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Chapter 1.

Introduction

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, G.L. Amy, B. Van der Bruggen and J.C. van Dijk, Priority organic micro
pollutants in water sources in Flanders and The Netherlands, and assessment of removal possibilities with

nanofiltration, Environmental Pollution, 146 (1) (2006) 281.



1. Theissue of organic micropollutants in drinking water sources

During the last few decades, the drinking water industry has become increasingly
concerned about the occurrence of organic micropollutants in source waters for the
drinking water supply. The term micropollutants is used, since the concentrations of
the pollutants in the source waters are often in the ng/l up to the ug/l-range. In the
1980’s, Dutch and Flemish drinking water companies were faced with increasing
pesticide concentrations in surface waters, due to high levels of use by farmers (but
also private use — often excess doses are used, unregulated) and consequent run-off
from farmlands. A two-track approach was used to solve this problem: pressure was
exerted by the government on farmers and producers to develop alternatives to the
use of pesticides, and drinking water barriers were improved by implementing

activated carbon filtration.

In the late 1990’s, however, attention shifted from pesticides towards other organic
micropollutants: pharmaceuticals, hormones, personal care products, plasticizers,
flame-retardants, fuel additives and other industrial organic pollutants (e.g. bisphenol-
A) were being found in increasing concentrations in ground- and surface water. This
was partly due to the improving methods of analysis and the lower detection limits,
but also due to an increased production and consumption. Some of the pollutants
mentioned above are classified as “endocrine disrupting compounds (EDCs)’,
because of their adverse effect on the hormonal system of human and animal life [1].
Others are known (or suspected) carcinogens. Therefore, ingestion of these
substances might be harmful. Even though the World Health Organization (WHO)
and/or the U.S. Environmental Protection Agency (E.P.A.) have issued guidelines for

humanly safe drinking water concentrations for several pollutants, health effects



related to the consumption of drinking water containing a cocktail of organic
micropollutants are still unknown, or difficult to predict. Therefore, removal of these
pollutants in the drinking water treatment is desirable. However, measurements have
indicated that removal of these pollutants in the current drinking water treatment is
not always effective [2,3], partly because several newly detected pollutants are small
and polar, making them very water soluble, very mobile in the environment, and

extremely difficult to remove in the treatment [4-6].

Table 1.1 lists some selected micropollutants, which are found (in relatively high
concentrations) in surface waters in the Netherlands, Belgium and the European
Union. The table shows maximum incidental concentrations found in surface water
and drinking water. For some compounds, a guideline or the statutory value for the
human health limit are also given. This limit corresponds to the maximum
concentration allowable in drinking water without any risk to human health, based on
an average consumption of 2 liters of bottled water per day for a life-span of 60

years.

As can be seen from Table 1.1, concentrations of several pollutants in surface water
exceed the human health limits, indicating the necessity of a robust drinking water

treatment to safeguard the consumer from potential health risks.

It is also apparent that concentrations of most organic micropollutants in the drinking
water are indeed much lower than the concentrations found in the surface water.
However, some micropollutants (e.g. some pharmaceuticals [3]) are still found in

trace amounts in the finished drinking water.



Surface water (ng/l) Drinking water (ng/l)

Compound Flanders the Netherlands EU the Netherlands HHL (ng/l)
Hormones
17B-estradiol 2.3 1.0 23 <0.4 7
17a-ethinylestradiol - 0.4 <1 <0.4 7
estrone 21.7 3.4 21.7 <0.4 -

Industrial chemicals

bisphenol-A 580 22 000 22 000 <10 100 000
phthalates 10 300 200 000 200 000 2100 -
PCBs <7 20 80 <10 -
nonylphenolpolyethoxylates - 2600 2600 1500 -
MTBE - 62 000 62 000 <1000 9x10°
NDMA - <10 <10 2 12
Pesticides
atrazine 13 000 400 13 000 30 600
simazine 19 000 50 19 000 <10 1000
glyphosate - 450 1000 >100 10000
carbendazim > 2000 1480 > 2000 u.d. 200

Pharmaceuticals

sulfamethoxazole - 90 1700 40 75000

carbamazepine - 500 2000 90 50 000

acetylsalicylic acid - 65 - 122 25000
iopamidol - 470 470 69 415 x 10°
amidotrizoic acid - 290 300 83 250 x 10°

Table 1.1 - Maximum incidentally measured concentrations in surface and drinking water of selected organic

micropollutants (u.d.: under detection limit; - : no data; HHL= human health limit) [2, 6, 7-12]

In an attempt to counter the unwanted presence of organic micropollutants in the
source waters for the drinking water production, the European Water Framework
Directive (WFD) [13] was adopted in the year 2000. The WFD is the most substantial
piece of legislation on European waters yet. It requires that all inland and coastal
waters within defined river basin districts must reach at least a “good status” by 2015
and defines how this should be achieved through the establishment of environmental

objectives and ecological targets for surface waters. The WFD sets ambitious goals



for the surface and ground waters, consisting of strict standards for chemical and
ecological parameters. These standards also include the presence of certain organic
micropollutants and are generally based on the survival/sustainability of aquatic life.
This is important since several studies have shown the causal effect of endocrine
disrupting compounds on e.g. deformation of aquatic animals and feminization of

male fish in certain rivers (Figure 1.1).

[B|B]C] m‘mr‘mm‘mmm A-Z INDEX

BIERE NEWS woswo eorrion
H D

News Front Page
0 i =
d -g'f‘ !
1 "~‘ Wednesday, 6 September, 2000, 16:11 GMT 17:11 UK

; - =
arrica  GeNder-bender’ fish problem ... ..
Americas Widens

Asia-Pacific

"We are not sure of the
impact on reproduction”

-

12 Oct 99 | Sheffield 95
The best of British

Europe science
Middle East » 22 Feb 00 | Washington
South Asia 2000
UK Into a new millennium of
Business sclence

Entertainment
Sdence/Nature ;
Technology
Health

Internet links:

v Creating Sparks - BA
Science Festival

There could be an effect up the food chain

The BEC i= not responsible
for the content of external
internet sites

Talking Point By BBC News Online's Helen Briggs

Country Profiles  The entire male fish population of some Top Festival of science

European rivers show feminising effects from stories now:

N " _ [ : -
s0 callgd gender-bending" chemicals, » Battle of the Martian
Programmes according to new research. landers
v Beauty beats brawn

AEMESPORT  Freshwater fish in five out of seven northern + The original 'rock music'
European countries surveyed so far showed » Humans face extinction’

some signs of exposure to the chemicals, » Australian mammal is

which mimic female hormones and are present medical star

Daily E-mail |’
in sewage effluents. MNano-nose for asthma

-

MNews Ticker watch

Mobile/PDAS ) ) ) i ility
"We are finding this problem right across ' Snrt?wlls t(::aEtlle Eer:j'l't-" 4
L . f » Arthur arke demands
Test Only northern Europe, it is clearly widespread, cold fusion rethink

feoihon,  Professor Alan Pickering of the Natural

Figure 1.1 — Problems arising due to endocrine disrupting chemicals in the aquatic environment (left: “gender-

bender” (i.e. feminization) of male fish; right: a baby frog with 3 legs)

However, it has to be duly noted that ground- and surface water are not only
ecologically important, but they also play an important role as source waters for the
production of drinking water. Serious lobbying is going on at the moment to

incorporate this aspect (which is now underrepresented) into the WFD. It also has to
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be noted that, even though the WFD provides an admirable and essential first step in
handling the problem of organic micropollutants in the environment, it is faced with an
enormous amount of information, and an enormous amount of substances involved
(ranging from pesticides, to pharmaceuticals and EDCs). Therefore, it will become a
necessity to make priorities and focus attention on the most dangerous or most
omnipresent pollutants.

In order to beter represent the importance of the drinking water function of surface
and ground waters in the WFD, it is essential to narrow the field down to the most

urgent problems.

For the presence of organic micropollutants in ground- and surface waters for the
production of drinking water, for example, prioritization will have to be based on the
presence of the pollutants, but also on the effects of the pollutants (e.g. suitability for
human consumption), and on the effectiveness of their removal. One possible
scheme for this prioritization is given in Figure 1.2.

This scheme is thus focused on four essential aspects: the human toxicity of the
pollutants, their removal in the current drinking water treatment, their occurrence in
and discharge towards the environment, and the public opinion on their presence (i.e.
people prefer not to have any pharmaceutical residues in their drinking water, even

though there is not always a direct risk to human health).

Toxicology of the pollutants can not be changed and a decrease in their occurrence
can only be realized through governmental measures. Changing the public opinion
through campaigns is not an option, since the consumer’s confidence in the quality of

the drinking water is a priority for drinking water companies.
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Therefore, research on the removal of organic micropollutants in the drinking water

treatment becomes a necessity.

As was shown before, the present drinking water treatment is not flawless, and

(studies on) new and advanced treatment techniques are necessary.

2. Nanofiltration (NF) and reverse osmosis (RO)

One of the new and advanced techniques in drinking water treatment is membrane
filtration. Membranes can be seen as highly efficient, nano-engineered sieves.
Membrane processes in drinking water treatment are used when water of high quality
is desired. A membrane process can be defined as a separation process where a
feed stream (containing pollutants that have to be removed), is split into a clean
water stream (the permeate) and a concentrated stream (the concentrate) (Figure
1.3). According to the driving force that is used to produce the clean water, several
membrane processes can be distinguished. However, in drinking water treatment,
pressure is mostly used as driving force. When a pressure difference is applied over
the membrane, the feed stream is partly “pushed” through the membrane. This
results in the removal of certain solutes, and the type of solutes that is removed
depends on the “pore size” of the membrane. The clean water stream (the permeate)
that is thus produced is the desired stream in drinking water treatment applications.
However, the removal of the solutes results in an accumulation of these solutes on
the feed side of the membrane, resulting in a concentrated stream that still has to be

disposed of. This is one of the major drawbacks of membrane processes: pollutants
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are not destroyed, they are only separated from the product, and the concentrated

stream can not always be discharged to the environment.

CONCENTRATE

FEED PERMEATE

A 4

Figure 1.3 — Schematic representation of a membrane process: the feed stream is split into a “clean” stream (the

permeate) and a “concentrated” stream (the concentrate)

Depending on the “pore size” of the membranes, four different pressure-driven
membrane processes can be distinguished. The membranes with the smallest pore
size are called reverse osmosis membranes, and they can even separate dissolved
salts from water molecules. Therefore, they are often used for the desalination of

seawater.

If the size of the organic pollutants in Table 1.1 is compared to the pore sizes of the
membrane processes in Table 1.2, it can be concluded that only nanofiltration and
reverse osmosis can be applied to remove organic micropollutants. The molecular
weight (or, more appropriate, the molar mass) values of organic micropollutants are
often around 200-300 g/mol, whereas the Molecular Weight Cut-Off (MWCO, the
molar mass of a solute that is removed for 90% by the membrane) of NF and RO
membranes is also in that region. Therefore, NF/RO membranes should provide high

removal efficiencies for organic micropollutants.
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Permeate flux

range (I/(m= h.bar)) pore size (nm) Application

Applied pressure

Microfiltration (MF) 0.1 -2 bar > 50 >100 Particle removal

Particle removal, virus
Ultrafiltration (UF) < 5 bar 10 -50 5-100 removal, removal of
macromolecules

Removal of multivalent
Nanofiltration (NF) 3 —15bar 14-12 05-5 salts and small organic
molecules

Removal of all salts and

Reverse osmosis (RO) 7 — 100 bar 0.05-4 0.1-1 .
small organic molecules

Table 1.2 — Different pressure driven membrane processes (often used in drinking water treatment)

However, research shows that removal of some organic micropollutants still seems to
be incomplete and traces may still be detected in the permeate of NF and RO
installations [14].

In order to incorporate the effects of NF/RO treatment in the drinking water treatment
on the removal of organic micropollutants in the prioritisation scheme in Figure 1.2, it
would be ideal if the removal of any given micropollutant by NF/RO could easily be
predicted, based on the simple information of the chemical structure of the
micropollutants.

Removal of solutes by NF/RO is usually referred to as rejection. Rejection of a given
solutes is defined as:

Ch.i
R, =1-—"L (1.1)
Cf,i

where R; is the rejection of the solute i (in %) and c,; and c;; are the concentrations of

solute i in the permeate and the feed, respectively.
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Gradually, some understanding of organic micropollutant rejection mechanisms on
NF/RO has begun to emerge, which now includes the perspective of solute-
membrane interactions. In general, three major solute-membrane interactions are
distinguished: steric hindrance (sieving effect), electrostatic interactions and
hydrophobic-hydrophobic/adsorptive interactions. These solute-membrane
interactions are determined by solute properties (e.g., molecular weight/size, charge,
and hydrophobicity), membrane properties (e.g. molecular weight cut-off, pore size,
surface charge and hydrophobicity), operating conditions (e.g., pressure, flux, and
recovery) and feed water composition (e.g. pH, temperature, inorganic balance). In
addition, membrane fouling by natural organic matter (NOM) or particulate matter
may alter the membrane surface properties and thus the solute-membrane
interactions.

Even though numerous studies have been carried out to study transport mechanisms
of organic solutes through NF and RO membranes and it is known that the solute-
membrane interactions all contribute to the eventual rejection of organic solutes, less
knowledge is available on the development of models that convey a fundamental
understanding and a simple quantification of these governing phenomena. This
thesis will contribute to the construction of such models, by gaining more insight in
the governing removal mechanisms. Ideally, this type of models should be based on
readily available knowledge about solute- and membrane properties that affect them
[14]. As indicated above, it would be ideal if the removal of any given micropollutant
by NF/RO could easily be predicted, based on the simple information of the chemical

structure of the micropollutant.
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3. Rejection mechanisms for organic micropollutants in NF/RO

Most studies on the rejection of organic micropollutants have focused on neutral
solutes (and in particular pesticides) [15-28].

For uncharged solutes, the literature mentions two main solute-membrane
interactions that may influence solute rejection: a steric hindrance (~ sieving) effect
between large solutes and the membrane matrix, and hydrophobic (Van der Waals)
interactions between hydrophobic solutes and hydrophobic membrane surfaces [29-
37].

Steric hindrance is mainly determined by the size of the solute and the size of the
membranes pores: solutes larger than the membrane pores (or with a molar mass
above the MWCO) are well rejected; solutes smaller than the membrane pores (or
with a molar mass lower than the MWCOQO) can permeate through the membrane
more easily (Figure 1.4). This generally leads to a typical S-shaped curve if rejection

is plotted as a function of the solute molar mass or the solute size.

membrane
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Figure 1.4 — Size exclusion effect on rejection of organic micropollutants with NF/RO membranes

For hydrophobic solutes with hydrophobic membranes, hydrophobic-hydrophobic

(Van der Waals) interactions between the solutes and the membranes may also have
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an influence on the rejection, in addition to the steric hindrance. Experiments have
shown [31] that hydrophilic molecules are better rejected compared to hydrophobic
molecules of similar size. This is explained by the hydrophobic-hydrophobic
interactions: hydrophobic solutes can partition into the membrane matrix more easily
(a.o. by the formation of H-bonds), and consequently diffuse to the permeate side.
Hydrophobic solutes are thus transported to the permeate side of the membrane

more easily, explaining the lower rejection values.

W= _
T
.!-\ f\. : formation of H-bonds
O~x (@) = A adsorption and desorption
D
(—

Figure 1.5 — Influence of hydrophobic-hydrophobic (Van der Waals) interactions between solute and membrane

on rejection of organic micropollutants with NF/RO membranes

Hydrophobic solutes can also adsorb onto hydrophobic membranes and into the
membrane pores [35, 38-41]. This adsorption can affect solute rejection: several
studies have shown that adsorption of hydrophobic compounds onto hydrophobic
membranes can lead to a temporary overestimation of the observed rejection [42-44].
To obtain an accurate evaluation of membrane performance, saturation of the
membrane with the compound of interest must be accomplished: initial rejection
values of hydrophobic solutes can be high due to adsorption, but rejection generally
decreases to an equilibrium value when saturation of the membrane is reached (i.e.
breakthrough is observed). After saturation of the membranes is complete, the lower
rejection for hydrophobic solutes compared with hydrophilic solutes is observed,

which is due to the higher partitioning of the hydrophobic solutes, as mentioned
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above. Hydrophobicity of organic molecules is usually expressed as the logarithm of
the octanol-water partition coefficient, log Kow. Molecules with log Ko, > 2 are usually
referred to as hydrophobic. Hydrophobicity of NF/RO membranes is usually
characterized by the contact angle (0) with a water droplet on the membrane surface.
Studies have shown that membranes with larger contact angles could adsorb more
mass per unit area of organic compound than membranes with smaller contact
angles, and hydrophobic molecules are more adsorbed than hydrophilic molecules
[45].

Even though plenty of literature data exist that explain the lower observed rejection
values of hydrophobic solutes by increased solute-membrane affinity, this effect was
never quantified and the separate contributions of steric and hydrophobic interactions
to the rejection have never be distinguished.

This thesis will present different new concepts to distinguish the contributions of
steric and hydrophobic interactions on rejection. Moreover, a mathematical model will

be presented and validated that is able to quantify the influence of both interactions.

Most NF/RO membranes are negatively charged at neutral pH due to the dissociation
of acidic functional groups on the membrane surface. Therefore, in addition to
separation mechanisms for neutral solutes, electrostatic interaction between charged
organic solutes and the charged membrane surface can also influence rejection of
organic micropollutants. Most studies on electrostatic interactions have reported an
increase in rejection of negatively charged organic solutes due to electrostatic
repulsion between the negatively charged membrane and the negatively charged
organic solute [29, 32-35]. This high rejection, however, is dependent on feed water

pH, since both membrane surface charge (through the dissociation of the functional
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groups on the membrane surface as a function of their pK;) and organic solute

charge (as a function of the solute pKj) vary with varying pH [34].
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Figure 1.6 — (Hypothetical) influence of electrostatic interactions on rejection of organic micropollutants with

NF/RO

Several numerical models have been suggested to explain the electrostatic effects on
the rejection of inorganic ions [46-48]. These models always account for the Donnan
exclusion effect: if the co-ion of a certain salt (the ion with a charge similar to the
membrane surface charge) can not pass the membrane due to electrostatic
repulsion, then the counter-ion is also rejected in order to counteract the potential
difference that would arise between the different sides of the membrane if the
counter-ion would not be rejected. One of the innovative hypotheses in this thesis
states that this Donnan exclusion mechanism does not play a role in rejection of
organic solutes, and that rejection of positively charged organic solutes will be lower
than for negatively charged organic solutes, due to charge attraction between the
negatively charged membrane surface and the positively charged organic solute.
This has never been studied before in literature, since most studies have focused, as
mentioned before, only on effects of electrostatic repulsion between the membrane

and organic ions carrying a similar charge. A simplified tool to model the effect of
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electrostatic interactions on the rejection of both positively and negatively charged

organic solutes will be constructed in this thesis and validated with experimental data.

4. Goal and overview of the thesis

This thesis will critically review the previous work on rejection of organic
micropollutants with NF/RO and will compare this with new insights, gathered during
this study. The final goal is the construction of a simple model that can explain
nanofiltration/reverse osmosis rejection of organic micropollutants, based on their
chemical structure (and thus their physico-chemical parameters).

In the second chapter of this thesis different rejection models for uncharged solutes
will be developed. In contrast to previous models constructed in literature, the models
constructed in this thesis will incorporate not only the effect of solute size (and thus
the effect of steric hindrance), but also the influence of solute-membrane affinity
(solute-membrane hydrophobic-hydrophobic (Van der Waals) interactions) on
rejection.

The third chapter of this thesis will address the effects of electrostatic interactions on
the rejection of charged organic micropollutants with (charged) NF/RO membranes.
The hypothesis that attraction of positively charged organic solutes towards the
membrane surface leads to a decrease in rejection of these positively charged
solutes will be tested. Moreover, a simple tool to predict the influence of charge
interactions on rejection of positively and negatively charged organic solutes will be
constructed and validated. The influence of selected feed water parameters will also

be investigated.
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In the fourth chapter, both models for uncharged and charged organic solutes will be
combined into a general transport model for organic solutes on NF/RO membranes.
This model will be expanded to a model for full-scale installations. The full-scale
rejection model that is thus constructed, is then validated by comparing modelled
rejection values to experimentally obtained rejection values on a 2-stage pilot
nanofiltration unit, consisting of 18 4-inch membrane modules.

In a fifth chapter, the influence of the feed water matrix and membrane fouling on
NF/RO rejection of organic micropollutants will be investigated. By using different
types of pre-treatment before the nandfiltration of surface water, different types of
membrane fouling will be realised, and the influence of these fouling layers on
rejection of organic micropollutants will be compared with rejection values obtained
on unfouled membranes, to gain more insight in how fouling can affect rejection. This
is important, since NF/RO installations in full-scale applications are usually
susceptible to membrane fouling.

The last chapter of this thesis will deal with practical applications of NF/RO treatment
for the removal of organic micropollutants. For different surface waters, the effect of
NF/RO treatment, followed by an activated carbon filtration for the removal of organic
micropollutants will be tested and explained. NF/RO and activated carbon filtration
are expected to be complimentary, since the removal of hydrophobic solutes on
NF/RO is usually lower than for hydrophilic solutes, whereas activated carbon
filtration usually offers a higher removal efficiency for more hydrophobic solutes and a
lower removal of hydrophilic solutes. Moreover, it is expected that the combination of
NF/RO with subsequent activated carbon filtration will result in less competition of

natural organic matter (NOM) with organic micropollutants for adsorption sites on the
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activated carbon since the NOM is removed by the NF/RO step, making the activated
carbon process more efficient.

In the second part of the last chapter, some novel membrane materials will be tested
for their removal capabilities for organic solutes. These novel membranes were
initially developed to increase the water fluxes through the membrane. This was done
by making the membranes more hydrophilic, by the incorporation of nano-engineered
super-hydrophilic particles in the top layer. This thesis will investigate and discuss
whether the increased hydrophilicity also results in an improved rejection of

hydrophobic solutes (since less solute-membrane affinity is expected).
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Chapter 2:

Rejection of uncharged organic solutes

(Influence of steric and solute-membrane (hydrophobic) interactions)

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, B. Van der Bruggen and J.C. van Dijk, The
influence of hydrophobic interactions on the rejection of uncharged solutes by nanofiltration/reverse osmosis, to

be submitted to Water Research.

A.R.D. Verliefde, E.M.V. Hoek, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, B. Van der Bruggen and J.C. van
Dijk, A predictive model for the rejection of uncharged solutes by nanofiltration/reverse osmosis — incorporation of

solute-membrane (hydrophobic) interactions, in preparation for Environmental Science & Technology.
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1. Introduction

As mentioned in the introductory chapter, NF and RO are complex processes and
rejection properties of organic solutes are not only dependent on process conditions,
but also on physical-chemical aspects of the solutes and the membrane material.
Because of the wide variety of organic pollutants involved (and the discovery of even
more pollutants), experimental determination of rejection behaviour for each separate
pollutant would be too tedious and time-consuming. Therefore, a great advancement
in the field would be made if methods could be developed that provide an a priori
screening of the rejection behaviour of pollutants, based on their molecular
properties/molecular structure and on characteristic performance data of the
membrane.

This chapter will present two different modelling approaches for the rejection of
uncharged solutes with NF/RO membranes. The first modelling approach will be
more empirical, and will be based on a log-normal model for the pore size distribution
of the membranes. The second modelling approach will be a more fundamental
transport model. It will offer a mathematical description of the solute-membrane
interactions that influence rejection. Both models will also be validated.

The first model will be a simple tool to provide the user with a quick idea of the
removal of an uncharged organic solute, based on the knowledge of a few key solute
physico-chemical properties. Even though the model is fast and easy, it will not give
an exact value for solute rejection. Therefore, a second, more fundamental model is

also developed.
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2. Model construction for uncharged solutes

For uncharged organic solutes, the literature mentions two main solute-membrane
interactions that may influence solute rejection: a steric hindrance (~ sieving) effect
between large solutes and the membrane matrix, and hydrophobic (Van der Waals)
interactions between hydrophobic solutes and hydrophobic membrane surfaces [1-
9].

Steric hindrance is mainly determined by the size of the solute and the size of the
membranes pores: solutes larger than the membrane pores (or with a molar mass
above the MWCO) are well rejected; solutes smaller than the membrane pores (or
with a molar mass lower than the MWCOQO) can permeate through the membrane
more easily. This typically leads to an S-shaped curve when rejection is plotted as a
function of the solute molar mass or the solute size.

For hydrophobic solutes with hydrophobic membranes, hydrophobic-hydrophobic
(Van der Waals) interactions between the solutes and the membranes may have an
additional influence on the rejection, in addition to steric hindrance. Experiments
have shown [10] that hydrophilic molecules are better rejected compared to
hydrophobic molecules of similar size. This is explained by the hydrophobic-
hydrophobic interactions between membrane and solute: hydrophobic solutes can
partition into the membrane matrix more easily, and consequently diffuse to the
permeate side. Hydrophobic solutes are thus transported to the permeate side of the
membrane more easily, explaining the lower rejection values. Moreover, hydrophobic
solutes also adsorb more onto hydrophobic membranes and into the membrane
pores. This adsorption can affect solute rejection: several studies have shown that

adsorption of hydrophobic compounds onto hydrophobic membranes can lead to a
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temporary overestimation of the observed rejection [11-13]. To obtain an accurate
evaluation of membrane performance, saturation of the membrane with the
compound of interest must be accomplished: initial rejection values of hydrophobic
compounds can be high due to adsorption, but rejection generally decreases to a
steady-state value when saturation of the membrane is reached. After saturation of
the membranes is complete, the lower rejection for hydrophobic solutes compared
with hydrophilic solutes is observed, which is due to the higher partitioning of the
hydrophobic solutes, as mentioned above. To make sure adsorption equilibrium is
reached in the experiments, and rejection values obtained are not biased, the time
necessary to reach this adsorption equilibrium will be tested in this chapter.

The hydrophobicity of organic molecules is often expressed as the logarithm of the
octanol-water partition coefficient, log Kow. Molecules with log Kow > 2 are generally
referred to as hydrophobic. The hydrophobicity of NF/RO membranes is usually
characterized by the contact angle (0) with a water droplet on the membrane surface.
Studies have shown that membranes with larger contact angles can adsorb more
mass per unit area of organic compounds than membranes with smaller contact
angles, and hydrophobic molecules are more adsorbed than hydrophilic molecules
[12].

Even though plenty of literature data exist that explain the lower observed rejection
values of hydrophobic solutes by increased solute-membrane affinity, there is no
approach that is able to quantify this effect or that is able to distinguish the
contributions of steric and hydrophobic interactions to rejection.

This study will investigate whether log Koy and contact angle values are valuable
parameters to estimate the magnitude of the hydrophobic-hydrophobic (Van der

Waals) interactions between solute and membrane, and the effect of these
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interactions on solute rejection. Also, an alternative approach will be formulated,
which will consider solute transport through membranes as a function of solute-
membrane affinity, expressed as the free energy of interaction between solute and
membrane. This calculated solute-membrane affinity will be incorporated in a
thermodynamic convection-diffusion transport equation, which allows making a clear
distinction between steric and hydrophobic-hydrophobic effects determining

uncharged organic solute rejection.

2.1.Log-normal model for uncharged organic solutes as a function of solute

hydrophobicity

A simplified modelling approach to yield a quick screening of the solute-membrane
interactions that influence solute rejection will first be derived and evaluated. The aim
is to develop a modelling tool which allows a quick estimation/prediction of solute
rejection, based on the knowledge of selected, readily available solute and
membrane parameters.

The model is based on the approach by Van der Bruggen et al. (2000) [14], who
used the assumption of a log-normal pore size distribution to model the reflection
coefficient of uncharged organic molecules. In theory, the reflection coefficient of a
solute is the rejection of this solute at infinite flux or pressure. For the experimental
results used to validate the model, it is assumed that the obtained rejection values
(which are determined at 10% recovery), are approximately equal to the reflection
coefficient.

The rejection values in this chapter will thus be modelled using a similar log-normal

pore size distribution model. The rejection of a solute is dependent on the distribution
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of the pore size of the membrane, compared to the size of the solute. This results in

the following equation:

R(r*) — rJf 1 .l.exp[_M\]dr (21)

08, N2m T 2-s

p

Where r is the solute radius, R(r*) is the rejection of a solute with radius r*, ris the
mean pore size of the membrane and s, is the standard deviation of the pore size
distribution.

This model was later adapted by Van der Bruggen et al. (2002) [15] to replace solute
size and pore size by solute molar mass and membrane molecular weight cut-off.
This results in the following equation for the rejection of organic solutes as a function

of their molar mass:

MW * 2
1 1 Xp_(In(MW)—In(MWCO)+O.563MW) MW

—¢€
> Sww 27 MW 25 (2.2)

R(MW*) =

Where MW is the solute molar mass, R(MW?) is the rejection of a solute with molar
mass MW*, MWCO is the membrane molecular weight cut-off and suw is the
standard deviation on this molecular weight cut-off.

Integration of Equation (2.2) leads to a typical S-shaped curve of the rejection as a
function of the solute molar mass: solutes with a molar mass under the MWCO of the
membrane are not efficiently rejected by the membrane, whereas solutes with a
molar mass larger than the MWCO are efficiently removed.

The modelling approach as followed by Van der Bruggen et al. [15] thus only takes
steric hindrance effects between the solutes and the membrane polymeric matrix into
account. This approach could work well for solutes without any affinity for the
membrane surface, but it does not account for the influence of solute-membrane

hydrophobic interactions. Therefore, the model is adapted in a simple manner in this
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chapter, to incorporate the effects of hydrophobic interactions on the rejection.
Instead of fitting a single rejection curve for all solutes with a given membrane (based
on Equation (2.2)), different rejection curves are constructed for solutes with different
hydrophobicity and thus different hydrophobic interactions with the membrane. Since
the most straightforward way of describing organic solute hydrophobicity is by using
log Kow, the organic solutes are divided into three different categories of log Kow-
values (log Kouw<1 ; 1<log K,w<3 ; 3<log Kow) and a different rejection curve is
modelled for every category. Solutes with increasing molar mass are chosen in the
different categories of log Kyw-values, so the influence of hydrophobic interactions
and size exclusion on the rejection can be studied simultaneously. This allows for
investigation of the influence of hydrophobic interactions and size on the rejection by
the shape of the curve and the location of the modelled MWCO for every category of
hydrophobicity. Solutes with log Kow<1 are referred to as hydrophilic in this chapter,
solutes with 3<log K, are referred to as hydrophobic and solutes with 1<log Ky,<3
are referred to as transphilic.

The aim of this model is a simple quantification of the influence of hydrophobicity on
rejection of uncharged organic molecules, as a function of readily available solute

and membrane parameters.

2.2. Advanced transport model for uncharged organic solutes

In addition to the log-normal model, some other earlier modelling attempts for organic

solute rejection are reported in the literature. Most models for uncharged organic

solutes are based on solution-diffusion mechanisms, which are valid for reverse

osmosis [16] but may not be entirely correct for nanofiltration or low-pressure reverse
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osmosis membranes, because of the additional convective transport of organic
molecules through the membranes. Therefore, the modelling approach followed here
will be derived, based on the well-known Spiegler-Kedem equation for steady-state
transport in pressure-driven membrane processes (which incorporates both
convection and diffusion) [17,18]:

c, -0, %1 K ¢ (2.3)

Jo=J PP dx

S %

Where Js and J, are respectively the solute and solvent flux, C; is the solute bulk

permeate concentration, D, (=K4.D « ) is the diffusion coefficient of the solute in the
membrane, D « is the solute diffusion coefficient in water, ¢c and x are respectively
the solute concentration and the axial position within the membrane and K. and K4

are respectively the convective and diffusive transport hindrance factors.

2.2.1. Development of the model

Equation (2.3) can be integrated with the following boundary conditions [19-21]:

at x=0 (within the membrane at the feed side): c(x=0)=cr=K.Cs (2.4)

at x=Ax (within the membrane at the permeate side): c(x=Ax) = ¢, = K.C, (2.5)
where Ax is the membrane thickness, c; and ¢, are the solute concentrations in the
membrane matrix at the feed and permeate side, respectively, C; and C, are the
solute feed and permeate concentrations in the bulk, respectively, and K is the solute
partitioning coefficient in the membrane polymeric matrix.
The integration with the boundary conditions yields the following equation:

Cpo _ K-K,
C,  1-(@-K-K,)-exp(- Pe)) (26)

Where Pe = J,.K:.Ax/e.D, is the Peclet-number and ¢ is the porosity of the

membrane.
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If the rejection of a solute is determined as R=1-(C,/Cs), Equation (2.6) can be
rewritten as:

R=1- K-K (2.7)

J, -K_ -AX
1-11-K-K.)- v te P
(( c) exp[ K, 2D, D

Equation (2.7) describes the rejection of a solute as a function of the solvent flux and

contains 4 unknown model parameters: the partitioning coefficient K, the steric
hindrance factors K; and K4 and the ratio membrane thickness/membrane porosity
Ax/e. The diffusion coefficients D « of different organic solutes are generally known
from literature, or can be determined experimentally or estimated using known
correlations (e.g. the Wilke-Chang correlation).

Equation (2.7) is used as the basis for the advanced transport model, but is also the
basis of traditional size exclusion based convection-diffusion models. The only
difference between the two models is in the determination of the partition coefficient
K.

The goal is to develop a thermodynamic model with parameters which are easy to

determine and have an actual physical meaning.

2.2.2. Calculation of hindrance parameters K. and Kq4
If a fully developed parabolic flow velocity profile (Hagen-Poiseuille velocity profile) is
assumed for the flow within the membrane pores, the hindrance factors for
convection and diffusion can be calculated as follows [19]:

K, =(2-@-2)?)(1+0.0544 - 0.9882% + 0.4414° ) (2.8)

K, =1-2.32+1.1541% + 0.224° (2.9)
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with A = rs/rp, being the ratio of the solute radius to the hypothetic “pore radius”. In this
study, it will be assumed that NF/RO membranes contain “voids”, which can be
regarded as actual pores and can be represented by a mean average pore size r,.
The hindrance factors for convection and diffusion are thus only determined by steric

hindrance between the solute and the membrane matrix.

2.2.3. Determination of the partition coefficient K
In fact, the partition coefficient K relates the solute concentration outside the
membrane pores, to the solute concentration inside the membrane pores. The

partition coefficient K can be written as [22]:

K=2["g(p)pdp (2:10)

where p is the dimensionless position in the pore (p=r/rp) (with r the radial position in
the pore), A=rs/r, the ratio between solute and pore size and g(p) the radial
distribution function.

In the traditional size exclusion approach for organic solute rejection, g(p)=0 and the
partition coefficient K is equal to (1-1)2. In the traditional size exclusion approach, K is
thus independent of solute-membrane interactions.

For the new advanced transport model, K will be determined from steady-state
thermodynamics and will thus be dependent on solute-membrane affinity.

It may be assumed that the radial concentration profile is governed by the Boltzmann

equation [22]:

9(p) = exp(— %} (2.11)

where k is the Boltzmann constant, T is the absolute temperature (in K) and AG; is

the free-energy difference associated with the differences in interactions of the solute
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in the water phase and the membrane phase (the interaction energy between solute
and membrane in the water phase).
After substitution and integration, Equation (2.10) then becomes (since AG; is

constant):

K :(1—1)2exp[—%J (2.12)

Thus, the partitioning of a solute from the water phase to the membrane phase
(membrane pores) is dependent on both size exclusion effects (expressed as the
factor (1-1)%) and on solute-membrane affinity (expressed as AG;, the free energy of

interaction between a solute and the membrane in the water phase).

In the literature, another definition for the partition coefficient K can also be found,
which unites the size exclusion and the solute-membrane affinity into one term

[23,24]:

K = exp[#) (2.13)

where k is again the Boltzmann constant and T is the temperature. Here, AG is equal
to the total the free-energy change associated with the transfer of the solute of
interest from the bulk fluid to the membrane phase. AG can further be split into two
terms [23,25]:

AG = AG, + oIl (2.14)
The term AG; again reflects the solute membrane affinity. The second term v.I1
contains the molecular volume v of the solute and the pressure I1, exerted by the
rigid polymeric matrix of the membrane on the solute molecules. It can be regarded

as the steric hindrance, superposed on the free-energy of interaction-change AG;,
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when the solute moves from the water phase to the membrane phase. It can be
assumed that this second term v.IT will be pressure/flux dependent, since Kimura et
al. (2003) [12], demonstrated that adsorption onto and partitioning into membranes

depend on pressure (and AG; is independent of pressure).

In a way, AG; can be considered as the quantification of the hydrophobic interactions
occurring between the solute and the membrane. If AG; is negative (e.g. for a
hydrophobic solute), transfer of the solute to the membrane will be facilitated. This
will result in a lower rejection than expected, purely based on size exclusion effects.
However, if AG; is positive, there will be resistance against partitioning of the solute
into the membrane phase, resulting in a higher rejection than expected, based on
size exclusion effects. The traditional size exclusion model will only be valid for

solutes for which AG;=0.

AG;j is equal to the free energy of interaction between two different entities, S’ (the
solute) and S” (the membrane) in a liquid L (in this case water), AGgs’. This free
energy can be related to the interfacial tensions between the two different entities
and the water phase, using the well-known Dupré equation [26]:

AG, = A-AGg g0 = Vg — Vs — Vsl (2.15)
where ys's is the interfacial tension between the solute S’ and the membrane S”, ys.
is the interfacial tension between the liquid solvent L (in this case water (W)) and the

solute S’, 7., is the interfacial tension between the membrane and the liquid solvent

L and A is the contact area between a molecule S’ and the membrane S”.
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Each interfacial tension can be determined from the surface tensions of the different
components of the interface. The surface tension of liquids, solids and gasses
consists of an apolar and polar part and can be written (e.g. for a liquid L) as:

ro=rlt +r =y w\rive (2.16)

LW AB

where y is the apolar (Lipshitz-Van der Waals) part and y,™ is the polar part of the

surface tension. y, andy, describe the electron-acceptor and the electron-donor

aspects of the surface tension.
The following expression relates surface tension parameters to the interfacial tension
between different components and describes the polar and apolar interactions

determining the interfacial tension (e.g. for the solid-liquid interfacial tension):

Vst =(W—W)2 +2(\/7§7§ v v +\/7§7E) (2.17)

where y:" and » " describe the apolar (Lipshitz-Van der Waals) parts of the solute

and solvent surface tension, respectively, and y.,7,7,7_ describe the electron-

acceptor and electron donor aspects of the polar part of the solute and solvent
surface tension, respectively.

Substituting Equation (2.17) in Equation (2.15) for the solute (S’), the membrane (S”)
and the solvent (L) gives:

) N R o i o R N o (\/Zﬂ/Z—JZ)
+70 (\/ZM/Z—\/Z)— Jrire —rsve

AG, = A-AGq . =

(2.18)

This equation contains 9 variables, ", , 70,7 v, ve,7s ,7e andys.. In the

case of water as a solvent, the values for y,;", ., andy, are known from literature.
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Also for several other liquids, the values of y",y/ andy, can be found in the
literature [27].
The surface tension parameters for the membrane can be determined through

contact angle measurements via the Young-Dupré equation [26]:

(L+cos9) -y, = 2( y Y+ rert +\/7§--7E) (2.19)
where 0 is the contact angle formed between a droplet of liquid L and the membrane
surface. By performing contact angle measurements on the membrane surface, 3
times with 3 different liquids L with known properties for »™,y andy, the
membrane surface tension parameters y..",y{. andy;. can be determined by using
Equation (2.19) and solving the set of equations.

The parameters ", y: andy;. for the solutes S’ can be determined using a similar
approach as for the determination of the surface tension parameters for the
membrane. By measuring the contact angle of one liquid with unknown parameters

with 3 different membrane surfaces with known (and different) »&', s andys.

values, the parameters y:",ys andy; of the liquid can be determined by using
Equation (2.19) 3 times and solving the set of 3 equations. Alternatively, for some
liquids, the surface thermodynamic parameters are already known from the literature
[27].

If the solute of interest is a solid, the following relationship between the aqueous

solubility and surface tension parameters is valid [28]:

275w S = 2'((\/7é-w 7 )2 +2(\/7;'7s_' Tt ~vere +rsre ))S =—k-T-Ins

(2.20)
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where S; is the contactable surface area between two solute molecules S’, k is the
Boltzmann constant, T is the absolute temperature and s is the aqueous solubility of
solute S’ (expressed in mole fractions). By determining the solubility of solute S’ at 3
different temperatures T, y.",y{ andy, can be determined using Equation (2.20).
The difficulty in using Equation (2.20) is the determination of the contactable surface
area S. between two molecules S'. S; may be determined by calculating the
molecular dimensions of the solute. This was already shown by Docoslis et al. (2000)
[29].

However, this approach will not be followed in this chapter and only the surface

thermodynamic properties of liquid solutes will be determined.

Once all the thermodynamic properties y ™", 7, v, 7", vi, e, ver ,ve andyg. are

determined, they can be introduced into Equation (2.18) to determine AG;.

Once AG; is known, it can be filled into Equations (2.12) and (2.14).

If Equation (2.12) is used as the expression for the partition coefficient K, then
Equation (2.7) for the solute rejection is solely dependent on the unknown
parameters A and Ax/e. By fitting experimentally obtained rejection data as a function
of permeate flux for a single solute to Equation (2.7), the values of the parameters
Ax/e and A (and thus rp,) can be determined. This characterizes the membrane
completely and turns Equation (2.7) into a predictive model for other solutes, if their
solute size and interaction energy AG; with the membrane are known.

If the other Equation (2.13) for the partition coefficient is used, the size dependent
factor v.IT as a function of permeate flux remains an unknown variable. By fitting K to
the experimentally obtained rejection data as a function of permeate flux for different

solutes, v.IT can be determined as a function of solute size and permeate flux. This
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approach is not predictive, but allows to model rejection as a function of
pressure/flux, and it gives more information on the pressure/flux dependency, but

also on the solute size dependency of v.I1.

3. Materials and methods

3.1. Equipment and filtration protocol

A schematic diagram of the bench-scale membrane system used in the membrane
filtration experiments can be found in Figure 2.1. The feed solution is delivered to a
pressure vessel, accommodating a single 4040-membrane element, by a multi-
impellor centrifugal pump (Grundfos CRE-3). The pump is capable of providing
pressures of up to 25 bar at a flow rate of 3 m¥h. The feed water is fed from a 600 L
stainless steel vessel. An immersed stainless-steel coil with cooling liquid fed from a
cooling system (Tamson TLC 10B) is used to maintain a constant feed water
temperature.

Permeate, concentrate and feed flow are monitored by rotameters (Heinrichs
messgerate). Applied transmembrane pressure is regulated using a needle valve in
the concentrate stream, with transmembrane pressure measured with a precision
manometer (Wika fein-drukmessgerat). All test unit parts in contact with the solution
are made of stainless steel to minimize adsorption of the investigated organic

compounds.
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Figure 2.1 — Membrane filtration set-up for rejection experiments

Membrane filtration experiments were carried out at a constant cross-flow velocity of
0.2 m/s, corresponding to a feed flow of 1500 I/h (which is representative for full-
scale installations) and a concentration polarization factor of 1.02. For the log-normal
model, experiments were carried out at a constant recovery of 10%. For the
advanced transport model, feed pressure was varied, and rejection was measured as
a function of permeate flux.

Feed water temperature was set to 20 £ 1°C. All experiments were carried out in a
recycle mode with a single batch of water, with both permeate and concentrate
recycled back into the feed reservoir.

Figure 2.2 shows a picture of the set-up.

Since adsorption of solutes onto the membrane surface, and sorption into the inner
membrane structure, may influence measured rejection values, an accurate
evaluation of the rejection of a given solute is not possible until saturation of the
membrane with the solute of interest is accomplished [12]. Therefore, this study will

also investigate how long it takes before adsorption equilibrium is reached on 4-inch
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spiral wound modules. Afterwards, all rejection experiments will be carried out for this

time period, to ensure that steady state rejection values are obtained.
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Figure 2.2 — Membrane filtration set-up for rejection experiments (in blue: membrane module)

3.2.Membranes

The membranes used in this study were commercially available nanofiltration
membranes: Trisep TS-80 TSF (Trisep Corp., Goleta CA, USA), Desal HL (GE
Osmonics, Fairfield CT, USA), Koch TFC-XR (Koch Membrane Systems Inc.,
Wilmington MA, USA) and Dow-Filmtec BW-30 (Dow-Filmtec, Minneapolis MN,
USA).

All membranes are polyamide thin film composite membranes. Before use, all
membranes were rinsed with tap water for two hours to remove preservation liquids
present in the membrane. Afterwards, the membranes were characterized for pure

water permeability with Milli-Q water and for MgSO4 or NaCl rejection with a 500 ppm
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MgSO, or NaCl solution in Milli-Q water. The membrane properties are summarized

in Table 2.1.
MWCO Pure water permeability % Salt rejection Contact C-potential
(g/mol) (m/(s.bar)) angle (°) (mV)
DESAL HL (NF) 150-300 2.0x10° 98% (MgSOs) 41+2 -11
Trisep TS-80 TSF (NF) 175 1.2x10° 99% (MgSO0y4) 48 + 2 -20 to -25
Dow BW-30 (RO) n.d. 6.7x 107 99,5% (NaCl) 53+3 -20
Koch TFC-XR (RO) n.d. 52x107 > 99,7% (NaCl) 40+3 22

Table 2.1 — Membrane properties for selected membranes for organic solutes rejection experiments

The molecular weight cut-off (MWCO) values were provided by the membrane
manufacturers. The membrane (-potentials were determined in a 10mM KCl-solution
using commercially available equipment (SurPASS, Anton Paar, Graz, Austria).
Membranes with different membrane properties were chosen in order to assess the
influence of membrane properties on rejection. For the rejection experiments, single

elements (4040-membrane modules) were used.

3.3. Solutes for adsorption experiment

Since adsorption of solutes onto membranes can influence measured rejection
values and an accurate evaluation of the rejection of a given solute cannot be
accurately determined until saturation of the membrane with the solute of interest is
accomplished [12], the time to reach saturation of a 4-inch membrane module was
investigated. This was carried out by spiking different pesticides onto a Trisep TS80
membrane, and analysing the time necessary for the feed concentrations to

equilibrate (if solute adsorption is occurring, the feed concentrations will decrease if
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filtration is carried out in a recycle mode (concentrate and permeate recycled to the
feed reservoir)).
The different pesticides were spiked in Milli-Q water, in concentrations of 4 to 5 ug/l.

Table 2.2 summarizes the physico-chemical properties of these pesticides.

MW (g/mol) log Kow (-) Henry’s law constant (atm.m3mol)
atrazine 215.69 2.61 2.36 x107°
simazine 201.66 2.18 9.42x107°
diuron 233.10 2.68 5.04x 107
metamitron 202.22 0.83 9.53x10™"

Table 2.2 — Physico-chemical properties of selected pesticides used for adsorption experiment on Trisep TS-80

The pesticides were analysed by gas chromatography, coupled with mass
spectrometry. It is assumed that, when adsorption equilibrium is reached for solutes
in these low concentrations, adsorption equilibrium will also have been reached for
solutes at higher concentrations, since the driving force for adsorption is higher when

feed concentration is higher.

3.4. Solutes for rejection experiments

The solutes used for the rejection experiments were mainly selected based on their
different physico-chemical properties.

For the log-normal model as a function of solute hydrophobicity, model solutes were
chosen, based on their hydrophobicity (expressed as log Koy) and divided into three
categories, i.e. hydrophilic (log Kyw<1), hydrophobic (3<log K,) and transphilic

(1<log Kow<3) solutes. For each category, solutes of increasing molar mass were
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chosen, to allow measurement of a sigmoidal rejection curve for each category of
hydrophobicity.

For the advanced transport model, 4 different model solutes with different size and
hydrophobicity (log Ko.) were chosen. All the solutes were liquids, to be able to
determine the surface tension parameters used in the model.

All the solutes and their physico-chemical parameters are summarized in Table 2.3.
The solute radii were determined in two ways. The first way is by using the definition
of the Stokes radius:

. k-T
* 6anD,

(2.21)

where k is again the Boltzmann constant, T is the absolute temperature, nis the
solvent viscosity and D, is the solute diffusion coefficient in water.

The second way of determining the solute radii is using a molecular modelling
program (Hyperchem, Hypercube Inc., Gainesville FL, USA). The exact protocol to
determine the average solute radius using this molecular modelling software was
described before by Van der Bruggen et al. (2000) [14].

The solute diffusion coefficients were determined using the equation developed by

Hayduk and Laurie (1974) [30]:

13.26x10°°

o = T e
1.4 ><VaO.589

n

D (2.22)

where 1 is the solvent viscosity and V; is the Le Bas molecular volume (also

calculated using molecular modelling software).
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MW (g/mol)  log Koy (-)  diff.coeff. (m?s)  solute diameter (nm)  Stokes radius (nm) measured on TS80  measured on HL

log-normal model

log Kow<1 ethanol 46 -0.31 n.d. 0.28 n.d. X X
NDMA 74 -0.57 n.d. 0.31 n.d. X X
2-methoxyethanol 76 -0.32 n.d. 0.36 n.d. X X
2-ethoxyethanol 90 -0.77 n.d. 0.42 n.d. X X
glycerol 92 -1.76 n.d. 0.38 n.d. X X
MTBE 88 0.94 n.d. 0.36 n.d. X X
glucose 180 -3.24 n.d. 0.40 n.d. X X
sucrose 342 -3.7 n.d. 0.58 n.d. X X

1<log Kow <3  2-(1H)-quinoline 145 1.26 n.d. 0.47 n.d. X X
methacetin 165 1.03 n.d. 0.56 n.d. X X
monomethylphthalate 180 1.13 n.d. 0.52 n.d. X X
dimethylphthalate 194 1.6 n.d. 0.51 n.d. X X
N-acetyl-L-tyrosine 223 1.32 n.d. 0.63 n.d. X X
atropine 289 1.83 n.d. 0.65 n.d. X X

3 <log Kow 2-methylisoborneol 168 3.31 n.d. 0.45 n.d. X
N-nitrosodiphenylamine 198 3.13 n.d. 0.60 n.d. X
4-nonylphenol 220 5.76 n.d. 0.83 n.d. X
bisphenol-A 228 3.32 n.d. 0.63 n.d. X X
linuron 249 3.2 n.d. 0.60 n.d. X
estrone 270 3.13 n.d. 0.65 n.d. X X
lindane 291 3.72 n.d. 0.48 n.d. X X

advanced transport model
2-ethoxyethanol 90 -0.77 1.1x10° 0.42 0.23 X X
glycerol 92 -1.76 9.3x10™ 0.38 0.19 X X
diethylphthalate (DEP) 222 242 6.1x 107" 0.6 0.35 X X
dibutylphthalate (DBP) 278 4.5 5.1x107 0.73 0.42 X X
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Table 2.3 - Physico-chemical characteristics for selected organic solutes (n.d.: not determined; X indicates solute

rejection has been determined on selected membrane)

All solutes were spiked separately in Milli-Q water and measured by analyzing the
non-purgeable organic carbon (NPOC ~ total organic carbon (TOC)) -content of feed
and permeate. The limit of detection for the NPOC-analysis is 0.2 mg/l. Therefore, all
solutes were spiked in concentrations of 10 mg carbon/I, in order to be able to

measure at least 98% rejection (which corresponds to a permeate concentration of

0.2 mgl/l).

3.5. Determination of surface tension components

The surface tension components y..", y{. and y.. of the membranes were determined

by performing contact angle measurements on the membrane surfaces and solving
the set of three equations using the following three liquids: Milli-Q water,

diiodomethane and glycerol (using Equation (2.19)). The surface tension parameters

y Lyl yo of Milli-Q, diiodemethane and glycerol are given in Table 2.4 [31].

Y Y Y
milli-Q water 72.8 21.8 25.5 255
glycerol 64 34 3.92 57.4
diiodomethane 50.8 50.8 0 0

Table 2.4 — Surface tension components of liquids used for contact angle measurements at 20°C (in mJ/m?)
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After the surface tension components of the two different membranes were
determined, the surface tension components of a piece of glass were also

determined in a similar way.

The surface tension components y¢" , y2. and y. for the three liquid solutes used for

the validation of the advanced transport model were determined by performing
contact angle measurements on three different solid surfaces: the two membranes
and the glass. Afterwards, the set of three equations (using Equation (2.19)) was
solved for each solute.

All contact angles were measured using commercial contact angle measuring
equipment (Kriass DSA10 goniometer, Kriss GmbH, Hamburg, Germany) equipped
with commercial contact angle calculation software (Drop Shape Analysis, Kruss
GmbH). For the determination of all contact angles, the average was taken of at least
20 different measurements on different locations of the membrane and glass

samples.

4. Results and discussion

In order to determine the influence of solute-membrane hydrophobic interactions, the
two models derived before were used to fit experimentally obtained rejection data.
Afterwards, the fitted model parameters were analysed in more detail to reveal the
contributions of both steric and hydrophobic interactions to uncharged organic solute
rejection. However, first, the time necessary to reach adsorption equilibrium has to be

determined.
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4.1.Membrane adsorption equilibration

Figure 2.3 shows the feed concentrations of the selected pesticides over time.

It can be assumed that the decrease of feed concentration of the pesticides is due to
adsorption onto/partitioning into the membrane. Volatilization of the pesticides is
ruled out, since the Henry’s law coefficients of the pesticides are low. Adsorption of
pesticides onto the experimental apparatus (e.g. reservoir, connections, etc.) was
ruled out since most parts of the set-up in contact with the solution are made out of

stainless steel to minimize adsorption.

° —O— Atrazine

5 —1—Simazine ||
—A— Diuron

4 —¢— Metamitron ||

Feed concentration (ug/l)
w

Time (days)

Figure 2.3 — Decrease of feed concentration of selected pesticides in time during filtration run with Trisep TS-80

membrane

From Figure 2.3 it is apparent that a period of 3 to 4 days is needed to reach

saturation of the membrane with the solutes.

49



Therefore, all rejection experiments with organic solutes in this study are carried out
for 4 days, in order to avoid the transient regime that is due to the influence of
adsorption and to ensure that steady state rejection values are obtained. It is hereby
assumed that adsorption behaviour of the other organic solutes is similar to the
adsorption behaviour of pesticides.

Especially for solutes spiked in higher concentrations, adsorption equilibrium should
be reached faster than the 4 day period. Even at these higher concentrations,
however, rejection experiments are still carried out for 4 days, to make sure the same

protocol is followed for all rejection experiments.

4.2.Log-normal model as a function of solute hydrophobicity

In Figures 2.4 and 2.5, the data points represent the measured rejection values for
the solutes in Table 2.3 with the Trisep TS80 and Desal HL nanofiltration
membranes.

It can be observed from the figures that rejection values for the solutes with both
membranes generally increase with increasing molar mass for the different
categories of log Kyy-values. At molar masses above 200 g/mol, most organic solutes
are very well rejected (>90%) by the membranes. The membranes thus offer an
effective barrier for most organic pollutants with a molar mass over 200 g/mol.

Upon comparison of rejection values in the different categories of hydrophobicity, it
becomes clear that for both membranes, rejection values are significantly lower for
transphilic (1<log Kow<3) and hydrophobic compounds (log Ko,>3) compared to
hydrophilic compounds of similar molar mass. This has also been observed before in

the literature [1-9].
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Hydrophilic molecules (log Kow<1) with low molar mass (MW<150) are removed to a
much higher extent by the membranes than the transphilic and hydrophobic
molecules, which demonstrate low rejections up to higher molar mass values (e.g.,
approximately 250 g/mol for the Trisep TS80 membrane).

The curves in Figures 2.4 and 2.5 represent the modelled rejection curves, modelled
as described in Equation (2.2). The values of the fitting parameters for the rejection
curves are summarized in the inlay. For each curve representing solutes of different
hydrophobicity, two fitting parameters, namely the molecular weight cut-off and the
standard deviation on this cut-off are determined. The fitted MWCO-values reflect the
molar masses at which rejection for solutes of a certain category of hydrophobicity
reaches 90% (and can thus be compared to the MWCO-value given by the
manufacturer), whereas the values for the standard deviation reflect the shape of the
curves (a small standard deviation corresponds to a sharp increase in rejection, a
larger standard deviation corresponds to a more gradual increase of the rejection).
The results clearly indicate that the hydrophobicity of solutes has a large effect on the
rejection. It is apparent that for the Trisep TS80 membrane, the sigmoidal rejection
curves are located at much higher molar mass values for the hydrophobic solutes,
indicating that more hydrophobic solutes have lower rejection compared to
hydrophilic solutes (which is in agreement with the literature). The rejection curve for
the transphilic solutes is located in between the two extremes. Also for the Trisep TS
80, it can be seen that the shape of the rejection curve is changing for solutes of
different hydrophobicity. For hydrophilic solutes, a sharp increase in rejection is
observed, around a molar mass value of about 90 g/mol. For hydrophobic solutes on
the other hand, the transition from low to high rejection is less pronounced. This can

be explained by the difference in solute-membrane interactions: for hydrophilic
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solutes, it is assumed that no hydrophobic/adsorptive interactions occur and steric
hindrance is the only rejection mechanism. Therefore, it was hypothesized that the
rejection curve for hydrophilic solutes represents the actual pore size distribution of
the membrane.

For hydrophobic solutes, hydrophobic/adsorptive interactions with the membrane
surface influence the rejection (hydrophobic interactions result in a lower rejection
(i.e. an increased solute mass transfer)). As can be seen from the shape of the
rejection curve, the influence of the hydrophobic interactions on the rejection is larger
for larger solutes (i.e. the decrease in rejection is larger for larger solutes). The latter
trend is logical: if steric hindrance would be the only rejection mechanism, all
hydrophobic solutes with a molar mass above the molecular weight cut-off (which is
200 g/mol for this membrane) would have a similar, high rejection value.

For the Desal HL membrane, the same trends can be seen for the hydrophilic and
transphilic solutes. For the hydrophobic solutes however, the correlation is less clear.
This indicates that solute hydrophobicity, expressed as log Kow, is not always the
most suitable parameter to describe solute-membrane affinity and a more advanced
transport model is necessary. Moreover, the categories are just a rough division
between hydrophilic, transphilic and hydrophobic solutes. Especially for hydrophobic
solutes the solute-membrane affinity effect may be more critical than expressed by
these categories.

When comparing the fitting parameters, it becomes apparent that Desal HL has a
higher MWCO than Trisep TS80 for the hydrophilic and transphilic solutes. This is
probably due to a larger pore size of the Desal HL membrane (which is also shown

by the higher pure water permeability).
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Figure 2.6 — Rejection of selected organic solutes of different hydrophobicity as a function of solute size for Trisep TS80 (left) and Desal HL (right)
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The same results can also be plotted as a function of solute size, instead of solute
molar mass. Figure 2.6 summarizes the results for both Trisep TS80 and Desal HL. It
is obvious that the same trends can be seen as when the rejection is plotted as a
function of molar mass. Rejection is lower for hydrophobic and transphilic solutes,
and the rejection curves are less steep compared to the hydrophilic solutes. It is
again apparent that the correlation is less clear for hydrophobic solutes, indicating
again that log K, is not always the most suitable parameter to describe the extent of
the hydrophobic-hydrophobic interactions

For unknown uncharged compounds, the modelling approach followed here allows
for semi-quantitative prediction of rejection by knowledge of two readily available
parameters: molar mass and log Kow. Of course this prediction would only be valid for
these two types of membranes since the difference between rejection curves for
hydrophilic and hydrophobic solutes for these membrane are known from the
experiments. To solve this drawback, a method needs to be developed to yield a
quick screening of the shift in molecular weight cut-off (i.e. the fitted MWCO values)
and the change of the shape (i.e. the fitted standard deviation) of the curves for
different membranes. This in turn should be related to readily available knowledge
about the membranes. Since contact angle and theoretical molecular weight cut-off
or pure water permeability are readily available parameters, the fitted molecular
weight-cut off and standard deviation values in the inlays in Figures 2.4 and 2.5
should be related to the contact angle and molecular weight cut-off (or pure water
permeability) for different membranes.

One example of the latter approach is shown in Figure 2.7. The rejection curve for
the hydrophilic solutes in Table 2.3 (indicating the actual cut-off of the membranes,

since it is assumed that no solute-membrane interactions are occurring), was
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measured for two other membranes (Dow-Filmtec BW-30 and Koch TFC-XR, data

not shown here) and again the MWCO was fitted.
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Figure 2.7 — Relationship between fitted MWCO for hydrophilic solutes and pure water permeability for selected

membranes

Figure 2.7 shows the relationship between the fitted MWCO for hydrophilic solutes
and the pure water permeability of all four membranes measured (the two
nanofiltration membranes, Trisep TS80 and Desal HL; and the two reverse osmosis
membranes Dow BW-30 and Koch TFC-XR). A clear correlation is observed,
indicating that the size exclusion effect for organic solutes is closely related to

membrane pure water permeability.

4.3. Advanced transport model for uncharged solutes

As was indicated in the previous paragraph, solute hydrophobicity, expressed as log

Kow, Mmay not be the best parameter to describe solute-membrane affinity. Therefore,
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an advanced transport model was developed, in which solute-membrane affinity is
derived from contact angle measurements.

The advanced transport model will be used in this section to model the rejection of
four organic solutes as a function of water flux (or feed pressure). The model will be
compared to the conventional convection-diffusion rejection model, solely based on
size exclusion effects. Rejection models, solely based on steric effects, generally
lead to an overestimation of the rejection values of solutes that interact with the
membrane surface [32].

The goal of the advanced transport model is to reduce this overestimation by
incorporating solute-membrane interactions into the model. The model will result in
better insight into the contributions of steric vs. hydrophobic interactions to solute

rejection.

4.3.1. Determination of solute-membrane affinity parameter AG;
The different surface tension parameters &', 7. and y;. of the membranes,

determined by the contact angle measurements with the three liquids diiodomethane,
Milli-Q water and glycerol, are shown in Table 2.5. The same table also shows the

surface tension parameters of the glass plate used.

LW +

Y Y
Trisep TS 80 40.8 0 37.0
Desal HL 34.8 0.8 37.0
glass 27.7 4.2 50.0

Table 2.5 — Surface tension components of the membranes as determined by contact angle measurements (at

20°C, in mJ/m?)
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Trisep TS80 has the highest contribution of the apolar part y.." of the surface

tension, indicating that it is probably the most hydrophobic (as could already be
expected based on the higher contact angle with water (compared to the Desal HL
membrane).

The surface tension parameters of the three different solutes, 2-ethoxyethanol,
diethylphthalate and dibutylphthalate, were determined by performing contact angle
measurements with the three liquid solutes on the two different membranes and on
the glass. For glycerol, the surface tension parameters were already known from the
literature (see also Table 2.4).

With the obtained values for all surface tension components, the solute-membrane
affinities AG; in aqueous solution were determined using Equation (2.18). The contact
area A between a solute molecule and the membrane is determined from the solute

diameter as [22]:

(2.23)

The Stokes-radii of the solutes will be used from here on in the calculations. The
different calculated values of AG; are summarized in Table 2.6. A positive value of
AG; indicates that repulsive Van der Waals forces exist between solute and
membrane and no spontaneous transfer of the solute from the water phase to the
membrane phase will occur. Therefore, rejection will be higher than could be
expected based on purely steric hindrance. A negative value of AG; indicates solute-
membrane affinity (Van der Waals attraction) and easier transfer of the solute from
the water phase to the membrane phase. At more negative AG;, the solute-
membrane affinity will be higher and rejection lower than expected, based on size

exclusion.
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AG;(x 102" J)

Trisep TS-80
glycerol 5.3
2-ethoxyethanol 94
diethylphthalate (DEP) -16.8
dibutylphthalate (DBP) -96.3
Desal HL
glycerol 4.6
2-ethoxyethanol -7.3
diethylphthalate (DEP) -12.7
dibutylphthalate (DBP) -57.7

Table 2.6 — Calculated values of solute-membrane interaction energies AG; (in J) for the different solutes on the

different membranes.

As can be seen from Table 2.6, AG; is smaller (more negative) for the Trisep TS80
membrane, indicating more affinity of the organic solutes for the Trisep TS80 than for
the Desal HL membrane. This could be expected based on the contact angle
measurements of both membranes with water: the Desal HL has a smaller contact

angle with water and is thus more hydrophilic.

4.3.2. Characterisation of the membrane pore size
For glycerol, the free energy of interaction with the membrane (AG)) is larger than 0
for both the Trisep TS80 and the Desal HL membrane, indicating that no
spontaneous partitioning of glycerol due to solute-membrane affinity will occur.
In contrast to glycerol, 2-ethoxyethanol shows significant affinity for the membrane
surface, as can be seen from the negative values of AG; in Table 2.6. This presence
of solute-membrane interactions for 2-ethoxyethanol is surprising, since according to

its log Kow, it should be hydrophilic, like glycerol. This again confirms the conclusion
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that log Koy is not the most suitable parameter to describe solute-membrane affinity
(and thus hydrophobic-hydrophobic interactions).

Experimentally obtained rejection values for glycerol and 2-ethoxyethanol are plotted
as a function of solvent flux for the Trisep TS80 and Desal HL membranes in Figures
2.8 and 2.9 (squares).

The full-lines in the figures represent the rejection curves, modelled with the
advanced transport model, using Equation (2.12) for the partition coefficient K. With
AG;j known from Paragraph 4.3.1, the only unknown variables in the model for each
membrane are r, and Ax/e.

The rejection curves for glycerol and 2-ethoxyethanol on both membranes were thus
fitted by the parameters r, (the average membrane pore size) and the ratio of
membrane thickness over membrane porosity Ax/e, using an optimisation procedure
(Solver, Excel®).

The values of the average pore radii r, obtained with glycerol for the Trisep TS80 and
the Desal HL membrane are 0.36 nm and 0.43 nm, respectively. With the same value
of Ax/e, the values of the average pore radii obtained with 2-ethoxyethanol are 0.36
nm and 0.42nm on the Trisep TS80 and Desal HL membranes, respectively. It is
obvious that the values for the pore radii obtained with the different solutes glycerol
and 2-ethoxyethanol are very close, even though the interaction energies with the
membrane are completely different. Moreover, the modelled rejection values seem to
fit/predict the experimentally obtained rejection values quite well. This demonstrates

the applicability of the advanced transport model.
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Figure 2.8 — Rejection values and models for glycerol las a function of permeate flux on Trisep TS80 (left) and Desal HL (right) membranes
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The values of the average pore radii ry, for the Trisep TS80 and the Desal HL
membrane are 0.36 nm and 0.43 nm, respectively. The Trisep TS80 thus has a
smaller pore size than the Desal HL, which could already be expected based on the
lower pure water permeability and the lower fitted MWCO for hydrophilic solutes,as
discussed in Paragraph 4.2. Steric hindrance between the solutes and the
membranes will thus be larger for the Trisep TS80 as was also already clear from

Paragraph 4.2.

The obtained values of r, and Ax/e can now be used as parameters in the simple
steric hindrance model, using K=(1-1)? as partition coefficient. The results for the
steric hindrance model are represented as the dashed lines in Figures 2.8 and 2.9.
From the figures, it is apparent that the rejection values of glycerol are
underestimated on both membranes, and the rejection values of 2-ethoxyethanol are
overestimated on both membranes, when using the traditional steric hindrance
transport model. This could be expected, since 2-ethoxyethanol showed significant
membrane affinity, leading to an increased partitioning and a facilitated transport of
the solute through the membrane, resulting in lower observed rejections than could
be expected, based purely on size exclusion effects. For glycerol, AG;, the interaction
energy with the membrane, is higher than 0, indicating that glycerol will not
spontaneously partition into the membrane phase, and energy input is necessary for
the solute to enter the membrane phase. Therefore, the rejection of glycerol is higher

than could be expected, based purely on size exclusion effects.

64



4.3.3. Rejection prediction
With the values of r, and Ax/e determined from the previous paragraph, the advanced
transport model, using the partition coefficient K from Equation (2.12), can now be
used as a predictive model for the rejection of other organic solutes on the Trisep
TS80 and Desal HL membrane, given that the solute-membrane interaction energy
AG; is known. The rejection values of the two solutes diethylphthalate and
dibutylphthalate as a function of feed pressure are shown in Figures 2.10 and 2.11
for the Trisep TS80 and Desal HL membranes (squares). For both solutes, rejection
was modelled using both the traditional steric rejection model and the advanced
rejection model accounting for hydrophobic interactions. Both model curves were
calculated, using the membrane parameters r, and Ax/e as determined above.
As can be seen from the figures, the steric model significantly overpredicts the
rejection values for the solutes that show affinity for the membrane surface. The
advanced transport model, however, quite accurately predicts the experimental
rejection values.
The advanced transport model thus offers good opportunities for rejection modelling

and prediction.

4.3.4. Influence of steric and hydrophobic interactions on rejection as a
function of permeate flux

As can be seen from Figures 2.8 to 2.11, the advanced transport model, using the

partition coefficient K = (1-1)? exp(— ﬁ—c?ll] offers good opportunities to model and

predict the rejections of uncharged organic solutes with polymeric membranes. It has

to be noted, however, that the partition coefficient as determined above, is constant
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as a function of permeate flux, and thus not always predicts rejection values at low
permeate fluxes correctly (see Figures 2.10 and 2.11).

Therefore, the following definition of the partition coefficient K = exp(Mj

k-T

is introduced into the model in this paragraph. The partition coefficient thus becomes
a function of both the solute-membrane affinity, and a pressure dependent size
exclusion term, v.I1.

By introducing the pressure/flux dependent term v.I1, the model loses its predictive
capabilities and can now only be used as a fitting tool. A closer fit to the
experimentally obtained rejection values can be obtained, however.

In this Paragraph, the previously obtained values of r, and Ax/e will be used in
Equation (2.7), but the value of the partition coefficient K will be fit to the rejection
values, to obtain the closest fit between the rejection data and the model.

Figures 2.12 to 2.15 show the closest fit possible of the model to the rejection data
for all solutes on the two membranes. The fitted values of the partition coefficient K
used in the advanced transport model are given in Table 2.7 (for both membranes).
Closer analysis of the values of K can give more information on the separate
contribution of solute-membrane affinity and steric effects on the rejection of the
organic solutes and show how rejection is dependent on feed pressure/permeate
flux. With the fitted values of K and the calculated values for AG;, v.IT can be
calculated. The calculated values of v.IT are shown in Table 2.7. A comparison of the
values of AG;and v.I1 clearly shows the contribution of hydrophobic vs. steric

interactions on the partitioning of the solutes in the membranes.
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It is obvious that for all solutes on both membranes: | AG;| <| v.IT| . The influence of
steric hindrance effects thus still seems to prevail in determining partitioning (which is
also, since membrane filtration is still a sieving process), but it is apparent that the

influence of solute-membrane affinity can definitely not be neglected.

Glycerol is the smallest of the 4 solutes, and the free energy of steric interaction (v.I1)
is the smallest of all solutes for both membranes. This indicates that steric
partitioning of glycerol is easier than for the other solutes, i.e., steric hindrance is the
smallest. However, no partitioning of glycerol due to solute-membrane affinity will
occur spontaneously (since AG;>0). 2-ethoxyethanol is slightly larger than glycerol,
which immediately becomes clear in the value of v.IT: the free steric energy to
overcome for 2-ethoxyethanol to partition into the membrane is larger than for
glycerol, indicating that more steric hindrance is occurring.

For diethylphthalate (DEP) and dibutylphtalate (DBP), the values of AG; become
increasingly negative, indicating that both solutes show significant membrane affinity.
The affinity is largest for DBP (which incidentally also has the highest log K,y). DBP
is also larger than DEP, which is translated into a larger (more positive) value for v.IT:
the steric hindrance to overcome for DBP to partition into the membrane is
considerably larger than for DEP, 2-ethoxyethanol or glycerol.

The free energy of steric interaction (v.IT) thus follows the same trend as the solute
size: a larger solute size results in a more positive free energy of steric interaction
(and thus in a larger energy to overcome for the solute to partition into the

membrane).
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The values of v.IT for all solutes are smaller for the Desal HL membrane than for the
Trisep TS80 membrane due to the larger average pore size of the Desal HL: a larger
pore size results in less steric hindrance, and thus a smaller v.I1. The relationship of

v.IT with A is thus clear.

Unexpectedly, it is apparent that for all solutes with both membranes, v.IT becomes
smaller with increasing feed pressure (or increasing water flux). Thus, the pressure
exerted by the elastic polymer matrix on the different solutes, decreases with
increasing water flux. This could be due to two effects: one effect is called the
“suction effect” [33]: at higher water fluxes, the water has a preferential flow through
the pores and “sucks” dissolved molecules through these membrane pores due to the
high preferential flow. Another effect could be an increase of the pore size with
increasing feed pressure: due to the elasticity of the pores, the pores expand with
higher feed flows through the pores, thus increasing the average pore size of the
membrane.

The higher partitioning of organic solutes into the membranes with increasing feed
pressure is in agreement with previous observations made by Kimura et al. (2003)
[12], who indicated an increased adsorption of hydrophobic solutes onto hydrophobic

membranes with increasing feed pressure.
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glycerol 2-ethoxyethanol diethylphthalate dibutylphthalate
Jv (x 10° m/s) K (-) v.II (x 107 ) K (-) v.II (x 107 ) K (-) v.II (x 107 ) K (-) v.IT (x 10721 ))

Trisep TS-80 1.0 0.14 6.34 0.27 8.85 0.02 22.7 0.065 35.8
2.0 0.13 6.34 0.27 8.85 0.06 18.2 0.18 31.7

3.0 0.14 6.64 0.27 8.85 0.06 18.2 0.25 30.3

4.0 0.14 6.49 0.29 8.57 0.065 17.9 0.285 29.8

5.0 0.14 6.34 0.31 8.30 0.065 17.9 0.295 29.7

6.0 0.15 6.34 0.33 8.04 0.065 17.9 0.295 29.7

7.0 0.15 6.20 0.35 7.81 0.065 17.9 0.29 29.7

8.0 0.16 6.06 0.36 7.69 0.065 17.9 0.292 29.7

9.0 0.16 5.88 0.37 7.58 0.065 17.9 0.30 29.6

10.0 0.17 5.75 0.38 7.47 0.065 17.9 0.31 29.5
Desal HL 1.0 0.2 5.10 0.41 6.35 0.34 9.51 0.58 21.2
2.0 0.2 5.10 0.41 6.35 0.34 9.51 0.58 21.2

3.0 0.2 5.10 0.40 6.45 0.33 9.63 0.58 21.2

4.0 0.2 5.10 0.40 6.45 0.32 9.75 0.58 21.2

5.0 0.2 5.10 0.39 6.55 0.31 9.88 0.58 21.2

6.0 0.2 5.10 0.40 6.45 0.30 10.0 0.58 21.2

7.0 0.2 5.10 0.405 6.4 0.29 10.2 0.58 21.2

8.0 0.21 4.90 0.415 6.30 0.285 10.2 0.58 21.2

9.0 0.215 4.81 0.42 6.25 0.285 10.2 0.585 21.2

10.0 0.225 4.63 0.43 6.16 0.285 10.2 0.585 21.2

Table 2.7 — Fitted values for partition coefficient K and calculated values for steric hindrance energies v.IT as a function of permeate flux/feed pressure



This study showed that the advanced transport model gives a good indication of the
effect of solute-membrane hydrophobic interactions on the rejection of uncharged
organic solutes and can even serve as a predictive tool for the rejection of organic
solutes with NF/RO.

The disadvantage for the advanced transport model is, for the moment, that
calculation of the solute-membrane affinity is relatively easy for liquid solutes, but

cumbersome for solid solutes.

5. Conclusions

Two different models were constructed in this chapter to assess the influence of
hydrophobic interactions (solute-membrane affinity) on the rejection of uncharged
organic solutes.

Using a log-normal pore distribution model, different rejection curves for solutes of
different hydrophobicity (expressed as log K,\) were modelled based on
experimental rejection values for organic solutes obtained with two different
membranes (Trisep TS80 and Desal HL). Rejection of hydrophilic solutes (log Kow<1)
appeared to be mainly (only) determined by steric interactions with the membrane,
whereas for hydrophobic solutes (log Kow>3) solute-membrane affinity resulted in
lower rejection values than could be expected purely based on steric interactions.
The modelled MWCO for hydrophilic solutes was located at lower molar mass values
and a sharp increase in rejection at molar mass values above the MWCO was
observed, whereas for hydrophobic solutes, the MWCO was located at higher molar

mass values and a more gradual increase in rejection was found. Construction of a
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rejection curve for hydrophobic solutes was more difficult and more scattering of
experimental data points around the modelled curve was seen, indicating that log Kow
may not be the most suitable parameter to describe solute-membrane interactions.
The second model used a novel approach in organic solute rejection, by introducing
a solute-membrane affinity-dependent partition coefficient in the traditional Spiegler-
Kedem transport equation. The partition coefficient consists of a term describing
solute-membrane affinity and a term describing steric hindrance. The solute-
membrane affinity could be determined by contact angle measurements and solving
a set of Young-Dupré equations. Solute-membrane affinity appeared to be more
significant for the most hydrophobic membrane, but did not always show a good
correlation with the log K, of the solutes.

Depending on the definition of the partition coefficient, the term describing steric
hindrance was regarded as flux dependent or flux independent. The use of a flux
independent partition coefficient turns the advanced transport model into a predictive
model (incorporating solute-membrane affinity) for the rejection of uncharged organic
solutes. The transport model was able to predict rejection values quite well. Based on
the membrane pore size, determined from the advanced transport model, the purely
steric model gave underpredictions for the rejection of solutes for which repulsive
Van der Waals forces between solute and membrane were present (no spontaneous
transfer of the solute from the water to the membrane phase). For solutes that
showed membrane affinity (spontaneous transfer of the solute to the membrane
phase is occurring), the purely steric model gave overpredictions of the rejection.
This demonstrates that solute-membrane affinity is an important factor in rejection of

uncharged organic solutes.
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If the flux dependent partition coefficient is used, the model loses its predictive
capacity, but the influences of steric hindrance and solute-membrane affinity on
rejection can be compared in more detail. If the model is fit to the experimental
rejection data with the partition coefficient K, the influence of steric hindrance on
organic solute partitioning in the membrane can be calculated from K and the
calculated solute-membrane affinity. As could be expected, the steric hindrance
seemed to increase for larger solutes, and also increased with decreasing membrane
pore size, indicating the model is physically correct. The steric hindrance also
seemed to decrease with increasing feed pressure, indicating more partitioning of
solutes at higher feed pressures. This is in agreement with observations from the

literature.
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Chapter 3:

Rejection of charged organic solutes

(Influence of electrostatic interactions)

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, J.Q.J.C. Verberk, G.L. Amy, B. Van der Bruggen and J.C.
van Dijk, The role of electrostatic interactions on the rejection of organic solutes in agueous solutions with

nanofiltration, Journal of Membrane Science, (2008) in press, doi:10.1016/j.memsci.2008.05.022
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1. Introduction

In the previous chapter, models for the rejection of uncharged organic solutes with
NF/RO were developed and validated. It seemed that rejection of the uncharged
organic solutes with NF/RO was mostly attributed to steric hindrance and
hydrophobic effects between the solutes and the membrane polymeric matrix. Steric
hindrance or size exclusion is basically a sieving mechanism: solutes with a size
larger than the pore size of the membranes are efficiently removed, whereas smaller
solutes may pass through the membrane [1-4]. Hydrophobic interactions between
solutes and membranes may influence this steric hindrance: hydrophobic solutes can
adsorb onto, and partition into, a hydrophobic membrane surface more easily,
facilitating diffusion through the membrane, often resulting in lower rejections for
hydrophobic solutes than may be expected purely based on size exclusion effects [5-
9].

Most studies on the rejection mechanisms of organic micropollutants with NF/RO
membranes have historically focused on neutral solutes, and especially on pesticides
[1,2,10-21].

However, most NF/RO membranes are negatively charged at neutral pH due to the
dissociation of acidic functional groups on the membrane surface. Therefore,
electrostatic interactions between charged organic solutes and the charged
membrane surface can also play a role in the rejection of organic micropollutants.
Most studies on electrostatic interactions have reported an increase in rejection of
negatively charged organic solutes due to electrostatic repulsion between the
negatively charged membrane and the negatively charged organic solute [7,22-25].

This high rejection, however, is dependent on feed water pH, since both membrane

85



surface charge and organic solute charge vary according to pH (through the
dissociation of the functional groups as a function of the pK,) [24]. Apart from feed
water pH, membrane surface charge is also dependent on other feed water
parameters, such as the presence of divalent cations (which appear to “shield” and
thus reduce the effective membrane surface charge [24,26]), but also on the amount
and nature of natural organic matter (NOM) in the feed water. Some studies have
reported an increased, others a decreased negative membrane surface charge due
to the deposition of natural organic matter [27-28].

Several numerical models have been suggested to explain the electrostatic effects on
the rejection of inorganic ions [29-31]. These models always account for the Donnan
exclusion effect: if the co-ion of a certain salt (the ion with a charge similar to the
membrane surface charge) can not pass the membrane due to electrostatic
repulsion, then the counter-ion is also rejected in order to counteract the potential
difference that would arise between the different sides of the membrane if the
counter-ion would not be rejected.

This study will investigate whether the Donnan exclusion mechanism also plays a
role in the rejection of organic solutes bearing a charge opposite to the membrane
surface charge. Most previous studies have focused, as mentioned before, only on
effects of electrostatic repulsion between the membrane and organic ions carrying a

similar charge.

This chapter will mechanistically investigate the effect of charge, but also of other
organic solute parameters such as size and hydrophobicity on the rejection of these
organic solutes with charged high pressure membranes. Firstly, the rejection of

different organic acids with increasing molar mass will be determined. Since most

86



organic acids are negatively charged at neutral pH, this approach will help to study
the effects of solute size and electrostatic repulsion on rejection. Secondly, the
rejection of neutral, negatively charged, and positively charged pharmaceuticals with
a wide range of physico-chemical properties will be determined. The effects of charge
interactions, but also of other solute properties on the rejection will be determined.
Furthermore, the effects of feed water chemistry (pH, NOM content, ionic strength
(presence/absence of divalent cations) and pharmaceutical concentration) on the
rejection of the pharmaceuticals will be investigated for different membranes (in order
to incorporate the effect of membrane properties on rejection). Finally, a simplified
tool to model the effect of electrostatic interactions on the rejection of both positively
and negatively charged organic solutes will be presented and validated with

experimental data.

2. Materials and methods

2.1. Equipment and filtration protocol

The schematic diagram of the bench-scale membrane system used in the membrane
filtration experiments was already described in Paragraph 3.1 in Chapter 2.

Membrane filtration experiments were again carried out at a constant cross-flow
velocity of 0.2 m/s (corresponding to a feed flow of 1500 I/h and a concentration
polarization factor of 1.07) and at a constant recovery of 10%. The cross-flow velocity
of 0.2 m/s corresponds to cross-flow velocities used in full-scale nanofiltration plants.

Feed water temperature was set to 20 + 1°C. All experiments were carried out in a
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recycle mode with a single batch of water, with both permeate and concentrate
recycled back into the feed reservoir.

Since adsorption of solutes onto the membrane surface, and sorption into the inner
membrane structure, may influence measured rejection values, an accurate
evaluation of the rejection of a given solute is not possible until saturation of the
membrane with the solute of interest is accomplished [32]. Therefore, all rejection
experiments were carried out for 4 days, which was shown in Paragraph 4.1 in
Chapter 2 to be adequate to accomplish saturation and ensure that steady state

rejection values are obtained.

2.2.Membranes

Two commercially available nanofiltration membranes with different membrane
properties (to be able to also assess the influence of membrane properties on
rejection) were used in this study: Trisep TS80 TSF (Trisep Corp., Goleta CA, USA)
and Desal HL (GE Osmonics, Fairfield CT, USA). Both membranes are thin film
composite membranes with a cross-linked aromatic polyamide top layer. Before use,
all membranes were rinsed with tap water for two hours to remove preservation
liquids present in the membrane. Afterwards, the membranes were characterized for
pure water permeability with Milli-Q water and for MgSO4 rejection with a 500 ppm

MgSOy solution in Milli-Q water.
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Pure water permeability

Membrane MWCO (g/mol) Contact angle (°) (m/(s.bar)) % MgSOs-rejection
Trisep TS80 200 48 +2 1.2x10° 99%
Desal HL 150-300 43+3 2.0x10° 98%

Table 3.1 — Membrane properties for selected membranes used in rejection experiments with charged solutes

Membrane properties are summarized in Table 3.1 and Figure 3.1. The molecular
weight cut-off (MWCO) values were provided by the membrane manufacturers. The
contact angles were determined with Milli-Q water using the sessile drop method.
The membrane zeta potentials were calculated from measured streaming potential
data in a background solution containing 10 mM KCI using commercially available

equipment (SurPASS, Anton Paar, Graz, Austria).
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Figure 3.1 — C-potential of selected membranes as a function of feed water pH (background solution: 10 mM KCI)
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2.3.Solutes and analyses

Rejection experiments were carried out with different types of solutes in order to
encompass a wide range of solute physico-chemical properties and gain a better
understanding of the rejection mechanisms. Rejection experiments were first carried
out with different organic acids. Organic acids are always neutral or negatively
charged and the effective charge depends on the feed water pH and the pK, of the
acids. Secondly, rejection experiments were carried out with selected
pharmaceutically active compounds. Neutral, as well as negatively charged, but also
positively charged pharmaceuticals were chosen. In a final step, rejection values of
the organic solutes tetraethylenepentamine and 1,3,5-benzenetricarboxylic (a
polyprotic base and acid, respectively) were determined. The obtained rejection
values for these last two solutes were used to validate the accuracy of a proposed

model for the influence of charge interactions on the rejection.

2.3.1. Organic acids
The organic acids used in the rejection experiments are listed in Table 3.2 and were
mainly selected for their different physico-chemical properties (especially their
increasing molar mass). The pKs-values of all solutes are quite similar, so in terms of
electrostatic interactions, no large differences between the solutes are expected.
However, the different molar masses of the solutes allow for observation of size
exclusion effects for charged solutes.
All organic acids were obtained from Acros Organics (Geel, Belgium) and were all at

least reagent grade.
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MW (g/mol) log Kow (-) pKa (-) Charge at pH 7 log DpH 7) (<)
Organic acids formic acid 46.0 -0.54 3.75 - -3.79
acetic acid 60.1 -0.17 4.76 - -2.41
glycolic acid 76.1 -1.11 3.83 - -4.28
lactic acid 90.1 -0.72 3.86 - -3.86
malonic acid 104.1 -0.81 2.85 - -4.96
benzoic acid 122.1 1.87 4.19 - -0.94
Pharmaceuticals terbutaline 225.3 0.90 8.86 + -0.97
salbutamol 239.3 0.64 9.27 + -1.63
pindolol 248.3 1.75 9.26 + -0.52
propranolol 2594 3.48 9.58 + 0.90
atenolol 266.3 0.16 9.43 + -2.27
metoprolol 267.4 1.88 9.49 + -0.61
sotalol 2724 0.24 9.44 + -2.20
clenbuterol 277.2 2.00 9.29 + -0.29
phenazon 188.2 0.38 n.a. neutral n.a.
aminopyrine 231.3 1.00 n.a. neutral n.a.
carbamazepine 236.3 2.45 n.a. neutral n.a.
cyclophosphamide 2611 0.63 n.a. neutral n.a.
pentoxyfilline 278.3 0.29 n.a. neutral n.a.
ibuprofen 206.3 3.97 447 - 1.44
clofibric acid 214.7 2.57 3.35 - -1.08
fenoprofen 242.3 3.90 4.21 - 1.11
gemfibrozil 250.3 4.77 4.45 - 2.22
ketoprofen 254.3 3.12 4.29 - 0.41
diclofenac 296.2 4.51 4.08 - 1.59
bezafibrate 361.8 4.25 3.44 - 0.69
Model solutes tetraethylenepentamine 189.3 -3.16 different pKa’s --- n.d.
1,3,5-benzenetricarboxylic acid 210.1 1.64 different pKa's ++/+++ n.d.

Table 3.2 — Physico-chemical characteristics of selected organic solutes for rejection experiments (n.a.: not applicable; n.d.: not determined)
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All organic acids were spiked separately in Milli-Q water and measured by analyzing
the non-purgeable organic carbon (NPOC ~ total organic carbon (TOC)) -content of
feed and permeate. The limit of detection for the NPOC-analysis is 0.2 mg/I.
Therefore, all solutes were spiked in concentrations of 10 mg carbon/l, in order to be
able to measure at least 98% rejection (which corresponds to a permeate

concentration of 0.2 mg/l).

2.3.2. Pharmaceuticals

The pharmaceuticals used for spiking were also mainly selected for their wide range
of different physico-chemical properties. Pharmaceuticals with a molar mass close to
the MWCO of the membranes, but with different hydrophobicities (expressed as log
Kow, the logarithm of the octanol-water partitioning coefficient) and especially with
different charge characteristics were chosen to assess the influence of hydrophobic
interactions and charge on rejection. Table 3.2 summarizes their physico-chemical
properties. For ionizable solutes, the hydrophobicity is dependent on the percentage
of uncharged versus charged species, and thus it is pH dependent. Therefore, an
apparent partitioning coefficient at a given pH is calculated for the ionizable solutes.
The pH dependent octanol-water distribution coefficient, D, is the ratio of the
equilibrium concentrations of all species (unionized and ionized) of a molecule in
octanol to the same species in the water phase. The logarithm of the distribution
coefficient can be calculated from the pKj; and log K, of the solute [33]:

log Doy = log Kow — log (1+10®PHPKa) (3.1)
for acids, and

log Do) = l0g Kow — log (1+10PKaPH)) (3.2)
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for bases, respectively. Calculated log D values for a pH of 7.0 are also summarized
in Table 3.2.

All pharmaceuticals were obtained from Sigma-Aldrich (St Louis MO, USA), except
phenazon, ibuprofen, aminopyrine, carbamazepine and cyclophosphamide, which
were obtained from Acros Organics (Geel, Belgium). All chemicals were at least
reagent grade.

High performance liquid chromatography with tandem mass spectrometric detection
was used to determine concentrations of all pharmaceuticals. A solid phase
extraction at pH 3 was performed using styrene divinylbenzene (SDB) material. The
limit of quantitation (LOQ) was 10 ng/l for all pharmaceuticals. More information
about the analytical procedures was published by Sacher et al. (2001) [34].

The pharmaceuticals were spiked in concentrations of 2 ug/l, to be

able to accurately measure 99% rejection (which corresponds to a permeate
concentration of 20 ng/l, well above the LOQ of 10 ng/l).

However, in order to rule out influences of feed concentrations of pharmaceuticals on
rejection and make sure results could be compared to other studies at higher or lower
feed concentrations, rejection experiments were repeated for the Desal HL
membrane, with higher feed concentrations. These higher concentrations will later be
used in experiments on the combination of NF with granular activated carbon (GAC).
The low and high feed concentrations for all pharmaceuticals are shown in Table 3.3.
All pharmaceuticals were spiked simultaneously as a cocktail. The cocktail was
prepared as a concentrated stock solution of 10 | of the selected feed water. To
prevent co-solvent effects and possible problems with biological growth in the
system, no methanol was used to facilitate dissolution of the pharmaceuticals. The

desired volume of the stock solution was then added to the feed tank.
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Creed low (MQ/1)  Creed high (19/1)

terbutaline 2 40
salbutamol 2 3
pindolol 2 50
propranolol 2 100
atenolol 2 50
metoprolol 2 80
sotalol 2 25
clenbuterol 2 25
phenazone 2 100
aminopyrine 2 100
carbamazepine 2 25
cyclophosphamide 2 100
pentoxyfilline 2 100
ibuprofen 2 30
clofibric acid 2 100
fenoprofen 2 100
gemfibrozil 2 100
ketoprofen 2 50
diclofenac 2 5
bezafibrate 2 50

Table 3.3 — High and low feed concentrations for pharmaceuticals used in rejection experiments

2.3.3. Model validation solutes
The solutes tetraethylenepentamine and 1,3,5-benzenetricarboxylic acid were
chosen as solutes for the validation of a model to predict the influence of electrostatic
interactions on the rejection (the model is presented later). The reason for chosing
these solutes is that their speciation is a function of the feed water pH (Figure 3.2).
Both solutes occur as different species with different ion valences, making them
particularly appropriate for modelling purposes.
Both solutes were obtained in reagent grade from Acros Organics (Geel, Belgium).
Similar to the organic acids, tetraethylenepentamine and 1,3,5-benzenetricarboxylic
acid were also spiked separately in a concentration of 10 mg carbon/I in Milli-Q water

and measured by analyzing the NPOC content of feed and permeate.
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Samples of feed and permeate streams of the membrane filtration unit were analyzed

for organic solutes to obtain rejection values as follows:
—1_ PP
R, = c.. (3.3)

where i is the solute of interest, and R;, cpjand cy;are, respectively, the rejection, the

permeate concentration and the feed concentration of the solute.

Duplicate samples of all streams were taken to minimize the statistical variance of the
results. All samples were shipped to the laboratory for analysis within 24 hours. Blank

samples were sent along as control.
2.4. Feed water types

The influence of feed water chemistry on the rejection of organic solutes was studied
by using different feed water types with varying NOM content, pH and ionic strength
(the presence of divalent cations). Moreover, the rejection of some selected organic
solutes in urine was also studied.

The first water type used was Milli-Q water with 5 mM of sodium chloride (NaCl,
Sigma-Aldrich) added as background electrolyte. To test the effect of the presence of
divalent cations, calcium chloride (CaCl;, Sigma-Aldrich) was later added at
concentrations of 5 or 10 mM Ca®". These three Milli-Q water types were used to
determine the rejection of the organic acids, the pharmaceuticals and the solutes
tetraethylenepentamine and 1,3,5-benzenetricarboxylic acid.

The second water type used was surface water sampled from the intake of the
Weesperkarspel treatment plant in Amsterdam, the Netherlands (operated by
drinking water company Waternet). The pre-treatment consists of coagulation-

flocculation and sedimentation, followed by passage in a reservoir with a residence
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time of about 100 days. After settling in the reservoir, the water is passed through
rapid sand filters and pumped to the treatment plant. Some general water quality
parameters of the Weesperkarspel water at the intake of the water treatment plant
are summarized in Table 3.4. This water type was used to determine the effect of the
presence of NOM on the rejection of the pharmaceuticals. Additionally, the effect of
feed water pH on the rejection of pharmaceuticals was tested with this water type.
The pH of the water was adjusted by adding hydrochloric acid (HCI) or sodium
hydroxide (NaOH) (both from Sigma-Aldrich).

The third and final feed water type used was fresh urine, collected from co-workers at
Kiwa Water Research, Nieuwegein, the Netherlands. The composition of the urine is
also given in Table 3.4. From the table, it is apparent that the urine is extremely high
in both dissolved organic carbon (DOC) content and ionic strength. The rejection in
fresh urine was determined for four selected pharmaceuticals from Table 3.2:

metoprolol, phenazon, carbamazepine and bezafibrate.

Weesperkarspel
pH (-) 7.5
Dissolved Organic Carbon (DOC) (mg/l) 6.0
Conductivity (uS/cm) 530
ca”" (mg/l) 88
Mg*" (mg/l) 6.8
SiO2 (mg/l) 12
K" (mg/l) 3.1
Na* (mg/) 25

Table 3.4 — Water quality parameters for Weesperkarspel surface water used for rejection experiments

3. Results and discussion

3.1. Rejection of organic acids as a function of pH
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The rejection values of the organic acids in Table 3.2 with the Trisep membrane are
shown in Figure 3.3. The rejection of all the acids in Milli-Q water at pH 8 is above
93%. This high rejection is due to electrostatic repulsion between the negatively
charged membrane and the completely dissociated organic acids (Figure 3.4) [24].
The rejection of the acids at pH 8 also increases with increasing molar mass of the
acids, except for the rejection of benzoic acid, which is slightly lower than the
rejection of malonic and lactic acid, in spite of its higher molar mass. This lower
rejection is probably caused by the smaller spacial configuration of the phenyl-group
of benzoic acid, in comparison to the linear carbon backbones of lactic and malonic
acid. A lower rejection for phenylic organic solutes has been observed previously by

other authors as well [35-36].
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Figure 3.3 — Rejection of organic acids with Trisep TS80 in Milli-Q as a function of solute molar mass and feed

water pH
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Figure 3.4 — Degree of dissociation of organic acids as a function of molar mass and feed water pH

At pH 8, all acids are completely dissociated and thus rejection is independent of the
degree of dissociation. At pH 5, however, dissociation is incomplete (except for
malonic acid), and rejection of all organic acids is lower than at pH 8.

Rejection of formic acid decreases the most (25%) at pH 5, compared to pH 8, even
though the decrease in dissociation degree is not the largest (<10%). The rejection of
acetic acid, for example, varies only 20%, even though the variation in dissociation
degree is 40%. This shows that rejection of organic acids is not only determined by
charge interactions, but steric interactions also play a major role.

This also explains, just as for pH 8, the lower rejection of benzoic acid, compared to
lactic and malonic acid. However, the degree of dissociation may also have an effect

at this pH, since the degree of dissociation of benzoic acid is lower than for lactic and

malonic acid.
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For malonic acid, the dissociation degree is still 100% at pH 5, but rejection does
decrease compared to the rejection at pH 8. This is mainly due to the lower

membrane surface charge at pH 5 (Figure 3.1).

3.2. Rejection of pharmaceuticals as a function of pH in surface water

Even though data in this study and literature data are univocal on the rejection of
negatively charged organic solutes (such as organic acids and the negatively
charged pharmaceutical ibuprofen) [7, 22-25], very few rejection data for positively
charged organic solutes are mentioned in the literature.

The rejection values of the selected pharmaceuticals (negatively charged, neutral,
but also positively charged) from Table 3.2 in surface water from the Weesperkarspel
treatment plant in Amsterdam at pH 6.5 — 7 are shown in Figure 3.5 for both Trisep
TS80 and Desal HL membranes.

Rejection values of all pharmaceuticals are relatively high (= 75%) for both
membranes. Rejections on the Trisep membrane are slightly higher, probably due to
the larger pore size of the Desal membrane (demonstrated by its larger MWCO). It
can clearly be observed that the rejection values for positively charged
pharmaceuticals are lower than the rejection values for neutral pharmaceuticals,
which are in turn lower than the rejection values for negatively charged
pharmaceuticals. This can be explained by electrostatic interactions between the
solutes and the membrane surface: for negatively charged solutes, charge repulsion
exists between the solutes and the negatively charged membrane surface. For
neutral solutes, no charge interactions with the membrane surface exist, but for

positively charged solutes, the charges promote charge attraction.
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This charge attraction causes an increased concentration of positively charged
solutes at the membrane surface compared to the bulk solution (solutes are attracted
towards the oppositely charged membrane), which results in lower observed rejection
values. For negatively charged solutes, the opposite holds: the charge repulsion
results in a lower concentration of negatively charged solutes at the membrane
surface, and thus a higher rejection. This concept may be called “charge
concentration polarisation”. Proof for this “charge concentration polarisation” concept
is provided when observing the rejection values of all pharmaceuticals as a function
of feed water pH in Figures 3.6 to 3.8 for both the Desal HL and the Trisep TS80
membrane. At a feed water pH around 3, the Desal membrane is positively charged
and the Trisep membrane is practically uncharged (Figure 3.1). It is apparent that at
this pH, the rejection of the positively charged solutes increases dramatically,
compared to the rejection at pH 7. For the Desal membrane, this is probably due to
electrostatic repulsion between the positively charged solutes and the positively
charged membrane. At pH 7, all pharmaceuticals in Figure 3.6 are also positively
charged, but both membranes become negatively charged. Therefore, the
electrostatic repulsion for the Desal membrane changes into electrostatic attraction,
thus leading to an increased concentration of positively charged solutes at the
membrane surface, finally resulting in a lower rejection at pH 7. For the Trisep
membrane however, there are no electrostatic interactions at lower pH, but at pH 7,
the membrane becomes negatively charged and the charge attraction with the

positively charged solutes causes a decrease in the rejection.
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More proof that the lower rejection of positively charged pharmaceuticals at pH 7 is
not only due to the absence of an electrostatic repulsion, but that the electrostatic
attraction causes an additional decrease in rejection, is given by the fact that the
rejection of almost all basic pharmaceuticals increases again when the pH increases
from 7 to 10. At a pH of 10, the membrane is more negatively charged than at pH 7,
but most basic pharmaceuticals are neutral instead of positively charged at this pH.
Therefore, no electrostatic interactions between membrane and solutes should be
occurring at pH 10, but still the rejection is higher than at pH 7. This proves that the
lower rejection of positively charged solutes compared to uncharged solutes is
caused by charge attraction between the opposite charges of the solutes and the
membrane surface.

Thus, in contrast to the rejection of inorganic solutes, it is not the combination of
electrostatic repulsion and the Donnan exclusion mechanism that determines the
rejection of organic solutes with polymeric membranes. The main reason why the
Donnan exclusion mechanism does not play a role here, is that the size of the
counterions (of the pharmaceuticals) is much smaller than the actual size of the
pharmaceuticals themselves (the counterions in this case are mainly H" and OH" -
ions). This is an essential difference with the exclusion mechanisms for inorganic
ions often described in literature (for inorganic ions, the sizes of co- and counterion
are often comparable) .

For the Desal HL, the rejection values of the basic pharmaceuticals at higher pH
increase less than for the Trisep TS80 membrane. This is probably due to the slightly
lower pH of the experiments with the Desal HL membrane: at this slightly lower pH,

some of the basic pharmaceuticals are still slightly positively charged.
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For neutral solutes, the pH has almost no effect on rejection (Figure 3.7): all rejection
values are relatively constant within the whole pH-range tested. Only the rejection of
the smallest neutral pharmaceutical (phenazon) with the Desal HL membrane
changes noticeably. This could be due to changes in the pore size of the membrane
with varying pH. Several authors [37,38] mention the effect of pH on pore size: at
lower pH values, the permeability of most membranes (also the Desal HL) is higher,
which is due to the absence of electrostatic repulsion between the active groups on
the membrane surface: at higher pH, the electrostatic repulsion between these
groups causes the membranes to swell, which causes the pores or the vacant
spaces in the surface layer to shrink. Thus, at lower pH, the membrane pores are
larger, causing less steric hindrance and thus a lower rejection. This is only apparent
for the smallest solute (phenazon) with the Desal HL membrane, since phenazon is
probably close to the MWCO of the membrane and a small change in pore size may
lead to large changes in rejection. The Trisep TS80 membrane is more dense (the
pores are smaller), so this effect does not play a role.

For the negatively charged (acidic) pharmaceuticals, the rejection trends obtained are
in close agreement with the organic acid results and observations made in the
literature [7, 22-25]. Rejection values for all acidic pharmaceuticals at neutral and
high pH (pH 7 and 10) are high, due to electrostatic repulsion between the negatively
charged solutes and the negatively charged membrane surface. Even though the
membrane surface charge is lower at pH 7 (Figure 3.1) compared with pH 10, the
surface charge is apparently still sufficiently high to maintain electrostatic repulsion
and cause the high observed rejection values. Only the rejection value of fenoprofen

with the Trisep TS80 decreases slightly.
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At lower pH (pH 3), the membranes become neutral (or even positively charged), and
the dissociated, negatively charged (acidic) pharmaceuticals regain their proton and
become neutral. Therefore, no electrostatic repulsion exists anymore and the
rejection of the solutes is only determined by steric hindrance and hydrophobic
interactions between the solute and the membrane. The effect of steric hindrance on
the rejection is difficult to determine, since the rejections of both fenoprofen and
ketoprofen on the Trisep TS80 membrane at pH 3 are lower than the rejection of the
smaller ibuprofen. Moreover, rejection of clofibric acid is also high, even though the
solute is quite small. This shows that the steric hindrance effect is not always the
decisive parameter that determines rejection, and electrostatic effects and especially
hydrophobic effects also play a role for these acidic pharmaceuticals.

Hydrophobic interactions may explain, for example, why the rejection values of the
undissociated (neutral) acidic pharmaceuticals at pH 3 in Figure 3.8 are lower than
the rejection values for the deprotonated (neutral) basic pharmaceuticals at pH 10 in
Figure 3.6, even though all solutes are similar in size and no charge interactions are
present (Table 3.2). As can be seen from Table 3.2, the hydrophobicity (log Kow) of
the acidic pharmaceuticals is considerably higher than the hydrophobicity of the basic
pharmaceuticals. Therefore, more adsorption is likely to occur, the acidic
pharmaceuticals in neutral state will partition more easily into the membrane and
therefore, their rejection will be lower [9,32]. Proof for the presence of these
hydrophobic interactions is most obvious for the acidic pharmaceuticals with the
Desal HL membrane: in Figure 3.8, it is apparent that the rejection values of most
acidic pharmaceuticals at pH 3 can not even be determined. This is due to the low
feed concentration: since experiments are carried out in recycle mode, adsorption of

solutes onto the membrane surface leads to a depletion of these solutes in the feed
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water. After 4 days of recycling, the feed concentration of the acids at low pH for the
Desal HL membrane was below the detection limit, due to adsorption.

Figure 3.9 plots the rejection of the charged solutes as a function of their pH-
dependent hydrophobicity (log D) for the Trisep TS80 membrane. The rejection of the
positively charged (basic) pharmaceuticals is clearly dependent on the
hydrophobicity, at least for the higher pH values (pH 7 and 10). At pH 7 and 10, no
electrostatic repulsion (only attraction) is present and the solutes can freely approach
the membrane surface and engage in hydrophobic interactions, which lead to lower
rejections for hydrophobic solutes. This is clearly shown by the correlations between
log D and rejection in Figure 3.9 and helps explain the low observed rejections for
pindolol and propranolol in Figure 3.6. For the basic pharmaceuticals, the
hydrophobicity of the solutes and thus the extent of hydrophobic interactions seems
to have a larger effect on rejection than the solute size (and thus steric hindrance):
the rejection values of the deprotonated basic pharmaceuticals at pH 10 do not follow
the order of increasing solute size: rejection values of, for example, pindolol and
metoprolol are lower than the rejection values of the smaller solute salbutamol. Both
pindolol and metoprolol are more hydrophobic than salbutamol.

At pH 3, electrostatic repulsion exists between the positively charged membrane and
the protonated (and thus also positively charged) basic pharmaceuticals. At this pH,
no clear correlation is seen between the hydrophobicity and the rejection anymore,
possibly because solutes can not approach the membrane surface due to
electrostatic repulsion and can not engage in hydrophobic interactions. However, it
also has to be noted that the log D-values of the basic pharmaceuticals at pH 3 are
very low (log D < -2) and under these conditions, the pharmaceuticals are less

hydrophobic.
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Nghiem and Coleman [39] showed that the extremely hydrophobic solute triclosan
could still engage in hydrophobic interactions with the membrane surface, even
though electrostatic repulsion was present.

For the acidic pharmaceuticals, the correlation between log D and rejection is not so
clear, since steric hindrance effects also play a role. At higher pH values (pH 7 and
10), electrostatic repulsion exists between the negatively charged solutes and the
negatively charged membrane, and no hydrophobic interactions occur. Therefore, no
correlation between solute hydrophobicity and rejection is observed. At pH 3, the
acidic pharmaceuticals regain their proton and become neutral. At this pH, a
decrease in rejection with increasing hydrophobicity is observed when selected data
are abstracted, corresponding to the large solutes diclofenac, bezafibrate and
gemfibrozil. Rejection values of these solutes remain high in the neutral state,
because the solutes are substantially larger than the membrane pore size. However,
rejections are lower than expected, purely based on their size (rejections < 100%).
For the smaller acidic pharmaceuticals at low pH, a clear decrease in rejection with
increasing hydrophobicity is noticeable.

The relationship between solute hydrophobicity and rejection for neutral solutes was
already shown in Chapter 2. The rejection values for the neutral solutes are shown as
a function of solute hydrophobicity in Figure 3.10. The rejection value of phenazone
is omitted in the figure because its molar mass is below the molecular weight cut-off
of the membrane and hydrophobic interactions mainly influence the rejection of
solutes with a molar mass larger than the molecular weight cut-off [6]. Also here, it
can be observed that neutral solutes can approach and interact with the membrane

surface and therefore a decrease in rejection with increasing hydrophobicity is seen.
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Since rejection values of the neutral pharmaceuticals only change marginally as a
function of pH, these conclusions remain valid at different pH values.
It must be stressed, however, that the correlation between solute hydrophobicity and

rejection is not always very accurate, which was already apparent from Chapter 2.
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Figure 3.10 — Rejection of neutral pharmaceuticals as a function of solute hydrophobicity with Trisep TS80

3.3. Influence of feed water composition on rejection of pharmaceuticals

3.3.1. Influence of natural organic matter on pharmaceutical rejection
The rejection values of charged and uncharged pharmaceuticals in Weesperkarspel
surface water were shown previously for both the Desal and the Trisep membranes.
Figures 3.11 and 3.12 compare the rejection data for the Weesperkarspel water at
pH 7 to the rejection data for the selected pharmaceuticals in Milli-Q water with 5 mM

NaCl added as background electrolyte at pH 7, for both tTrisep TS80 and Desal HL.
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The total ionic strengths of both the Milli-Q and the surface water are comparable: the
conductivity of the Weesperkarspel-water is 530 uS/cm, whereas the conductivity of
the Milli-Q with 5 mM NaCl is about 570 uS/cm. The largest difference between the
two water types is the presence of 6 mg/l of natural organic matter in the surface
water. In Figure 3.11, the rejection values for 4 selected pharmaceuticals (metoprolol,
phenazon, carbamazepine and bezafibrate) with the Trisep TS80 membrane in fresh
urine are also shown.

It is apparent that rejection values of the differently charged pharmaceuticals follow
the same trends in the Milli-Q water as in the surface water: highest rejection for the
negatively charged, lowest rejection for the positively charged and an intermediate
rejection for the neutral pharmaceuticals. Moreover, differences in rejection values
between the Milli-Q and the surface water seem to be quite small in comparison with
the experimental error associated with the rejection data. However, a few trends are
noticeable: the rejection of positively charged solutes seems to be slightly higher for
the Milli-Q water compared with the rejection of the positively charged solutes in the
surface water, for both membranes. The rejection of negatively charged solutes, on
the other hand, seems to be slightly lower in the Milli-Q water compared with the
surface water. For neutral solutes, no real trends can be observed. Rejection of
different neutral solutes seems to change in opposite directions for the Desal HL and
the Trisep TS80 membranes.

The higher rejection of positively charged solutes and the lower rejection of
negatively charged solutes in the Milli-Q water could possibly be explained by a
decrease in the membrane surface charge in Milli-Q compared with the surface

water: the deposition of negatively charged NOM molecules on the membrane
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surface could possibly lead to an increased negative surface charge of the
membranes in surface water [28].

For the 4 selected pharmaceuticals spiked in fresh urine with the Trisep TS80
membrane the rejection seems to be significantly higher compared to the other two
feed water types. Higher rejection values in fresh urine were also observed by Pronk
et al. (2006) [23], who attributed this to complexation of the pharmaceuticals with
oxalic, uric and amino acids in the urine. In contrast, complexation of positively
charged pharmaceuticals with negatively charged humic acid molecules in surface
water does not seem to occur in the surface water (since rejection values of the
positively charged pharmaceuticals in the surface water are lower compared with

Milli-Q, as mentioned before).

3.3.2. Influence of feed water ionic strength on pharmaceutical rejection

Several literature studies [24,27,39] have reported the effect of feed water ionic
strength on the membrane surface charge and thus the rejection of organic and
inorganic ions. Especially divalent ions, such as Ca?*, seem to reduce the thickness
of the electric double layer at the membrane surface and shield the membrane
surface charge.

This shielding of the membrane charge generally leads to a decrease in electrostatic
interactions with charged species. It was reported that this results in a decrease of
rejection of negatively charged ions for negatively charged membrane surfaces, due
to the absence of electrostatic repulsion [24,27]. It is interesting to check whether the
shielding of the membrane charge will also result in a decrease of electrostatic

attraction, and thus an increase of the rejection of oppositely charged ions.

116



20

e 15

O

(4]

P4

G

w 10 Trisep 5 mM Ca

& m Trisep 10 mM Ca

E

£

c

§e]

k3]

(0]

g‘ // -

E 0 el el Al 2 el P | 1

9 7% ' 72

C

(S

Q2

a ‘(\0 o o \0\ \0\ \0\ \0\ KO\ OQ 4

X ) o~
A S ‘oéo M9 v R O\Q’Q Q< &S ,b@'b
N _ v
. .Y g Q\\o
Positively charged Y
-10

Neutral

Figure 3.13 — Rejection of selected pharmaceuticals as a function of Ca®* concentration at pH 7 with Trisep TS80

Negatively charged

117



The influence of the addition of Ca?* (added as CaCly) on the rejection of the
pharmaceuticals is shown in Figures 3.13 and 3.14 for the Trisep and Desal
membranes. Rejection values are shown as the difference in rejection compared to
the rejection in Milli-Q with 5 mM NaCl as background electrolyte (Figures 3.11 and
3.12). A positive difference corresponds to an increase, a negative difference
corresponds to a decrease in rejection compared to the rejection in Milli-Q + 5 mM
NaCl.

The influence of Ca®" addition on the rejection of pharmaceuticals is quite small for
the Trisep membrane (all rejection differences < 7.5 %). For the positively charged
and neutral solutes, no effect is noticeable. For the negatively charged solutes, a
small decrease in rejection is noticeable, which is probably due to smaller
electrostatic repulsion, caused by charge shielding of the membrane charged and the
negative solute charge by the Ca?*-ions.

Just as for the Trisep membrane, no (significant) effect on the rejection of the
uncharged pharmaceuticals with the Desal membrane is observed, except perhaps
for the smallest solute phenazon. The large difference for phenazon is probably due
to an experimental error, since the rejection increases with the addition of 5 mM of
Ca?* and decreases upon the addition of 10 mM of Ca®*, so no clear conclusions can
be drawn. For the negatively charged solutes, the decrease in rejection is not very
significant, only the rejection of fenoprofen changes drastically. For the positively
charged solutes, however, a significant increase in the rejection is seen upon the
addition of 10 mM Ca?*. This increase in rejection for positively charged solutes was

not observed for the Trisep membrane.
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One possible explanation for this might be the lower surface charge of the Desal
membrane, compared to the Trisep. Due to the adsorption of Ca®*-ions, it might be
possible that the negative membrane charges become completely depleted, and the
membrane assumes a small positive charge, resulting in increased rejection values
for positively charged solutes due to electrostatic repulsion. Since the Trisep
membrane is more negatively charged, this depletion will not occur. However, it is
nevertheless obvious that the addition of Ca®**-ions does cause a shielding of the
surface charge for the Desal membrane, since the rejection of negatively charged
solutes decreases, and the rejection of positively charged solutes increases due to
the absence of electrostatic repulsion and attraction. For the Trisep membrane, which
has smaller pores, the shielding effect and the influence on rejection are less obvious
than for the Desal membrane. This is in agreement with Boussahel et al. (2002) [40],
who observed that inorganic ions have a greater effect on the rejection of organic
solutes in the case of wide-pore membranes.

It is important to keep this effect of ionic strength on rejection in mind for future
modelling attempts for the rejection of charged organic solutes in full-scale
installations: in installations operating at 80% recovery, the total ionic strength of the
feed water may be up to five times higher in the final stages of the installation. At
these high ionic strengths (especially in the case of membranes with wider pores),
the rejection of charged organic solutes may deviate largely from the rejection in the

first stages of the installation.

3.3.3. Influence of pharmaceutical feed concentration on rejection of

pharmaceuticals
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Since, in a full-scale installation, the feed concentration of the solutes is continuously
increasing with increasing recovery throughout the stages of the installation, the
influence of this feed concentration on the rejection has to be studied, to incorporate
this influence in further full-scale modelling attempts.

Therefore, the nanofiltration experiments with Weesperkarspel water at pH 7 were
repeated with the Desal HL membrane, but this time with higher feed water
concentrations (see Table 3.3). These higher feed water concentrations will later also
be used in Chapter 6 of this thesis, where two different treatment steps will be
combined, and it will be necessary to determine 99% rejection for the
pharmaceuticals in both treatment steps (higher feed concentrations are then
required, because of the LOQ of the pharmaceutical analysis).

Van der Bruggen et al. (1998) [13] and Zhang et al. (2004) [17] already demonstrated
that rejection of neutral solutes is independent of concentration for the low
concentration range used herein. Therefore, the influence of feed concentration on
the rejection was only studied for negatively and positively charged solutes here.
Rejection values for the high feed concentrations on the Desal HL membrane in
Weesperkarspel water are compared with the rejection values for the low feed
concentrations in Figure 3.15. It is readily apparent that rejection values for positively
charged pharmaceuticals are slightly higher for higher feed concentrations. This can
possibly be explained by shielding effects: the higher feed pharmaceutical
concentrations lead to a partial shielding of the negative membrane surface charge
by positively charged pharmaceuticals. Due to this shielding effect, attractions
between the membrane and the positively charged pharmaceuticals are lower,

leading to a smaller “charge concentration polarisation”.
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A smaller charge concentration polarisation means lower concentrations at the
membrane surface and thus higher observed rejections (this corresponds to a
compression of the electric double layer of the membrane). It has to be mentioned
that the increase in rejection is relatively small for a 20- to 50-fold increase in feed
concentration. Therefore, in full-scale installations, where concentration usually only
increases up to a factor of maximum 5 at 80% recovery, this effect should be
negligible.

For negatively charged pharmaceuticals, the shielding effect appears to be less
obvious: rejection values are almost equal to those observed at low feed
concentrations. Apparently, the shielding effect is too small to influence repulsive
forces between the negatively charged membrane and negatively charged solutes.
It might be assumed that the shielding effect will become more important at very high
feed concentrations. However, again, in full-scale installations, where concentration
usually only increases up to a factor of maximum 5 at 80% recovery, this effect

should also be neglegible

3.4. Simplified modelling of charged organic solute rejection

The “charge concentration polarisation” concept can be used as a basis for simplified
modelling of the rejection of charged organic solutes. In this paragraph, the charge
concentration polarisation is calculated theoretically, but is also experimentally
determined by comparing the rejection of solutes in the absence of charge

interactions with the rejection in the presence of charge interactions.
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Figure 3.16 summarizes the rejection values of the solutes 1,3,5-benzenetricarboxylic
acid and tetraethylenepentamine for the Trisep TS-80 membrane at pH 2.5 and pH 7

and 10 in Milli-Q water with 5 mM NaCl as background electrolyte.
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Figure 3.16 — Rejection values of 1,3,5-benzenetricarboxylic acid and tetraethylenepentamine in Milli-Q as a

function of feed water pH with Trisep TS80

At pH 2.5, the Trisep membrane is uncharged (or has a very low surface charge).
Therefore, the rejection values of both solutes at this pH will be regarded as the
rejection values in the absence of electrostatic interactions. The only concentration
polarisation that influences the rejection of the solutes at this pH, is the hydrodynamic
concentration polarisation. Since the hydrodynamic concentration polarisation is quite
low in spiral wound membranes ( ~1.07 at a cross-flow velocity of 0.2 m/s), it is
assumed to be equal to 1 in this simplified modeling approach.

Thus, the rejection of the solutes at low pH can be calculated as follows:
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R =1-a1- (3.4)

uncharged

where R is the rejection and ¢y, ¢, and ¢y, are respectively the solute concentration in
the permeate, the bulk and at the membrane surface. The second and third term of
Equation (3.4) are assumed to be equal by the assumption that the hydrodynamic
concentration polarisation is equal to 1.

At higher pH values, the membrane assumes a negative surface charge and charge
interactions will affect the rejection of the solutes. Therefore, the rejection differs from
the rejection at low pH. For the positively charged tetraethylenepentamine, the
rejection decreases because the concentration of the solutes at the membrane
surface increases due to charge attraction (charge concentration polarisation > 1).
For the negatively charged 1,3,5-benzenetricarboxylic acid, the rejection increases
because the concentration of the solutes at the membrane surface decreases due to
charge repulsion (charge concentration polarisation < 1).

Concentration profiles of charged solutes in the vicinity of a charged surface can be
calculated using the Gouy-Chapman and DLVO-theories for colloidal solutes and
extrapolating these theories to charged solutes approaching flat surfaces. This leads
to the following Boltzmann distribution for charged organic solutes approaching the

membrane surface:

c -Z V.F
B =" =—exp ——— 3.5
charge Cb p( RT j ( )

where Beharge IS the charge concentration polarisation, Zr, is the organic ion valence, V
is the membrane potential (in mV), F is Faraday’s constant, R is the universal gas
constant, T is the temperature (in K) and c, and c, are the charged solute

concentrations at the membrane surface and in the bulk fluid, respectively. This is
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schematically represented in Figure 3.17. Again, abstraction of the hydrodynamic

concentration polarisation is made in the figure.

L concentration

Figure 3.17 - Concentration profiles for positively (+), negatively (-) and uncharged (0) solutes in the vicinity of a

negatively charged membrane surface

For the charged solutes, the rejection can be calculated as follows:

CP Cp
Rcharge =l-—~ 1_ﬁcharge C_ = 1_ﬂcharge (l_ Runcharged) (36)

Cb m
With cp/cm substituted by (1-Runcharged) according to Equation (3.4). Thus, if Runcharged
is known, and Bcharge Can be calculated according to Equation (3.5), the theoretical
rejection of a charged solute can be predicted. As a first approach, the membrane
zeta-potential is used instead of the membrane potential in the calculation of
Equation (3.5).
The calculated rejection values for both solutes are compared to the measured
rejection values in Table 3.5. The ion valence for both solutes can be determined
from Figure 3.2. The membrane zeta-potential can be determined from Figure 3.1,
and is equal to -14 £ 4 mV at pH 7 and to approximately -27 £ 4 mV at pH 10.
It is apparent that the predicted theoretical rejection values are in quite close

agreement with the experimentally determined rejection values.
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lon valence {-potential (mV) | Experimental rejection (%) | Theoretical rejection (%)

Tetraethylenepentamine

pH 2.5 +4 78+3 /

pH 8 +2to+3 14+3 48+3 43+7

pH 10 +1 27+3 38+3 367
1,3,5-benzenetricarboxylic acid

pH 2.5 Oto-1 0 753 /

pH 8 -3 14 +3 873 95+4

pH 10 -3 -27 93+3 98 +

Table 3.5 — Experimental and calculated rejection values for tetraethylenepentamine and 1,3,5-

benzenetricarboxylic acid with Trisep TS80 in Milli-Q

The inaccuracy of the predictions is slightly larger than for the experimentally
determined rejections. For the positively charged solutes, the rejection is slightly
underestimated, whereas for the negatively charged solutes, it is slightly
overestimated. The reason for this is the experimental error made during the
determination of the C-potential. The C-potential determination from streaming
potential-measurements is not always accurate, since for instance, it does not take
the effects of surface conductance into account. Moreover, the (-potential does not
always accurately represent the real membrane potential that is needed for the
calculations in Equation (3.5). Therefore, better methods to describe the membrane
potential need to be developed to predict the rejection of charged organic solutes
more accurately.

In a first approach, however, this model can be used as a simplified tool to predict the
effect of charge interactions on the rejection of organic solutes. The rejection of
positively or negatively charged solutes can be modelled, based on known rejection
values of uncharged solutes: if the rejection of an uncharged solute with comparable

physico-chemical properties (i.e. similar size and hydrophobicity) is known, the
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rejection of the charged solute can be predicted by using the calculated charge
concentration polarisation.

Of course, the rejection of such an uncharged solute has to be known. Therefore, it
would be ideal if this charge concentration polarisation model could be combined with
a transport model for uncharged organic solutes. Several studies have already

addressed this transport for uncharged solutes [3,6, 41-42].

4. Conclusions

High rejection values of organic acids with NF at pH 8 seem to be mainly dependent
on charge repulsion between the organic acids and the negatively charged
membranes. However, some steric effects also seem to play a role, since the
rejection of benzoic acid, a phenylic organic acid, was lower than expected. At pH 5,
less electrostatic repulsion takes place since the dissociation of the acids is lower
and also the membrane surface charge is lower. At this lower pH, rejection of the
organic acids is largely determined by steric hindrance effects, but electrostatic
effects are still present. Rejection of positively charged pharmaceuticals is lower than
the rejection of neutral pharmaceuticals, which is in turn lower than the rejection of
negatively charged pharmaceuticals. Charge attraction leads to an increased
concentration of positively charged solutes at the negatively charged membrane
surface, charge repulsion to a decrease in concentration of negatively charged
solutes at the negatively charged membrane surface. This concept is called “charge
concentration polarisation” and shows good potential as a simplified modelling tool to

predict the rejection of charged solutes, based on the rejection of uncharged solutes
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with similar physico-chemical characteristics. The presence of natural organic matter
in surface water leads to an increase in the rejection of negatively charged
pharmaceuticals and a decrease in the rejection of positively charged
pharmaceuticals, probably due to an increased negative surface charge. The addition
of Ca®* leads to a shielding of the membrane surface charge, which resulted in
increased rejection values for positively charged solutes and decreased rejection
values for negatively charged solutes. For the neutral pharmaceuticals, neither Ca®*
addition, nor the presence of NOM influenced the rejection.

Rejection values of pharmaceuticals in fresh urine increased compared to the
rejection in other water types, probably due to complexation of the pharmaceuticals
with organic acids in the urine.

The influence of solute feed concentrations was only noticeable for the positively
charged pharmaceuticals: a small increase in rejection at higher feed concentrations
is seen. This is probably also due to shielding of the membrane charge. However, it
is not expected that this phenomenon will play a role in normal operation. For neutral
and negatively charged organic solutes, no influence of the feed concentration on

rejection is seen or expected.
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Chapter 4:

Rejection in full-scale plants

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, B. Van der Bruggen and J.C. van Dijk,
Construction and validation of a predictive model for the rejection of trace organic pollutants in full-scale

nanofiltration/reverse osmosis installations, to be submitted to Journal of Membrane Science.
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1. Introduction

The previous chapters have investigated removal mechanisms for organic
micropollutants with NF and RO membranes. Removal of organic micropollutants
seems to be mainly dependent on three different solute-membrane interactions:
steric hindrance between the solute and the membrane phase, hydrophobic
interactions between solute and membrane, and electrostatic interactions between
charged solutes and the charged membrane surface. Different models were
constructed that were able to predict rejection values for charged and uncharged
solute on single membrane elements. However, rejection values of organic
micropollutants in full-scale membrane installations usually differ from observations
made on laboratory-scale units [1]. Especially for large membrane filtration
installations, operating at high feed water recovery, organic micropollutant rejection
may be significantly lower than rejection values obtained on single membrane
elements. This is partly due to the internal increase in solute concentration with
increasing feed water recovery in the installation, but also to the flux dependency of
the rejection (rejection is lower at lower permeate fluxes, and not all membrane
elements in full-scale installations operate at the same flux).

Up to this date, no conclusive model has yet been constructed that is able to predict

rejections of organic micropollutants in full-scale NF/RO plants.

A general model for the rejection of charged and uncharged organic solutes in full-
scale installations will be presented in this chapter. This model will be validated by
comparing modelled rejection values to experimentally obtained rejection values for

19 pharmaceutically active compounds, 8 pesticides and 7 organic acids on a 2:1
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pilot scale membrane filtration plant. The pilot installation is operated for five different
runs with two different membrane types on three different types of feed water, at feed

water recoveries ranging from 75 to 90%.

2. Model development

In order to model rejection in full-scale plants, a mathematical model is necessary to
describe mass transfer through membranes. In the previous chapters, different
models for uncharged and charged organic solutes were derived.

In this chapter, these transport models will be used and translated to full-scale plants.
2.1. Transport model for uncharged organic solutes

The transport model for uncharged solutes was derived in Chapter 2 and is based on
a combination of convective and diffusive transport through the membranes.
Diffusion-based rejection models [2] usually only yield good results for rather dense
RO membranes; for more open NF membranes, convection has to be taken into
account.

The basic transport equation used in the model is:

C :—KdDw.$+JV.KC.c (4.1)
dx

veeop

Where Js and J, are the solute and solvent fluxes, respectively, D A is the solute

0

diffusion coefficient in water, Ks and K; are the hindrance coefficients for diffusive and
convective transport, C, is the bulk permeate concentration and ¢ and x are the

solute concentration and axial distance within the membrane.
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After integration with the boundary conditions (2.4) and (2.5), this yields the following
equation for uncharged organic solute rejection:

R=1- KK (4.2)

1_((1— K.Kc)-exp[‘wn

0

Where K is the solute partitioning coefficient in the membrane phase. K relates the
solute concentration outside the membrane to the concentration in the membrane
pores.

As mentioned in Chapter 2, the partition coefficient K can be defined in different
ways.

In a purely steric model (steric hindrance between solute and membrane is regarded
as the only rejection mechanism), the partition coeffient K is equal to (1-1)?, with
A=rs/rp, the ratio of solute over pore size.

In practical NF/RO applications, however, steric hindrance is not the only rejection
mechanism. Solute-membrane affinity has to be taken into account, since it affects
partitioning and thus also determines the partition coefficient. A more correct

definition of the partition coefficient K is:
AG,
K=(@1-1)% exp| -—~ 4.3
(1-2) p[ ; ,T] (4.3)

(see Chapter 2) where AG; represents the free energy associated with differences in
interactions of the solute in the water and the membrane phase. If AG>0, the solute
will not partition into the membrane phase spontaneously, since repulsive Van der
Waals interactions exist between solute and membrane. Therefore, partitioning will
be hindered beyond steric partitioning and rejection will be higher than could be
expected, based on solely size exclusion effects. If AGi<0, the solute shows affinity

for the membrane (attractive Van der Waals forces) and will partition into the
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membrane more easily, resulting in a larger partition coefficient (and thus a lower
rejection) than expected, purely based on size exclusion effects.

The parameter AG; can easily be determined for liquid solutes. For solids, however,
determination of AG; is more difficult. Therefore, this chapter will not deal with the
determination of AG;, but will use the simple (steric) definition of the partition
coefficient. The predicted rejection, using the partition coefficient determined with the
steric model, will be compared with a fitted rejection, where K is used as a fitting
parameter. Comparison of the calculated (steric) value for K with the fitted value for K
for each solute, will give information on the solute-membrane affinity (the value of

AG;)) for each solute.
2.2. Transport model for charged organic solutes

As was shown in Chapter 3, the effect of charge interactions on rejection can be
modelled. This means that rejection values of charged organic solutes can be
modelled, based on known rejection values of uncharged solutes: if the rejection of
an uncharged solute with comparable physico-chemical properties (i.e. similar size
and hydrophobicity) is known, the rejection of the charged solute can be predicted by
using the calculated “charge concentration polarisation”.

This charge concentration polarisation was defined in Paragraph 3.4 in Chapter 3 as:

c -2 V.F
=M —exp| —™ 4.4
ﬁcharge Cf p( RT J ( )

where Bcharge IS the charge concentration polarisation, Z, is the organic ion valence, V

is the membrane potential (in mV), F is Faraday’s constant, R is the universal gas
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constant, T is the temperature (in K) and ¢, and cr are the charged solute
concentrations at the membrane surface and in the bulk fluid, respectively.
As a first approach, the membrane zeta-potential is used instead of the membrane
potential in the calculation of Equation (4.4).
For charged solutes, the rejection can then be calculated as follows:

Renarged :1—2—:’ 1= Binage z—p =1— Binarge 0 — Runchargea ) (4.5)

Of course, the substitution of cy/Cm by (1-Runchargea) can only be made if the

hydrodynamic concentration polarisation is assumed to be equal to one. Otherwise,

(1_ Rucharged )
B

Cp/Cm has to be substituted by , Where f is the hydrodynamic

concentration polarisation.

Thus, to calculate the rejection of a charged solute, the rejection of an uncharged
solute with similar physico-chemical properties (size and hydrophobicity) has to be
known.

In this chapter, the rejection values for the charged organic solutes will be determined
using Equation (4.5), with the rejection values for the uncharged solutes modelled

with Equation (4.2).
2.3. Upscaling to full-scale plants

The equations derived above for the rejection values of uncharged and charged
solutes are only valid for single membrane elements.
For these single membrane elements, following mass-balances and definitions can

be written:

Qf =Qp +Qc (46)
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Q:C;=Q,C, +Q.C, (4.7)

S =% (4.8)
C
R=1-—F% (4.9)

f
where Qs, Qp, and Q. are the feed, permeate and concentrate flow, Cr, C, and C. are
the bulk feed, permeate and concentrate solute concentrations, S is the feed water
recovery over the element and R is the solute rejection over the element.

To describe solute rejection in a multi-stage membrane array, the solute rejection
values on the single membrane elements have to be combined with mass-balances
throughout the system: in multi-stage membrane arrays, the feed concentration of
membrane element i is equal to the concentrate concentration of element i-1.

The total rejection of a solute in a multi-stage membrane array can then be described

by the following equation:

0 13(1 R))

Z J,;(- R)H
ZJV,I

Where the subscripts i and j denote the stage/membrane number in the full-scale

(4.10)

array. The total rejection in a multi-stage membrane array is thus a function of the
solute rejection, feed water recovery and permeate flow of the single membrane
elements.

Since the values of single element permeate fluxes J,; and recoveries S; can easily
be determined by the user in a full-scale plant, the only unknown parameter to predict

the total rejection of an organic solute for a full-scale plant, is the rejection value R; of
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the solute on each single membrane element. To determine these rejection values R;,

Equations (4.2) and (4.5) can be used.

2.4.Incorporation of hydrodynamic concentration polarisation

The models constructed above make abstraction of the hydrodynamic concentration
polarisation. This hydrodynamic concentration polarisation can easily be
incorporated. The hydrodynamic concentration polarisation arises as the flow of
dissolved solutes towards the membrane surface and the (partial) rejection of these
solutes result in a concentration build-up at the membrane surface. The convective
flow of solutes towards the membrane surface, and the smaller flow of solutes
through the membrane, are counterbalanced by a diffusive flow of solutes, back to
the bulk feed solution. In steady-state systems, the equilibrium between these
phenomena, is a function of, amongst others, the flow conditions in the vicinity of the
membrane surface.

The hydrodynamic concentration polarisation is defined by the film theory [3] as

follows:

C. -C C J

—_m TP M _axpl 2L 4.11
P p[k] @11)

where B is the hydrodynamic concentration polarisation factor, Cn,,C, and C,, are the
solute concentrations at the membrane surface, in the bulk of the feed and in the
permeate, respectively, and k is the mass transfer coefficient. The mass transfer
coefficient k can be determined from empirical correlations, e.g. the Shock and

Miquel-correlation [4]:

k.
Sh = Dd“ =0.065.Re%%"® S¢%% (4.12)

00
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where Sh is the Sherwood number, dy is the hydraulic diameter, Re is the Reynolds

pvd ) and Sc is the Schmidt number (=DL)_
77 o0

number (=

The mass transfer coefficient k and, consequently, the hydrodynamic concentration
polarisation B, are thus a function of the flow conditions in the membrane element (as
expressed by the Reynolds number Re), the nature of the feed solution (as
expressed by the Schmidt number Sc) and the geometry of the system (as expressed
by the hydraulic diameter d;).

In the transport model for uncharged solutes, the hydrodynamic concentration
polarisation factor § has to be incorporated in the boundary condition (2.4):

c(x=0) = ¢t = K.Cn= K.B.Cp (4.13)

Thus, Equation (4.2) becomes:

R=1- PRK, (4.14)
1—[(1— K.KC).exp(— JKAXN
K,.D,
And for charged solutes, this can be translated to:
SKK
R=1_ ﬂchargeﬂ c (415)

J. .K_.Ax
1—-| (1= K.K. )exp| = v e™?
(( c)exr{ <. D. D

2.5. Determination of model parameters
2.5.1. Transport model for uncharged solutes
In order to be able to solve Equation (4.14), the values of the model parameters K,

K., K4, Do and Ax/e need to be determined.
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The hindrance factors K¢ and Ky are only dependent on the factor A=rs/r,, and can be
calculated as shown in Paragraph 2.2 in Chapter 2. The solute radii rs can be
calculated using molecular modelling softwater (see Chapter 2) or by using the
definition for the Stokes radius (Equation (2.21)). In this chapter, the Stokes radius
will be used.

The solute diffusion coefficients D. were determined using the equation developed
by Hayduk and Laurie (1974) [5] (see also Chapter 2).

The values of the membrane pore size r, and the factor Ax/e were already
determined in Chapter 2 for both the Trisep TS80 and the Desal HL membrane used

in this study.

The only unknown variable remaining is thus the partition coefficient K. It was shown
before (Chapter 2) that this partition coefficient can theoretically be determined.
However, this process is cumbersome and time-consuming for solid solutes.
Therefore, in this study, where the goal is to test the applicability of the proposed full-
scale rejection model, the values of K will be determined in 2 simple ways:

firstly, by using the simple steric definition of K=(1-1)2. This approach will result in an
overestimation of the rejection if the solute shows affinity for the membrane. On the
other hand, it will result in an underestimation of the rejection if the solute
experiences repulsive Van der Waals interactions with the membrane surface.

In the second approach, the partition coeffient K will be determined by fitting the
model to experimentally obtained rejection data of the solute on single membrane
elements. By comparing the fitted K to the K determined with the steric model,
information can be obtained on the type of Van der Waals interactions (repulsive or

attractive) of the solute with the membrane surface.
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2.5.2. Transport model for charged solutes
The only unknown variable in Equations (4.4) and (4.15) for the rejection of charged
organic solutes is the membrane potential V. As in Chapter 3, the membrane zeta
potential ¢ will be used as an approximation for the membrane potential.
Since the zeta-potential is highly dependent on ionic strength, the zeta-potential will
be determined in different solutions containing different concentrations of background
electrolyte, to mimic the effect of increasing salt concentrations with increasing feed

water recovery in pilot- and full-scale membrane filtration installations.

2.5.3. Full-scale model
Finally, in order to solve Equation (4.10) for the rejection of an organic solute on a
full-scale or pilot-scale membrane filtration plant, the values of the permeate fluxes
and feed water recoveries for the different elements in the installation need to be
known. Even though it was possible in the pilot plant used in this study to measure
most of these fluxes, full-scale installations usually do not offer this option. Therefore,
fluxes need to be determined theoretically. Fortunately, most membrane
manufacturers offer projection programs, which allow the user to calculate pressures
and fluxes of single membrane elements if the lay-out of the plant and the
composition of the feed water are known. In this study, the commercial software
packages Troi® (by the Trisep Corporation) and Winflows® (by GE-Osmonics) were
used. Fluxes and pressures calculated with this software corresponded well to the

experimentally measured values.
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3. Materials and methods

3.1. Equipment and filtration protocol

3.1.1. Single membrane element set-up
The single membrane element set-up was used to fit the model parameter K for the
transport model for uncharged solutes by determining solute rejection as a function of
permeate flux. Afterwards, these values for K were compared with the values
obtained, using the simple steric model to calculated K. The set-up was described
before in Chapter 2.
Membrane filtration experiments were carried out with single 4-inch spiral wound
membrane elements at a constant cross-flow velocity of 0.2 m/s (corresponding to a
feed flow of 1500 I/h and a concentration polarization factor of 1.07). Feed water
temperature was maintained at 13 £ 1°(which corresponds to the feed water
temperature used in the pilot installation on both water types), using an immersed
stainless-steel coil with cooling liquid fed from a cooling system (Tamson TLC 10B).
All experiments were carried out in a recycle mode with a single batch of water, with
both permeate and concentrate recycled back into the feed reservoir.
All rejection experiments were carried out for 4 days (as in the previous chapters), to
make sure that the membranes were saturated with the organic solutes used, and to

make sure that steady state rejection values are obtained.

3.1.2. Nanofiltration pilot plant
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The nandfiltration pilot plant consists of a stacking of 18 spiral wound 4-inch
membrane elements in a 2-stage membrane array. The first stage consist of 2
parallel pressure vessels, each containing 6 membrane elements. The second stage
consists of a single pressure vessel, also containing 6 membrane elements.

A schematic diagram of the installation is shown in Figure 4.1 and a picture of the

installation in Figure 4.2.
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Figure 4.1 — Schematic diagram of pilot NF installation with membrane coding

The feed solution is delivered to the installation, by a multi-impellor centrifugal pump
(Grundfos CRN-5). The pump is capable of providing pressures of up to 25 bar at a
flow rate of 8 m*h. Permeate flows of the first membrane elements of the first stage,
of the complete first stage, of the complete second stage and of the last element in
the second stage, as well as concentrate and feed flow are monitored by precision

flow meters (Endress&Hauser).
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Figure 4.2 — Picture of the NF pilot installation

Applied pressure and feed water recovery over the installation are regulated using
two needle valves in the feed and concentrate stream. All test unit parts in contact
with the feed solution are made of stainless steel to minimize adsorption of the
organic compounds used. Pressure measurements are possible inbetween all
membrane elements and in the feed and concentrate stream to measure
transmembrane pressure for each element separately. A precision manometer
(Cerabar S, Endress&Hauser) was used for pressure measurements.

The installation was loaded with two different membrane types, during five different
runs on two different types of source water.

Membrane filtration experiments were also carried out at a constant cross-flow
velocity of 0.2 m/s (corresponding for the pilot installation to a feed flow of 3000 I/h
(1500 I/h for each parallel pressure vessel)). During the first two runs, Trisep TS80

membranes were placed inside the installation and the installation was fed with

149



ground water. Feed water recovery of the installation was set to 75% during the first
run and to 87% in the second run.

For the last three runs, Desal HL membranes were placed inside the installation and
the installation was fed with tap water from the city of Nieuwegein in the Netherlands.
Feed water recovery was set to 75% and 82.5% during the third and fourth run,
respectively. For the last run, feed water recovery was set to 90%, after multivalent
scaling ions were removed from the feed water using a cationic ion exchange resin.
All experiments were carried out in a single pass (once-through) mode, except for the
last run at 90% recovery.

As well as for the single element set-up, experiments were carried out for 4 days to
accomplish saturation of the membrane with the organic compounds used and
ensure that steady state rejection values were obtained.

Anti-scalant (4AQUA OSM92, AquaCare, ‘s Hertogenbosch, the Netherlands) was

dosed to prevent precipitation of sparingly soluble salts (scaling).

3.2.Membranes

The same commercially available nanofiltration membrane as in Chapters 2 and 3
were used in this study: Trisep TS80 TSF (Trisep Corp., Goleta CA, USA) and Desal
HL (GE Osmonics, Fairfield CT, USA).

Before use, all membranes were rinsed with tap water for two hours to remove
preservation liquids. Afterwards, the membranes were characterized for pure water
permeability with Milli-Q water and for MgSOy4 rejection with a 500 ppm MgSO4
solution in Milli-Q water. The properties of the membranes are summarized in Table

4.1.
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Trisep TS80 Desal HL

MWCO (g/mol) 175 150-300
Contact angle (°) 48 +2 41+ 2
Pure water permeability (m/(s.bar)) 1.2x10° 2.0x10°
% MgSQy-rejection 99% 98%
C-potential in 5 mM NaCl (mV) -19+2 -14 2
C-potential in 5 mM NaCl + 5 mM CaCl, -14 £ 2 -10+2
¢-potential in 5 mM NaCl + 10 mM CaCl, n.d. -7+2

Table 4.1 — Membrane properties for Trisep TS80 and Desal HL membrane used in rejection experiments (n.d.:

not determined)

The molecular weight cut-off (MWCO) values were provided by the membrane
manufacturers. The contact angles were determined with Milli-Q water using the
sessile drop method. The membrane zeta potentials were measured at the pH of the
feed water in different background solutions using commercially available equipment
(SurPASS, Anton Paar, Graz, Austria). Zeta potential values were determined in
solutions containing 5 mM NaCl; 5 mM NaCl and 5 mM CacCl,; and 5 mM NaCl and
10 mM CaCl, as background electrolyte, respectively. The dependency of the zeta
potential on the feed water ionic strength was determined to incorporate the effect of

increasing salt concentrations with increasing feed water recovery in the pilot plant.

3.3.Organic solutes and analysis

Rejection experiments were carried out with a variety of organic solutes: the same
organic acids and pharmaceuticals as in Chapter 3 were used, and selected
pesticides were also spiked during the rejection experiments (solutes were again

chosen for their physico-chemical parameters). The organic acids were spiked at a
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feed water pH of 8, but also at pH 5. It was shown in Chapter 3 that the organic acids
are dissociated (and thus negatively charged) at pH 8, but they regain their proton
and become neutral at pH 5. Chosing these two operating conditions allows to
determine the effect of electrostatic interactions on the rejection of organic acids on
pilot scale equipment.

The cocktail of neutral, as well as negatively and positively charged pharmaceuticals
was also spiked again to gain more insight in the effects of electrostatic interactions
on rejection. The pharmaceutical properties encompass an as wide as possible range
of solute-membrane interactions (size, charge and hydrophobic interactions).

The selected pesticides were also chosen with a wide range of solute physico-
chemical properties.

The physico-chemical properties of all solutes are shown in Table 4.2.
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MW (g/mol) log Kow (-) pKa(-) ChargeatpH8 logDpHg)(-) Diff. coeff. (x 10710 m?/s) rs (Nnm) rs Stokes (nm)
Organic acids formic acid 46.0 -0.54 3.75 - -4.79 14.70 0.15 0.15
acetic acid 60.1 -0.17 4.76 - -3.41 11.40 0.16 0.19
glycolic acid 76.1 -1.11 3.83 - -5.28 11.30 0.20 0.19
lactic acid 90.1 -0.72 3.86 - -4.86 9.66 0.22 0.22
malonic acid 1041 -0.81 2.85 - -5.96 9.67 0.22 0.22
benzoic acid 1221 1.87 419 - -1.94 7.95 0.27 0.27
phenylacetic acid 136.1 1.41 4.31 -2.28 8.21 0.31 0.26
Pharmaceuticals terbutaline 225.3 0.90 8.86 + -0.97 5.34 0.41 0.40
salbutamol 239.3 0.64 9.27 + -1.63 5.25 0.43 0.41
pindolol 248.3 1.75 9.26 + -0.52 5.17 0.48 0.42
propranolol 259.4 3.48 9.58 + 0.90 4.91 0.48 0.44
atenolol 266.3 0.16 9.43 + -2.27 4.93 0.52 0.44
metoprolol 267.4 1.88 9.49 + -0.61 4.66 0.56 0.46
sotalol 272.4 0.24 9.44 + -2.20 5.13 0.43 0.42
clenbuterol 277.2 2.00 9.29 + -0.29 5.10 0.48 0.42
phenazon 188.2 0.38 n.a. neutral n.a. 6.06 0.35 0.35
aminopyrine 231.3 1.00 n.a. neutral n.a. 5.30 0.40 0.41
carbamazepine 236.3 245 n.a. neutral n.a. 5.97 0.40 0.36
cyclophosphamide 261.1 0.63 n.a. neutral n.a. 5.62 0.35 0.38
pentoxyfilline 278.3 0.29 n.a. neutral n.a. 4.50 0.46 0.48
ibuprofen 206.3 3.97 447 - 1.44 5.27 0.37 0.41
clofibric acid 214.7 2.57 3.35 - -1.08 5.83 0.33 0.37
naproxen 242.2 3.9 415 - 0.05 5.44 0.40 0.39
fenoprofen 242.3 3.90 4.21 - 1.1 5.24 0.39 0.41
gemfibrozil 250.3 4.77 4.45 - 2.22 4.81 0.44 0.45
ketoprofen 254.3 3.12 4.29 - 0.41 5.11 0.41 0.42
diclofenac 296.2 4.51 4.08 - 1.59 5.21 0.37 0.41
bezafibrate 361.8 4.25 3.44 - 0.69 4.25 0.56 0.51
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Pesticides

carbendazim
metamitron
metribuzin
atrazin
diuron
pirimicarb
dimethenamid

191.2
202.2
2143
215.7
233.1
238.3
275.8

1.52
0.83
1.70
2.61
2.68
1.70
2.15

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

neutral
neutral
neutral
neutral
neutral
neutral
neutrat

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

7.02
5.70
5.32
5.61
6.01
5.23
4.99

0.38
0.34
0.36
0.37
0.38
0.42
0.36

0.31
0.38
0.40
0.38
0.36
0.41
0.43

Table 4.2 — Physico-chemical characteristics of selected organic solutes (n.a.: not applicable; rs: solute radius, calculated via molecular modelling software; rs Stokes: Stokes

radius)
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All pharmaceuticals and pesticides were obtained from Sigma-Aldrich (St Louis MO,
USA), except phenazon, ibuprofen, aminopyrine, carbamazepine and
cyclophosphamide, which were obtained from Acros Organics (Geel, Belgium). All
organic acids were obtained from Acros Organics (Geel, Belgium). All chemicals
were at least reagent grade.

High performance liquid chromatography with tandem mass spectrometric detection
and gas chromatograph with mass spectrometric detection were used to determine
concentrations of all pharmaceuticals and pesticides, respectively. A solid phase
extraction at pH 3 was performed using styrene divinylbenzene (SDB) material. The
limit of quantitation (LOQ) was 10 ng/l for all pharmaceuticals and pesticides. More
information about the analytical procedures for the pharmaceuticals and pesticides
was published by Sacher et al. (2001) and van Hoof et al. (2001) [6,7].

The pharmaceuticals and pesticides were spiked in concentrations of 2 ug/l, to be
able to accurately measure 99% rejection (which corresponds to a permeate
concentration of 20 ng/l, well above the LOQ of 10 ng/l).

All pharmaceuticals and pesticides were spiked simultaneously as a cocktail. The
cocktail was prepared as a concentrated stock solution of 10 | within the selected
feed water. To prevent co-solvent effects and possible problems with biological
growth in the system, no methanol was used to facilitate dissolution of the
pharmaceuticals and pesticides. The desired volume of the stock solution was added
to the feed tank for the single element testing. For the pilot scale testing, the desired
concentration of pharmaceuticals and pesticides was obtained by dosing the cocktail
continuously into the feed stream from the concentrated stock solution.

The organic acids were all spiked separately in Milli-Q water and measured by

analysing the non-purgeable organic carbon (NPOC ~ total organic carbon (TOC)) -
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content of feed and permeate. The limit of detection for the NPOC-analysis is 0.2
mg/l. Therefore, all solutes were spiked in concentrations of 10 mg carbon/l, in order
to be able to measure at least 98% rejection (which corresponds to a permeate
concentration of 0.2 mg/l). Since the background organic carbon content of the feed
water can not be neglected, blank measurements were taken at all sampling points
and the values obtained were substracted from the measured concentrations during

the rejection experiments, to obtain the concentration of the organic acids.

3.4. Feed water types

Three different feed water types were used in the experiments. The first water type
was ground water from the pumping station Spannenburg (the Netherlands),
operated by the Dutch drinking water company Vitens. The feed water for the NF
experiments was pretreated with ultrafiltration (X-Flow UFC-M5 membranes). The
organic content of the water is quite high. Halfway during the second rejection run at
87% recovery, the pH of the feed water was changed to pH 5, to be able to measure
the rejection of two organic acids (formic and acetic acid) in neutral regime (at higher
pH, the organic acids are dissociated and thus negatively charged). The pH of the
feed water was lowered by continuously dosing concentrated H,SO4 (98%, Sigma-
Aldrich) to the feed stream.

The second water type was tap water from the city of Nieuwegein in the Netherlands.
The water was extracted as anaerobic groundwater and subsequently treated with

aeration and rapid sand filtration. The organic content of the water is quite low.
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ground water

tap water

tap water + cationic

(Spannenburg) (Nieuwegein) ion exchange
pH (-) 7.6 7.9 7.9
Dissolved Organic Carbon (DOC) (mg/l) 7.6 1.9 1.9
Conductivity (uS/cm) 500 395 450
Turbidity (FTE) 0.1 0.35 0.23
ca®* (mgll) 32 68 12
Mg?* (mg/l) 9.8 5.4 2.1
K" (mg/l) 2.2 3.1 3.1
Na* (mg/l) 74 25 95
Fe <0.1 0.1 <01
CI (mg/l) 30 9.1 9.1
S04% (mg/l) <1 <1 <1

Table 4.3 — Water quality parameters of selected feed water types for rejection experiments

The third water type was the same tap water from the city of Nieuwegein, but treated

with a cationic ion exchange resin (Amberlite IRC86 (Rohm & Haas, Philadelphia PA,

USA)). This treatment removes all the divalent ions, that may cause scaling in the

nanofiltration unit, from the feed water, by exchanging them for Na™ ions.

Some general water quality parameters of all feed waters are summarized in Table

4.3. Table 4.4 summarizes which solutes have been spiked during each rejection run.

4. Results and discussion

4.1. Operation of the pilot-plant

The pilot plant was operated during five different runs on three types of feed water,

with two membranes at 75% (2x); 82.5%; 87% and 90% recovery.
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measured on Trisep
TS80 (Spannenburg)

measured on Desal HL
(Nieuwegein)

RUN 1
(75%)

RUN 2
(87%)
Organic acids formic acid
acetic acid
glycolic acid
lactic acid
malonic acid
benzoic acid
phenylacetic acid
formic acid pH 5
acetic acid pH 5

X X X X X X X X X

Pharmaceuticals terbutaline
salbutamol
pindolol
propranolol
atenolol
metoprolol
sotalol
clenbuterol
phenazon
aminopyrine
carbamazepine
cyclophosphamide
pentoxyfilline
ibuprofen
clofibric acid
naproxen
fenoprofen
gemfibrozil
ketoprofen
diclofenac
bezafibrate

Pesticides carbendazim
metamitron X
metribuzin
atrazin
diuron X
pirimicarb
dimethenamid

RUN 3 & 4
(75%882.5%)

RUN 5
(90%)

X X
X X
X X
X X
X X
X X

X

X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X

Table 4.4 — Spiked solutes during different filtration runs with different membranes and feed water types



Figure 4.3 shows the normalized permeate flows of the complete first and second
stage of the installation and of the first and last membrane element, together with
feed and concentrate flow during a 10 day run at 75% recovery on tap water from the
city Nieuwegein. Also the normalized feed pressure and normalized salt passage
during the filtration run are shown. It is apparent that the installation was operating
quite smoothly during the whole filtration run. No organic/particulate membrane
fouling was expected, due to the origin of the source water (tap water), guaranteeing
a low organic content and a small load of particles/colloids. Furthermore, no scaling
and biological fouling were expected because of the dosing of anti-scalant and the

short duration of the experiment.
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Figure 4.3 — Operational parameters of the NF pilot installation during a 10 day run at 75% recovery

Figure 4.4 shows the normalized permeate flows and concentrate and feed flow,
together with normalized feed pressure and salt passage for the 5-day run at 90%

recovery.
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Figure 4.4 — Operational parameters of the NF pilot installation during a 4 day run at 90% recovery

The feed pressure is lower in the 90%, even though the permeate flows are higher.
This is due to the higher feed water temperature in the 90% recovery experiment.
The experiment was carried out in recycle mode, and feed water temperature was
kept constant at 20 £ 2 °C.

As for the run at 75% recovery, no significant fouling was observed in the 90%
recovery run. For all other experiments, similar observations were made. It can thus
be concluded that in none of the rejection experiments, the experimental rejection

values obtained were influenced/biased by fouling of the membrane surface.

4.2. Rejection values on single membrane elements
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The rejection values of all neutral solutes in Table 4.2 were determined as a function
of feed pressure (and thus permeate flux) on single Trisep TS80 and Desal HL
membrane elements.

For neutral organic solutes, the rejection as a function of the permeate flux can be
modelled using Equation (4.14) if all the parameters K., Ky, K and Ax/e are known.
The hindrance parameters Kq and K¢ can be determined using Equations (2.8) and
(2.9). The parameter Ax/e is known for both membranes from Chapter 2.

Since the goal of this chapter is mainly the validation of the full-scale rejection model,
the partition coefficient K will not be determined in a rigorous, theoretical manner, but
will be determined in two simple ways, as mentioned before: by using the simplified
“steric” definition for K (=(1-1)?), and by estimating K by fitting the experimentally
obtained rejection values on the single membrane element to the model (Equation
(4.14)). With these obtained K values, the full-scale model can then be constructed.
The solid points in Figures 4.5 (a) and 4.5 (b) represent the experimentally
determined data for the neutral pharmaceuticals on the Desal HL membrane in tap
water. The solid lines in Figure 4.5 (a) represent the modelled rejections as a function
of permeate flux, using the simple steric definition of the partition coefficient K. The
solid lines in Figure 4.5 (b) represent the same modelled rejections, obtained by
fitting the partition coefficient K to the experimental rejections. Only a single value of
K'is fitted (thus K will be considered constant as a function of permeate flux here), to
simplify comparison between the “steric” K and the fitted K.

The rejection model using the fitted values of K appears to fit the experimental data
quite well. Use of the steric model results in a overestimation of rejection for all

neutral pharmaceuticals.
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Figure 4.5 - Experimental and modelled rejection values for neutral pharmaceuticals as a function of permeate flux on single Desal HL membrane element (left: steric model,

right: fitted model)
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A similar approach is followed for the rejection of the neutral pesticides on the Desal
HL membrane. These results are shown in Figures 4.6 (a) and 4.6 (b). The fitted
model appears to give better results, compared to the steric model, for the pesticides
as well.

The rejection values of the pesticides follow the exact same trend as the molar mass
(and thus the size) of the molecules: the higher the molar mass, the higher the
rejection. The rejection values of the pesticides metribuzin and atrazine are almost
identical, and so are their molar masses.

For the neutral pharmaceuticals, the trend is less clear. Phenazon is the smallest
solute, and rejection is also the lowest. For the other solutes however, the rejection
does not really follow the trends of increasing molar mass. This is probably caused
by the high molar masses of these solutes: except for phenazon, the molar masses
of the pharmaceuticals are probably above the molecular weight cut-off of the
membrane, explaining the high rejections. Inspite of its high molar mass, the neutral
pharmaceutical carbamazepine is less efficiently removed compared to other neutral
pharmaceuticals of similar (or lower) molar mass. This is caused by the higher
hydrophobicity (as expressed by the higher log Kow-value) of carbamazepine (and
thus to the larger solute-membrane affinity and increased partitioning).

For all neutral solutes on both membranes, (including the organic acids formic and
acetic acid at pH 5), the values of the fitted partition coefficient K are compared to the
values of the partition coefficient K, calculated from K=(1-1)? in Table 4.5.

It is apparent that the use of the steric definition for K leads to a lower value than the
fitted value for K and thus to an overestimation of rejection for all neutral

pharmaceuticals and pesticides. For the uncharged organic acids, the use of the
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steric value for K leads to a higher value than the fitted value for K and thus an
underestimation of rejection.

In conclusion, the steric values for K do not succeed very well in predicting the
rejection of the neutral solutes. This indicates that solute-membrane Van der Waals
interactions can not be neglected in the rejection of organic solutes on polymeric
membranes. Solute-membrane interactions are repulsive for the uncharged organic
acids used here (higher rejection than predicted by steric effects only); solute-
membrane interactions are attractive for the neutral pharmaceuticals and pesticides
(lower rejections than predicted by steric effects only).

The fitted values for K thus appear to yield better results for modelling purposes.
Therefore, the fitted values for K will further be used as model parameters in the
calculation of the rejection of charged solutes, since they allow a more accurate

evaluation of the rejection.

Values for partition coefficient K

Steric model Fitted from bench-scale results
Pharmaceuticals phenazon 0.035 0.1
aminopyrine 0.002 0.015
carbamazepine 0.027 0.09
cyclophosphamide 0.014 0.035
pentoxyfilline 0 0.028
Pesticides carbendazim 0.078 0.5
metamitron 0.014 0.45
metribuzin 0.005 0.21
atrazin 0.014 0.24
pirimicarb 0.002 0.02
dimethenamid 0 0.009
Organic acids (PH 5)  formic acid 0.35 0.15
acetic acid 0.22 0.18

Table 4.5 — Values for partition coefficient for neutral organic solutes
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4.3.Rejection values and model results at higher recoveries in the pilot

installation

The rejection values for the neutral pharmaceuticals during the 75% recovery run on
tap water from the city Nieuwegein are shown as a function of feed water recovery in
Figure 4.7.

The data points show the experimentally obtained rejection values. The rejection
value at 10% recovery was obtained by analysing the separate permeate of the first
membrane element. The rejection value at 50% recovery was obtained by analysing
the permeate of the complete first stage of the installation. The rejection value at 70%
was obtained by analysing the collective permeate of all membrane elements but the
last one. And finally, the rejection value at 75% was obtained by analysing the
collective permeate of the complete pilot-scale installation. The concentrate of the
installation was sampled as well, and the concentrate concentration was used as a
check to see whether mass-balances were correct and no adsorption was indeed
occurring after the 4 days of equilibrating. No large discrepancies were found in the
mass balances.

It can be seen that the rejection of the organic solutes in the pilot-scale installation is
decreasing with increasing recovery. This is partly due to the internal increase of
solute concentration in the higher stages of the installation with increasing permeate
production, and also to the lower rejections of the last membrane elements in each
stage (as shown in Figures 4.5 and 4.6, rejection decreases with decreasing

permeate flux).
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Figure 4.7 — Experimental and modelled rejection values for neutral pharmaceuticals on pilot scale NF installation, as a function of feed water recovery for filtration run at 75%

recovery (left: steric model; right: fitted model)
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The curves in Figure 4.7 (a) represent the modelled rejection curves for the neutral
pharmaceuticals, using Equation (4.10) and replacing the unknown values of R; by
the values obtained using Equation (4.14) and the steric values of K. The curves in
Figure 4.7 (b) represent the same modelled curves, but using the fitted values of K
(from the single element experiments). The permeate fluxes J; and recoveries S; of
the separate membrane elements were determined using the commercially available
projection software (Winflows, GE Osmonics). As mentioned before, the projected
fluxes and pressures over the membrane elements correspond very well to the
measured fluxes and pressures in the installation.

As can be seen from Figure 4.7, the calculated rejection with the fitted values for K
appear to model the experimentally obtained rejection values quite well (within an
accuracy range of + 5%), hereby proving the applicability of the full-scale rejection
model. Again, the use of the steric value for the partition coefficient K appears to
result in an overprediction of the rejection, since solute-membrane affinity is not taken

into account.

The experimentally obtained and the modelled rejection values during the rejection
run at 75% recovery with the Nieuwegein tap water for the positively charged
pharmaceuticals from Table 4.2 are shown in Figure 4.8. The modelled values were
calculated using Equation (4.15). The fitted values of K for uncharged solutes with
similar physico-chemical properties (size and hydrophobicity) were used, and the
charge concentration polarisation Bcharge Was used to determine the rejection of the
charged pharmaceuticals. The fitted values for K were used, instead of the values for
K using the steric model, since the fitted values of K correspond to the experimental

rejection values better. The membrane zeta-potential, which is used in the calculation
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of Beharge at pH 8 is given in Table 4.1 at different ionic strengths of the electrolyte.

Since the salt concentration in the pilot plant is increasing from the first to the last

stage, the dependency of the zeta-potential on the ionic strength has to be

incorporated. A

linear

decrease of the zeta-potential

concentration in the installation is assumed.
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Figure 4.8 — Experimental and modelled rejection values for positively charged pharmaceuticals on pilot scale NF

installation, as a function of feed water recovery for filtration run at 75% recovery

A necessity for the calculation of the rejection of the charged solutes is that an

uncharged solute with similar physico-chemical properties has to be available.

As an example: the rejection values of the solute salbutamol were calculated based

on values of the partition coefficient K, obtained for the neutral pharmaceutical

aminopyrine. For atenolol, the values of K obtained for cyclophosphamide were used.
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For the positively charged pharmaceuticals, the predicted rejection values also
correspond well to the experimentally obtained rejection values, once again providing

proof for the applicabilty of the model.

100 5
g %
—_—

80 -

o)
S
il

S m formic acid pH 8
_E model formic acid
I3 ¢ acetic acid pH 8
) . .
o model acetic acid
T 40 +| glycolic acid pH 8

model glycolic acid
O lactic acid pH 8
— — model lactic acid
< malonic acid pH 8
20 4 — — model malonic acid
A  benzoic acid pH 8
model benzoic acid
00 phenylacetic acid pH 8
- - - - model phenylacetic acid

O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Recovery (-)

Figure 4.9 — Experimental and modelled rejection values for negatively charged organic acids on pilot scale NF

installation at pH 8, as a function of feed water recovery for filtration run at 87% recovery

The experimental and modelled rejection values for the organic acids at pH 8 are
shown in Figure 4.9. Again, the model results appear to correspond to the

experimentally obtained values quite well.

All experimentally obtained rejection values for the selected neutral organic solutes
during the five runs are summarized in Table 4.6 and compared to the modelled
rejection values (rejection values for the steric model are given, as well as the

rejection values calculated using the fitted value for K).
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Total rejection values for pilot plant in tap water (Nieuwegein) (x 3 %)

75% recovery 82.5% recovery 90% recovery
Experi- Steric Fitted Experi- Steric Fitted Experi- Steric Fitted
mental model model mental model model mental model model
Pharmaceuticals phenazon 82 93 80 73 92 78 48 91 75
aminopyrine 98 99 95 97 99 95 94 99 95
carbamazepine 84 94 82 82 94 80 64 93 78
cyclophosphamide 95 97 92 94 97 92 84 96 90
pentoxifylline 96 100 90 92 100 90 85 100 89
Pesticides carbendazim 20 80 18 15 78 16 13 76 13
metamitron 30 97 31 36 97 28 22 96 24
metribuzin 73 99 56 68 99 54 57 98 50
atrazin 68 97 56 50 97 53 34 96 49
pirimicarb 97 99 94 95 99 94 89 99 93
dimethenamid 98 100 97 97 100 96 95 100 96

Total rejection values for pilot plant in groundwater (Spannenburg) (+ 3 %)

75% recovery 87% recovery
Experimental Steric model Fitted model Experimental Steric model Fitted model
Organic acids  formic acid pH 5 / 4 " 3
acetic acid pH 5 / 12 17 13
Pesticides metamitron 67 100 79 /
diuron 62 100 71 /

Table 4.6 - Experimental and modelled rejection values for selected neutral organic solutes on pilot scale NF installation, with different feed water types and recovery
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Total rejection values for pilot plant in tap water (Nieuwegein) (£ 3 %)

75% recovery 82.5% recovery 90% recovery
Experimental Model Experimental Model Experimental Model
Pharmaceuticals Terbutaline 87 91 86 90 78 88
Salbutamol 93 94 n.d. 94 86 93
Pindolol 79 78 75 73 32 62
positively charged  Propanolol 81 80 76 75 55 62
Atenolol 90 90 85 90 75 84
Metoprolol 93 92 88 93 78 84
Sotalol / / 88 84
Clenbuterol / / 71 81
Ibuprofen 98 88 97 88 84 85
Clofibric acid 98 88 97 88 95 96
Naproxen 97 89 94 89 92 86
negatively charged Fenoprofen 97 97 91 97 87 86
Gemfibrozil 98 96 99 96 98 95
Ketoprofen 96 96 96 96 95 95
Diclofenac 98 98 98 98 94 97
Bezafibrate 99 98 99 98 97 97

Table 4.7 - Experimental and modelled rejection values for selected charged pharmaceuticals on pilot scale NF installation, with Desal HL membrane in tap water at different

feed water recoveries
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Table 4.7 summarizes the experimental and modelled rejection values of the charged
pharmaceuticals during the different filtration runs.

All experimental rejection values in Tables 4.6 and 4.7 are taken as the average of
the rejection values obtained using the permeate concentration and the concentrate
concentration. As mentioned before, no significant discrepancies between the two

values could be observed.

For some charged pharmaceuticals, it is apparent from Table 4.7 that rejection is
slightly under- or overpredicted. This is probably due to the dissociation of the
organic acids and pharmaceuticals as a function of feed water pH. Not all
pharmaceuticals and organic acids are completely dissociated at the feed water pH,
thus explaining slight variations in rejection. Also, the use of the membrane zeta-
potential as an approximation of the real membrane potential may cause slight

discrepancies between the modelled and experimental results.

In general, it can be concluded that the modelled (predicted) rejection values for the
pilot (full) scale installation, using the steric model, are not always in agreement with
the experimentally obtained rejection values. The steric model results in an
underprediction of rejection for the pharmaceuticals and pesticides, because the
influence of solute-membrane affinity (attractive Van der Waals interactions) is not
taken into account. For organic acids, the use of the steric model leads to an
overprediction of the rejection. Apparently, solute-membrane Van der Waals
interactions are repulsive for organic acids. This could be expected from the log D-
values of the organic acids, which are significantly lower (i.e. the organic solutes are

more hydrophilic) than for the pharmaceuticals and pesticides.
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The full-scale rejection model, using the fitted value for the partition coefficient K,
however, provides predicted full-scale rejection values for uncharged organic solutes
which are in good correspondence with experimentally obtained rejection values.

For the charged organic solutes, incorporation of the calculated “charge
concentration polarisation” factor yields satisfactory results.

The proposed full-scale model thus proves to be a valuable tool in the design of full-

scale plants for removal of organic micropollutants.

5. Conclusions

A model to predict rejection values of organic micropollutants in full-scale
nanofiltration/reverse osmosis membrane plants has been presented.

A convection-diffusion transport model was used to describe uncharged organic
solute transport through the membranes. For charged organic solutes, the influence
of charge interaction was added to the model as an extra “charge” concentration
polarisation. Also the influence of the hydrodynamic concentration polarisation was
added to the model.

Modelled rejection values were compared to experimentally obtained rejection values
for a mixture of 19 pharmaceuticals, 8 pesticides and 7 organic acids on a pilot plant
operated during five different runs at different feed water recoveries (ranging from
75% to 90%) with different types of feed water, using two different membranes.

Even though the partition coefficient in the convection-diffusion model could be

calculated theoretically, a more simple approach was followed here. The partition
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coefficient was first calculated theoretically, and was then also determined by fitting
the model to experimentally obtained rejection values on single membrane elements.
Both values for the partition coefficient were compared to each other. For organic
acids, the steric partition coefficient was higher than the fitted partition coefficient,
indicating that rejection was underestimated, because repulsive solute-membrane
Van der Waals interactions were not taken into account in the steric model. For the
pharmaceuticals and pesticides, the opposite was true: rejection was overestimated
by the steric model, because solute-membrane attractive Van der Waals interactions
were not taken into account.

With the fitted value for the partition coefficient, the rejection of the neutral pesticides,
organic acids and pharmaceuticals on the pilot plant at higher recovery could be
modelled quite accurately.

For the charged pharmaceuticals and organic acids, rejection values were predicted,
based on the calculated rejection values of the uncharged pharmaceuticals, organic
acids and pesticides and using the “charge concentration polarisation” concept.

The predicted rejection values for the charged solutes also appeared to correspond

to the experimentally obtained rejection values quite well.
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Chapter 5: Influence of membrane

fouling

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, |. Petrinic, T. Luxbacher, B. Van der Bruggen, and
J.C. van Dijk, The influence of colloidal and organic fouling on the removal of trace organic pollutants with

nanofiltration, to be submitted to Journal of Membrane Science.
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1. Introduction

In full-scale applications of NF/RO membranes, deterioration of membrane
performance due to membrane fouling, is still a major challenge. Membrane fouling
can be: i) microbial in origin (biofouling); ii) a consequence of the accumulation of
natural organic matter (NOM) on the membrane surface (organic fouling); iii) due to
the accumulation of small colloidal particles in the feed water on the membrane
surface (colloidal/particulate fouling); or iv) the result of inorganic depositions on the
membrane surface when the solubility product of sparingly soluble salts is exceeded
(scaling). Numerous studies on membrane fouling have been conducted [1-18], since
the deposition of foulant material on the membrane surface can lead to serious
operational problems, such as flux decline or an increase in pressure drop over the
membrane installation.

Deposition of a foulant layer on the NF/RO membrane surface also alters the
membrane surface properties [19]. In the previous chapters, it was shown that these
membrane surface properties influence the solute-membrane interactions (such as
steric hindrance, hydrophobic interactions and charge interactions) that determine the
rejection of organic micropollutants.

Therefore, as a result of membrane fouling, the solute-membrane interactions that
determine organic micropollutant rejection will also be affected, and thus the rejection
of the organic micropollutants may change. Some studies have investigated the
influence of NF/RO membrane fouling by secondary waste water treatment effluent
organic matter or landfill leachate organic matter on the rejection of organic
micropollutants [19-21]. Other studies have used artificial water types, containing only

humic acids or model colloidal particles [22,23]. Conclusions from these studies are
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not always useful for the operation of NF/RO membranes for organic micropollutant
removal in natural surface water, because of the heterogeneous character of both
natural particles and organic matter. Therefore, this chapter investigates the effect of
membrane fouling on the rejection of organic micropollutants in surface water

applications.

An extensive pretreatment is normally used to remove foulant material in order to
prevent severe fouling of membrane elements in full-scale NF/RO plants. This study
will address both the influence of feed water pretreatment on membrane fouling, as
well as the effects of fouling on rejection of organic micropollutants, by studying three
different surface water types: surface water, surface water pretreated with a fluidized
anionic ion exchange resin (FIX) (to remove negatively charged natural organic
matter components) and surface water pretreated with ultrafiltration (UF) (to removed
colloidal particles). In this way, it will be concluded whether pretreatment of surface
water has an effect on membrane performance.

It is expected that water pretreated with a fluidized anionic ion exchange would
contain mostly colloidal particles, since the dominant fraction of natural organic
matter (NOM acids) is expected to be removed by the ion exchange resin, but the
colloidal particles would still pass the resin column, since it is operated in a fluidized
mode [24]. The literature [23] mentions a decreased rejection of organic
micropollutants due to colloidal deposits on the membrane surface.

Water pretreated with ultrafiltration would, most likely, only contain NOM molecules
and almost no colloidal particles (in some cases, a small fraction of the particulate
NOM may also be removed). Different studies have reported different effects of

NOM-deposits on the membrane surface, influencing trace organics rejection.
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Increased concentrations have been reported, due to an enhanced steric hindrance
by the NOM cake layer formed on the membrane surface [22]. However, lower
rejections of several pharmaceuticals after NOM fouling have also been reported
[19,20].

The untreated surface water contains both colloidal particles and NOM-molecules
and it is difficult to predict the effect of the synergy between the two on membrane
fouling and rejection.

Most previous studies on the influence of membrane fouling on rejection of trace
organics have only focused on the rejection of neutral and negatively charged trace
organic solutes [19-23,25,26]. This study will also investigate the rejection of selected
positively charged organic solutes. It was shown in Chapter 3 that rejection of
positively charged organic solutes with negatively charged membranes can be
substantially lower than the rejections of neutral and negatively charged solutes and
the Donnan exclusion mechanism does not play a role in rejection of charged organic
solutes. Thus, it is interesting to investigate whether rejection values with fouled
membranes differ significantly from rejection values using virgin (clean) membranes.
This study will be mainly conducted on a small, laboratory scale set-up with 140cm?,
flat sheet membrane specimens. These small-scale filtration units are not always
representative for practical applications. At the end of this chapter, some discussion
will be added on the consequences of using this small-scale set-up and a comparison

will be made with fouling on 4-inch spiral wound membrane elements.

2. Materials & methods
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2.1. Equipment and filtration protocol

A schematic diagram of the small lab-scale membrane system used in the membrane

filtration experiments is shown in Figure 5.1.

Rotameter Rotameter

(permeate) (concentrate)
[e]e)
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Temperature
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Membrane cell

valve
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(feed)
Feed tank

Figure 5.1 — Nanofiltration set-up for rejection experiments with selected membranes

The feed solution is delivered to a flat sheet cross-flow membrane cell (Sepa CF I,
GE Osmonics, Fairfield CT, USA (Figure 5.2)) with an active membrane area of 140
cm?, by a gear pump (Verder Liquiflo). The feed water is fed from an 80 L stainless
steel vessel, cooled by an immersed stainless-steel coil fed from a cooling system
(Tamson TLC 10B). Permeate, concentrate and feed flow are monitored by
rotameters (Heinrichs messgerate). Applied transmembrane pressure is regulated
using a needle valve in the concentrate stream, with transmembrane pressure
measured with a precision manometer (Endress & Hauser, Cerabar). All test unit
parts in contact with the solution are made of stainless steel to minimize adsorption of

the organic compounds used.
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Figure 5.2 — Sepa CF Il cross-flow membrane cell for fouling/rejection experiments

Membrane filtration experiments were carried out at a constant cross-flow velocity of
0.2 m/s (corresponding to a feed flow of + 60 I/h) and at a constant feed pressure of
15 bar for the fouling runs, and 5 bar for the rejection experiments. The cross-flow
velocity of 0.2 m/s corresponds to a typical value used in NF/RO spiral wound
membrane elements in full-scale plants. Feed water temperature was set to 20 £ 1°C.
All experiments were carried out in recycle mode with a single batch of water, with
both permeate and concentrate recycled back into the feed reservoir.

In order to make a relative comparison between the rejection experiments with virgin
and fouled membranes, the filtration protocol schematically depicted in Figure 5.3 is

followed.
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Figure 5.3 — Filtration protocol for fouling/rejection experiments with selected membranes

In a first step, before the start of the fouling experiments, each membrane is flushed
with Milli-Q water for 24h at a feed pressure of 15 bar, to remove remaining
preservatives and to ensure compaction of the membranes. In the second step, the
membranes are fouled with one of the three water matrices for a period of 4 days at a
fixed feed pressure of 15 bar. The decline in permeate flux is monitored during this 4
day period, in order to compare the extent of membrane fouling between the different
experiments. In the third and final step a rejection test with pharmaceuticals is carried
out. Milli-Q water with a background electrolyte (5 mM of NaCl) is added to the feed
tank, and the pharmaceuticals are also added. After 24 hours of permeation at 5 bar
(with permeate and concentrate recycled to the feed tank), the rejection of the
pharmaceuticals is determined. The rejection step is limited in time, to prevent
alteration of the fouling layer on the membrane by the Milli-Q, but has to be long
enough to allow for equilibration of flux and rejection. The rejection experiments are
carried out with Milli-Q, in order to be able to compare the influence of the different
fouling types on the membrane surface, without having to incorporate the effect of

the different water matrices.
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As was shown before in Paragraph 4.1 of Chapter 2, adsorption of solutes onto the
membrane surface, and sorption into the inner membrane structure, may influence
measured rejection values, an accurate evaluation of the rejection of a given solute is
not possible until saturation of the membrane with the solute of interest is
accomplished [27]. In the same paragraph, it was shown that an equilibration period
of 4 days should be adequate to accomplish saturation and ensure that steady state
rejection values are obtained. Therefore, the pharmaceuticals are already added
during the fouling stage (but no rejections are measured during this stage) to ensure
that the final rejection values

measured are not biased by an incomplete adsorption/saturation. For very
hydrophobic pharmaceuticals, adsorption onto NOM molecules may occur, but it is
expected that this will not prevent saturation of the membrane surface with the

pharmaceuticals.

2.2.Membranes and characterisation

The membranes used in this study were the same commercially available
nanofiltration membranes used in the previous chapters: Trisep TS80 TSF (Trisep
Corp., Goleta CA, USA) and Desal HL (GE Osmonics, Fairfield CT, USA). Both
membranes are thin film composite membranes with a cross-linked aromatic
polyamide top layer. Before use, all membrane specimens were rinsed with tap water
for two hours to remove preservatives present in the membrane. Afterwards, the
membranes were characterized for pure water permeability with Milli-Q water and for
MgSOQOq rejection with a 500 ppm MgSO4 solution in Milli-Q water. Virgin membrane

properties are summarized in Table 2.1 (Chapter 2).
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The molecular weight cut-off (MWCO) values were provided by the membrane
manufacturers. Two membranes with different membrane properties were chosen, in
order to assess the influence of membrane properties on rejection. Flat sheet
membrane specimens with an active membrane area of 140 cm? were used for the
rejection experiments.

Membrane zeta-potentials were determined in a background solution containing 10
mM KCI using commercially available streaming potential/current equipment
(SurPASS, Anton Paar, Graz, Austria). Membrane hydrophobicity was characterised
by sessile drop contact angle measurements with Milli-Q water, using commercial
contact angle measuring equipment and drop shape analysis software (Kruss,
Hamburg, Germany). In order to minimise any interference of surface morphology on
the contact angle, at least 15 different measurements at 3 different positions on each
membrane sample were performed and the average of the measurements was taken.
Membrane samples were dried during 24h in a dessicator before measuring contact
angles.

Scanning electron microscopy (SEM, JSM 5600LV, JEOL Ltd., Tokyo, Japan) was
used to examine the morphology of the different membrane surfaces before and after
fouling.

Elemental composition of the membrane surface was determined using X-ray
photoelectron spectroscopy (XPS) measurements (Quantera XPS, Physical
Electronics, Chanhassen, MN, USA). XPS was chosen as characterisation method
since XPS measures only a few nm into the sample and is thus able of determining
the actual chemical composition of the membrane surface, whereas methods such as
FTIR measure over the whole membrane thickness, making characterisation of only

the membrane surface or only the fouling layer more difficult.
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Adenosine triphosphate (ATP) measurements were carried out to assess biological
activity on the membrane surface. Fouled membrane samples were placed in a fixed
volume of Milli-Q and sonicated to remove the fouling layer from the membrane
surface. After sonication, the ATP levels in the Milli-Q phase were measured. The
method to determine ATP levels has already been described by Magic-Knezev and

van der Kooij [28].

2.3.Pharmaceuticals & analysis

The same pharmaceuticals were spiked as in Chapters 3 and 4. The pharmaceuticals
were mainly selected for their different physico-chemical properties. Table 3.2
summarizes the physico-chemical properties of the selected pharmaceutically active
compounds and more info on their analysis can be found in Chapter 3, Paragraph
2.3.

All pharmaceuticals were spiked in concentrations of 2 ug/l, in order to be able to
accurately measure 99% rejection (which corresponds to a permeate concentration
of 20 ng/l, well above the LOQ). Samples of feed and permeate streams of the NF
installations were analyzed for pharmaceuticals in order to obtain rejection values
according to the following equation:

Ri=1-(cp,i/cx)) (5.1)
where i is the solute of interest, and R;, ¢, ;and ¢, are, respectively, the rejection, the
permeate concentration and the feed concentration of the solute. Duplicate samples
of all streams were taken to minimize statistical variance of the results. All samples
were shipped to the laboratory for analysis within 24 h. Blank samples were sent

along as control.
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2.4.Feed water pretreatment and characterisation

The fouling experiments were carried out with surface water from the Lek river in
Nieuwegein, the Netherlands. The water was used: i) untreated (direct nanofiltration
of surface water); ii) after a fluidized anionic ion exchange pretreatment and iii) after
an ultrafiltration pretreatment. The NF experiments were carried out in recirculation
mode, with batches of 80L of the different feed water types.

A strong base macroporous Type | anion exchange resin (Purolite A860S, The
Purolite Company, Bala Cynwyd (PA), USA) was used in the fluidized anionic ion
exchange column. The resin beads are composed of positively charged quaternary
ammonium on a macroporous polyacrylic support, crosslinked with divinylbenzene.
The positive groups are countered by chloride ions that provide the anionic exchange
capacity. The resin was regenerated using a 10% concentrated NaCl-solution.

The column was fed with untreated Lek river water. A short empty bed contact time
(EBCT) of about 3 minutes was used. The column was operated in a fluidized mode:
an upward feed water velocity of 15 m/h was applied, which is higher than the settling
speed of suspended solids and colloidal particles, but lower than the settling speed of
the ion exchange resin [24]. As a consequence, suspended solids and particles can
move through the column freely, while the ion exchange resin remains in the column.
Negatively charged organic matter from the feed water is captured by the ion
exchange resin and exchanged for chloride ions in the feed water.

For the ultrafiltration pretreatment, an X-flow UFC-M5 ultrafiltration module with a
membrane surface of 125 cm? was operated at a constant flux of 120 I/(m2.h). The
membrane consists of a polyethersulfone and polyvinylpyrrolidone mixture and has a

molecular weight cut-off of approximately 100 kDa (~ 0.03 um). The membrane was
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backwashed every 15 minutes to prevent too high of an increase of transmembrane
pressure. The UF pretreatment was carried out using untreated Lek river water.
Feed water characterisation was performed using different techniques: LC-OCD
(Liquid Chromatography — Organic Carbon Detection) measurements were applied to
study the composition of the NOM in the different surface waters. Pasteurised water
samples are filtered through a 0.45 mm filter to separate the total organic carbon
(TOC) into particulate organic carbon (POC) and dissolved organic carbon (DOC).
The DOC is then separated into different groups by chromatography and analysed
with organic carbon detection, based on a Grantzel gravity-flow thin-film reactor [29].
Furthermore, SUVA (specific UV-A) of the total DOC, which provides insight into the
aromaticity of the DOC, was calculated from the DOC concentration and the
measured UV-A absorbance at 254nm. LC-OCD measurements were carried out at
DOC Labor (Karlsruhe, Germany).

The particle size distributions and the zeta potentials of the colloids and particles in
the untreated Lek water and the FIX pretreated water were determined using
Mastersizer 2000 equipment (Malvern Instruments, Worcestershire, UK). Zetasizer
equipment (Malvern Instruments) was used for the smaller particles in the UF
pretreated water.

The concentrations of all cations in the different feed waters were determined using
inductively coupled plasma - mass spectrometry (ICP-MS). Sulphate, nitrate and

chloride anions were measured using ion chromatography.

3. Results and discussion

3.1. Effect of pretreatment on surface water characteristics
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The characteristics of the different treated and untreated water types are given in

Table 5.1.
Lek water Lek + FIX Lek + UF
pH (-) 77-8 7.9 8.2
Conductivity (us/cm) 645 665 636
Turbidity (NFU) 30 29 0.07
TOC (mgl/l) 3.4 1.1 3.2
DOC (mg/l) 3.1 1.0 3.1
POC (mg/l) 0.3 0.1 0.1
SUVA (I/mg.m) 3.23 1.82 3.03
Na (mg/l) 41 65 43
Mg (mg/l) 10 10 11
Al (mg/l) 0.05 0.01 0.03
Si (mg/l) 2.8 1.6 3.0
K (mg/l) 4.1 4.2 4.3
Ca (mg/l) 66 64 70
Fe (mg/l) 0.6 0.4 0.3
Sr (mgl/l) 0.4 0.4 0.5
Ba (mg/l) 0.06 0.07 0.06
CI" (mg/l) 50 101 47
S0.% (mgll) 30 2.2 28

Table 5.1 — Water quality parameters of selected feed waters for fouling and rejection experiments

The untreated surface water is moderate in natural organic matter content
(expressed as TOC) and high in turbidity. It is apparent that the different pretreatment
steps significantly alter the composition of the untreated water. The ultrafiltration step
removes 95% of the turbidity (in NTU), while the organic carbon content remains
relatively constant (only a small decrease is observed, and the decrease is mainly
due to a decrease in particulate organic matter (POC)). The largest part of the
suspended solids and colloids are thus removed in the UF step, while most of the

dissolved NOM is not.
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The fluidized anionic ion exchange (FIX) removes about 70% of the organic carbon
(NOM) from the untreated Lek river water, while the total turbidity remains almost
constant. The FIX thus removes most of the negatively charged NOM, but suspended
solids and colloids (and also the neutral NOM-molecules) can freely pass the column.
The operation of the FIX is based on the exchange of negatively charged molecules
in the feed water for chloride ions on the ion exchange resin. The removal of
negatively charged NOM is limited by the competitive removal of negatively charged
inorganic ions. Especially sulphate (SO4%) ions are also removed to a large extent.
Table 5.1 shows a significant increase in CI” after the ion exchange, indicating actual
ion exchange. However, also the concentration of Na* is increasing after FIX
pretreatment. This is probably due to the incomplete washing of the resin after
regeneration. The increase in Na* is about 24 mg/l, which means about 26 mg/l of the
increase in CI" concentration is originating from the washing of the resin. The rest of
the decrease in CI” concentration originates from the removal of NOM and SO4>".
Table 5.1 shows a decrease in SUVA of the Lek water after FIX pretreatment, which

reflects removal of humic and fulvic acids.

Since it is expected that the colloidal particles and the natural organic matter in the
feed waters will contribute to membrane fouling, the particle size distribution and the
organic composition of the different water types were investigated. The particle size
distributions and LC/OCD diagrams are shown in more detail in Table 5.2 and Figure
5.4, respectively.

Lek + UF / <0.2 / -1.7 0.07

Particle size distribution

C-potential (mV)  Turbidity (NTU)

do.1 (um) dos (um) dos (um)
Lek water 2.9 145 49.3 -13.5 30
Lek + FIX 4.2 13.9 36.4 -13.3 29
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Table 5.2 — Particle size distribution and zeta-potential of the particles in the different feed waters

The Lek water is a surface water with moderate TOC, containing low amounts of
biogenic organic matter (biopolymers, neutrals and acids). The humics are of
pedogenic origin, meaning they are leached into the water from the soil. The total
organic carbon content of the UF permeate is almost equal to the untreated Lek
water, both in concentration but also in composition. A slightly lower concentration of
biopolymers is present after UF treatment, probably due to the adsorption of
polysaccharides on the UF membrane surface or rejection by the membrane

(polysacharides are often mentioned as important foulants in UF applications).
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Figure 5.4 — LC/OCD diagramma for the different feed waters for the fouling experiments

Compared to the untreated Lek water, a strong decrease in organic carbon content
can be seen after FIX treatment. The more polar humic substances and building

blocks show the greatest reduction in concentration compared to the Lek water.
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Uncharged biopolymers and neutrals are less efficiently removed, due to the absence
of an ion exchange mechanism.

From the particle size distribution of the untreated Lek water in Table 5.2, it can be
seen that the mean size of the particles is around 14 um. This is comparable to the
distribution of the particles in the effluent of the FIX column. It can be concluded that
most colloidal particles are not removed during FIX pretreatment, since the turbidities
of the Lek water and the effluent of the FIX are also comparable. Another conclusion
is that most particles are not organic in origin, since the TOC of the effluent of the FIX
is 70% lower than for the untreated surface water. The only effect of the FIX on the
particle size distribution is a narrowing of the distribution: the particles are more
concentrated in the middle region. The difference is very small, however.

It is also apparent from Table 5.2 that the particle distribution of the UF permeate is
altered: the average particle diameter is smaller than 0.2 um. The pore size of the UF
membrane is around 0.03 um, so it can be expected that no larger particles will be
present in the UF effluent. Also the total concentration of particles is significantly
lower in the UF permeate, compared to the untreated surface water. (which is
illustrated by the low turbidity and the decrease in particulate organic matter (POC)
compared to the other two water types, as seen in Table 5.1).

Table 5.2 also shows the zeta-potential of the colloidal particles. Even though the
colloidal particles are negatively charged, they are not removed by the anionic ion
exchange resin. This is probably due to size exclusion effects: the 14 um particles
can not diffuse into the porous resin beads and do not have the same high surface
area available for adsorption as the NOM molecules.

It can be concluded that the UF membrane removes most of the particles from the

Lek water (relatively large particles are completely removed), but does not remove
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the dissolved natural organic matter, thus, the UF permeate mainly consists of
dissolved organic matter. The FIX pretreatment of the Lek water, on the other hand,
removes a large percentage of the dissolved natural organic matter, but does not
remove the (in)organic colloids and particles. Therefore, the FIX effluent consists
mainly of colloidal particles. The untreated Lek water contains a mixture of dissolved

natural organic matter and particles.

3.2. Effect of fouling on membrane performance

3.2.1. Effect of fouling on permeate flux
The observed flux decline at constant pressure as a function of time, which reflects
fouling, is shown for the different water types and the different membranes in Figure

5.5. The flux values during the 24-hour compaction run prior to filtration are not

shown.
Q,(t)
ERIONEE %,[W_pp(t)j
norm.fluxdecline(t)zmze Tow), 2Q (5.2)
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where:
= J(t), Jo: permeate fluxes at time t and at the start of the experiment,
respectively [m/(s.bar)]
= TMP(t), TMPy: applied transmembrane pressure at time t and at the start of
the experiment, respectively [bar]

= U: membrane dependent temperature correction factor for the flux [1/K]
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= T(t), To: temperature at time t and at the start of the experiment, respectively
[K]

= Qp(t), Qpo: permeate flow at time t and at the start of the experiment,
respectively [m3/s]

= P(t), Pe(t), Pp(t), Pro, Pco, Ppo: feed, concentrate and permeate pressure at
time t and at the start of the experiment, respectively [bar]

= A, active membrane area [m?]

No significant flux decline can be observed for both membranes when they are
filtrated with Milli-Q water. This is due to the 24-hour compaction period, prior to the
4-day filtration run.

It can be assumed that the flux declines observed in this study are mainly due to the
deposition of natural organic matter and colloidal particles on the membrane surface.
Considering the feed water composition and the low feed water recovery used in the
filtration experiments, no scaling is expected to occur. Also biological fouling is not
expected to have played a role in the observed flux declines, since ATP
measurements showed negligible biological activity on all membranes (less than 400
pg ATP/cm?, which should not result in biofouling [30]) and the experiments were only
carried out for a short period of 4 days (too short for a biofilm to develop).

For the different surface water types, a substantial flux decline is observed during the
4-day fouling run. This flux decline is due to the deposition of foulant material on the

membrane surface (and in the membrane pores).
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For the Desal HL membrane, the largest flux decline was observed for the Lek river
water, pretreated with the fluidized anionic ion exchange (Lek FIX). The flux
decreases steeply at the start of the filtration run, and reaches an equilibrium value at
a normalized flux of around 37% after about 65 hours of filtration. The flux decline
observed with the UF pretreated Lek water (Lek UF) is the lowest for the Desal HL.
The flux decrease is more gradually, but still after 4 days of filtration, the flux also
decreased with more than 50%. The flux decline curve for the untreated river water
(Lek) is located in between the two other curves. This is not in agreement with
observations made by Li and Elimelech [2] and Lee et al. [5], who stated that the
combination of colloidal and natural organic matter fouling (as is expected with the
untreated Lek water) leads to a more substantial flux decline.

The explanation for this is the removal of negatively charged NOM molecules by the
FIX column: in untreated Lek water, the majority of the NOM molecules is negatively
charged, and there is repulsion of this NOM by the negatively charged membrane.
Moreover, negatively charged NOM will not adsorb onto the negatively charged
colloidal particles and will not form stabilized colloid-NOM complexes.

In the FIX effluent, most of the negatively charged NOM is removed, and the
remaining NOM is more hydrophobic and will adsorb more readily onto the surface of
the colloids and the membrane. This results in the formation of a more stable cake-
layer of colloids, coated with NOM, on the membrane surface.

The same trend is observed for the Trisep TS80: the flux decline with the FIX
pretreated Lek water is the most severe (almost 50%), and the flux declines for the
Lek UF and the Lek water are lower. Also here, no flux decline with Milli-Q is

observed.
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It is also clearly noticeable that the flux declines on the Trisep TS80 membrane are
lower than for the Desal HL membrane. According to the membrane manufacturer,
the Trisep TS80 is especially engineered for its low fouling characteristics. Moreover,
it has a higher negative surface charge than the Desal HL, making it less susceptible
to adsorption of negatively charged colloids or negatively charged natural organic

matter molecules on the membrane surface.

3.2.2. Effect of fouling on salt rejection

The influence of membrane fouling on the evolution of the salt rejection (expressed
as conductivity) is shown in Figure 5.6 for both membranes.

The permeate conductivity at the start appears to be the lowest for the FIX effluent.
This is probably caused by the high chloride concentration of the water (from the ion
exchange mechanism) and the relatively low chloride rejection of both membranes.
For both membranes it also appears that the rejection of salts decreases with
increasing fouling for the FIX effluent. A decrease of salt rejection has been observed
before [23,31-33], where it was explained by the presence of a layer of colloids on
the membrane surface, that can lead to a hindered back-diffusion of salts away from
the membrane surface, and thus an increased concentration of salts at the
membrane surface (referred to as cake-enhanced concentration polarisation). The
decrease in rejection follows the same trends as the flux decline.

For the UF permeate, rejection of salts appears to increase slightly for both
membranes. This could be explained by the formation of some sort of “active layer”
on the membrane surface by the foulant material. This phenomenon has been

described in the literature for artificial water types containing NOM [22].
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The larger increase in salt rejection for the Desal HL membrane is probably due to
the larger pore size of the Desal HL: pores of the Desal HL membrane may become
blocked with small NOM-molecules (this occurs to a lesser extent, for the Trisep
TS80 membrane with the smaller pores), leaving these pores unavailable for solute
transport, resulting in increased rejection.

For untreated Lek water, a combination of both effects seems to determine salt
rejection. At the start, rejection is high due to the formation of an active layer on the
membrane surface, but it gradually declines due to the build-up of a cake-enhanced
concentration polarisation as the membrane becomes fouled with the combination of

NOM and colloids.

3.3. Characteristics of the fouled membranes

3.3.1. XPS measurements

The elemental compositions of the top layers (1-10 nm) of all membranes are given
in Table 5.3. The clean Desal HL and Trisep TS80 membranes are quite different in
composition: the Trisep TS80 membrane contains more carbon in the top layer,
explaining the slightly higher contact angle (the Trisep TS80 membrane is more
hydrophobic). The nitrogen (N) content of both membranes is quite comparable, but
the clean Desal HL membrane contains considerably more oxygen (O). Relating
nitrogen (N) and oxygen (O) concentrations to surface charge is not possible, since
not all nitrogen and oxygen are present as free amine groups or carboxylic acid

groups, but can be bound as amide or carbonyl groups.
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Relative compostion (%)

C N o] S Cl
Trisep clean 70.9 9.1 18.4 0.9 0.8
Trisep Lek 491 5.6 44.7 2.0 0.2
Trisep FIX 55.4 5.6 374 1.4 0.2
Trisep UF 65.6 5.4 28.7 0.2 0.2
Desal clean 62.8 8.8 26.2 2.0 0.2
Desal Lek 43.9 53 50.0 0.5 0.3
Desal FIX 54.7 7.6 37.0 0.5 0.3
Desal UF 65.4 6.7 27.5 0.3 0.05

Table 5.3 — Composition of the top layer of the clean and fouled membranes, as determined by XPS

After fouling, the composition of the top layers of both membranes changes
significantly: the composition of the top layer of the membrane becomes shielded by
the foulant layer. It is apparent from Table 5.3 that this foulant layer is quite
consistent: the compositions of the different fouling layers on both membranes are
almost identical (e.g., when comparing Trisep FIX with Desal FIX and Trisep UF with
Desal UF). For both membranes, the UF fouled membranes are the closest in
composition to the clean membranes, maybe indicating that fouling is the least
severe for the UF fouled membranes. This would also explain the lower flux declines

for the UF fouled membranes.

3.3.2. Zeta-potential data
Figure 5.7 shows the zeta-potential data as determined from streaming current
measurements using commercially available equipment (Anton Paar, Graz, Austria).
The clean Trisep TS80 membrane has a significantly higher negative surface charge

than the clean Desal HL membrane.
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Figure 5.7 — Measured C-potential data for different (fouled) membranes as a function of pH
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However, after the membranes have been fouled, the difference between the Trisep
TS80 and Desal HL membranes is less pronounced. It is apparent that the UF fouled
Desal HL and the UF fouled Trisep TS80 have a comparable surface charge, which
indicates that the surface charge is mainly determined by the foulant deposits. The
surface charge of both membranes after UF fouling is significantly more negative
than the surface charge of the clean membranes. This is probably due to the fact that
the foulant layer after UF pretreatment consists mainly of natural organic matter
fouling (especially humic acids), which is mostly negatively charged (since the NOM-
molecules often contain many carboxylic acid functional groups).

Also the Lek fouled Trisep TS80 and Desal HL membranes are quite comparable to
each other in surface charge. This charge is less negative than the clean membrane
surface charge for both membranes. This might be attributed to the less negative
zeta-potential of the colloidal particles which are present in the untreated water
(Table 5.2), and which counteract the increase in surface charge caused by the
deposit of highly negative NOM-molecules.

The zeta-potentials of the membranes after FIX fouling are quite different (for the
Desal HL, as well as the Trisep TS80). It was, however, visually observed for the
Desal HL membrane, that the FIX fouling layer of the membrane sample used for
zeta-potential determination was damaged, and the underlying membrane was
exposed. Therefore, for the Desal HL membrane, the zeta-potential of the FIX fouled
membrane might reflect a combination of both foulant layer and membrane zeta-
potential. To that respect, it can be expected that if the surface were undamaged, the
zeta-potential might have been closer to that of the FIX fouled Trisep TS80

membrane. For this membrane, the zeta-potential is comparable to the zeta-potential
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of the particles contained in the water, thus proving that the fouling layer on the FIX

fouled membrane is mainly caused by colloids and particles.

3.3.3. Scanning electron microscopy images

The fouling layers on the fouled Desal HL membranes, visualised by SEM, are shown
in Figure 5.8. The colloidal deposits on the FIX fouled membranes can be clearly
observed in Figure 5.8 (c). The size of these colloids corresponds to the mean
diameter of the colloids, as shown in Table 5.2. The fouling layer on the UF fouled
membrane appears to be very smooth, which is typical for NOM fouling [22]. It can be
observed that the UF fouled membrane in Figure 5.8 (d) is quite comparable to the
unfouled membrane, indicating again that fouling is the least pronounced after UF
pretreatment. For the membrane fouled with untreated Lek water, a combination of
the two fouling mechanisms can be observed. The fouling layer is smoother than for
the particle fouled FIX membrane, but rougher and more brittle than for the NOM
fouled membrane (after UF pretreatment). The inclusion of some particles within the

NOM cake-layer can clearly be seen for the Lek fouled membrane.

3.3.4. Contact angle measurements

The contact angle values are summarized in Table 5.4. The values of the contact
angles were not only determined for the virgin membranes, but also for the
membranes, compacted with Milli-Q water. The contact angle of both the Desal HL
and the Trisep TS80 membrane decreases noticeably after compaction, which is in

agreement with the decrease in flux during compaction.
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Figure 5.8 - SEM-images of clean and fouled Desal membranes (a: Desal clean; b: Desal Lek; c: Desal FIX; d: Desal UF)
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contact angle (£ 2 °)

Trisep virgin 48
Trisep Milli-Q compacted 80
Trisep Lek 77
Trisep FIX 78
Trisep UF 74
Desal virgin 43
Desal Milli-Q compacted 63
Desal Lek 76
Desal FIX 80
Desal UF 76

Table 5.4 — Contact angles of the different membranes, determined with Milli-Q water

The decrease in contact angle is smaller for the Desal HL membrane, probably partly
because the membrane was initially more hydrophilic, but also because the
membrane has a larger pore size, and is thus less susceptible to compaction.
However, also the removal of surfactants during the first flushing of the membrane
may have influenced this large difference in contact angle. To the best of our
knowledge, no literature data are available on contact angles of compacted
membranes, making comparison with the results of this study difficult.

For both membranes, the filtration of different surface water types leads to an
increase of the contact angle compared with the virgin membranes, indicating
membranes become more hydrophobic. However, when comparing the contact
angles of the fouled membranes with those of the compacted membranes, the
increase in contact angle is less pronounced. For the Desal HL membrane, the fouled
membranes are still more hydrophobic than the compacted membrane, but for the
Trisep TS80 membrane, this increase in hydrophobicity was not observed. The
fouled Trisep TS80 membranes are at least as hydrophilic as the compacted

membrane, or perhaps even more hydrophilic.
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3.4. Rejection of pharmaceutically active compounds

The rejection values of the selected pharmaceuticals were first determined with a
clean membrane Trisep TS80 and a clean Desal HL membrane.

Afterwards, rejection values with the fouled membranes were determined.

3.4.1. Rejection with “virgin” membranes

The rejection values of the pharmaceuticals with the clean membranes are shown in
Figure 5.9. Rejection values of all pharmaceuticals are relatively high (= 70%) for
both membranes. Rejections with the Trisep TS80 are slightly higher, probably due to
the larger pore size of the Desal HL (reflected by its larger MWCO).

It can be observed for both membranes that the rejection values for positively
charged pharmaceuticals are lower than the rejection values for neutral
pharmaceuticals, which are in turn lower than the rejection values for negatively
charged pharmaceuticals. This was explained in Chapter 3 by electrostatic
interactions between the solutes and the membrane surface.

It is interesting to observe that rejection values obtained with the small-scale flat
sheet membrane cell in this study (Sepa CF Il, GE Osmonics), are lower compared to
the rejection values obtained on 4-inch spiral wound membrane modules in Chapter
3. This is probably due to hydrodynamic conditions in the Sepa cell. The length/width
ratio of the cell is probably too small for a steady-state velocity profile to develop over
the cell, resulting in a decreased mass-transfer and a higher hydrodynamic

concentration polarisation compared with 4-inch spiral wound modules.
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Figure 5.9 — Rejection values of selected pharmaceuticals on clean Trisep TS80 and Desal HL membrane
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3.4.2. Rejection with fouled membranes

Figures 5.10 and 5.11 show the rejection values of the spiked pharmaceuticals with
the different fouled Trisep TS80 and Desal HL membranes. The rejection values are
plotted as the absolute difference in rejection between the fouled membranes and the
clean membranes (filtrated with Milli-Q for 4 days). A positive value for the difference
in rejection corresponds to an increase in rejection compared with the rejection value
on the clean membrane, a negative value corresponds to a decrease in rejection
compared with the clean membrane. The rejection values on the clean membranes
were shown in Figure 5.9.

For the Desal HL membrane it is apparent that the rejection of positively charged
solutes decreases significantly. Rejection values decrease up to 43% with the Desal
HL membrane filtered with FIX effluent. Rejection values for the neutral solutes
remain approximately constant for all the water types: a small increase or decrease in
rejection for certain solutes can be observed but no clear trends can be seen. The
only exception is the hydrophobic solute carbamazepine, for which rejection
decreases about 10% for all the fouled Desal HL membranes. For almost all
negatively charged solutes, rejection appears to increase with all fouled Desal HL
membranes.

When comparing the influence of the different types of membrane fouling on the
Desal HL membrane, however, major differences can be observed. The greatest
variation in rejection is observed with the FIX pretreated Lek water. For the untreated
Lek water and the water pretreated with ultrafiltration, the differences in rejection are

smaller and quite comparable.
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Figure 5.10 — Difference in rejection for different fouled Trisep TS80 membranes in comparison with a clean Trisep TS80 membrane
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From the large increase in rejection of negatively charged pharmaceuticals, and the
large decrease in rejection of positively charged pharmaceuticals, it can be
hypothesized that the FIX fouled membrane is the most negatively charged. This is,
however, not in agreement with the streaming potential/streaming current
measurements, which show that the FIX fouled membrane has the lowest surface
charge.

One possible explanation may lie in the morphology of the fouling layer: from the
SEM-images (Figure 5.8), it is apparent that the Desal HL virgin membrane and the
UF fouled Desal HL membrane are very smooth. For the FIX fouled membrane,
however, the fouling layer is considerably less smooth (apparent from both SEM-
pictures and visual observations). It is assumed that streaming potential/streaming
current measurements only measure the macroscopic surface charge of the
membranes, and are therefore affected by the surface morphology. As is
schematically depicted in Figure 5.12, filtration flow is different from flow during
(tangential) streaming potential measurements.

For the FIX fouled membrane, the rough surface and the evenly distributed charge on
the surface of the colloids leads to a difference in apparent charge of the membrane
surface between tangential streaming potential/current measurements and during
filtration (perpendicular to the membrane surface). Figure 5.12 (a) shows how a
charged solute is surrounded by more charges in filtration mode, leading to a higher
apparent surface charge than during the streaming potential/current measurements.
For the virgin and UF fouled membranes, however, the fouling layer is smooth, and
solutes in a macroscopic, tangential flow can interact with the same amount of

charges as solutes during the filtration process (Figure 5.12 (b)).
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A combination of these processes will occur for the membrane, fouled with the
untreated Lek water.

For the FIX fouled Desal HL membrane, it can thus be concluded that the increased
rejection of negatively charged solutes is due to charge repulsions with the fouled
membrane surface, whereas the significant decrease in rejection of positively
charged pharmaceuticals is due to the combination of charge attraction and hindered
back-diffusion in the colloidal fouling layer [23,33]. Due to charge interactions with the
negatively charged colloids, the positively charged pharmaceuticals are attracted
towards the fouling layer. The concentration of positively charged pharmaceuticals at
the membrane surface increases and the pharmaceuticals accumulate in the colloidal
fouling layer. This leads to an even higher concentration increase due to a hindered
back-diffusion in the colloidal fouling layer and therefore to a large decrease in
rejection. Another indication for the influence of the hindered back-diffusion in the
colloidal fouling layer is provided by the decrease in rejection of neutral
pharmaceuticals for the FIX fouled membrane. Since charge interactions do not play
a role there, the decrease in rejection is smaller.

From the streaming potential/streaming current measurements, it might be concluded
that the UF fouled Desal HL membrane is the most negatively charged. This explains
the higher rejection of negatively charged pharmaceuticals and the lower rejection of
positively charged pharmaceuticals compared to the clean Desal HL membrane. The
differences in rejection are nevertheless smaller than for the FIX fouled Desal HL
membrane. The reason for this was previously explained (Figure 5.12). An additional
explanation for the higher rejections of positively charged pharmaceuticals on the UF
fouled Desal HL membrane compared to the FIX fouled Desal HL membrane, might

be the formation of a more dense fouling layer by NOM fouling on the UF fouled
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membrane, compared to the loose, colloidal fouling on the FIX fouled membrane.
The more dense fouling layer would not lead to cake-enhanced concentration
polarisation, but, in contrast, may even serve as an additional membrane layer,
resulting in higher rejections for positively charged pharmaceuticals. The presence of
this extra membrane layer should, however, also result in increased rejection values
of the neutral pharmaceuticals. This increase in rejection for neutral pharmaceuticals
is observed for the UF fouled Trisep TS80 membrane, but not for the UF fouled Desal
HL membrane.

For the Desal HL membrane fouled with untreated Lek river water, rejection values
follow approximately the same trends as for the UF fouled membrane. However, from
the membrane characterisation, it becomes apparent that both membranes are
significantly different. SEM images reveal differences in morphology, contact angle
measurements indicate a slight difference in hydrophobicity and the XPS-
measurements show a significant difference in fouling layer composition. Even with
the naked eye, a significant difference between the membranes is seen (Figure 5.13).
For the Desal HL membrane fouled with untreated Lek water, rejection values for the
positively and negatively charged pharmaceuticals are between those for the UF and
the FIX fouled membranes. However, rejection values are closer to those obtained
with the UF fouled membrane, indicating a larger contribution of NOM fouling,
compared to colloidal fouling, to the combined fouling with the untreated Lek water.
This is also shown in the SEM-images, where the fouling layer on the Lek fouled
membrane is smooth, with the inclusion of a few colloidal particles in the NOM cake

layer.
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Figure 5.13 — Different fouled Trisep TS80 membranes. Top: Trisep TS80 fouled with Lek water after UF

pretreatment ; bottom: Trisep TS80 fouled with untreated Lek water

For the fouled Trisep TS80 membranes, the same conclusions hold as for the Desal
HL membrane. The only difference is that the differences in rejection between the
fouled and the clean membranes are smaller than for the Desal HL membranes.
The reason for the smaller differences in rejection between the clean and the fouled
Trisep TS80 membranes, compared with the Desal HL membranes, could be due to
the difference in zeta-potential between the different membranes: the Trisep TS80

membrane has a higher negative surface charge than the Desal HL membrane, thus
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making it less likely for negatively charged colloids or NOM-molecules to form a
cake-layer on the surface. This is also confirmed when analyzing the flux data: the
flux decline is lower for the Trisep TS80 membranes than for the Desal HL
membranes, indicating that less material is probably deposited on the Trisep TS80
membrane surfaces.

Another explanation lies in the smaller pore size of the Trisep TS80: despite the
presence of a fouling layer (and cake-enhanced concentration polarisation), the
influence of the steric hindrance on the underlying membrane is still noticeable, even
though charge and hydrophobicity properties have been altered. For the Desal HL
membrane, this underlying steric hindrance is smaller, explaining the higher
differences in rejection.

In conclusion, it can be said that the largest influence on the rejection of
pharmaceuticals can be seen for the membranes with particulate fouling, for both the
Trisep TS80 and the Desal HL. NOM fouling has a smaller effect on rejection, but

also on the flux decline, as was mentioned before.

To gain more insight into the changes in rejection with fouled membranes, the
rejection differences between the fouled Desal HL FIX and Trisep TS80 FIX
membranes and the clean Desal HL and Trisep TS80 membranes are plotted in
Figure 5.14 as a function of the pharmaceutical hydrophobicity. Only the data for the
membranes fouled with the FIX pretreated Lek water are shown, since differences in
rejection are the most obvious with these membranes. The rejection values with the

other fouled membranes follow the same trends.
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218



For the Desal FIX membrane, it is apparent that the rejection decreases with
increasing hydrophobicity of the solutes (at least for the positively charged and
neutral pharmaceuticals). This is probably due to increased hydrophobic interactions
between the more hydrophobic fouled membrane and hydrophobic solutes, in
comparison with the more hydrophilic clean Desal HL membrane. These hydrophobic
interactions cause an increased partitioning of hydrophobic solutes into the
hydrophobic membrane matrix, which ultimately leads to lower observed rejection
values (see Chaper 2). For negatively charged solutes, the change in rejection is
independent of the solute hydrophobicity. This was observed before (see Chapter 3)
and is due to the fact that negatively charged solutes can not approach the
membrane surface due to electrostatic repulsion and thus can not experience
hydrophobic interactions with it.

If the rejection values with the FIX fouled Trisep TS80 membrane are also plotted as
a function of solute hydrophobicity, a different trend is seen than for the FIX fouled
Desal HL membrane. For the FIX fouled Trisep TS80, the rejection decreases more
for the hydrophilic pharmaceuticals, and less for the hydrophobic solutes (at least for
the positively charged and neutral pharmaceuticals). This is due to decreased
hydrophobic interactions with the membrane surface, caused by a decrease in
membrane surface hydrophobicity. An increase in hydrophobicity is seen when the
contact angle of the FIX fouled Trisep TS80 membrane is compared with the contact
angle of the virgin Trisep TS80 membrane. However, when the FIX fouled Trisep
TS80 membrane is compared with the compacted Trisep TS80 membrane (which is
used in the clean membrane rejection experiments), the contact angle for the FIX
membrane seems to be slightly lower, indicating a slightly more hydrophilic

membrane surface.
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The fouling layers on the Desal HL and the Trisep TS80 membrane are quite similar
in composition (Table 5.3), which is also confirmed by the contact angle data. Since
the Trisep TS80 membrane was initially more hydrophobic than the Desal HL
membrane, the fouling layer leads to a decrease in hydrophobicity for the Trisep
TS80 membrane, and an increase in hydrophobicity for the Desal HL membrane.
Again, for the negatively charged pharmaceuticals, no influence of hydrophobicity on

the rejection is seen with the FIX fouled Trisep TS80.

The flux decline trends obtained with this laboratory set-up are not representative for
a full-scale installation. Firstly, full-scale installation are normally chemically cleaned
when flux decline becomes larger than 10%. Secondly, the amount of membrane
surface area in contact with the feed water is much smaller than for full-scale
installations, resulting in a much larger load of organic matter towards the membrane
surface. Thirdly, the hydrodynamic concentration polarisation in the flat-sheet cells is
much higher than for spiral wound elements, which causes an additional increase of
natural organic matter and colloid concentration at the membrane surface and
possibly more membrane fouling. Therefore, the rejection values obtained in this
chapter can not be used as quantitatively correct data to represent full-scale plants,
The relative comparison between the different fouling types still remains valid.

The insights gained in this chapter might therefore still be useful in explaining
differences in rejection values between new and older plants, the latter of the two

being more susceptible to membrane fouling.

In a previous publication [34] it was shown that the rejection values of the same set

of pharmaceuticals only changed marginally after combined NOM- and colloidal
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fouling with a 4-inch spiral wound Trisep TS80 membrane. The largest difference in
rejection was about 5% and no clear conclusions on the fouling mechanism could be
drawn. The flux decline was only about 20% after a period of 14 days, smaller than
the flux declines obtained here. This could be due to the different source water used
(surface water from the Weesperkarspel treatment plant (see Table 3.4), which was
concentrated up to 75% recovery), or to the differences in hydrodynamic conditions

between the small-scale set-up and the spiral wound elements.

4. Conclusions

The influence of feed water pretreatment on the flux decline and rejection
performance was investigated for a mixture of neutral and negatively and positively
charged pharmaceuticals of two nanofiltration membranes (Trisep TS80 and Desal
HL). Raw, untreated river water was compared with the same river water, pretreated
with a fluidized anionic ion exchange (FIX) and the river water, pretreated with an
ultrafiltration unit. The FIX pretreatment removed a large part of the negatively
charged natural organic matter from the feed water, but colloids/particles could pass
the column freely. Therefore, the FIX pretreated water contained mostly colloids. The
UF pretreatment removed most of the particles/colloids, but did not remove the
natural organic matter from the water. Therefore, the UF pretreated water contained
mainly NOM. The untreated water, contained both NOM and colloids.

The largest flux decline was observed with the feed water containing mainly colloids
(FIX pretreated water). The (mainly colloidal) fouling layer had a rough morphology.

The smallest flux decline was observed for the feed water containing mainly NOM
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(UF pretreated water). The NOM fouling layer was more smooth. The flux decline
behaviour of the untreated river water, containing both NOM and colloids, was
between that of the two pretreated water types for both membranes used in this
study.

Rejection of pharmaceuticals varied the most for the colloidal fouled membranes,
(FIX pretreated water). The rejection of some positively charged pharmaceuticals
decreased by more than 40% and rejection of some negatively charged
pharmaceuticals increased by more than 15% for the Desal HL membrane. This
variation in rejection was caused by a combination of cake-enhanced concentration
polarisation and charge effects. Even though the zeta-potentials of the colloidal
fouled membranes were lower than for the NOM fouled membranes, the morphology
of the colloidal fouling layer on the colloidal fouled membranes seemed to enhance
electrostatic interactions. For the NOM fouled membranes and the membranes
fouled with untreated surface water, the variations in rejection were smaller and were
caused by a combination of steric and electrostatic effects.

For the Trisep TS80 membrane, the fouling appeared to decrease the hydrophobicity
of the membrane surface, resulting in smaller variations in rejections for hydrophobic
solutes, compared to hydrophilic solutes, due to decreased hydrophobic interactions
with the membrane surface. For the Desal HL membrane, fouling increased the
membrane surface hydrophobicity, resulting in large variations in rejection for
hydrophobic solutes, as a result of increased solute-membrane affinity/hydrophobic
interactions. The influence of hydrophobicity on rejection was only observed for
neutral and positively charged pharmaceuticals, since negatively charged

pharmaceuticals could not approach the membrane surface due to electrostatic
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repulsions and were thus disengaged from hydrophobic interactions with this
membrane surface.

Rejection values before and after fouling obtained here with the small, flat-sheet
membrane cell, can not be used as quantitatively representative data for spiral
wound elements in full-scale units. This is due to differences in hydrodynamic flow
conditions and the higher load of foulants towards the membrane surface in the
small-scale cell. In spiral wound elements, flux declines and differences in rejection
will be substantially lower, the differences in rejection before and after fouling will
probably not exceed 5-10% (difference). However, the relative comparison between
the different membranes and the different fouling layers caused by different feed

water types, remains valid.
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Chapter 6:

Practical applications

Parts of this chapter were based on:
A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, B. Van der Bruggen and J.C. van Dijk, Practical
applications of the combination NF/RO with granular activated carbon for removal of organic micropollutants, to

be submitted to Drinking Water Engineering & Science.

A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, G.L. Amy, B. Van der Bruggen and J.C. van Dijk, Influence of
electrostatic interactions on the rejection with NF and assessment of the removal efficiency during NF/GAC

treatment of pharmaceutically active compounds in surface water, Water Research, 41 (15) (2007) 3227.
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The previous chapters have discussed removal mechanisms of organic
micropollutants by NF/RO and especially how these removal mechanisms are
affected by solute properties, as well as membrane and feed water properties. The
chapters all hade a quite theoretical lay-out.

This chapter will focus more on practical applications of NF/RO and will thus be more
dedicated to the mere observation and explanation of removal of organic
micropollutants in practice (of course in relation to previously formulated theories),
without formulating new theoretical concepts.

The chapter will be subdivided into two large parts. The first part will focus on the
removal of organic micropollutants in two different source water applications, by the
combination of NF/RO with granular activated carbon filtration. The second part will
look at some newly developed RO membranes and will assess their removal

potential for organic solutes, in comparison with a commercially available membrane.
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Chapter 6A: The combination of NF/RO with activated carbon

filtration for removal of organic micropollutants from raw water

As was shown in the previous chapters, hydrophilic organic solutes are better
removed with NF/RO membranes compared to hydrophobic organic solutes, due to
the presence of hydrophobic (Van der Waals) interactions between the latter and the
hydrophobic membrane matrix, resulting in an increased partitioning into the
membrane matrix. From the literature [1,2], it is also known that activated carbon
filtration preferentially removes hydrophobic organic solutes (adsorption is mainly
influenced by Van der Waals interactions between the carbon and the solutes).
Therefore, NF/RO and subsequent activated carbon filtration should be
complementary and their combination should result in removal of a large part of the
newly emerging organic micropollutants, since the whole range of solute

hydrophobicity is covered.

This subchapter will investigate the removal of selected organic micropollutants with
a combination of NF/RO and subsequent granular activated carbon (GAC) for two

different raw water types.

4.1.High recovery NF combined with GAC for removal of organic

micropollutants from surface water

This study was part of a larger study on a new concept for surface water treatment.

Surface water from the river Schie in Delft, the Netherlands, containing a high
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concentration of dissolved organic carbon (DOC), was treated with a treatment train
consisting of cationic ion exchange (IEX) — ultrafiltration (UF) — nandfiltration (NF) —

granular activated carbon filtration (GAC).

The general idea behind this treatment concept was to remove divalent ions from the
feed using the IEX (divalent ions are exchanged for Na* ions), in order to reduce
fouling of the UF membranes and prevent scaling on the NF (which was operated at
high recovery). It is known from the literature [3] that reducing the Ca** and Mg?*
concentrations before ultrafiltration leads to a significant reduction in irreversible
fouling of UF membranes. The current hypothesis is that the Ca?* and Mg®* ions may
form a linkage between negatively charged NOM molecules and the negatively
charged UF membrane surface, resulting in a dense, irreversible fouling layer on the
membrane. Moreover, by removing Ca?, the recovery of the NF installation can be

increased, since CaCO3; -scaling is prevented.

The IEX-UF-NF-GAC treatment train offers double barriers agains pathogens (are
removed by UF and NF), particles (UF and NF) and organic micropollutants (NF and

GAC).

This study will only focus on the removal of organic micropollutants with the NF/GAC

combination.

4 .1.1. Materials and methods

4.1.1.1. Surface water quality

Some selected water quality parameters of the water fed to the NF unit are

summarized in Table 6.1. The IEX pretreatment is carried out with a weak acidic
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cationic exchange resin (Amberlite IRC86 (Rohm & Haas, Philadelphia PA, USA)).
The multivalent scaling cations in the water (Ca®*, Mg?* and Si) are partly exchanged
for Na* ions. Afterwards, the water is passed through an X-Flow UFC M5
ultrafiltration unit (X-Flow Norit, Enschede, the Netherlands) to lower turbidity and

remove particles, before it is fed to the NF unit.

Schie water after ion exchange (IEX) and UF

pH (-) 6.7
Dissolved Organic Carbon (DOC) (mg/l) 12.0
Conductivity (uS/cm) 980
ca?* (mg/l) 19
Mg?* (mg/l) 16
Si (mg/l) 24
K" (mgll) 14
Na® (mg/l) 153

Table 6.1 — Water quality parameters of Schie water after ion exchange (IEX) and UF (water fed to NF)

4.1.1.2. NF/GAC equipment and filtration protocol

Figure 6.1 shows the schematic diagram of the equipment used in the nanofiltration-
and the granulated activated carbon experiments. The pre-treated water from the
river Schie is fed to a nanofiltration unit, operating at 80% recovery, with experiments
carried out in a single-pass (once-through) mode. The granular activated carbon
column is fed with the permeate of the nanofiltration unit.

The ultrafiltrated Schie water is delivered to a vertically placed pressure vessel,
accommodating a single 2540-nanofiltration membrane element, by a multi-impellor
centrifugal pump (Grundfos CRNE-1). The pump is capable of providing pressures of
up to 20 bar at a flow rate of 1.5 m?¥h. Part of the produced concentrate is recycled to

the feed stream to simulate higher system recoveries while still maintaining

234



sufficiently high cross-flow velocities. To provide the necessary recycle pressure, a
Verder-lwaki MDH 25 magnet pump is used. A tube-in-tube cooling system on the

recycle stream (Tamson TLC 10B) is used to maintain a constant feed water

temperature.
O O
Temperature
control
< Recycle pump
Rotameter Flowmeter igfg;ﬁtt?arte)
(feed) (feed+recycle)
from UF 'Y
g L
g Needle
Membrane module valve
Feed pump

Rotameter
(permeate)

Rotameter
(effluent GAC)

Activated
carbon column

Figure 6.1 — Nanofiltration/granular activated carbon filtration set-up for experiments at 80% recovery with Schie

water

Permeate, concentrate and system feed flow are monitored by rotameters (Heinrichs
messgerate), while the combined flow of feed and recycle is monitored by a digital
flow meter (Endress and Hauser). Applied transmembrane pressure and system
recovery are regulated using a needle valve in the concentrate stream. Feed

pressure and differential pressure over the membrane element are measured with
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precision manometers (Endress and Hauser). All test unit parts in contact with the
solution are made of stainless steel to minimize adsorption of the organic compounds
used. Spiking experiments were run for 4 days to allow adsorption of organic solutes
onto the membrane to reach equilibrium and to ensure that steady-state rejection
values were measured (see Paragraph 4.1, Chapter 2). Membrane filtration
experiments are carried out at a constant cross-flow velocity of 0.2 m/s (which
corresponds to a membrane feed flow of 400 I/h and a concentration polarization
factor of about 1.07). During the rejection experiments, the system recovery is set to
80% to simulate the final element in the last stage of a full-scale plant. The feed
temperature is set to 20 + 1°C.

The granular activated carbon column was placed in the permeate stream of the NF
unit. Rotameters (Heinrichs messgerate) were present to monitor feed and effluent
streams of the column. A short empty bed contact time (EBCT) of 3 minutes was

used. Pictures of both the NF and GAC are shown in Figure 6.2.

Figure 6.2 — Nanofiltration set-up (left) and granular activated carbon filtration set-up (right) for experiments at

80% recovery with Schie water
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4.1.1.3. NF membrane and activated carbon

The membrane used in this study was a commercially available nanofiltration
membrane that was also used in the experiments described in previous chapters:
Trisep TS-80 TSF (Trisep Corp., Goleta CA, USA). Membrane properties are
summarized in Table 2.1. For the experiments in this study, a single 2540 spiral
wound element was used.

The granular activated carbon was supplied by Norit Nederland B.V. (Amersfoort, the
Netherlands). The extruded grade Norit Row Supra 0.8 was chosen for its multi-
purpose adsorption characteristics, low pressure drop and high resistance to attrition
during regeneration. The bed density of the carbon is 345 kg/m?® and the raw carbon
material is peat. Freshly regenerated activated carbon was used in the experiments,
so no preloading (of natural organic matter (NOM) or other organic pollutants) was
present on the carbon.

4.1.1.4. Organic solutes and analysis

Two different spiking runs were carried out: one run with volatile organic solutes, and
one with the same cocktail of pharmaceuticals as was dosed in previous experiments
(see Chapters 3, 4 and 5). All solutes were spiked in high concentrations (up to 100
ug/l), so 99% rejection/removal could be measured for both NF and GAC. It was
shown in Paragraph 3.3.3 in Chapter 3 that this higher feed concentration than the 2
ug/l-level used in most previous experiments, does not have a significant influence
on solute rejection.

Since the organic solutes had to be dosed to the feed stream continuously from a
concentrated solution, some pharmaceuticals could not be spiked in such high
concentrations, due to their limited solubility. Lower spiking concentrations were

chosen for these solutes.
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MW (g/mol) log Kow (-) pKa (-) Charge at feed water pH (pH7)  log Dipr 7) (-) Creed (1g/1)

terbutaline 2253 0.90 8.86 + -0.97 40
salbutamol 239.3 0.64 9.27 + -1.63 3

pindolol 248.3 1.75 9.26 + -0.52 50
propranolol 2594 3.48 9.58 + 0.90 100
atenolol 266.3 0.16 9.43 + -2.27 50
metoprolol 267.4 1.88 9.49 + -0.61 80
sotalol 272.4 0.24 9.44 + -2.20 25
clenbuterol 277.2 2.00 9.29 + -0.29 25
phenazone 188.2 0.38 n.a. neutral n.a. 100
aminopyrine 231.3 1.00 n.a. neutral n.a. 100
carbamazepine 236.3 2.45 n.a. neutral n.a. 25
cyclophosphamide 2611 0.63 n.a. neutral n.a. 100
pentoxyfilline 278.3 0.29 n.a. neutral n.a. 100
ibuprofen 206.3 3.97 4.47 - 1.44 30
clofibric acid 214.7 2.57 3.35 - -1.08 100
fenoprofen 242.3 3.90 4.21 - 1.1 100
gemfibrozil 250.3 4.77 4.45 - 2.22 100
ketoprofen 254.3 3.12 4.29 - 0.41 50
diclofenac 296.2 4.51 4.08 - 1.59 5

tert butyl alcohol (TBA) 741 0.35 n.a. neutral n.a. 100
methyl tert butyl ether (MTBE) 88.1 0.94 n.a. neutral n.a. 20
ethyl tert butyl ether (ETBE) 102.2 1.92 n.a. neutral n.a. 20
tert amyl methyl ether (TAME) 102.2 1.92 n.a. neutral n.a. 20

Table 6.2 — Physico-chemical characteristics and feed concentrations for selected organic solutes for NF/GAC experiments (n.a.: not applicable)
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Table 6.2 summarizes the concentrations of the organic solutes used in the two
spiking rounds, together with their solute parameters.

Analysis of the pharmaceuticals was already described in Paragraph 2.3 in Chapter
3.

Analysis of the volatile solutes (MTBE, TBA, ETBE and TAME) was performed with
gas chromatography/mass spectrometry. The solutes are analysed by purging with
nitrogen gas and adsorption on Tenax rubber (purge and trap). More information on

the analysis can be found in [4].

4 .1.2. Results and discussion

4.1.2.1. NF flux decline during experiment

The NF permeate flux decline during the experiment was studied in order to ensure
an unbiased value, not influenced by membrane fouling, for the rejection of the
organic solutes with the surface water studied. Since the experiments were only
carried out for 4 days and all scaling ions and particles were removed in the pre-
treatment (combination ion exchange-ultrafiltration), occurrence of biofouling, scaling
and particle fouling are ruled out.

During the first 72 hours of the experiment no clear flux decline was observed, even
though the experiment was carried out at a recovery of 80% and the DOC (dissolved
organic carbon) content of the water was quite high. Therefore, it can be assumed
that NOM fouling of the membrane surface is not discernable for this short time frame

experiment and the measured rejection values are not influenced by fouling.
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4.1.2.2. Removal of organic micropollutants with NF and GAC

In Figure 6.3, the removal efficiencies after 4 days of adsorption equilibrium of the
selected pharmaceuticals for the Trisep TS-80 membrane at 80% recovery and for
the GAC filtration are shown, along with the total removal efficiency for the NF/GAC
combination. The solute concentrations in the permeate of the NF unit are considered
as the feed concentrations for the GAC. From the figure, it is clear that rejection
levels for the Trisep membrane at 80% recovery are generally lower than for
experiments with other water types with the Trisep membrane at 10% recovery (see
Chapter 3). A decreasing rejection with increasing feed water recovery is a well-
known phenomenon [5]: at higher system recoveries the average feed concentration
in the system is higher, due to the internal recycle. This will result in lower observed
rejections, when comparing the permeate concentrations to the feed of the complete
NF system. Conclusions about charge effects on the rejection of the pharmaceuticals
remain the same as in Chapter 3: positively charged pharmaceuticals are less
efficiently removed compared to the neutral pharmaceuticals which, in turn, have
lower rejections compared to the negatively charged pharmaceuticals. Again,
rejection appears to be less determined by steric hindrance: in Figure 6.4, the three
groups of pharmaceuticals are plotted as a function of their molar mass. For neutral
and positively charged pharmaceuticals, no clear trends can be observed for the
rejection as a function of molar mass. For negatively charged solutes, rejection
appears to increase slowly with increasing molar mass, but there is no clear
correlation. In general, the same rejection mechanisms appear to apply as for the
rejection experiments at lower recovery. However, due to the higher recovery, solute

concentrations in the system are higher, resulting in lower observed rejections.
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Figure 6.3 — Rejection of selected pharmaceuticals in Schie water for NF at 80% recovery (Trisep TS-80), removal efficiency for GAC filtration and total

removal efficiency with NF/GAC combination
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pharmaceuticals for Trisep TS-80 membrane at 80% recovery in Schie water

Removal by adsorption on the GAC is high (> 98%) for all pharmaceuticals, even with
the short empty bed contact time used (3 minutes). This is partly due to the use of
freshly regenerated activated carbon, which should have a high adsorption capacity
anyway, but also to the removal of NOM in the NF step. In normal GAC operation,
pharmaceuticals would experience significant competition with the background NOM
in the surface water for adsorption onto the organic carbon. Since, in this case, the
nanofiltration step removes most of the higher molecular weight NOM, less NOM is
present in the feed water to compete with the pharmaceuticals for adsorption sites on
the activated carbon. Moreover, since only lower molecular weight NOM passes
through the NF and enter the GAC step, less pore blocking will occur in the activated
carbon. It has been observed in the literature [6] that especially this pore blocking by
large NOM molecules is responsible for lowering the adsorption capacity of the

activated carbon for small organic pollutants.
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It can also be mentioned that the removal efficiency with GAC is slightly lower for
smaller positively charged solutes, compared to the other solutes: this is probably
due to the higher GAC influent concentrations for these solutes, caused by their less
efficient removal in the preceding NF step.

Figure 6.3 also demonstrates that overall removal is extremely high for the NF/GAC
combination. Thus, the combination of processes provides a robust dual barrier for
the selected pharmaceuticals: as mentioned before, more hydrophilic (polar) solutes
are better removed than hydrophobic (nonpolar) solutes in nanofiltration, whereas
hydrophobic solutes are preferentially adsorbed on the activated carbon. Thus, the
combination of the two processes should be able to remove most of the newly
emerging organic micropollutants, since the whole range of solute hydrophobicity, as
well as charge, is covered.

Moreover, due to the removal of NOM in the NF step, not only is the removal
efficiency for the pharmaceuticals on the GAC higher, but GAC lifetime can be
considerably prolonged, theoretically even up to a factor of 100 [6]. This decreases
regeneration costs considerably. It is also possible to use a very short empty-bed

contact time (EBCT) which decreases investment costs for GAC filtration.

The rejection values of the volatile organic solutes TBA, MTBE, ETBE and TAME
with the NF unit after the third and fourth day are schematically shown in Figure 6.5.

Removal of all solutes is extremely low. TBA and MTBE are not removed at all
(MTBE removal <2%); ETBE and TAME are removed to a slight percentage,
probably due to their slightly larger size (the molar masses of ETBE and TAME are

102 g/mol, those of TBA and MTBE are 74 g/mol and 88 g/mol, respectively).

243



100

80

w

O day
m day

N

60

40 |

Rejection (%)

20

1 §(’0 & N4

-20

Figure 6.5 — Rejection of volatile organic micropollutants in Schie water for NF at 80% recovery

The observed rejection values are significantly lower than the values observed with
the single membrane experiments at 10% recovery in Chapter 3.This is partly due to
the higher recovery of the installation in this experiment, leading to a higher internal
concentration and thus lower rejection values. However, 0% removal for MTBE
indicates that the membrane does not remove MTBE at all in this study, whereas
94% removal was observed on a 4-inch spiral wound membrane at 10% recovery.
This gigantic difference in rejection is not only due to the higher feed water recovery,
but is also attributable to the difference in hydrodynamic conditions between the
2540-module used in these experiments, compared to the 4040-modules used in the
experiments at 10% recovery, resulting in different concentration polarization
conditions. Moreover, 2540 modules are still wrapped by hand, whereas 4040
modules are wrapped mechanically. This may lead to big quality differences between

the different modules.
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The removal of TBA, MTBE, ETBE and TAME on the granular activated carbon is
shown as a function of time in Figure 6.6. After only 1 hour of filtration, a high
concentration of TBA is already detected in the effluent of the carbon column.
Apparently, almost no TBA is adsorbed during this short contact time experiment.
The same holds, to a lower extent, for MTBE: after 1 hour of filtration, removal is
already below optimal. After day 3 and day 4, MTBE removal has decreased to about
50%. The low removal of the hydrophilic TBA and MTBE could already be expected,
based upon the literature [1,2]: adsorption of organic solutes onto activated carbon
mainly occurs through hydrophobic interactions of the solute with the carbon.
Therefore, hydrophilic solutes will be less preferentially removed by granular

activated carbon than hydrophobic solutes.
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Figure 6.6 — Removal of volatile organic micropollutants for GAC filtration in Schie water pre-treated with NF

at 80% recovery
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For ETBE and TAME, removal is higher (and quite comparable), since both solutes
are more hydrophobic than MTBE and TBA (expressed by their higher log Koy (1.92

for ETBE and TAME, compared with 0.35 and 0.94 for TBA and MTBE, respectively).
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4.2.Comparison of RO membranes and combination RO/GAC combination

for removal of organic micropollutants from ground water

The goal of this study was to compare four different RO membranes and select the
one most suitable for the removal of organic micropollutants from a ground water
source. Moreover, the combination of RO with subsequent activated carbon was
investigated, since the combination yielded good results in the previous study and

also in the literature [6].

4.2 1. Materials and methods

4.2.1.1. Ground water quality

The ground water used for the RO experiments was sampled from the water
treatment plant Engelse Werk (operated by the Dutch drinking water company
Vitens) in Zwolle, the Netherlands. The ground water used for this study was pre-
treated with rapid sand filtration (RSF) to remove the larger particles and part of the
dissolved iron. Some general feed water quality parameters are summarized in Table

6.3.

For the activated carbon experiments, a batch of the permeate of the Hydranautics
ESPA4 RO membrane was used as feed water. The water quality parameters of this

water are also summarized in Table 6.3.
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Ground water pretreated with RSF RO permeate

pH (-) 7.1 5.4
Dissolved Organic Carbon (DOC) (mg/l) 3 <02
Conductivity (uS/cm) 633 11
Ca®" (mg/l) 78 <05
Mg®* (mg/l) 9.7 <0.1
Si (mg/l) 4.5 <0.5
K" (mgll) 5 <1
Na® (mg/l) 50 2

Table 6.3 — Water quality parameters of Engelse Werk ground water in the feed and permeate of the RO (Trisep

ACM5)

4.2.1.2. Equipment and filtration protocol

The 4-inch, single spiral wound membrane element filtration set-up and protocol for
the RO experiments was already described in Chapter 2. All experiments were
carried out in a recycle mode with a single batch of water, with both permeate and
concentrate recycled back into the feed reservoir.

Membrane filtration experiments were carried out at a constant cross-flow velocity of
0.2 m/s (which corresponds to a feed flow of 1500 I/h and a concentration
polarization factor of 1.07) and at a constant recovery of approximately 10%.
Transmembrane pressure and temperature were set to approximately 5 bar and 20 +
1°C, respectively. Feed, permeate and concentrate samples were taken after 4 days
of filtration (which should be sufficient to reach adsorption equilibrium and ensure that
steady-state rejection values are obtained) and analyzed for organic micropollutants.
The granular activated carbon column was 1m in height and had an inner diameter of
35mm. The column contained approximately 0.7L of carbon. The column was fed
with a batch of RO permeate from a stainless steel tank and the empty bed contact

time of the column was set to 3 minutes. Samples of feed and effluent of the column
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were taken after treatment of 1200 bed volumes to see whether breakthrough of

some micropollutants could already be observed after this time period.

4.2.1.3. RO membranes and activated carbon

The membranes used in this study were all commercially available reverse osmosis
membranes: Trisep X20 and ACMS5 (Trisep Corp., Goleta CA, USA) and
Hydranautics ESPA1 and ESPA4 (Nitto-Denko/Hydranautics, Oceanside CA, USA).
All membranes are thin film composite membranes with an aromatic polyamide top
layer. Before use, all membranes were rinsed with Milli-Q water for two hours in order
to remove preservation liquids present in the membranes. Afterwards, the
membranes were characterized for pure water permeability with Milli-Q water and for
NaCl rejection with a 1500 ppm NaCl solution in Milli-Q water. Membrane properties

are summarized in Table 6.4.

Pure water permeability Zeta-potential at pH 7

o 0, H H

Membrane (m/(s.bar)) Contact angle (°) % NaCl rejection (mV)
Trisep ACM5 1.4x10° 35 98.5% -20
Trisep X20 9.9x 107 43 99.5% -10
Hydr. ESPA1 1.5x10° 25 99.3% -27
Hydr. ESPA4 2.1x10°% 70 99.0% n.d.

Table 6.4 — Membrane properties for selected membranes for comparison of organic micropollutant

rejection (n.d.: not determined) [7-10]

Membrane contact angles were determined using the sessile drop method. The Zeta
potentials were measured in a background solution containing 10 mM NaCl and 1

mM NaHCO;. Membranes with different membrane properties (especially with
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different energy demands (pure water permeabilities)) were chosen, to be able to
select the most suitable membrane for the application, based on both energy
demand and organic micropollutant removal. Single 4-inch (4040) spiral wound
elements were used.

The granular activated carbon was supplied by Norit Nederland B.V. (Amersfoort, the
Netherlands). The properties of the carbon were already described before

(Paragraph 6A.1.1.3).

4.2.1.4. Selected organic pollutants and analysis

The spiked organic pollutants were selected for two main reasons. Firstly, some
emerging micropollutants, already occurring in Dutch surface- and ground waters
were chosen. Examples include glyphosate, carbendazim, bentazon and MTBE.
Since the dosing tests were carried out for a drinking water utility, assessment of the
removal of problematic substances from the source waters was a necessity.
Secondly, other organic solutes were also dosed, and these were mainly selected for
their different physico-chemical properties. In the previous chapters, it was shown
that solute charge, solute hydrophobicity and solute size may all have an influence
on solute rejection by NF/RO treatment. Therefore, solutes were divided in different
categories of increasing hydrophobicity (expressed as log K,y). Within each category
of hydrophobicity, different solutes were chosen with increasing size (expressed as
molar mass). Moreover, some charged solutes (positively, as well as negatively
charged) were included.

Table 6.5 summarizes the physico-chemical properties of the organic micropollutants

and the concentrations in which they were spiked in the different source waters. All
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micropollutants were dosed in concentrations that were 200 times higher than the

limit of quantitation (LOQ) of the respective analysis method for that pollutant. 99.5%

removal could thus be quantified.

Compound MW (g/mol) log Kow (-)
NDMA 74 -0.57 neutral
1,4-dioxaan 88 -0.27 neutral
NMOR 116 -0.44 neutral
diglyme 134 -0.36 neutral
glyphosaat 169 -4.00 -
triglyme 178 -0.76 neutral
caffeine 194 -0.07 neutral
TBA 74 0.35 neutral
MTBE 88 0.94 neutral
fenazon 188 0.38 neutral
metamitron 202 0.83 neutral
terbutaline 225 0.90 +
sulfamethoxazol 253 0.89 neutral
sotalol 272 0.24 +
pentoxifylline 278 0.29 neutral
ETBE 102 1.92 neutra
TAME 102 1.92 neutral
2,4-dinitrophenol 184 1.67 -
carbendazim 191 1.52 neutral / +
monuron 199 1.94 neutral
metribuzin 214 1.70 neutral
metoxuron 229 1.64 neutral
pirimicarb 238 1.70 neutral
bisphenol-S 250 1.65 neutra
metoprolol 267 1.88 +
TCEP 285 1.44 neutral
benzeen 78 2.13 neutral
isoproturon 206 2.87 neutral
chlorotoluron 213 2.41 neutral
atrazine 216 2.61 neutral
diethylftalaat 222 242 neutral
diuron 233 2.68 neutra
carbamazepine 236 2.45 neutral
bentazon 240 2.34 neutral
metobromuron 259 2.38 neutral
dimethenamide 276 2.15 neutral
ethylbenzeen 106 3.15 neutral
naphtalene 128 3.30 neutral
2-methylisoborneol 168 3.31 neutral
ibuprofen 206 3.97 -
mecoprop (MCPP) 215 3.13 -
Bisphenol-A 228 3.32 neutra
linuron 249 3.20 neutral
oestron 270 3.13 neutral
dibutylftalaat 278 4.50 neutral
diclofenac 296 4.51 -
bezafibraat 361 4.25 -
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Table 6.5 — Physico-chemical characteristics, initial feed concentrations and concentrations after 4 days of

recirculation in RO experiment for selected organic micropollutants (n.a.: not applicable)

All chemicals were obtained from Sigma-Aldrich (St Louis MO, USA), except for

phenazone, ibuprofen, aminopyrine, carbamazepine and cyclophosphamide, which

were obtained from Acros Organics (Geel, Belgium). All chemicals were at least
reagent grade.

The cocktail of organic micropollutants was prepared as a concentrated stock in 10L

of Milli-Q water. In order to prevent co-solvent effects and possible problems with

biological growth in the system, no methanol was used to facilitate dissolution of the
pharmaceuticals. For the RO rejection experiments, the desired volume of this stock
solution was then added to the feed tank, containing the Engelse Werk ground water.

For the activated carbon experiments, the desired volume of the stock solution was

added to a tank containing 750L of RO permeate (the RO permeate did not contain

any residuals of trace organic contaminants).

The analysis method used to determine solute concentration is mentioned in Table

6.5 for each separate solute. The corresponding codes are:

A double-layer solid phase extraction (SPE) on reverse phased C18 and PAC
followed by large volume injection (LVI) gas chromatography/chemical
ionisation (GC/CI) with mass spectrometric detection (MS)

B purge & trap GC/MS

C direct injection on high-performance liquid chromatograph with electrospray
ionisation (HPLC/ESI), with tandem mass spectrometric detection (MS-MS)

D SPE on styrene-divinylbenzene (SDB) material at pH 3, followed by HPLC-
MS-MS

E SPE on RP-C18, followed by HPLC-ESI-MS-MS
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F SPE on RP-C18, followed by GC-MS

G SPE on RP-C18, followed by derivation (silylation) and GC/MS

Since all micropollutants were dosed in concentrations that were 200 times higher
than the limit of quantitation (LOQ), the limit of quantitation (LOQ) for each solute can
be found from Table 6.5 by dividing the initial feed concentrations by a factor 200.

More information on the analytical protocol can be found in [11].

4.2.2. Results and discussion

Rejection values of the selected organic solutes for the reverse osmosis experiments
are shown in Figures 6.7 and 6.8 for the Trisep and Hydranautics RO membranes,
respectively. The rejection values of some solutes (e.g. dibutylphthalate) could not be
determined on any of the membranes, due to the low feed concentrations on the
fourth day. Table 6.5 compares the initial feed concentrations of all solutes to the
feed concentrations on the fourth day. It is apparent that almost all feed
concentrations are decreasing. This is partly due to the volatilisation of some volatile
solutes (e.g. MTBE, TBA), but is mainly due to the adsorption of the solutes on the
membrane polymer matrix. Adsorption on other test unit parts is ruled out, since

almost all test parts were made out of stainless steel.
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Figure 6.7 — Rejection values of selected organic micropollutants in Engelse Werk groundwater for Trisep RO membranes
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Figure 6.8 — Rejection values of selected organic micropollutants in Engelse Werk groundwater for Hydranautics RO membranes
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Rejection values for the solutes in Figures 6.7 and 6.8 are summarized in categories
in the order of increasing hydrophobicity. Within these categories, the solutes are
shown as a function of increasing molar mass. It is apparent that for almost all
solutes on all membranes in Figures 6.7 and 6.8, rejection values are very high (>
95%). However, some solutes do show low rejection, and this low rejection of these
solutes is consistent for all four membranes. Especially the removal of NDMA seems
to be extremely low. This is probably due to the very small size of NDMA, compared
to the other molecules (the molar mass is 74 g/mol, but NDMA also has a very
compact structure).

For both Trisep membranes (X20 and ACMS5), the removal of the hydrophobic solutes
ethylbenzene and naphtalene is very low, even though these solutes are larger than,
for example, NDMA. This is probably due to hydrophobic interactions of these solutes
with the hydrophobic membrane matrices, resulting in an increased partitioning of
these solutes into the membranes and thus an increased transport through the
membranes.

Upon comparison between the four membranes, it is apparent that the rejection
values for most solutes are higher with the Trisep membranes than with the ESPA
membranes. Both ESPA membranes probably have larger pore sizes than the Trisep
membranes (apparent from the higher pure water permeabilities, pure water
permeability is a linear function of membrane pore size).

In general, rejection values of the selected organic solutes are higher with the ESPA1
membrane than with the ESPA4 membrane. Even though the differences are only
marginal on this small-scale units, differences will become bigger in full-scale plants

operating at higher recovery.
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Comparing rejection values between the two Trisep membranes, it is interesting to
notice that rejection values are slightly higher for most solutes on the ACM5
membrane than on the X20 membrane, even though the ACM5 has a higher pure
water permeability and thus probably a slightly larger pore size. The reason for this
difference in rejection is probably the higher hydrophobicity of the X20 membrane (as
shown in the contact angle measurements). The ACM5 membrane is more
hydrophilic, which results in an increased transport of water and thus higher fluxes of
this element at similar feed pressures, but also results in a decrease of hydrophobic
interactions between hydrophobic solutes and the membrane matrix. This results in
increased rejection values for hydrophobic solutes. The higher rejection value for the
hydrophilic solute NDMA with the ACM5 membrane, compared to the X20 membrane
is more difficult to explain. One possible explanation might again lie in the hydrophilic
character of the ACM5 membrane. Due to the hydrophilic character and thus the high
water flux through this membrane, most pores of the membrane will be filled with
water molecules that are attached to the walls of the pores, hereby diminishing the
space available for organic solute transport through these pores. Since the X20 is
more hydrophobic, the water molecules will be less firmly attached to the walls of the
pores, and the effective pore size will thus be bigger than for the ACM5.

Based on the results shown above, and by comparing the energy demands for all
membranes, it is apparent that the Trisep ACM5 shows the most potential for use in a
full-scale plant, due to its high removal capacity for organic micropollutants, in

combination with its low energy demand.

Based on the rejection values obtained on the single ACM5 membrane element in

the laboratory-scale unit, some rough estimations are made for a full-scale
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installation, operating at 75% recovery. These rough estimations are based on the
full-scale rejection model that was introduced in Chapter 4, but are probably a slight
overestimation of the rejection of the full-scale plant, since the flux-dependency of the
rejection was not incorporated in the calculation here. Table 6.6 summarizes the
rejection values obtained on the single ACM5 element, and the rough predictions for
the rejection in a full-scale plant.

It can be seen that the rejection of the positively charged pharmaceuticals terbutaline
and sotalol is lower than expected, based on their size. This is again due to the
presence of charge attraction with the negatively charged membrane surface, and
thus an increased concentration at the membrane surface, resulting in a lower
observed rejection.

Also the rejection value of glyphosate is lower than expected. Glyphosate is a very
polar molecule that has several polar functional groups (positively, as well as
negatively charged). At pH 7, there is a high positive charge density in the middle of
the molecule, leading to a very high dipole moment (6.7 Debye) in the molecule and
charge attraction towards the negatively charged membrane surface. Moreover,
since glycerol is a stretched molecule, steric hindrance is also lower and glycerol

permeates through the membrane quite easily.

258



Compound Rejection at 10% recovery (x 2%)  Estimated rejection at 75% recovery (%)

NDMA 74 63
1,4-dioxaan 96 94
NMOR 99 98
diglyme 99 98
glyphosaat 90 85
triglyme 99 98
caffeine 99 98
TBA 99 98
MTBE 99 98
fenazon 99 98
metamitron 100 100
terbutaline 97 95
sulfamethoxazol 99 98
sotalol 98 97
pentoxifylline 99 98
ETBE n.d. n.d.
TAME 97 95
2,4-dinitrophenol 98 97
carbendazim 99 98
monuron 99 98
metribuzin 99 98
metoxuron 99 98
pirimicarb 100 100
bisphenol-S 100 100
metoprolol 99 98
TCEP n.d. n.d.
benzeen 88 82
isoproturon 99 98
chlorotoluron 99 98
atrazine 99 98
diethylftalaat 100 100
diuron n.d. n.d.
carbamazepine 99 98
bentazon 100 100
metobromuron 99 98
dimethenamide 99 98
ethylbenzeen 18 10
naphtalene 68 56
2-methylisoborneol 99 98
ibuprofen 99 98
mecoprop (MCPP) 99 98
Bisphenol-A 100 100
linuron 99 98
oestron 100 100
dibutylftalaat n.d. n.d.
diclofenac 99 98
bezafibraat 99 98

Table 6.6 — Rejection values for selected organic micropollutants on Trisep ACM5 membrane at 10% recovery

and estimations for rejection values in full-scale installation operating at 75% recovery (n.d.: not determined)
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It is apparent that the ACM5 element performs extremely well in organic
micropollutant removal applications: except for NDMA, most problem organic
pollutants (e.g. the pesticides diglyme, triglyme, atrazine, metamitron, bentazon and
glyphosate and the pharmaceuticals phenazon, carbamazepine and ibuprofen) are
expected to be removed for more than 90%. However, 90% removal is still not
complete removal, and a subsequent activated carbon filtration step might still be

useful as polishing filter.

The removal of the selected organic pollutants after the treatment of 1200 bed
volumes on the GAC column is schematically depicted in Figure 6.9. It is apparent
that, even with the low contact times used, removal of most micropollutants is
extremely high (> 95%). However, removal of some pollutants, such as NDMA; 1,4-
dioxane and 2-methylisoborneol (2-MIB) is more problematic.

For NDMA and 1,4-dioxane, this low removal could be expected, due to the small
size and the hydrophilic character of these substances. Moreover, NDMA, which was
dosed in extremely low concentrations (200 ng/l), experienced significant competition
from the other organic pollutants, which were dosed in much higher concentrations.
For 2-MIB, however, no breakthrough of the solute through the column was
expected. 2-MIB is very hydrophobic, and since GAC adsorption occurs through
hydrophobic Van der Waals interactions, a high removal was expected. Especially
the small size of the molecule should make it easy for this molecule to diffuse into the
small micropores of the carbon, where it should adsorb readily. Maybe the short
contact time of 3 minutes is not enough to allow this pore-diffusion for 2-MIB. As was
shown before, it can again be noted here that log Koy is not always the most suitable

parameter to describe hydrophobic interactions.
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Despite the low removal for NDMA; 1,4-dioxane and 2-MIB, no breakthrough of any
other substance through the column is observed. As for the previous experiments,
this is partly due to the freshly regenerated carbon, which should have a high
adsorption capacity anyway. However, 1200 bed volumes have already been treated,
so the carbon capacity will already be lower than for freshly regenerated carbon. The
removal capacity of the carbon is also high, because of the removal of NOM which
would normally compete with the organic micropollutants for adsorption sites on the
carbon, in the reverse osmosis step. This NOM removal not only diminishes the
competition between NOM and the micropollutants for adsorption sites on the
activated carbon, but also reduces the carbon pore blocking by large NOM molecules
[6]. As was mentioned before, pore blocking is one of the main mechanisms that
causes a reduction in adsorption capacity of granular activated carbon. Again, as a
consequence of the NOM removal in the RO process, short empty bed contact times
can be used for the GAC, or the time before regeneration of the column can be

extended. This reduces investment costs for the GAC considerably.

In conclusion, it can be said that the combination of reverse osmosis with subsequent
granular activated carbon filtration will result in very high removal capacities for
organic micropollutants. The only problematic substances will be the very small, polar
solutes: these are not removed by the GAC, because of their polar character, and if
they are small enough (e.g. NDMA), their removal efficiency with reverse osmosis will
also be low.

Figure 6.9 also shows the combined removal efficiency for organic micropollutants of
the best performing RO membrane (Trisep ACM5) and the subsequent activated

carbon filter. Removal efficiency for all solutes is extremely high, except for the
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smallest hydrophilic solutes (NDMA and 1,4-dioxane). Fortunately, however, the
concentrations of these two pollutants in Dutch ground- and surface waters are still

low, and thus a low removal efficiency is not yet problematic.
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Figure 6.9 — Removal efficiency of selected organic micropollutants for GAC filtration and total removal efficiency with Trisep ACM5/GAC combination for

Engelse Werk ground water
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Chapter 6B: Rejection performance of newly developed thin film
nanocomposite reverse osmosis membranes for organic solutes

in aqueous solutions

Nanofiltration and reverse osmosis have become wide-spread technologies over the
last decades and are already extensively used in water treatment processes all over
the world, mainly for desalination applications. However, they still remain relatively
energy-intensive processes and no significant improvements in their energy-demand
have been made recently. For the last 30 years, NF and RO membranes have been
manufactured as thin-film composite membranes, mainly with polyamide top layers
on polysulfone supports. Even though water flux and solute rejection of these
membranes have continuously improved over the last decades, there is a growing
need for new, more selective, more energy-efficient and less fouling-prone

membranes, especially in seawater desalination applications.

The use of nanotechnology has led to new and exciting innovations, which can also
be introduced in water treatment processes. Recently, researchers at the University
of California in Los Angeles succeeded in incorporating super-hydrophilic, negatively
charged NaA zeolite particles in the top layer of hand-cast thin film composite
membranes, herewith almost doubling the pure water permeability of these

membranes, while maintaining a high salt rejection capacity.

The inclusion of the zeolite particles causes a significant decrease in membrane
surface hydrophobicity, which not only increases the permeate flux through the
membranes, but which should also result in improved fouling resistance. For this

study, the decrease in hydrophobicity might be important, since it might affect
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hydrophobic solute rejection. The less hydrophobic the membrane surface, the less
likely that hydrophobic interactions and partitioning into the membrane matrix will

occur for hydrophobic solutes.

This study will focus on the rejection properties of the newly developed “thin film
nanocomposite” (TFN) membranes for organic solutes, in comparison with a more
traditional hand-cast thin film composite (TFC) membrane and a commercially
available RO membrane. Rejection of hydrophobic, hydrophilic and charged solutes

will be compared on all three membranes.

This study will therefore assess whether the improved permeability for the TFN
membranes also leads to a reduction in organic solute separation performance (or an

increased in rejection performance for hydrophobic solutes).

6B.1. Materials and methods

6B.1.1. Equipment and filtration protocol

The filtration equipment used in these rejection experiments was already described
before (Paragraph 2.1, Chapter 5). The membranes, with an active membrane area
of 140 cm?, were accommodated in a flat sheet cross-flow membrane cell (Sepa CF
II, GE Osmonics, Fairfield CT, USA). Applied transmembrane pressure was regulated
using a needle valve in the concentrate stream, with transmembrane pressure
measured with a precision manometer (Wika fein-drukmessgerat).

Membrane filtration experiments were carried out at a constant cross-flow velocity of

0.2 m/s (corresponding to a feed flow of + 60 I/h) and at a constant feed pressure of
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20 bar. The cross-flow velocity of 0.2 m/s corresponds to cross-flow velocities used in
full-scale nandfiltration plants. Feed water temperature was set to 20 + 1°C. All
experiments were carried out in recycle mode with a single batch of water, with both
permeate and concentrate recycled back into the feed reservoir.

Again, since adsorption of solutes onto the membrane surface, and sorption into the
inner membrane structure, may influence measured rejection values, an accurate
evaluation of the rejection of a given solute is not possible until saturation of the
membrane with the solute of interest is accomplished [12]. In Paragraph 4.1 in
Chapter 2, it was shown that an equilibration period of 4 days should be adequate to
accomplish saturation and ensure that steady state rejection values are obtained at
organic solute levels of 2 ug/l. In this study, higher levels of organic solutes (20 mg/l)
were used. It was assumed that at these high concentration levels and with the
limited amount of membrane surface area available, equilibrium would be reached
faster. Rejection experiments were therefore carried out for 24 hours, and it is
assumed that this time period is long enough to ensure that the final rejection values
measured are not biased by an incomplete adsorption/saturation (this assumption
was validated by Kimura et al. [12], who indicated that adsorption on the Sepa-cell
set-up reached equilibrium after 24h for organic solutes at concentrations of 200 ug/l.
They also indicated that adsorption would be reached even faster for higher

concentrations of organic solutes).

6B.1.2. Membranes

Three different membranes were compared in this study. The first membrane was a

commercially available reverse osmosis membrane with a thin-film polyamide top
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layer (XLE, Dow-Filmtec). The second membrane was a thin-flm composite
membrane (TFC), handcast on a pre-formed polysulfone ultrafiltration (UF)
membrane through interfacial polymerisation. The third membrane was made in a
similar way as the the second membrane, but synthesized zeolite A particles were
included in the top layer. More information on the formation of the TFC and TFN

membranes was published before by Jeong et al. [13].

For the rejection experiments, flat sheet membrane specimens with an active
membrane area of 140 cm? were used.

Before use, all membranes were rinsed with Milli-Q water for 24 hours at 20 bar to
compact the membranes before the rejection experiments and remove preservation
liquids present in the membrane. Afterwards, the membranes were characterized for
pure water permeability with Milli-Q water and for MgSO4 rejection with a 500 ppm

MgSOy solution in Milli-Q water. Membrane properties are summarized in Table 6.7.

Pure water permeability Zeta-potential at pH 7

o o R
Membrane (m/(s.bar)) Contact angle (°) % MgSOs-rejection (mV)
Dow-Filmtec XLE 1.9x10° 48+3 95% 312
TFC 0.8x10° 78+3 90% 4+3
TFN 1.1x10° 67 +3 88% 123

Table 6.7 — Membrane properties of hand-cast and commercial membranes (n.d.: not determined)

According to the membrane manufacturer, the molecular weight cut-off (MWCO) for
the XLE membrane is 100 g/mol. For the TFC and TFN membranes, no MWCO was
determined.

Membrane zeta-potentials were determined in a background solution containing 10

mM KCI using commercially available streaming potential/current equipment
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(SurPASS, Anton Paar, Graz, Austria). Membrane hydrophobicity was characterised
by sessile drop contact angle measurements with Milli-Q water, using commercial
contact angle measuring equipment and drop shape analysis software (Kriss,
Hamburg, Germany). In order to minimise interference of surface morphology on the
contact angle, at least 15 different measurements on 3 different places on each
membrane sample were performed and the average of the measurements was taken.
Membrane samples were dried during 24h in a dessicator before measuring contact

angles.

6B.1.3. Solutes and analysis

Three different solutes were chosen for the rejection experiments: one hydrophobic,
one hydrophilic and one negatively charged solute. This allows for comparison of the
different membranes and their rejection mechanisms for organic solutes. The solutes

and their physico-chemical properties are shown in Table 6.8.

MW (g/mol)  log Kow (-) pKa (-)
2-ethoxyethanol 90.1 -0.32 n.a.
dichlorobenzene 1471 3.3 n.a.
oxalic acid 90.0 -2.22 pKai=1.27 ; pKaz = 4.28

Table 6.8 — Physico-chemical characteristics of selected organic solutes for rejection experiments (n.a.: not

applicable)

All solutes were spiked separately in Milli-Q water and measured by analyzing the
non-purgeable organic carbon (NPOC ~ total organic carbon (TOC)) -content of feed

and permeate. The limit of detection for the NPOC-analysis is 0.2 mg/l. Therefore, all
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solutes were spiked in concentrations of 20 mg carbon/I, in order to be able to
measure at least 99% rejection (which corresponds to a permeate concentration of
0.2 mg/l). Duplicate feed, permeate and concentrate samples were taken and
analysed after one hour and again after 24h of filtration. Comparison of the feed
concentrations of the organic solutes after 1h and 24h, respectively, enables to study

adsorption of the organic solutes onto the membranes.

6B.2. Results and discussion

The rejection values for the hydrophilic organic solute (2-ethoxyethanol) are
summarized in Figure 6.10 for all three membranes, together with the feed

concentrations at the beginning and end of the experiments.
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Figure 6.10 — Rejection values and feed concentrations for rejection experiments with 2-ethoxyethanol on XLE,

TFC and TFN membranes

The rejection values for the solute on all membranes are relatively constant, and so

are the feed concentrations. No significant adsorption of the hydrophilic solute on the
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membrane matrix seems to occur. Rejection for 2-ethoxyethanol on the TFC and
TFN membranes is quite comparable and is significantly higher than for the XLE
membrane. This is probably due to the smaller pore sizes (and thus the increased
steric hindrance) of both hand-cast membranes. A smaller pore size is expected for
the hand-cast membranes, since their pure water permeabilities are lower. Even
though the pure water permeability is higher for the TFN membrane, compared to the
TFC membrane, the rejection of the hydrophilic solute 2-ethoxyethanol is equally high
on both membranes. This is probably due to the more hydrophilic character of the
TFN membrane, which leads to an increased friction due to the presence of more
water molecules in the membrane pores, and thus an increased steric hindrance and

higher rejection. This hypothesis was already formulated in Paragraph 6A.2.2.

For the negatively charged organic acid (oxalic acid), rejection values are also higher
on the TFC and TFN membranes, compared to the commercial XLE membrane

(Figure 6.11).

100 40
A
75 * 30
A
S =
c g —
2 50 - Ex )
o 3
() 2
) 8)
o
—4&—XLEoxal —&—XLE oxal
25§ | 10 |
TFC oxal TFC oxal
—A—TFN oxal —A—TFN oxal
0 : : : : : 0 ‘ : : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (h) Time (h)

Figure 6.11 — Rejection values and feed concentrations for rejection experiments with oxalic acid on XLE, TFC

and TFN membranes
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This is mainly due to the more negative surface charge of both hand-cast
membranes, resulting in more electrostatic repulsion with the negatively charged
organic acid, and thus an increased rejection. Again, even though the TFN
membrane has a higher pure water permeability, the rejection of oxalic acid at 24h is
comparable to the TFC membrane rejection. This is probably due to the increased
negative surface charge of the TFN membrane by the inclusion of the negatively
charged zeolite particles. The feed concentration of the organic acid is stable for all 3
membranes, indicating that no adsorption of the acid on the membrane surface is

occurring.

For the hydrophobic solute, dichlorobenzene, the picture is completely different. The
highest rejection value here is observed for the XLE membrane. This is probably due
to the lower contact angle (and thus the more hydrophilic surface) of the XLE
membrane, compared to the other two membranes, resulting in less hydrophobic
interactions of the hydrophobic solute with the XLE membrane, and thus an

increased rejection.
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Figure 6.12 — Rejection values and feed concentrations for rejection experiments with dichlorobenzene on XLE,

TFC and TFN membranes
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When comparing rejection values on the TFC and TFN membranes, it is obvious that
the rejection of the hydrophobic solute is slightly lower on the TFN membrane, even
though it is more hydrophilic. Apparently, the difference in hydrophobicity by the
inclusion of hydrophilic zeolites (and thus the difference in hydrophobic interactions),

is not big enough to cause a significant change in rejection for hydrophobic solutes.

When looking at the feed concentration levels, the feed concentration (measured as
total organic carbon (TOC)) seems to increase in time for the experiment with the
XLE membrane, and the feed concentrations of the experiments with the TFC and
TFN membranes are significantly lower than for the XLE membrane. An explanation
for the lower feed concentrations in the TFC and TFN experiments might be
adsorption of the hydrophobic solute onto the membrane surfaces. The increasing
carbon-concentrations for the experiment with the XLE membrane, however, are
more difficult to explain. One hypothesis might be that dichlorobenzene reacts with
and dissolves a small part of the XLE membrane. However, this hypothesis has to be

confirmed by performing a more accurate characterisation of the membrane surface.

In conclusion, it can be said that, concerning rejection properties for organic solutes,
the TFC and TFN membranes perform extremely well in comparison with the
commercial membrane. Rejection values of hydrophilic and charged solutes are
higher on both hand-cast membranes, only the rejection of the hydrophobic solute is

slightly lower.

Comparing the hand-cast TFC with the TFN membrane, it can be concluded that the

inclusion of zeolite nanoparticles only has a minor (negligible) negative influence on
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the separation performance for organic solutes and salts, which is largely countered
by the enormous increase in pure water permeability (40% higher than the TFC
membrane). Therefore, it can be said that the construction of nanocomposite

membranes opens up new opportunities for future RO applications.
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Chapter 7:
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1. General conclusions

One of the objectives of this study was to assess whether high pressure membrane
filtration (NF/RO) was a good water treatment technique for the removal of organic
micropollutants.

One membrane property often provided by membrane manufacturers is the
Molecular Weight Cut-Off (MWCO) value: the MWCO of a membrane is equal to the
molar mass of a certain organic solute that is removed for more than 90% by the
membrane. The MWCO values, given by the manufacturers of NF/RO membranes,
are often around 150-200 g/mol. Since most organic micropollutants are also in that
size range, NF/RO should be viable techniques for the removal of organic
micropollutants. It was observed, however (not only in this thesis, but also in the
literature), that removal of some organic pollutants with a molar mass larger than
150-200 g/mol was still insufficient.

The main reason for this is that separation, based on the size of the solutes (size
exclusion), is not the only mechanism that plays a role in removal of organic solutes
in membrane filtration applications. Organic solute removal is also largely influenced
by other interactions between solute and membrane, namely hydrophobic (Van der

Waals) and electrostatic interactions.

Hydrophobic interactions between an organic solute and the membrane surface can
result in an increased or decreased partitioning of the organic solute in the
membrane matrix. Organic solutes that show affinity for the membrane can partition
into the membrane more easily than solutes for which solute-membrane affinity is
low. This results in a decreased rejection for organic solutes with high membrane

affinity. In practice, hydrophobic solutes show the most affinity for the hydrophobic
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membrane surface, which results in lower rejection for hydrophobic solutes in
practical applications of NF/RO, compared to hydrophilic solutes. Two different
models were constructed in Chapter 2 of this thesis to assess the influence of the
hydrophobic interactions (in addition to steric interactions), on the rejection of organic
solutes with NF/RO.

The first model was more empirical: using a log-normal pore distribution model,
different rejection curves for solutes of different hydrophobicity (expressed as log
Kow) were modelled. Rejection of hydrophilic solutes (log Kow<1) appeared to be
mainly (only) determined by steric interactions with the membrane, whereas for
hydrophobic solutes (log Kow>3) solute-membrane affinity resulted in lower rejection
values than could be expected purely based on steric interactions. The modelled
MWCO for hydrophilic solutes was located at lower molar mass values and a sharp
increase in rejection at molar mass values above the MWCO was observed, whereas
for hydrophobic solutes, the MWCO was located at higher molar mass values and a
more gradual increase in rejection was found. Construction of a rejection curve for
hydrophobic solutes was more difficult than for hydrophilic solutes and more
scattering of experimental data points around the modelled curve was seen,
indicating that log K, may not be the most suitable parameter to describe solute-
membrane interactions.

Since log Kow could not be used as a tool to predict removal of organic solutes, a
second model was derived. The second model used a novel approach in organic
solute rejection, by introducing a solute-membrane affinity-dependent partition
coefficient in the traditional Spiegler-Kedem transport equation. The partition
coefficient consists of a term describing solute-membrane affinity and a term

describing steric hindrance. The solute-membrane affinity could be determined by
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contact angle measurements and solving a set of Young-Dupré equations. Solute-
membrane affinity appeared to be more significant for the most hydrophobic
membrane, but did not always show a good correlation with the log K, of the
solutes.

The use of a flux independent partition coefficient turned the advanced transport
model into a predictive model (incorporating solute-membrane affinity) for the
rejection of uncharged organic solutes. The transport model was able to predict
rejection values quite well. This contrasts with a model, purely based on size
exclusion effects, which overpredicted rejection values for solutes that showed
significant affinity for the membrane. Moreover, the steric model underpredicted
rejection values of solutes for which repulsive Van der Waals forces between solute
and membrane were present (no spontaneous transfer of the solute from the water to
the membrane phase). This indicates that the membrane pore size can not be
determined using purely steric models and solute-membrane affinity has to be

incorporated.

In addition to steric and hydrophobic interactions, charged organic solutes can also
electrostatically interact with the membrane surface. At neutral feed water pH, most
membranes are negatively charged, due to the dissociation of functional groups
(carboxylic acid groups) on the membrane surface. This negative surface charge
leads to high rejection values of negatively charged organic solutes, due to
electrostatic repulsion between solute and membrane. However, rejection of
positively charged organic solutes is lower than the rejection of neutral organic
solutes, due to the electrostatic interactions: charge attraction between the positively

charged organic solutes and the negatively charged membrane surface leads to an
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increased concentration of positively charged solutes at the negatively charged
membrane surface, and thus a decreased rejection. For negatively charged organic
solutes, charge repulsion leads to a decrease in concentration at the negatively
charged membrane surface.

This concept is called “charge concentration polarisation” and shows good potential
as a simplified modelling tool to predict the rejection of charged solutes, based on the

rejection of uncharged solutes with similar physico-chemical characteristics.

It can thus be concluded that nanofiltration and reverse osmosis are valuable
techniques for removal of organic micropollutants from surface waters, but removal
might be limited by certain factors. Removal is limited by size: solutes with a
significantly smaller size than the pore size of the membranes will not show high
removal efficiencies. Removal is also limited by solute-membrane affinity: in practice,
this means that removal of hydrophobic organic solutes is often lower than the
rejection of hydrophilic solutes of similar size. Finally, removal might also be limited
by electrostatic interactions between charged organic solutes and the charged
membrane surface: rejection of organic solutes baring a charge, opposite to the
membrane surface charge, is lower, due to electrostatic attractions of the solute
towards the membrane surface, leading to increased concentrations at the
membrane surface and thus lower rejections.

In practice, this boils down to a problematic removal for: extremely small polar
solutes (e.g. the polar micropollutant NDMA), small to medium sized hydrophobic
solutes (e.g. bisphenol-A) and small, positively charged solutes (e.g. the

pharmaceutical terbutaline).
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A recommendation of this study would be to combine NF/RO with subsequent
activated carbon filtration: this counters the more problematic removal of hydrophobic
organic solutes (these are preferentially removed by the activated carbon) and, as a
result of the removal of natural organic matter (NOM) in the NF/RO step, the time
before regeneration of the carbon column can be prolonged considerably, since the
organic load is lower. This reduces operating costs for the activated carbon
considerably.

The combination of NF/RO with subsequent granular activated carbon was also
investigated in this thesis and yielded satisfactory results for the removal of a wide

range of organic micropollutants from two different water sources.

Removal of organic solutes in practical applications (full-scale installations) is often
lower than removal in lab-scale situations. This is due to the higher feed water
recovery in full-scale installations, which leads to increased feed concentrations (and
thus lower rejections) in the last stages of the full-scale plant. A model to describe the
decrease in rejection with increasing feed water recovery (and thus a model to
describe rejection in full-scale plants, or to translate rejections from lab-scale to full-
scale units) was also derived in this thesis. The modelled/predicted rejection values
seemed to correspond well to experimentally determined rejection values for a
cocktail of 18 pharmaceuticals, 7 pesticides and 7 organic acids on a pilot plant,

operated at feed water recoveries in the range from 75 to 90%.

One major drawback of all membrane filtration applications is membrane fouling and

its impact on the plant operation. It was shown in this thesis that the occurrence of

membrane fouling significantly alters the membrane surface properties and, as a
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consequence, rejection of organic micropollutants changes drastically in comparison
with clean membranes. It was observed that a fluidized anionic ion exchange pre-
treatment to remove natural organic matter (that may cause organic fouling on the
membrane surface) from surface water water before being fed to the NF/RO unit,
resulted in the formation of a colloidal fouling layer on the membrane surface, which
increased the negative surface charge of the membrane, resulting in decreased
rejections for positively charged organic solutes (up to 40% decrease) and increased
rejections for negatively charged organic solutes. Moreover, the flux decline caused
by this colloidal fouling layer was larger than the flux decline caused by untreated
surface water. These observations were made on lab-scale units. In practical
applications, the influence on the flux decline and rejection will be smaller, due to the
larger surface area available (resulting in a smaller load of foulants to the membrane

surface), and the better hydrodynamic flow conditions in spiral wound membranes.

Another major problem with membrane filtration is that a concentrated waste stream
is generated. Even though NF/RO can be applied for the removal of organic
micropollutants, the micropollutants are not really removed, but are concentrated in
the concentrate (brine) stream. For drinking water utilities, it is necessary to know the
concentration of organic micropollutants in this concentrate stream to know whether
the stream can be discharged to the surrounding environment, or whether is has to
be treated first. The models constructed in this thesis allow to determine removal of
organic micropollutants in full-scale NF/RO applications and, once this removal is
known, also the concentrations in the concentrate stream are known. Ongoing
research is focusing on ways to increase the feed water recovery of full-scale NF/RO

plants (e.g. by removing multivalent ions, that could cause scaling, from the feed
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water (using ion exchange resins or other techniques)). It has to be kept in mind,

however, that rejection of organic micropollutants decreases with increasing feed

water recovery (due to the internal increase in concentration). In the end, utilities will

have to find an optimal balance between a satisfactory removal of organic

micropollutants and an increased feed water recovery (a smaller concentrate

volume).

2. Recommendations for future research

Even though all solute-membrane mechanisms that determine rejection of organic

solutes with nandfiltration/reverse osmosis have been unravelled and mathematically

described, some aspects of rejection still need some attention:

It might be interesting to develop a new and fast method to describe solute-
membrane affinity for solid organic solutes. For liquid organic solutes, solute-
membrane affinity can easily be determined from contact angle
measurements, but this is not feasible for solids. Determining interfacial
tension from the solute’s aqueous solubility might be an option.

In order to gain even more insight on solute-membrane interactions (e.g.
hydrophobic and electrostatic interactions), a better characterisation of the
membranes is essential. The model to predict rejections of charged organic
solutes uses the membrane zeta-potential as an approximation of the real
membrane potential. Zeta-potential is not a real physical parameter, and
determination of the zeta-potential from streaming potential/streaming current
measurements is not always accurate and reproducible. Moreover, no

standards exist for comparison. Also, determination of solute-membrane
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affinity from contact angle measurements is feasible, but time-consuming. If
the exact chemical composition of the membranes would be known, it would
be easier to calculate molecular interactions between solute and membrane
(e.g. with molecular modelling software) and predictions of solute rejection.
Continuing on the previous point on better characterisation of membranes:
synthesis of new, nano-engineered membranes provides unlimited possibilities
to tweak membrane surface properties and provide membranes that are better
suited for organic micropollutant removal (e.g. more hydrophilic membranes,
as studied in Chapter 6). Lee et al. (2008) [1] also made an attempt to improve
membrane rejection properties for organic solutes, while retaining a high pure
water permeability and high selectivity for removal of salts. A better knowledge
of the process of membrane formation allows to better know (and control)
surface composition and surface properties.

To better understand effects of membrane fouling on rejection of organic
micropollutants, more insight in the interactions between foulant material and
the membrane surface is necessary. If more knowledge is available on the
type of foulant deposited on the membrane surface, it might be easier to
predict the influence of these deposits on membrane surface properties and
thus on rejection. Again, a better characterisation of the membrane surface,
but also of the composition of the feed water is necessary. Especially a better
characterisation of the natural organic matter in the feed water might help to
gain more insight in which fractions of the NOM actually cause the fouling of
the membrane surface and how the membrane surface properties will change
with the deposition of these fractions. The construction of new membrane

materials might help here as well, by choosing/constructing the right

281



membrane surface parameters to improve the fouling resistance or reduce the
interactions between the foulants and the membrane surface.

The effect of a fluidized anionic ion exchange pretreatment on the fouling of
NF/RO membranes, and consequently the influence on organic solute/organic
micropollutant rejection, needs to be studied in more detail. If the use of this
pretreatment step also results in increased fouling for other water types with
other membranes, it might not be useful to use this technique as pretreatment
to remove natural organic matter before NF/RO installations.

The influence of the feed water matrix on both fouling and removal of organic
micropollutants is particularly important in waste water reuse applications for
(in)direct potable reuse, which is becoming an increasingly popular application
for NF/RO in drought-prone regions. Not only the complex (and sometimes
varying) composition of the background organic matter matrix is of interest
here, but also the higher feed concentrations of organic micropollutants (by an
incomplete metabolism in the human body, these pollutants enter the sewage
system) are a challenge and increase the need for high removal efficiencies.
Finally, the concentrate problem remains one of the most important drawbacks
of membrane filtration applications. Measures and techniques to reduce this
concentrate stream thus deserve special attention. Especially concepts of zero
liquid discharge (ZLD) might be of interest. One way to reduce concentrate
volume is to increase the feed water recovery of the installation, by removing
scaling ions prior to the NF/RO unit. This is already a challenge on its own, but
the removal of organic micropollutants at high recoveries might also become
problematic. Therefore, high recovery NF/RO and removal of organic

micropollutants at these high recoveries should be studied in more detail.
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