angles were measured using a Rame-Hart goniometer (Model 200-
F1). Contact angle measurements were performed using the sessile drop technique
and Milli-Q water. The average of at least 10 measurements on different locations of
the membrane was calculated. Membrane roughness was measured by atomic force
microscopy (AFM) with tapping mode in air using a DI3000 microscope (Veeco), also on
10 different locations across the sample (2 x 2 um scanning area). Membrane charge
(zeta potential) was determined at pH 6.5 in a 1 mM KCI (Aldrich) background solution
using streaming potential equipment (SurPass, Anton Paar). Membrane samples were
dried in a dessicator 24 h before roughness, streaming potential and contact angle
measurements.

2.3 Trace organic compounds & analysis

Target organic solutes were selected to represent a wide range of physicochemical
properties and were categorised according to their acid dissociation constants (pKa)
122
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and Log octanol-water distribution ratio (Log D) values. The physicochemical proper-
ties of the selected compounds are presented in Table 2. The hydrophobicity of solutes
can be correlated and quantified with the logarithm of the octanol-water partitioning co-
efficient (Log K,,,). The LogD value is similar to Log K,,,, but also considers the ionic
speciation of the compound (Nghiem and Coleman, 2008). In previous studies, com-
pounds with LogD smaller than 1 and greater than 3 have been defined as highly
hydrophilic and hydrophobic, respectively. However, uncertainties exist for compounds
with Log D values between 1 and 3 (Wells, 2006). In this research, solutes with Log D
below 1 were ranked as hydrophilic, between 1 and 3 as intermediate hydrophobic and
above 3 as highly hydrophobic compounds.

All of the trace organic compounds were of analytical grade and were purchased
from Supelco. A concentrated stock solution was prepared in methanol and was stored
at 4°C in an amber glass container. The concentrations of trace organic solutes in
feed and permeate samples were analysed by high performance liquid chromatogra-
phy/tandem mass spectrometry (HPLC-MS/MS) using a method adapted from the liter-
ature (Vanderford and Snyder, 2006). These analyses were undertaken with an Agilent
HPLC 1200 series coupled to an Applied Biosystems API 4000 triple quadrupole mass
spectrometer. Before the analysis, solid phase extraction (SPE) was carried out using
1 g of hydrophilic-lipophilic balance (HLB) solid phase material (Bakerbond Polar Plus)
filled in a 6 ml polyethylene cartridge. Total organic carbon (TOC) analysis was con-
ducted using a Shimatzu800 TOC analyser. The confidence level of the trace organics
analysis was assessed using three replicates of filtration of L-lysine. The confidence
level (i.e. the relative error on the results) of the NF experiments is reflected as standard
deviation (STD). The calculated standard error (STD %) from triplicate measurements
were used for all experiments in this study.

2.4 Feed water characteristics & analysis

The fouling experiments were carried out with different model organic foulants, in-
cluding humic acid (Aldrich), L-lysine (Aldrich), alginic acid (Ajax Chemicals) and
123
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Suwannee River Humic Acid (International Humic Substances Society). The feed so-
lution also contained a buffer solution containing KH,PO, 0.1 M (Aldrich) and NaOH
0.1 M (Aldrich) to maintain the solution pH at 6.5. Sodium azide (Riedel-de Haén) was
added at a concentration of 0.02 % by weight to prevent growth of bacteria, which could
result in the development of biofilm on the membrane surface. As a result, the potential
impact of biofilm in NF rejection was not considered within the scope of this study. The
chemicals used for this project were of analytical grade without any further modifica-
tion. Milli-Q water was provided via Milli-Q system by Millipore and water quality was
greater than 18 MQ cm™.

Each fouling solution was prepared by dissolving individual foulant in the electrolyte
solution described above to make up a total organic carbon (TOC) concentration of
5mg|'1. Since the experiments were conducted in constant flux mode, the same
amount of TOC was delivered to the membrane surface for a given volume of permeate
in each experiment. Hence, 151 of solutions filtered in recirculation mode during 96 h,
resulted in TOC delivered of 0.01 mg percm2 of membrane, calculated using Eq. (2).
Delivered TOC (ﬂ) _v.C @)

cm? A
where V (l) is the permeate volume collected during filtration, C (mgl’1) is the feed
TOC concentration and A (sz) is the membrane surface area.

In addition to the synthetic solutions described above, untreated surface water
(Woronora dam, NSW) and an anaerobic membrane bioreactor (MBR) permeate (pi-
lot plant, UNSW Water Research Centre) were used. The TOC and pH of these feed
waters were adjusted to match the model solutions. Sodium azide was also added to
minimise the growth of biofilm. The relative impact of the presence of inorganics in the
effluent was not studied in this work.

The dissolved organics in both model and real feed solutions were characterised
by dissolved organic carbon (DOC) Labor Model 8 liquid chromatography-organic
carbon detection (LC-OCD). During LC-OCD analysis, the dissolved organics were
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separated into the chromatographable dissolved organic carbon (CDOC) and non chro-
matographable dissolved organic fractions (NDOC), depending on the affinity of the
DOC for the resin (HW50S). The NDOC fractions may be approximately described as
the lipid based compounds greater than 1 um in size. The CDOC portion was fraction-
ated into five major fractions, as shown in Table 3. The organics were characterised
based on the MW, also taking the ionic and hydrophobic interactions into account. Sep-
aration was based on the steric interaction of the DOC with the column over the wide
range of MW.

3 Results and discussions
3.1 Rejection of trace organic compounds by virgin membrane

The rejection of the mixture of selected pharmaceuticals in Milli-Q water was deter-
mined in order to obtain the baseline rejection values of the virgin membrane during
48 h filtration. In this initial experiment, the impact of the presence of trace organic
compounds on the membrane hydraulic performances was also assessed.

In constant flux operation, an increase in TMP generally indicates the occurrence of
fouling. During filtration of the solution containing Milli-Q water and trace organics, no
significant TMP increase was observed. This indicates that TMP reached a steady-
state during the initial 24 h compaction period, and the stable trend of TMP after the
compaction suggests that the trace organics did not foul the membrane. This was
expected because of the very low concentration of the trace organics used in these
experiments. It was also observed that the rejection of all trace organics reached a
steady-state value within the first 4 h of filtration.

3.1.1 Adsorption onto NF membrane

For most of the trace organic chemicals in this study, the rejection levels by the virgin
membrane reached stable value within the first hour of filtration. The concentrations
125
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of these compounds in the feed solution and permeate did not change significantly
during the remaining of the filtration and thus, little adsorption on NF was expected.
Amongst the hydrophobic nonionic trace organic solutes in this study, only bisphenol A
was observed to exhibit a different rejection behaviour. Figure 3 shows the rejection of
bisphenol A by the virgin membrane during 48 h of filtration. Bisphenol A was rejected
at 60 % in the beginning of filtration. The high initial retention of bisphenol A was then
followed by a sharp decline to 35 %. The rejection of bisphenol A stabilised during the
first 4 h of the experiment. In a previous study, it was hypothesised that high initial re-
jections of hydrophobic solutes followed by a sharp decline to a much lower stabilised
rejection value were due to adsorption on the membrane (Kimura et al., 2003b). The
adsorption of trace organics to the membrane was reported to be mainly affected by
hydrophobic interactions for aromatic pesticides (Kiso et al., 2001). In this experiment,
bisphenol A featured the highest Log D value amongst the hydrophobic solutes and
thus, exhibited a higher propensity to adsorb onto the membrane. Indeed in another
study, considerable static adsorption of both bisphenol A and risperidone onto NF270
was already reported. However, because of its large MW (4109 mol‘1), risperidone
was not expected to partition as easily as bisphenol A (2289mo|'1). This was con-
firmed by the stable rejection values observed for risperidone.

3.1.2 Rejection of trace organics by virgin NF membrane

The steady-state rejection values of the three groups of compounds after 48 h filtration
by the virgin NF270 membrane are shown in Fig. 4. The trace organics in each group
were plotted according to their molecular weight.

3.1.3 Negatively charged ionic compounds

The negatively charged ionic solutes were efficiently removed at more than 90 %, as
the result of electrostatic repulsion with the virgin membrane. According to Yangali-
Quintanilla et al., the observed retention of naproxen and ibuprofen by a NF200
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membrane was due to the combined influence of steric hindrance and electrostatic
repulsion (Yangali-Quintanilla et al., 2009). However, in the current study, no signifi-
cant relationship between the compounds MW and their rejection was observed. As
such, it can be hypothesised that steric hindrance was not significant, and the main
rejection mechanism for the negatively charged ionic compounds by the virgin mem-
brane used in this study (NF270) was electrostatic repulsion. One notable exception
was diclofenac, which was slightly less well rejected than the other negatively-charged
solutes. This can be explained by the physicochemical properties of diclofenac, which
features the highest Log D value in this group. As mentioned previously, solutes with
high Log D are considered more hydrophobic and thus tend to adsorb and partition into
the membrane matrix. As a result, lower rejection values are expected, since the com-
pounds are eventually released into the permeate (Kimura et al., 2003a). In the case
for diclofenac, the non-electrostatic affinity between the compound and the membrane
offsets its potential rejection by electrostatic repulsion.

3.1.4 Nonionic compounds
Hydrophobic compounds

Rejection of hydrophobic nonionic compounds by the NF270 membrane varied signifi-
cantly from 38 to 98 %. As expected, compounds with larger MW were more efficiently
removed (>90 %), compared to the smaller molecules (Fig. 4).

Although fluoxetine and risperidone seem to be neutral, according to their single pKa
value at pH 6.5, their full association indicated that they can form positively charged
ionic species as well. On the other hand, both risperidone and fluoxetine are relatively
large compounds and thus, the overwhelming effect of size exclusion overcomes the
less significant sorption and electrostatic attraction between them and the membrane.

It was also observed that the difference between the rejection of compounds with
similar MW and below the MWCO of the membrane, was significant. For example,
bisphenol A and carbamazepine rejection values were expected to be in the same

127

Jaded uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

Title Page
Abstract Introduction
Conclusions References

Tables Figures

>l
>
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

,@0



http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-print.pdf
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

range, based on their MW, whereas they were rejected at 38 and 73 %, respectively.
As can be seen in Table 2, bisphenol A features higher Log D value and thus more hy-
drophobic than carbamazepine (3.63 compared to 1.89). The results indicate that com-
pounds with higher Log D values, but which are also too small to be mainly rejected
via steric hindrance, feature lower rejection levels. This is due to the higher affinity
between the more hydrophobic compounds and the hydrophobic membrane matrix:
hydrophobic solutes partition into the membrane, and consequently diffuse more read-
ily through the membrane. Once again, there was no significant relationship between
the rejection of large solutes (i.e. MW above 3009 mol‘1) and their Log D value.

Nonionic hydrophilic compounds

Rejection values of non-ionic hydrophilic solutes by the virgin membrane ranged from
4 to 99 %, and were clearly dependent on their MW. Trimethoprim, the solute with the
largest MW (290 g mol‘1) in this group, was removed almost completely (99 %). Parac-
etamol, on the other hand, was only slightly rejected by the NF270 membrane, due
to the small MW of this compound (151 gmol‘1). These results suggest that a ma-
jor rejection mechanism for nonionic hydrophilic compounds remained size exclusion.
This is consistent with the findings of Yangali-Quintanilla et al., who attributed rejection
of nonionic compounds to the sieving phenomenon (Yangali-Quintanilla et al., 2009).
Table 4 shows the summary of the observed rejection mechanisms of the target com-
pounds by the virgin membrane.

3.2 Rejection of trace organic compounds by fouled membranes
3.2.1 Characterisation of the fouled membrane

Membrane fouling experiments were conducted using different organic foulants, under
constant flux operation and constant TOC delivery rate. The characteristics for the new
and fouled membrane are presented in Table 5.
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TMP increase and conductivity rejection for new and fouled membranes were used
to confirm the occurrence of fouling and concentration polarization within the fouling
layer. The changes in membrane performance after fouling varied noticeably for the
different macromolecules despite the constant amount of TOC delivered to membrane
in all experiments. For the real water types, the changes in conductivity rejection were
even more significant. The normalized TMP generally increased by 5 to 18 % after
96 h of filtration for the different foulants. This indicates that the extent of fouling was
significant but not severe.

Increased TMP and improved conductivity rejection after fouling was observed for
the model foulants humic acid, L-lysine and alginate. This indicated that a compacted
fouling layer was formed by these foulants, acting as an additional separation barrier.

On the other hand, for some foulants, fouling resulted in a small TMP increase and
a considerable decrease in conductivity rejection. This was probably due to the for-
mation of a rather porous cake layer by these foulants. The decrease in salt rejection
in the presence of a porous cake layer is probably caused by CECP: the concentra-
tion polarization within a porous fouling is higher than in the bulk solution (for a virgin
membrane) due to entrapment of small solutes within the cake layer, which hinders
their back-diffusion into the bulk solution. This was already observed in previous stud-
ies, where it was reported that membrane fouling by NOM resulted in low hydraulic
resistance and thus porous cake layer (Li and Elimelech, 2004; Nghiem and Hawkes,
2009).

The characterisation of the fouled membranes confirmed that their surface proper-
ties were significantly different, compared to the virgin membrane. The virgin mem-
brane was negatively charged (-21 mV) at pH 6.5, whereas fouled membranes gener-
ally demonstrated significant variations from that value (-13 to —48 mV). The change
in membrane hydrophobicity was dependent on the properties of the fouling material.
The roughness data indicated that the smooth NF270 membrane (20 nm) became no-
ticeably rougher after fouling (25 to 61 nm), except when being fouled with alginate
and MBR permeate (13 and 10 nm, respectively). Alginate and MBR permeate both
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created a “gel-like” fouling layer (i.e. tipically formed by extracellular polymeric sub-
stances). Therefore, the roughness for this specimen measured with AFM (in dry
mode) might not represent the real surface morphology of alginate and MBR fouling
in wet conditions.

3.2.2 Rejection of ionic compounds by fouled membranes

The temporal changes in rejection of diclofenac, naproxen and ibuprofen during the dif-
ferent fouling runs were monitored. The rejection values of all three ionic compounds
were observed to be relatively stable and constant during filtration, indicating that the
ionic solutes did not significantly adsorb onto the fouling layers. This is probably due to
the electrostatic repulsion between the ionic solutes and the negatively-charged mem-
brane surface. As these solutes cannot approach the membrane surface, hydrophobic
interactions (adsorption) between the membrane and these solutes are limited (Ver-
liefde et al., 2009).

The rejection levels for the negatively-charged hydrophobic compounds by fouled
membranes are shown in Fig. 5. Generally, the rejection of these compounds did
not vary significantly when the membrane was fouled, except for naproxen with the
SHRA- and surface water-fouled NF270. Rejection of naproxen by these membranes
significantly decreased, compared to the clean membrane.

Since the main rejection mechanism for ionic solutes was expected to be electro-
static repulsion, no significant correlation between the rejection and the MW of these
solutes was expected. Fouling generally reduced the membrane surface charge (ex-
cept for the alginate-fouled membranes), and thus electrostatic repulsions between the
fouled membranes and the ionic solutes was expected to be lower. This was, however,
not consistent with the slight increase in rejection of diclofenac when the membranes
became fouled, nor with the stable rejections of the other ionic solutes.

The higher rejection of diclofenac after fouling can be explained by the increased
overall charge density of the fouled membranes. Even though the membrane charge
decreased, the roughness of the fouled membranes was higher (i.e. larger membrane
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surface area). The combined effect of surface morphology and membrane charge, on
the removal of ionic trace organics has been reported in a previous study (Verliefde
et al., 2009). For rough membranes, negatively-charged solutes that are forced into
the crevices of the rough fouling layer, are surrounded by negative charges, resulting
in an increase in electrostatic repulsion, even though the surface charge is lower. As
discussed previously, protein- and surface-water-fouled membranes were the roughest,
which enhanced the removal of diclofenac for these membranes more significantly.

For the other two ionic compounds, however, this increase of rejection with increas-
ing surface roughness was not observed. In addition, no correlation between rejection
and the characteristics of fouled membranes was observed.

3.2.3 Nonionic hydrophobic compounds

The rejection levels of the hydrophobic solutes by new and fouled membranes after
48 h of filtration time are shown in Fig. 6. Risperidone, carbamazepine and bisphenol A
were rejected in increasing order, according to their MW. This was already observed in
the experiment with Milli-Q water.

Fouling generally reduced the removal of the non-ionic hydrophobic trace organ-
ics. For risperidone and fluoxetine, the fouled membrane surface charge can also be
responsible for the decreased rejection, since the negatively charged compounds re-
moval indicated a higher negative charge density on the membrane. Theoretically,
higher negative charge leads to a decrease in rejection of positively charged solutes
(Verliefde et al., 2009).

As shown in Fig. 6, the extent of the decrease in rejection of hydrophobic nonionic
compounds was different for each foulant. The variation in rejection by different foulants
was due to the different characteristics of these foulants such as organic carbon frac-
tions with different size, hydrophobicity and charge. According to the results of the
LC-OCD characterisation, the DOC in the surface water comprised organic matter with
a vast range of MW, preventing efficient stacking of the foulant, and thus resulting in
a relatively loose cake layer. The gradual increase in concentration of solutes in the
porous cake layer leads to a decrease in their removal (Elimelech and Ng, 2004).
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To investigate the hydrophobic interactions between the solutes and the different
foulants, the rejection of the solutes was plotted against the fouled membrane contact
angle values (e.g. for risperidone in Fig. 7). Rejection of hydrophobic nonionic com-
pounds by the fouled membranes generally correlated positively with the contact angle
of these fouled membranes, except for carbamazepine. This is in contradiction with the
expected lower rejection where the compounds presented higher affinity with the sur-
face. Interestingly in this case, the membranes were fouled and the measured contact
angle represented the hydrophobicity of the foulant, rather than those of the membrane
surface. Therefore, it can be hypothesised that although fouling generally decreased
the rejection level of hydrophobic compounds, the extent of this decrease was less
severe for more hydrophobic solutes. This was most likely due to the adsorption of
hydrophobic solutes onto the foulants in the feed. In a previous study, CECP and ad-
sorption (to the foulants) were found to be two counteractive mechanisms influencing
the rejection of hydrophilic nonionic trace organics (Hajibabania et al., 2011).

However, the rejection of risperidone and surface water fouled membrane contact
angle were an anomaly which might be due to more severe CECP. No significant re-
lationship between rejection and surface roughness of the fouled membrane was ob-
served.

3.2.4 Nonionic hydrophilic compounds

The effect of fouling on rejection efficiencies of these compounds was more pro-
nounced compared to the hydrophobic solutes. The rejection efficiencies of the non-
ionic hydrophilic solutes by new and fouled membranes are shown as a function of their
MW in Fig. 8. As can be seen, fouling generally reduced the removal of trace organics,
except for paracetamol. The striking increase in paracetamol rejection with alginate
fouled membrane observed here was not confirmed by previous studies (Hajibabania
et al., 2011), and can be the result of an unexpected manipulation error.
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Paracetamol thus showed different rejection behaviours compared to the other so-
lutes, which again was due to its small size. For paracetamol alone, fouling enhanced
size exclusion, with the extent of the increase in rejection varying depending on the
foulant. The largest increases in rejection for paracetamol were observed for the sur-
face water and MBR permeate-fouled membranes, i.e. the foulants with the largest
fraction of low MW organic carbon fractions.

Trimethoprim, which was the largest solute in this group, experienced a significant
decrease in rejection from 98 % to 46 % after membrane fouling. This indicates that
the effect of CECP on rejection was more pronounced for larger solutes (since these
solutes experienced a more significant hindered back-diffusion).

Porous fouling structures enhanced the occurrence of CECP, and consequently lead
to increased transport of solutes through the membrane. This decrease due to severe
CECP was most significant for SRHA and surface water fouling layers. Humic acid and
lysine fouling layers, on the other hand, decreased the rejection of trace organics less
than the other OM used in this study. Both foulants resulted in a higher TMP increase
and conductivity rejection, which indicates that they form closely-stacked fouling layers.
Apparently, the further size exclusion (sieving effect) was more pronounced than the
CECP-effect for these foulants.

To investigate the effect of fouled membrane characteristics on removal of nonionic
hydrophilic compounds, the rejection of these solutes was plotted against the rough-
ness and contact angles of the fouled membranes. There was no linear relationship
observed between the rejection of hydrophilic nonionic compounds and membrane
surface roughness and hydrophobicity (data not presented here). Therefore, size ex-
clusion still seems to be the most important mechanism for rejection of hydrophilic so-
lutes, with CECP playing an important role in the rejection of trace organics by fouled
membranes.
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4 Conclusions

In this study, both synthetic and real waters containing organic matters were used to
simulate membrane fouling and to assess the impact of fouling on the rejection of trace
organics by NF membrane. The well-controlled environment used in this study allowed
a detailed assessment of the relative contribution of different organic foulants. It can be
concluded that the effect of fouling on removal of trace organics was more pronounced
for nonionic compounds, as they can approach and enter the fouling layer, in contrast
to ionic solutes, which tend to be repelled by the negatively-charged fouling.

Porous fouling layers resulted in more severe CECP and lower rejections of nonionic
solutes. The similar rejection trends obtained for hydrophobic and hydrophilic com-
pounds confirmed the influence of CECP. No clear correlation between rejection by
fouled membranes and parameter used to describe surface properties was observed.
However, the combination of two or more parameters (such as roughness and charge
and the concept of charge density) could be used to explain the observed variations in
rejection.
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Table 1. Selected properties for the virgin NF270 membrane. §
Membrane  MWCO Membrane Pure water permeability = NaCl rejection —
(gmol™)  thickness (nm) (Im~2 hbar) (%)
NF270 270-300 15-40 13.6 40-60
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Table 2. Properties of selected trace organic compounds.

MW Length Width Height Log D
Compounds Abbreviation (g mol‘1) (nm)  (nm) (nm) pKa® (atpH 6.5)b O
(%2}
Hydrophilic nonionic g
Trimethoprim TTP 290 1.05 0.76 0.42 7.2 -0.105 %‘
Paracetamol PCL 151 0.75 0.61 0.41 9.9 0.49 %
Caffeine CFN 193 0.75 0.67 0.41 14.39 -0.07 =
Sulfamethoxazole SMX 253 1.03 0.59 0.41 10.39 -0.105 @
lonic =
Diclofenac DFN 318 0.89 0.83 042 4.18 1.75 )
Ibuprofen IBF 206 0.90 0.61 042 4.41 1.64 @
Naproxen NPN 230 0.99 0.62 0.41 4.84 1.33 =
(2
Hydrophobic nonionic S
Carbamazepine ~ CBZ 236 087 070 0.35 13.49 1.89 S
Risperidone RPD 410 147 0.72 042 7.89 1.475 }3

Fluoxetine FLX 309 112  0.70 0.42 10.05 1.17
Bisphenol A BPA 228 0.92 0.66 0.41 9.73 3.63 —

@ Available data calculated using Sparc calculator.
b Available data calculated using for acids, and bases logDpyy = logP —log(1 + 10PH-PKaly,
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Table 3. Characterisation of the feed waters by LC-OCD. g

Q

7]

@

Humic acid  Alginic acid L-Lysine SRHA Surface water MBR permeate S

Organic carbon fraction (%) S

°

Bio-polymers® n.g. 100 100 n.g. 3.1 11.1 @
Humic Subst. (HS) 67.0 n.g. n.g. 80.2 33.1 324

Building Blocks® 14.8 n.q. n.qg. 8.0 17.3 16.6 o
Neutral LMW organics 18.2 n.g. n.qg. 11.8 12.5 39.9
Acidic LMW organics Acids n.q. n.q. n.qg. n.q. 34.0 0.0

Average molecular weight (g mol'1)
961 8291 554 1033 484 599

@ Biopolymers = polysaccharides, proteins, aminosugars
b Building Blocks = breakdown products of humics
n.g. Not quantifiable (<1 ppb calculated)
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Table 4. Summary of rejection mechanisms observed for the trace organic compounds

MW < 270 gmol™") by virgin NF270.
g ¢

Type of Steric hindrance Electrostatic Solute membrane dominant
compounds repulsion affinity mechanism
lonic - Higher rejection Lower rejection Electrostatic
compounds independent of the of the more repulsion

solutes MW hydrophobic

solutes

Hydrophilic Partial rejection - - Steric hindrance
nonionic depending on
compounds solutes MW
Hydrophobic Partial rejection - Lower rejection of Steric
nonionic depending on solutes with higher hindrance/solute-
compounds solutes MW LogD membrane affinity

140

Jaded uoissnosiq | Jadeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq



http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-print.pdf
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Jaded uoissnosiqg

9
8
Table 5. Characteristics for compacted and fouled NF270 in terms of TMP increase, salt rejec- é
tion, roughness, contact angle and zeta potential. g'
T
S
TMP increase Conductivity Roughness Contact Zeta potential at @

Experiments (%) rejection (%) (nm) angle (°) pH 6.5 (mV)

New membrane (compacted) - 59.2 20+4 58+3 =21

HA 18 56.3 25+1 57+5 -17 O
L-Lysine 10 67.6 611 605 -22 o
Alginate 13 60.5 13+£6 36+ 4 -48 o
SRHA 5 53.7 27+3 35+ 3 -18 S
Surface water 6 30.9 31+4 78+ 4 -13 S
MBR permeate 7 24.6 10+ 3 66+ 2 -22 S
©
@
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Fig. 1. Schematic illustration of the experimental set up.
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Fig. 2. Filtration protocol for compaction, fouling and rejection test.
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Fig. 3. Temporal changes for rejection of fluoxetine, risperidone, carbamazepine and bisphenol
A rejection by new NF270 membrane.
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Fig. 4. Rejection of trace organic compounds vs. their molecular weights. The high-lighted
area indicates the MWCO of the NF270 membrane.
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Fig. 5. Rejection of hydrophobic ionic compounds by membranes fouled by various organic
matters.
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Fig. 6. Rejection of hydrophobic nonionic compounds by different fouled membranes.
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Fig. 7. Rejection of risperidone by HA, alginate, lysine, SRHA and surface water fouled NF270
vs. fouled membranes contact angle.

148

Jaded uoissnosiq | Jadeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq



http://www.drink-water-eng-sci-discuss.net
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-print.pdf
http://www.drink-water-eng-sci-discuss.net/4/117/2011/dwesd-4-117-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper |

5V

SW . MBR

FESSS]

L-lysine

149

B HA EBE= Alginate EZ=3 SRHA OO0

7

3 MilliQ

s 2 & = e o 4
m =] =l - ~
o, uoypalay

Fig. 8. Rejection of hydrophilic nonionic compounds by new and fouled membranes.
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