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S UMMARY IN S WEDISH
Förekomsten av läkemedel har påvisats i reningsverks spillvatten, dagvatten, havsvatten, grundvatten,
mark och sediment. Halterna är låga, av storleksordning ng /l i vattenmassan, men det finns lite kunskap
om långsiktiga effekter av läkemedel påmänniskor och livet i vattnet. Omvänd osmos (RO) och nanofiltrering (NF) har visat sig vara effektiva i att avlägsna spår av organiska föreningar.
För att studera mekanismerna transport av mikroorganiska föreningar genom nanofiltreringsmembran,
har 23 fysiokemiska parametrar valts inklusive deskriptorer av molekylär storlek, form, laddning, hydrofobicitet, dissociation och löslighet. Tre pH testades för att göra parallella jämförelser. SIMCA multivariat
analys gjordes för att hitta de viktigaste molekylära parametrarna och simulera korrelationen mellan absorbtionseffektivitet och molekylära parametrar. Multi-linjära korrelationer mellan betydelsefulla parametrar och absorbtionseffektiviteten erhölls.
Resultaten tyder på att det inte finns någon specifik molekylär parameter som dominerar absorbtionen
under alla förhållanden. Molekyler med större molekylvikt (MW), molekylär bredd (MWd), Sterimol B1
och globularity absorberas eventuellt mera. Fördelningskoefficienten logD är mer beskrivande och korrekt
än fördelningskoefficienten logP. Mycket hydrofoba och hydrofila molekyler har olika transportbeteenden
genom membranet, möjligen beroende påolika fuktighet.
Sammanfattningsvis bestäms absorbtionsförmågan av kombinationen av siktning effekter, hydrofoba
interaktion och elektrostatisk krafter.
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A BSTRACT
In recent years, the trace organic pollutants like pharmaceuticals have been detected in surface water and
potable water. It raises concern since the effects on the aquatic environment and long-term potential
impact on human are unknown. Nanofiltration (NF) is one possible treatment technology to remove the
micro organics in the wastewater. However, the transport mechanisms of micro pollutants through the
nanofiltraiton membrane are not fully elucidated. In this study, the relations between retention efficiency
and twenty three physiochemical parameters in terms of molecular size, globularity, hydrophobicity, dissociation, charges and solubility, were evaluated based on the retention at three pH (3, 6.3 and 10). Among
them, a new parameter, the distribution coefficient (logD), was analyzed for the first time. There was no
specific parameter that can explain the retention fully, but the multivariate analysis results indicate that
logD could be a good replacement of partition coefficient (logP) in order to predict the retention of both
non-charged and charged molecules. The pH value had influences on the membrane condition and the
electrostatic interaction between solutes and membrane. The different transport behaviors of highly hydrophobic and hydrophilic molecules were found and good multi-linear correlations between molecular
parameters with solute retention were established by dividing molecules into several groups based on logD
(logD<0, 0<logD<2 and logD>2). The retention of micro organics is determined by the combination of
sieving effects, hydrophobic interaction and Coulomb force.
Key words: Nanofiltration; pharmaceuticals; SIMCA analysis; distribution coefficient; solute
permeability; retention efficiency.
test (Kelly, 2003; Kummerer, 2004). Unlike other
specific foods, water containing active compounds with low concentration is ingested in
sizable amounts every day, so there is a risk of
chronic effects on human in a long term. Certain
drugs obtain more concerns about chronic lowlevel exposure, including chemotherapy that can
act as a powerful poison, hormones that can
hamper reproduction or development; medicines
for depression and epilepsy that can damage the
brain or change behavior, antibiotics that can
allow human germs to mutate into more dangerous forms; pain relievers and blood-pressure
diuretics (Donn et al, 2008).
There are several sources or inputs of pharmaceuticals. Pharmaceuticals can be administered
orally or intravenously, which are used in hospital and home. After the application of drugs,
some are to a large extent metabolized before
excreted, while others are only moderately or
weakly metabolized and like contrast media, it is
excreted completely intact. If the drugs and their
metabolites entering the sewage treatment system are not eliminated, they are discharged into
the aquatic environment and may influence the
indirect potable water reuse downstream the
discharge points. Type and quantity of pharmaceuticals are varying from country to country.
Also outdated medicines and remains sometimes
are put down the household drains. It is reported that about 1/3 of the total amount of pharmaceuticals sold in Germany and around 25%
of that sold in Austria are disposed of with

1 I NTRODUCTION
The occurrence of pharmaceuticals has been
detected in sewage treatment plant effluents,
surface water, seawater, groundwater, soil, sediment and fish (Kummerer, 2004; Nikolaou et al,
2007). Systematic investigation and studies of
pharmaceuticals in the environment are now in
progress in Italy, USA, Canada and other countries (Kummerer, 2004). A wide range of evidence shows that the active compounds cannot
be completely eliminated by the sewage treatment technologies and are often non-degradable
in the environment. Like widely used cholesterol
fighters, tranquilizers and anti-epileptic medications, those drugs can be tolerant to modern
drinking water and wastewater treatment processes. There are no specialized sewage treatment plants for pharmaceuticals removal (Donn
et al, 2008). Even for reverse osmosis technology that can remove most pharmaceuticals, it is
expensive for a large scale operation and generates large volume of concentrated water needed
further treatment. The concentration of different pharmaceuticals in surface water and sewage
treatment plant effluent is usually in the range of
ng/l to µg/l (Kummerer, 2004).
Little information is available on the impact of
active compounds on organisms in the aquatic
and terrestrial environment. Generally high
concentration such as mg/l can affect the organisms, but some lower concentration can produce
effects on Daphnia, algae and bacteria in chronic
1
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Fig. 1 Pathway of pharmaceuticals in the environment (Kummerer, 2004)
household waste or down the drain (Kummerer,
2004). In addition to human sources, drugs used
in animal husbandry and their metabolites are
excreted with manure, which is used fertilise
fields by farmers resulting in making drugs
residues into soils. Veterinary drugs are another
input, too (Fig. 1). Therefore the environmental
risk assessment (ERA) is imperative around the
world. The elaboration of an EU Note for
Guidance (NfG) document on the ERA of
human pharmaceuticals was initiated more than
a decade ago. Since then, there have been many
drafts on the environmental risk assessments,
including prediction of environmental concentration and the assessment of fate and effects in
aquatic and terrestrial compartment (Kummerer,
2004; EMEA, 2006).
Pharmaceuticals are present in surface and
drinking water around the whole world. In 2007,
some pharmaceuticals, like metoprolol and
naproxen were detected in the Stockholm city‟s
potable water (Stockholm County Council,
2007). The concentrations of tested active compounds are low in the ng/l range (Appedix I),
but there is litter knowledge about long-term
effects of pharmaceuticals on human beings and
aquatic life.
Between the years 2005-2010, Stockholm Water
Co. conducted an investigation of the removal
efficiency of pharmaceuticals in wastewater
treatment plants, called „Pharmaceuticals-the
Stockholm Project‟, in order to find methods of

reducing the load of pharmaceutical residues in
the wastewater. In the project the enhancement
of existing processes and possible new technologies for removal of pharmaceuticals was investigated at Hammarby Sjöstadsverket pilot plant.
Reverse Osmosis (RO) has been shown to be
effective in removal of trace organic compounds
but is an expensive process for conventional
wastewater treatment plants to implement.
Nanofiltration (NF) are not as tight membranes
as RO, requires a lower pressure and consequently lower cost and could be one option to
decrease the risk of micro pollutants such as
pharmaceuticals on the environment..
Although previous research and full-scale operations showed the effective retention of regulated
organic compounds, nitrogen species, and pathogens by membrane treatment (Salveson et al,
2000; Alexander et al, 2003), some trace organic
pollutants cannot be rejected 100% by RO/NF.
Organic compounds of low MWs (molecular
weight) but larger than the reported molecular
weight cut-offs (MWCOs) still appear in the
permeate. During Salveson‟s experiment, the
hormone 17β-estradiol with MW 279g/mol was
determined at 0.3ng/L in the permeate while
total organic carbon (TOC) and regulated organic compounds were rejected effectively (Salveson
et.al, 2000). Another study done by Reinhard
showed that all membranes (cellulose acetate and
polyamide membranes) tested in the experiment
rejected branched, complex molecules, but for

2
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smaller molecules their retention characteristics
were different. Organic compounds with lower
MW than MWCO of membranes are partially
rejected by RO/NF, such as disinfection byproducts (DBPs) (Bellona et al, 2004).
The knowledge of micro organic chemical
retentions by RO/NF gained from observations
in pilot and full scale installations is not completely and exactly understood. The retention of
micro compounds is correlated to steric hindrance, electrostatic repulsion, diffusion effect
and interaction between solutes and membranes.
Solution chemistry and membrane fouling may
affect micro pollutants retention. Different
solutes and specific membranes generate different retention results, making it more complex to
understand the retention mechanisms of trace
compounds by RO/NF.

lar physiochemical parameters on the retention
efficiency of pharmaceuticals by nanofiltration
membrane at the same time. The parameters
studied include feed concentration, molecular
weight, molecular width, Sterimol parameters,
globularity, octanol-water partition coefficient
(logP), distribution coefficient (logD), solubility,
charge, polar area, positive area, negative area,
hydrophobic and hydrophilic area.
Three pH conditions were tested in order to
make horizontal comparison and the influence
of pH on retention. Since 23 parameters are a
large pool of variables to evaluate, SIMCA
analysis was done using limited retention results.

3 M EMBRANE TECHNOLOGY
Over last 40 years, membrane processes have
been utilized by various industries such as chemical, petrochemical, pharmaceutical and medical
and in the field of water treatment, desalination
and wastewater reuse. Membrane technologies
generally have low capital investment, low operating cost with high consistent removal efficiency and with minor addition of chemicals but
relatively high energy consumption compared
with other wastewater treatment processes.

2 T HE OBJECTIVE
Many researchers have investigated the effects
of molecular parameters on the micro pollutants
retention, but most of them only focused on
one or two parameters at one time such as molecular weight, molecular width or logarithm of
partition coefficient (logP). The objective in this
study is to evaluate the influences of 23 molecu-

Fig. 2 Membrane technology with suitable models
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Membrane technology refers to different kinds
of separation processes where the membrane is
used. It now becomes a competitive technology
for conventional ones, considered as an alternative for flocculation, sedimentation, adsorption
such as active carbon filter, extraction and distillation etc. There are several specialized membrane processes, such as reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), microfiltration (MF) and pervaporation (Fig. 2). Transportation through the microfilter and ultrafilter
are basically similar since their separation mode
is molecular sieving through increasingly fine
pores. The separation mechanism of reverse
osmosis and nanofiltration is different, because
the membrane pores are so small (3-5Å in diameter and 8-12Å respectively) within the range of
thermal motion of polymer chains. In this chapter, only transportation through RO and NF will
be discussed.

3.1 Reverse
theory

meable membrane under an appropriate pressure in excess of the osmotic pressure. The
magnitude of the pressure required to completely impede the flow of solvent is defined as the
"osmotic pressure". If the applied pressure
exceeds the osmotic pressure, the water can flow
through the membrane from the concentrated
side to the diluted side of the membrane. There
are two thermodynamic driving forces influencing water and solute transportations: solute
chemical potential gradient and water chemical
potential gradient across the membrane (Fig. 3).

3.1.1 Membrane types and modules
Ideally, the membranes should be tolerant to
wide pH ranges, temperature and high pressure
and resistant to chemicals attack like by chloride
and bacteria. Although NF characterizes the
process between RO and ultrafiltration (UF),
there is still confusion whether a membrane
should be called a RO or NF membrane. Often
NF membrane is called loose RO membranes.
The tight NF membranes and loose RO membrane used to separate organics at low pressures
can have exactly the same chemical composition
and preparation methods (Schäfer, 2005).
There are four types of membranes in terms of
material: cellulosic, aromatic polyamide, thinfilm composite (TFC) and inorganic. Cellulosic
acetate was the first discovered RO membrane
material and asymmetric. It is easy to make,
install, mechanical tough and cheap with tolerance to chlorine and other oxidants, but there
are still numbers of limitations, such as low
resistance to higher temperature (usually below
35 ℃ ) or pressure, being vulnerable to hydrolysis (limited by pH and usually in the range of 38). The permeabilities of water and solute are
sensitive to the degree of acetylation of membrane polymer.
Aromatic polyamide membrane are similar to
cellulosic membrane (asymmetric and thin) but
has higher resistance to biological attacks, hydrolysis and can withstand sudden increased
temperature. TFC is made up of a surface film
that is dense and thin supported by a thicker and
porous substructure ， which gives a desirable
high species transport rate because of its thin
surface layer. The separation properties and
permeation rate are determined exclusively by
the surface layer, while the substructure acts as a
mechanical support (Baker, 2004). There are
several kinds of TFC available in the market,
including the polyfurane cyanurate, aromatic
polyamide, and alkyl-aryl poly urea. It is one of
the most efficient RO membranes, but due to

osmosis/Nanofiltration

Reverse osmosis (RO) technology is one of
membrane technologies. RO processes can be
classified into three types: high-pressure RO (5.6
to 10.5 MPa), low-pressure RO (1.4 to 4.2 MPa)
and nanofiltration or „loose RO‟ (0.3 to 4.2
MPa). The well-known application is seawater
desalination and nowadays there exist more
applications such as water purification for medical, domestic and industrial uses. Osmosis is a
natural phenomenon in which water flows
though a permeable membrane without solute
flow from lower solute concentration side to
higher concentrate side until the equilibrium of
solvent chemical potential is restored (Ho, 1992).
At the equilibrium, the pressure difference between two sides of membrane is equal to the
osmotic pressure difference. RO is to reverse
this process by forcing a solvent from concentrated side to diluted side through the semiper-

Fig. 3 Osmosis and reverseve osmosis
(RO)
4
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Fig.4 Spiral-wound module
amide bonds, this type of membrane, like polyamide asymmetric membranes, needs a freechlorine condition to avoid degradation.
Consummers must consider the maintenance of
the TFC systems, particularly the carbon pre
filtration element present to remove free chlorine and other oxidative organics.
Compared with polymeric membranes, the
ceramic membranes are much less widespread,
though there are significant progresses made in
this field. Ceramic membranes generally have
higher chemical, structural and thermal stabilities
and high tolerance to pressure, do not swell and
are cleaned easily (Schäfer, 2005).
The module is the housing containing the membranes. There are four commercialized modules:
plate-and-frame, tubular, hollow-fiber and spiralwound modules. Among them, spiral-wound
module is most commonly used in RO processes
(Fig. 4) considering cost and performance (United States Environmental Protection Agency,
1996). Membranes can be managed using deadend or cross-flow filtration and usually we use
the latter one (Fig. 5). Cross-flow makes water
recycled and parallel to the membrane.

RO/NF configurations include single stage, two
stages and two pass flow systems. The choice of
configurations depends on specific product
water quality requirements. For single-stage flow
system, the feed water is only treated using one
stage of membrane, which is the simplest configuration and commonly used for desalination
applications (Fig. 6). For two-stage flow, the
retentate from the first stage acts as the feed to
the second series and usually used for brackish
a.

b.

c.

Fig. 6 a. Single-stage flow; b. Two-stage
flow; c. Two-pass flow (Al-Enzi
& Fawzi, 2002)

Fig. 5 Dead-end (upside) and cross-flow
patterns (downside)

5
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water use increasing the overall recovery ratio.
Usage of two-pass flow system is necessary to
provide low salinity product, especially useful for
the treatment of boiler feed water. The permeate from the first stage flows into the second
stage with intermediate pressure. Also the concentration with low salinity is blended with feed
water to increase the total utilization of feed
water (Al-Enzi & Fawzi, 2002).

i.e. Ji=K‟cidp/dx. K‟ represents the nature of the
medium, ci is concentration and dp/dx is the
pressure gradient along the distance. For solution-diffusion concept, phenomenological equation, Fick‟s law, i.e. Ji=-Didci/dx describes the
diffusion of molecule through membranes. Di is
diffusion coefficient (cm2/s), which measures
the mobility of individual molecules, and dci/dx
is the concentration gradient along the distance.
For membranes best described by solutiondiffusion model and Fick‟s law, the free volume
(pores) in the membrane is tiny space between
polymer chains due to the thermal motion of
polymer molecules, while on the other hand, for
membranes best described by pore-flow model
and Darcy‟s law, the free volume (pores) is relatively large and stable and connected to each
other. The pore size of NF membranes just in
between RO and UF, the consideration of solution-diffusion and pore-flow model is better to
be taken from theriotical perspective.
Water recovery rate (r) is generally calculated by:

3.1.2 Transport models
Although the retention performance may be
same for meso-porous membrane and nonporous membrane, the separation mechanisms are
different. For porous membrane, sieving effect
occurs while for nonporous membrane solutiondiffusion mechanism is suitable, in which molecular size is also considered. Several models
established to describe water and solute transportations through nonporous membranes (e.g.
a TFC membrane with an interfacial polymerized toplayer), include solution-diffusion model,
preferential sorption-capillary flow model etc.
For solution-diffusion model generally used for
RO, both solute and water dissolve in the membrane surface and then diffuse across it due to
their own chemical potential gradient. Differences in solubility and diffusivities of the solute
and solvent in the membrane phase affect the
retention efficiency. A preferential sorption for
the solvent cross the membrane is considered in
preferential sorption-capillary flow model. As
for a charged membrane, Donnan exclusion
mechanism often dominates, which means the
counter-ion concentration is higher in the membrane phase than that in the bulk solution while
that of co-ion is lower. It prevents co-ion from
diffusing across the membrane and means the
electrostatic repulsion makes impacts on the ions
transportation (Ho, 1992).
Through meso-porous membrane pore-flow
model can be used. The differences between the
solution-diffusion and pore-flow models lie in
the relative size and performance of pores. In
some books, for NF lying in the transition between pure RO and pure UF, pore-flow model
where permeate are transported by pressuredriven convective flow through the tiny pores,
combined with solution-diffusion model may be
more appropriate, because the pore size of
nanofiltration membranes (5Å -10Å) are relatively larger than that of pure RO membrane and
have high retentions of di and trivalent molecules but low retentions of monovalent ones.
The basic equation of pore flow model i.e.
pressure-driven convective flow is Darcy‟s law,

r  Jw / J f

(1)

Where:
Jw is the permeate flux;
Jf is the feed water flux.
The water volume reduction factor (VRF),
describes the ratio between total feed volume
(Vtotal) and concentrate volume (Vconcentrate) and
indicates how many times the feed water is
concentrated.

VRF  Vtotal / Vconcentrate

(2)

R  1  cp / c f

(3)

Where:
R-retention efficiency;
cp is the concentration of the permeate;
cf is the concentration of the feed water.
The solute concentration in the permeate can be
expressed as:

cp  J s / J w

(4)
Where Js is the solute flux and Jw is the water
flux.
The relation between water flux and pressure
can be described, using a simple formula from
solution-diffusion model:
J w  A(p   )

6
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Where:
A is water permeability constant, equal
to (DiKiLCiVi/LRT), where Di is water diffusion
coefficient, KiL is water sorption coefficient, Vi
is water molar volume and L is the thickness of
the membrane;

virtue of increased pressure, the retention result
can be more effective.
For solution-diffusion mechanism, combine
those four equations (3-6), considering cp much
smaller than cf, so the membrane retention rate
can be shown as:

p is the pressure difference across membrane;

R  1

 is the osmotic pressure difference across

(7)
From the formula above, the operating conditions and permeabilities of solvent and solute
are important factors in order to reach a good
retention performance.
Combining equations 3, 4 and6, then we can get:

membrane.
From the formula above, it is known when p
is bigger than  , water flows through membrane from concentrated side to dilute side. If
p is equal to  , then no water flows, while
smaller, then normal osmosis occurs.
For solute flux, it can be described by another
similar formula:

J s  B(c f  c p )

B
A(p   )

B  J w (1/ R  1)

(8)
It can be seen that if water flux or applied pressure is constant, then solute permeability can
directly characterize the effects of solute properties on the retention efficiency by membranes.
Furthermore, the permeability of solute is related to the product of diffusion and sorption
coefficients. The former one is affected mainly
by repulsive interactions and the latter one by
attractive interactions. Therefore, any factors
influencing the solute diffusion Dj or sorption
Kj coefficients have impacts on the retention
efficiency R.
The sorption coefficient KiL is the term linking
the component concentration in solvent with its
concentration in the membrane polymer phase,

(6)

Where:
B is the solute permeability constant, equal to
(DjKjL/L), where Dj is solute diffusion coefficient, KjL is the solute sorption coefficient, and
L is the thickness of membrane;
cf and cp are the solute concentration in feed
stream and permeate, respectively (Baker, 2004).
Following the two equations 5 and 6, the water
flux is proportional to applied pressure, while
the solute flux is independent on pressure. So by

Table 1 Molecular parameters explanation
Term

Definition

Parameters used

Explanation

References

Molecular size and
shape

Measure the magnitude of
molecular volume and
structure

Molecular weight,
molecular width,

Pore-flow model;

Van der Bruggen,
2002;

Acid dissociation
constant

The logarithmic value of
equilibrium constant for a
chemical reaction known as
dissociation in the context of
acid-base reactions.

molecular length,
globularity

pKa,

Influence on
diffusion coefficient
in solution-diffusion
model;
Effects on the
species of solutes,
i.e. characters of
solutes like hydrophobicty and
charges,

Kiso et al, 2001;
Baker, 2004;
…
Xu et al, 1999;
Deshmukh, 2001;
Ozaki, 2002;
Schäfer et al, 2002;
…

Donnan exclusion
mechanism.
Hydrophobicity

The affinity ability of a solute
on the membrane

logP,

Influence on
sorption or solubility
through solutiondiffusion model

logD

Zheng et al, 2009;
Kiso, 2001;
Kimura et al, 2003;
Bellona et al, 2004;
…

Polarity

separation of electric charge
leading to a molecule having
an electric dipole

Dipole moment
polar surface

Influence on
sorption or solubility
through solutiondiffusion model

Van der Bruggen,
1998;
Bellona et al, 2004;
Schäfer, 2005;
…

7
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while the diffusion coefficient is a kinetic term
reflecting the effects of surrounding environment on the molecular motion of permeating
solutes (Baker, 2004). The diffusion coefficient
Dj in polymers is related to molecular weight or
size of permeants, i.e. steric hindrance effects,
since smaller molecules only interact with one or
two atoms in their immediate proximity and
larger molecules have different local ambience
resisting the movement of permeants in terms
of molecular dynamics (Baker, 2004). Frequently, molecular weight cut-off (MWCO) is used as
a characteristic parameter for NF membranes,
which is defined as the molecular weight of the
component retained for 90% by the membrane.
However, MWCO can not represent the retention information. In addition to molecular
weight, there are some other size descriptors
used, such as molecular length and Sterimol
parameters.
There are many works that have been done to
study how to evaluate sorption properties of
membranes (Kiso et al, 2001; Bruggen et al,
2002; Bellona et al, 2004). Hydrophobicity may
be an important factor relative to the sorption
on the membranes. For hydrophilic solutes like
alcohols and saccharides, steric hindrance is the
most important factor while hydrophobic solutes can be adsorbed to a greater extent on the
membrane surface. The octanol-water partition
coefficient logP is only useful for neutral solutes,
because it describes the differential solubility of
a neutral compound in the two immiscible solvents. In case of ionized molecules, logD (distribution coefficient) that varies with pH is better
to use, which takes all species into consideration.
Adsorption to the membrane includes not only
hydrophobic or hydrophilic attraction but hydrogen bonding capacity. There are some studies
that found highly polar compounds might also
act with membrane surfaces influencing the
adsorption (Williams & Hestekin, 1999; Schäfer
& Nghiem, 2002; Bellona et al, 2004).
If organic compounds are ionized in solvent
positively or negatively charged, then molecular
characters will change, like hydrophobicity and
charges. The degree of ionization depends on
pH which can also influence the charge of
membrane and further the characteristics and
retention properties.
In table 1, the molecular parameters and how
they may affect the retention are listed.

TRITA LWR degree project 10-27

3.2 Operation factors of RO/NF
Pressure, temperature, feed solute concentration
and pH influence the retention efficiency. With
higher applied pressure, the water flux will be
increased (Equation 5), while the solute retention efficiency generally increases due to dilution
that makes the permeate concentration lower.
With higher temperature, the water flux increases since it changes the water permeability and
viscosity. Meanwhile the effect from temperature is more marked for solute flux, so the final
retention efficiency depends on the trade-off
between water and solute flux‟s dynamics. Due
to higher osmotic pressure of higher feed concentration, water flux can be decreased. The
status of solute is very important and pH can
affect the solute charge and solute hydrophobic
characteristics as well as the membrane „pore‟
structure and so on.

3.3 Concentration polarization
fouling

and

The flow with water and solute reaches the
membrane surface, and water and small part of
solutes permeate the membrane. Salt accumulates at the membrane surface so the salt concentration cm adjacent to membrane surface is
higher than the bulk solution concentration cb.
This is called concentration polarization
(Fig. 7). One effect of concentration polarization is a decrease of the flux.
The International Union of Pure and Applied
Chemistry defines fouling as follows: the process
that results in a decrease in performance of a
membrane, caused by the deposition of suspended or dissolved solids on the external
membrane surface, on the membrane pores, or

Fig. 7 Concentration polarilization; concentration profile under steady-state conditions (Marcel, 1996)
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Fig. 8 Scheme
of NF unit

within the membrane pores. Treated wastewater
has a complex matrix of for example, bacteria,
nutrients and organic substances and pretreatment ahead of a membrane is important.
Depending on feed quality, and flux decline, to
the membrane cleaning of the membrane are
performed. By circulating the cleaning solution
at a high temperature low pressure followed by a
second soaking period or flush, the membrane
can be rinsed. RO/NF membrane degrades
during the usage gradually and nowadays modern manufacturers supply a warranty of one or
two years.

Due to the diurnal instability of wastewater,
both tests of pH 3 and 10 were run in the afternoon and circulated at night. After after each
test, the membrane was cleaned by citric acid
(pH～3) and sodium hydroxide solution (pH～
10). Data from earlier NF test done by Lena
Flyborg at pH 6.3 was used in order to make a
comparison between three pH condtions.

4.2 NF unit
From an overflow tank, wastewater was brought
by gravity though a cartridge filter (10 µm) to
the feed tank of 180 L. Feed wastewater was

Table 2 Operational parameters during
the test at VRF 5

4 M ETHODOLOGY

pH 3

pH6.3

pH 10

Before

7.7

6.4

8.0

After

6.3

5.8

6.7

Permeate

3.08

6.36

9.86

Retentate

3.26

6.75

9.60

Permeate

20.4

21

20.3

Retentate

20.4

21.2

20.4

Permeate

820

373

794

Retentate

2230

190

2560

Permeate

763

-

754

Retentate

>2000

-

>2000

Permeate

7.82

10.51

7.40

Retentate

16.04

13.61

16.78

4.1 Experiment scheme
The water volume reduction factor (VRF) 5 at
which a full-scale NF unit in a WWTP would
operate was chosen for retention tests. Initially a
batch test was planed using a 180 L feed tank.
But when VRF 5 was reached, there was only 37
L wastewater left in the tank, which was not
enough for steady state operation of NF unit.
Instead a semi-continuous mode was employed
with another 188 L wastewater added. The
experiments were run at three different pH (3,
6.3 and 10) to evaluate the retention and transportation mechanisms.
The feed wastewater was the effluent from
Henriksdal WWTP. The plant uses chemical
precipitation pre-treatment, activated sludge
process with pre-denitrification and a final sand
filter with chemical precipitation for phosphorous removal. The parameters of feed
wastewater are shown in Appendix II.

Pressure
(bar)

pH

Temperature
(℃)

Conductivity
(µs/cm)

TDS
(mg/L)

Flux
-1

-2

(Lh m )
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pumped through another cartridge filter (10 µm)
to the NF module. The unit was designed as a
two-stage array system and was operated in a
semi-continuous mode at normal temperature
and low pressure. After a period of circulation
(around 5 hours), 188 L new wastewater was
added averagely in next four hours and meanwhile 188 L permeate flowed out. Retentate
were recycled into the feed tank except sampling
(Fig. 8). Permeate and retentate samples were
taken at VRF 5 (volume reduction factor), which
means 80% water recovery.
Conductivity, pH value, flux of permeate and
concentrate, temperature, pressure and TDS
were noted at VRF 5 (Table 2). The whole NF
unit volume is 227 L. Every 20 min NF unit was
stopped, allowing for backflow diffusion. The
properties of the membrane used (ESNA1-LF)
purchased from Nitto Denko are shown in
table 3. The contact angle is about 50 degree and
neutrally negatively charged, alleviating the
fouling problems.

4.3 Analysis of organic chemicals
95 pharmaceutical residuals, called Active Pharmaceutical Ingredients (API) were selected
because of highest sales volume with respect to
ATC code (Anatomical Therapeutic Chemical
Classification System) in the Stockholm region
(Wahlberg et al, 2009; Flyborg et al, 2010). The
analysis was performed in the laboratory of
Eurofins in Lidköping, Sweden. LC-MS/MS was
used for detection following solid phase extraction, elution with methanol.
Only parent chemicals could be detected. If
APIs were in a conjugated form with some small
molecules, it would be different to detect them.

4.4 Adjustment of feed concentration
The NF test in this project was run in a semicontinuous way, which means during the process, the retentate was going back continually to
the feed tank and permeate was flowing out at
the same time. It can be imagined as a process
of several stages filtration. The retentate and
permeate samples taken came from the „final
stage‟ where the water concentration just before
the membrane was much higher than that of the

Table 3 Membrane properties
Type and material

Permeate flow

Spiral wound;

8.200
3
(31.0m /d)

Composite polyamide

a

gpd

CaCl2 retention

89%

a

b

MWCO

Contact angle

380

45-55

a

* from manufacture, Nitto Denko.
b

from literature (Park et al, 2005a; Park et al, 2005b; Myung-man, 2010)

Fig. 9 Calculation of feed concentration
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°

b

Active
surface
a
area
37.1 m

2

Charge

b

Neutrally
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Table 4 Symbols of parameters in SIMCA
Feed concentration
Molecular weight
Globularity

Feed conc

1

MW

1,a

Glob

Sterimol B1

1,a

Steri_1

Sterimol B2

1,a

Steri_2

Sterimol B3

1,a

Steri_3

Sterimol B4

1,a

Steri_4

Sterimol L

1,a

Steri_L

b

Solubility

Solub

Molecular width

1

Partition coefficient

2,b

Distribution coefficient
Charge

2,c

MWd

4.5 Selection of parameters

logP

All parameters selected and the abbreviations are
listed in table 4. The molecular size can make an
important impact on the retention by RO/NF.
MW is the most easily accessible but not a precise parameter describing the molecular size and
usually used to study the retention of uncharged
organic matters. Sterimol parameters were used,
which compute four molecular widths perpendicular to the bond axis and the length measured
along the substitution point bond axis considering Van der Waals effects (Fig. 10). The molecular width (MWd) was defined as half of the
square root of the area of rectangle enclosing
the molecular projection by Sterimol width
parameters. This root corresponds to the side
length of the square whose area is equal to the
rectangular area (Kiso et al, 2001; Zheng et al,
2009). Molecular length was defined as the
distance between the two most distant atoms of
molecules.

logD

3,c

charge

Polar surface

3,b

Po_surf

Polar surface

3,c

Po_surfM

Positive area

3,a

Pos_A

Positive area accessible for solvent
3,c

Negative area

3,a

3,c

Hydrophobic area

2,a

ASAPhobic

Hydrophobic area accessible
2,c
solvent
Hydrophilic area

ASA+
Neg_A

Negative area accessible for solvet

for

2,a

ASA_H
Philic

Polar area accessible for solvent

c

ASA_P

1

* means molecular size and structural descriptors;
2

means descriptors of hydrophobic interaction with
membrane;

3

means descriptors of electrostatic effects;

a

searched from MMs website;

b

cin is the concentration of inflow in the beginning, tested in the lab, ng/L;
ccon is the concentration of retentate, ng/L;
Qin is the inflow flow rate, L/h;
Qcon is the retentate flow rate going back to the
feed tank, L/h;
Qx is the retentate flow rate directly mixed with
pumped wastewater, L/h;
Qperm is the permeate flow rate, L/h.

searched from ChemSpider website:

MWd  0.5 ( B1  B4)( B2  B3)

http://www.chemspider.com;
c

calculated by MarvinSketch in specific pH.

original one in the feed tank, which was sent to
the lab for analysis.
To calculate the feed concentration in the „final
stage‟, it was assumed that the incoming
wastewater flux was equal to the permeate flux.
The feed water pumped into the membrane
module had three branches, i.e. incoming
wastewater (Qin), returned concentrate (Qcon)
and by-pass flow of concentrate Qx (Fig. 9).

c feed 

Qin cin  Qcon ccon  Qx c con
Q pump

Globularity is the parameter that shows to what
degree the molecules approach to a sphere, with
0 for two or one dimensional object and 1 for a
perfect sphere. It is modeled by MMs (Molecular



Q perm cin  Qcon ccon  Qx c con
Q pump
Where:
cfeed is the feed concentration in the „final stage‟,
ng/L;

Fig. 10 Schematic model of Sterimal
parameters
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5 R ESULTS AND DISCUSSIO N
5.1 Retention efficiency
Although 95 pharmaceuticals were analyzed in
the laboratory, some of them had negative
retention results or under LOD (limit of detection). Therefore, final data set size for multivariate analysis is 34, 21 and 16 at pH 3, 6.3 and 10,
100

Retention %

80

60

straight
branched
round

40

20

0
150

200

250

300

350

400

450

500

MW (g/mol)

100

80

Retention %

Modeling Section) lab of Italy and refers to the
inverse condition number (smallest eigenvalue
divided by the largest eigenvalue) of the covariance matrix of atomic coordinates. It‟s a new
parameter to use, representing the shape of
molecules and may be more suitable than molecular width.
Electrostatic repulsion between charged solute
and membranes was reported frequently (Bellona, 2004). Acid dissociation constant pKa decides the form of molecule and further the
hydropholicity in different pH conditions. Many
reports showed logP used to describe the sorption effects on the membranes was an important
factor affecting the solute retention However,
logP is only useful for non-ionizable solutes, so
in that case, distribution coefficient logD may be
an appropriate choice, which measures the pHdependant differential solubility of all species in
the octanol/water system, typically used in the
logarithmic form logD (Bahl, 2007). To accurately predict the lipophilicity of compounds
and retention efficiency, it is wondered if logD is
more suitable than logP. Also polar surface area,
positive and negative area, hydrophobic and
hydrophilic area are affected by pH condition
and are included in this study.
Dipole moment refers to the polarity of a molecule, which is the sum of the permanent and the
induced dipole moment. The former one is
constant roughly while the latter one is proportional to the electric field. In this project the
dipole moment is approximately equal to the
permanent dipole moment and was calculated by
the software. Only neutral molecules were available to calculate which makes the parameter less
important in this study. Most pharmaceuticals
have low solubility and may affect the transportation in the membranes.

TRITA LWR degree project 10-27

60

40

20

0
0.30

0.35

0.40

0.45

0.50

0.55

0.60

MWd(nm)

100

4.6 Relevant software

80

Retention %

Because there were 23 parameters to be evaluated, one multivariate analysis software was used,
i.e. SIMCA P+12.0.1 which applies partial least
squares projection to latent structures modeling
(PLS). SPSS 13.0 was used for linear regression
analysis. HyperChem 8.0 was employed for
dipole moment calculation. logD, polar, hydrophobic, hydrophilic, positive and negative surfaces accessible to solvent at different pH were
calculated by MarvinSketch.

60

40

20

0
1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Molecular length (nm)

Fig. 11 Relationship between retention
and MW, MWd and Molecular length
with different globularity in pH3.
Straight: globularity <0.1; branched:
globularity 0.1-0.25; round: globularity
>0.25.
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respectively (Appendix III). Most pharmaceuticals were charged to different extents based on
pKa, of which 40 were positively charged, 21
negatively charged and only 10 nearly neutral in
three pH. The reason for negative retention
might be that before going through the membrane, the molecules were attached to some
particles causing to mask the lab analysis while
after permeation, those molecules were released
again making the permeate concentration bigger
than that in feed wastewater. Another explanation might be that some pharmaceuticals can
switch between conjugated and parent form.
Under the constant operational condition, the
retention relies on physiochemical properties of
pharmaceutical molecules. In this section, general and direct figures are presented. Figure 11
shows the effects of molecular weight, molecular width and molecular length on retention in
pH 3. The retention increases when MW, MWd
or molecular length are incremental, due to the
sieving effect. However, steric hinderance is not
the only influencing mechanism, which explains
why some molecules with lower MW, MWd or
molecular length have higher retention. Globularity describing molecular shape in figure 11
also has an influence on retention, but here it is
difficult to get an exact relationship between
globularity and retention.
Solution pH impacts the speciation of molecules
because of different types and number of functional groups within the molecules, which further affects the molecular properties, such as
charges, polarity and hydrophobicity. In figure
12, depending on relevant pKa, retention varies
with pH for these 7 pharmaceuticals, all of
which had available retention results at three pH
(Appendix III). For Codeine and Ramipril,
neutral condition was beneficial to the retention,
for Atenolol and Tramadol, acid solution was

100

Retention %

80

60

5.2 Parameters analysis
5.2.1 Simulation comparison
Based on equation 8, solute permeability Bs can
represent the retention efficiency R with constant water flux and water permeability. In
SIMCA, three independents were modeled with
23 molecular parameters, i.e. retention efficiency
(Re), logarithm of retention efficiency (logRe)
and logarithm of Bs (logBs). SIMCA is good for
simulation with more variables than sample size
or limited sample size. Two parameters (R2 &
Q2) describing the quality of model simulation
can be given. R2 is the percent of variation of
the training set explained by the model, which
shows how well the model fits the data and is
necessarily big for a good model but not
enough. Q2 is the percent of variation of the
training set predicted by the model according to
cross validation, which shows how well the
model predicts the data. Both above 0.5 represent a good reproductivity and predictivity,
respectively.
The comparison of R2 and Q2 for those three
independents was shown in table 5. All Q2 except that of logBs at pH 3 are not good enough
due to some noise, which may be the consequences of coupling interaction among organics
in the wastewater. Most of pharmaceuticals were
ionized with positive or negative charges causing
mutual repulsion or attraction effects and could
attach to some particles. Because at pH 6.3 all
independents have too low Q2, the simulation
for pH 6.3 is not satisfied and disregarded. It still
can be concluded that logBs has the best correlation with the highest R2 and Q2 presenting the

Table 5 R2/Q2 of three independent at
different pH

Atenolol
Codeine
Diclofenac
Glibenclamide
Metoprolol
Ramipril
Tramadol

40

favorable
while
for
Diclofenac
and
Glibenclamide, retention were higher in the
neutral and alkaline ranges.
The total retention efficiency depends upon the
integrative role of various molecular parameters
such as MW, logD, charges and feed concentration etc. It is difficult to get a general relationship among so many parameters just by direct
viewing.

2

R /Q

2

Re

logRe

logBs

pH3

0.71/0.23

0.75/0.23

0.80/0.53

pH 6.3

0.55/-0.31

0.52/-0.31

0.709/-0.33

pH 10

0.8/0.07

0.78/-0.15

0.88/0.16

20

3

4

5

6

7

8

9

10

11

pH

Fig. 12 Retention at pH3, 6.3 and 10
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Fig. 13 Coefficients of various parameters for logBs at pH 3

Fig. 14 Coefficients of various parameters for logBs at pH 10
best quality of simulation at pH 3 and 10. Furthermore, the correlation between observed and
predicted values of logBs at pH 3 is the best
with biggest correlation coefficient 0.798, while
for Re and logRe, 0.714 and 0.602 respectively.
Hence logBs was chosen for further discussion.

5.2.2 Major influencing parameters on retention
This is the first time to discuss so many parameters at one time and consider both charged and
non-charged molecules. Definitely, it is very
complicated to distinguish independent effect
from one specific parameter.

Through partial least square for projection,
SIMCA recalculated new elements for 23 molecular parameters for sake of analyzing so many
variables. After removal of some outliers at pH
3 by means of „distance to the model-DModX‟
(Appendix IV), 30 pharmaceuticals were picked
up for simulation where the relationships between parameters and solute permeability logBs
were obtained. From figure 13, the coefficient
of charge is negative. That is, charge is negatively correlated with logBs, which means smaller
charges molecules had, more easily they could
pass through the membrane. However, for
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pH 10, there were 15 pharmaceuticals analyzed
and in figure 14 the charge is positively correlated, opposite to that at pH 3. The explanation
might be that due to such acid environment at
pH 3, the membrane surface had a relatively
high zeta potential (about -6 mV) and formed
double layers with an inner positive layer bound
by positive hydrogen ions and another outer
diffuse layer (Fig. 15), so negative solutes could
pass through it due to electrostatic attraction by
inner positive layer. For pH 10, zeta potential
was decreased to -18 mV due to generation of
more negative sites, so positive molecules could
permeate through the membrane.
Therefore, pH is very important for membrane
physiochemical properties and NF filtration.
Individual simulation of different pH was needed. At each pH, pharmaceuticals were divided
into several groups based on logD, because the
transport mechanisms of highly hydrophobic
and hydrophilic molecules might be different.
Simulation at pH 3
The retention simulations of different groups,
group 1 (logD>2), group 2 (0 to 2) and group 3
(logD<0) (Table 6), show much better correlations than that by putting them together between molecular parameters and logBs, with
R2/Q2 above or very close to 0.5 for all groups
(Fig. 16). Table 7 presents the order of VIP
value and the signs of coefficients with logBs.
VIP refers to Variable Importance for the Pro
jection, which summarizes the importance of
variables to explain logBs. Parameters with VIP
larger than 1 indicate they are important variables. Here based on VIP value, the importance
was put in order. „1‟ means the most important
and „23‟ means relatively less important. Due to
the limitation of data set size and corresponding
dominant mechanisms, the relatively major
Inner
layer

important influencing parameters are different in
three groups.
From table 7, for molecules with logD >2 in
group 1, the coefficient of logD, the most important parameter (highest VIP value), is negative considering logBs as the independent, which
means molecules with higher logD had higher
retention. For molecules with logD<0, the
coefficient of logD is positive, opposite to that
in group 1. When logD is bigger, the percentage
of species soluble in the oil phase is higher and
hydrophobic interaction with the membrane
predominates, superior to the coupling electrostatic attraction or repulsion and hydration of
the partition of ionized compounds. The total
retention of one organic compound is the sum
of two kinds of species, one non-ionized and
another ionized, so to simulate the retention
well, the consideration of which part plays a
more leading role is essential.
For compounds in group 1, because of high
hydrophobicity, the hydrophobic interaction
with membrane played a dominate role. That is,
more hydrophobic they were with larger molecular width, from overall species‟ perspective, then
harder they passed through the membrane and
more were rejected. Whereas for more hydrophilic compounds in group 3, the hydrophobic
interaction with the membrane was weak and
due to hydration effect, the effective molecular
width or radius might be changed. When logD
was smaller and there were more species with
higher hydrophilicity, the effective radius became
bigger. Then solute permeation was decreased
by sieving effects. In other words, lower logD,
i.e. more hydrophilic, could strengthen the sieving effects, dominating the rejecting process.
logD is not only related to hydrophobicity but
species distribution, different from logP that
solely takes one neutral species into account.

Diffuse layer

Negative
membrane
surface

H+

Fig. 15 Double layers of membrane surface

Fig. 16 R2Q2 for three groups
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Table 6 Summary of three groups with
relevant logD
Group1: logD
>2

Group 2:

Group 3:

logD 0-2

logD<0

Diazepam
(2.81)

Atorvastatin (0.91)

Albuterol (-2.36)

Diclofenac
(4.22)

Bendroflumetiazide
(1.7)

Atenolol (-2.82)

Glibenclamide
(3.77)

Cetirizine (0.09)

Cefuroxime (-1.14)

Ketoprofen
(3.56)

Citalopram (0.26)

Clozapine (-0.96)

Loratadine
(3.45)

Fluoxetine (0.93)

Codeine (-2.16)

Losartan
(3.98)

Furosemide (1.72)

Propoxyphene

Naproxen
(2.96)

Ramipril (0.87)

Amiodarone
(4.14)

Sertraline (1.91)

Metoprolol (-1.48)

Carvedillol
(2.55)

Xylometazoline
(1.36)

Metronidazole

Table 7 Summary of VIP order and signs of
coefficients with logBs
pH3

pH10

logD

>2

0-2

<0

0-2

Feed

16-

1-

13-

4-

MW

4-

22+

2-

5-

Glob

18-

14-

20-

1-

Steri1

2-

10-

14-

14-

Steri2

12-

20-

10-

15-

Steri3

19-

18+

7-

7-

Steri4

13-

13+

15-

6-

(-0.26)

SteriL

11+

21+

8-

17+

IsosorbideM
ononitrate (-0.48)

Solu

14+

3-

9+

22-

MWd

7-

12-

3-

2-

logP

5-

2+

11-

19-

logD

1-

5+

21+

21-

Charge

22-

9+

16-

23+

Po_surf

17-

11-

22+

9+

Ranitidine (-2.83)

Po_surfM

21-

19+

23-

13+

Terbutaline (-1.89)

Pos_A

10-

7+

1-

10-

Neg_A

3-

23-

17-

11-

(-0.19)

Phobic

9-

8+

5-

3-

Mirtazapin (-1.25)

Philic

20-

17+

19+

20+

ASA+

8-

6+

6-

12-

ASA-

15-

16-

12-

18-

ASA_H

6-

4+

4-

8-

ASA_P

23

15-

18+

16+

(-0.79)
Propranolol (-0.66)
Pyrantel (-0.45)

Tramadol (-1.05)
Trimethoprim

Therefore once changes of logD take place, all
hydrophobicity, molecular size and charges may
be implicated. Molecules in the group 2
(0<logD<2) had both hydrophobic and hydrophilic parts. The predominance of hydrophobic
interaction and hydration might vary. But in this
study for group 2 at pH 3, the hydration might
be leading. In addition, another explanation for
group 3 (logD<0) could be the hydrogen bonding of hydrophilic organics with the hydrophilic
membrane surface.
In group 2, the correlation between charge and
logBs is positive while in group 3 it is negative.
Pharmaceuticals with intermediate logD (0-2)
had both hydrophobic and hydrophilic properties, whose retentions were affected by hydrophobic adsorption, Coulomb force and steric
hinderance. Since molecules with relatively high
hydrophobicity might have more chance to
approach the negative membrane surface in view
of adsorption, positive chemicals permeated
through it more easily. For too hydrophilic molecules, they were hydrated and could be only
close to the positive layer surrounded by hydrophilic hydrogen ions. From appendix II, most

* parameters in yellow are relatively important;
The ‘+’ after the order means positive correlation between
this parameter and logBs, while ‘-’ means negative correlation.

Table 8 Summary of
0<logD<2

molecules with

Substances

logD

Albuterol

0.32

Atenolol

0.26

Atorvastatin

0.91

Cetirzine

0.05

Codeine

1.28

Diclofenac

0.73

Metoprolol

1.59

Paracetamol

0.27

Gemfibrozil

0.86
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positive pharmaceuticals were rejected better at
pH 3 than at pH 10. In all groups at pH 3, feed
concentration had a positive relationship with
retention. In other words, molecules with higher
feed concentrations had higher retention.
From table 7, in group 1, logD, MWd, hydrophobic area (ASA-H), MW and Sterimol B1
played important roles in retention. In group 2,
feed concentration, logD, logP and positive area
were important. In group 3, logD, MWd, Sterimol B1, positive area, hydrophobic area and
solubility were important. The final simulation
results by using relatively important parameters
are shown in figure 17, 18 and 19. The correlation coefficients are 0.954, 0.916 and 0.725
respectively, indicating really good simulations.
Simulation at pH 10
There are 9 molecules with 0 <logD<2 at pH 10
(Table 8) and the number of others is not big
enough to analyze. Figure 20 shows the final

correlation between observed and predicted
logBs with correlation coefficient 0.881 by using
MWd, hydrophobic area (Phobic), MW, globularity and feed concentration. In this case, charge
had a positive correlation with logBs, because
the membrane at pH 10 was more negatively
charged without double layer. logD of molecules
with 0<logD<2 at pH 10 had a negative correlation with logBs, different from that at pH 3 due
to intermediate condition (Table 7).

5.2.3 The summary
On the basis of the results from the simulations
of SIMCA, considering all VIPs and signs of
coefficients in different groups at two
pH, steric hinderance, hydrophobic interaction
and electrostatic forces work together to decide
the retention efficiency. No specific parameter
was found to have the greatest impact on retention.

Fig. 17 Relation between observed and predicted logBs for group 1 using logD, MWd, Steril
B1, MW and hydrophobic area (ASA_H) at pH 3

Fig. 18 Relation between observed and predicted logBs for group 2 using Feed concentration, logP and positive area (ASA+) at pH 3
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Fig. 19 Relation between observed and predicted logBs for group 3 using MWd, Steril L,
solubility, positive area (Pos_A), hydrophobic area (Phobic) and MW etc. at pH 3

Fig. 20 Correlation between observed and predicted logBs using MWd, hydrophobic area
(Phobic), MW, globularity and feed concentration at pH 10
However, molecules with larger MW, Sterimol
B1, Sterimol Length and with a three dimensional image closer to a sphere had better retention. As in the data set, most molecules had
relatively low globularities, the impacts were not
so apparent. But the relationship is clear, i.e.
molecules with bigger globularity (rounder) have
higher retention efficiencies.
The net effects of hydrophobiciy‟s descriptors
like logD and hydrophobic area depend on the
different chemical groups where the molecules
are, based on logD. Molecular hydrophobic area
(Phobic or ASA_H) in almost every case has the
same positive or negative sign of coefficient as
logD with solute permeability, indicating its
suitability to describe the hydrophobicity and to

predict retention efficiency for ionized organics.
But sometimes, the effects of hydrophobic area
could be compromised by hydrophilic area. This
is why in group 3 (logD<0) at pH 3 the effect of
hydrophobic area is different from that of logD.
For highly hydrophobic molecules, they can be
absorbed to the membrane, which is consistent
with the conclusions of other researchers. Kiso et al. (2001) reported that most hydrophobic molecules with similar molecular weight
by cellulose acetate membranes could be rejected
with incremental affinity of solutes to the membrane (expressed as logP). Hydrophilic organic
ions could be hydrated and have larger effective
aqueous radius. Bond polarity leads to unsymmetrical electron distribution in the molecule.
Highly polar compounds can interact with the
18

Influence of molecular properties of micro organic pollutants on the retention by nanofiltration (NF)

Table 9 Summary of multi-linear analysis
Abbreviation

Equations

r

2

Sig.

N

a

pH 3
logD>2

log Bs  4.991SterilB1  0.823 log D  4.576MWd  7.192

0.953

0.000

9

0<logD<2

log Bs  0.005Feed  0.221log D  0.006 ASA()  0.279 log P  2.679

0.919

0.019

9

0.718

0.036

16

0.917

0.020

9

logD<0

log Bs  9.612 MWd  0.001ASA _ H  0.256 log D  2.99  10

6

Solu

0.0001Pos _ A  0.001Feed  4.277
pH 10

0<logD<2

log Bs  1.38Glob  6.522MWd  0.003Phobic  0.039Po _ surf  3.114

a

* N means the number of the data set for each group

membrane because of electrostatic attraction,
enhancing the solute transportation across the
membrane. From coefficients at three pH, polar
surface is positively correlated with logBs, i.e.
larger polar surface can reduce the retention.
The charges of molecules are determined by
different logD groups. Positive area of molecules generally has the same sign as charge.
The solubility in water, for highly hydrophobic
and highly hydrophilic molecules, had a negative
correlation with retention. The higher solubility
supported solute transportation with water
across the membrane. But the solubility used in
this project only describes the neutral form of
molecules. Therefore, in the future, the solubility
in water can be weighed for different species for
one compound at one fixed pH.
The parameters calculated by MarvinSketch
including polar surface (Po_surfM and ASA_P),
hydrophobic (ASA_H), positive (ASA+) and
negative area (ASA-) at different pH, were slightly better to be simulated than those searched
from the internet and might be more suitable to
predict the retention.
To be able to draw better conclusions of the
study, more tests would be required, in view of
uncertainties and noise. Even with 23 parameters to evaluate, there are many more physical
and chemical parameters that may have great
impacts on retention of solutes, which were not
discussed in this study. For example, another
type of solute adsorption onto the hydrophilic
groups of membrane surface caused by hydrogen bonding capacity, competing with water
molecules, could be added. Also numbers of
aromatic rings, cycloaliphatic rings and the
characteristics of membranes haven‟t been
evaluated, either. In addition, the dissolved
organic compounds (DOC) and suspended
solids (SS) in the wastewater may affect retention

process, but due to some reasons, they were not
detected. Nevertheless, molecular parameters
were the focus in this project in the same DOC
and SS condition.

5.3 Regression analysis
SIMCA provided a way to screen and find out
the most important influencing parameters on
retention efficiency. From literature review, the
linear correlations between logarithm of solute
permeability and molecular width, length or logP
exist (Kenneth et al, 2003; Zheng et al, 2009).
Therefore, multi-linear regression analysis for
other parameters might be obtained, which
could be expressed as follow:
log Bs  a1Feed  a2 Ster1  a3MWd  ...  ai Pi  c
Pi refers to the ith molecular parameters;
c is the constant;
ai is the regression coefficient of ith parameter.
The number and type of influencing parameters
included in the regression equations were dependent on the data set size. Because at pH 6.3,
the accuracy and reliability of SIMCA were so
low, the regression equation wasn‟t given. The
types of parameters and the coefficients in the
equations for each group at different pH follow
the SIMCA analysis results (Table 9). It is obvious that if data set is large the influencing parameters considered are more and good regression accuracy is harder to achieve. All
significances of equations are smaller than 5%,
indicating reliable analysis.
The correlations between observed and predicted logBs are presented in figure 21 and 22,
indicating good prediction quality.
Though the multi-linear regression equations are
simpler than SIMCA models, they could be used
for preliminary and direct prediction by putting
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1.5

logD>2 at pH3

1.8

logD<0 at pH 3

2

r =0.953

1.2
2

r =0.718

1.5

1.2

Predicted logBs

Predicted logBs

0.9

0.9

0.6

0.6

0.3

0.0

0.3
-0.3

0.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

-0.9

-0.6

-0.3

Observed logBs

1.8

0.3

0.6

0.9

1.2

1.5

0<logD<2 at pH 3

0<logD<2 at pH 10

2

1.5

r =0.919

1.2

1.2

2

r =0.917

0.9

Predicted logBs

Predicted logBs

0.0

Observed logBs

0.9
0.6
0.3

0.6
0.3
0.0

0.0

-0.3
-0.3

-0.6
-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

-0.6

1.5

6 C ONCLUSION S
In this study, the wastewater was treated by
nanofiltartion (NF). Twenty three molecular
parameters of pharmaceuticals were evaluated,
embracing both charged and non-charged species. The findings are summarized as follows:
1. There is no parameter that is the most
important for all conditions. The final retention is determined by the combination
of various molecular parameters.
2. Molecules with larger molecular weitht
(MW), molecular width (MWd), Sterimol
B1 and globularity could be more rejected.
3. The distribution coefficient logD can combine the ionized and non-ionized organics,
which is more descriptive and accurate than
partion coefficient logP.
4. For highly hydrophobic molecules, more
hydrophobic they are, more may be absorbed onto the membrane and more rejected.

0.0

0.3

0.6

0.9

1.2

1.5

1.8

Fig. 22 Correlation between observed
and predicted logBs for group 3 at pH 3
and group at pH 10

Fig. 21 Correlation between predicted and
observed logBs for group 1 & 2 at pH 3
pharmaceuticals into specific group at different
pH, depending on corresponding properties.

-0.3

Observed logBs

Observed logBs

5.

For hydrophilic molecules, the transport
behavior is different from hydrophobic
ones. The hydration of hydrophilic molecules may increase the aqueous effective radii and consequently strengthen the sieving
effects. Hydrophilic molecules with smaller
logD may have higher retention.
6. The retention is related to the charge distribution of the membrane. To get a better retention, choosing an optimal pH is necessary.
The wastewater composition matrix is also very
important. In the wastewater used in this project, there were not only positive or negative
molecules but also some natural organic materials (NOM) that may be attached by some pharmaceuticals. The coupling effects among various
charged solute could be studied in the future.
The models simulated by SIMCA and regression
equations have given an indication of important
parameters that may be useful to describe and
predict the retention efficiency of pharmaceuticals in the WWTP and employed for future
investigations.
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A PPENDIX I
1. The concentrations of pharmaceutical residues in the surface receptor in Stockholm (2008): ng/L.
( http://www.stockholmvatten.se/ )
Location
Substances

Centralbron

Halvkakssundet

Oxdjupet

Albuterol

<0.1

<0.1

0.1

Amiloride

<1

<1

<1

Amlodipine

<1

<1

<1

Atenolol

<0.5

21

12

Atorvastatin

<0.3

<0.3

<0.3

Bendroflumetiazide

<0.3

<0.3

<0.3

Bromocryptine

<10

<10

<10

Budesonide

<25

<25

<25

Cefuroxime

<25

<25

<25

Cetirizine

1

5

6

Ciprofloxacin

<5

<5

<5

Citalopram

<1

3

2

Clozapine

<0.5

<0.5

<0.5

Codeine

<1

2

1

Cyclophosphamide

<0.3

<0.3

<0.3

Desloratadine

<1

<1

<1

Dextropropoxyphene

<0.1

0.3

0.1

Diazepam

<1

<1

<1

Diclofenac

<0.3

8

2

Enalapril

<0.3

<0.3

<0.3

Enrofloxacin

<1

<1

<1

Erythromycin

<0.3

2

1

Ethinyl Estradiol

<0.3

<0.3

<0.3

Febantel

<1

<1

<1

Felodipine

<1

<1

<1

Fentanyl

<0.1

<0.1

<0.1

Flunitrazepam

<1

<1

<1

Fluoxetine

<1

<1

<1

Fluvoxamine

<5

<5

<5

Furosemide

<1

44

3

Glibenclamide

<0.05

0.07

<0.05

Hydrocortisone

<25

<25

<25

Hydrochlorthiazide

<1

52

7

Ibuprofen

<0.3

<0.3

<0.3

Ifosfamide

<0.3

<0.3

<0.3

Ipratropium

<0.1

<0.1

<0.1

Isosorbide Mononitrate

<5

<5

<5

Ketoconazole

<5

<5

<5

Ketoprofen

<5

<5

<5

Lansoprazole

<1

<1

<1

Loratadine

<1

<1

<1

Losartan

<1

3

2

Metoprolol

2

23

13

Metronidazole

0.4

0.8

<0.3

Mometasone furoate

<5

<5

<5

Naproxen

1

3

2

Nitenpyram

<1

<1

<1

Noretisterone

<10

<10

<10

Norfloxacin

<10

<10

<10
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Norgestrel

<5

<5

<5

Ofloxacin

<1

<1

<1

Omeprazole

<1

<1

<1

Oxazepam

6

8

6

Oxymetazoline

<0.3

<0.3

<0.3

Paracetamol

<5

13

<5

Paroxetine

<1

<1

<1

Praziquantel

<0.3

51

<0.3

Prednisolone

<25

<25

<25

Propranolol

<0.3

2

0.5

Pyrantel

<0.1

<0.1

<0.1

Ramipril

<0.3

<0.3

<0.3

Ranitidine

<1

4

<1

Risperidone

<1

<1

<1

Salmeterol

<5

<5

<5

Sertraline

<1

<1

<1

Simvastatin

<25

<25

<25

2. The concentrations of selected pharmaceuticals in the drinking water in Stockholm (2008): ng/L
( http://www.stockholmvatten.se/ )
Substance

Norsborg in

Norsborg out

Lovön in

Lovön out

Görväln in

Gorväln out

Tramadol

14

24

2.2

7.5

7.7

7

Trimetoprim

0.4

<0.1

0.3

0.2

0.4

0.5

Atenolol

2.5

<1

1.4

<1

3.2

1.3

Furosemide

1.6

1.4

1.7

1.5

1.3

1.5

Metoprolol

1

<1

1.8

1.4

2.7

1.4

Naproxen

1.1

0.2

0.8

<0.2

1.1

0.7

Oxazepam

1.6

1.5

2.4

2.8

3.5

3.1

Dextropropoxyphene

0.1

<0.1

0.14

0.12

0.16

0.13

Ibuprofen

0.3

<0.1

0.4

0.2

0.4

0.2

Cetirzine

0.5

0.4

0.8

0.9

1.1

1.1
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A PPENDIX II
1. Physical and chemical parameters in Henriksdal WWTP (Flyborg et al, 2010)
Parameter (flow 214,000m3/d)

Henriksdal WWTP influent [mg/L]

Henriksdal WWTP effluent [mg/L]

Suspended solids, SS

298

<1

Total organic carbon, TOC

173

8.9

Biochemical oxygen demand, BOD7

280

2

Total nitrogen, tot-N

52

7.6

Ammonia nitrogen, NH4-N

35

1.3

Total phosphorus, tot-P

7.3

0.15

2. Operational parameters during the whole test
pH3

Pressure
(bar)

pH

Temperature
(℃)

Conductivity
(µs/cm)

TDS (mg/L)

2

Flux(L/h m )

pH10

VRF2

VRF3

VRF4

VRF5

VRF2

VRF3

VRF4

VRF5

Before

7.5

7.5

7.6

7.7

7.6

7.8

7.9

8.0

After

6.2

6.2

6.3

6.3

6.3

6.4

6.4

6.7

Permeate

2.89

3.00

3.04

3.08

9.92

9.94

9.91

9.86

Retentate

3.21

3.16

3.21

3.26

9.58

9.74

9.70

9.60

Permeate

20.4

20.3

Retentate

20.4

20.4

Permeate

760

780

810

820

567

650

723

794

Retentate

1280

1600

1910

2230

1180

1543

2020

2560

Permeate

702

721

756

763

539

651

687

754

Retentate

1194

1480

1772

>2000

1120

1466

1921

>2000

Permeate

8.36

8.09

8.06

7.82

8.10

7.82

7.70

7.40

Retentate

15.77

15.84

15.90

16.04

16.11

16.31

16.64

16.78
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A PPENDIX III
Retention results at three pH and some molecular parameters
Retention %

Substances

pH3

pH6.3

a

Albuterol

57.9-

Atenolol

96+

Atorvastatin

24.6-

Bendroflumetiazide

92.5

Cefuroxime

96.5-

Cetirizine

96.9-

Citalopram

95.3+

Clozapine

97.2+

83.6+

Codeine

76.6+

99.99+
93.9+

Desloratadine

94.9+

Parameters

pH10

Formula

pKa

a

b

c

a

MW ,

MWd ,

Charge

g/mol

nm

(pH3, 6.3 &
10)

logP

73.8-

C13H21NO3

9.4,10.12

239.3

0.42

1,1,-0.36

0.02

37.7+

C14H22N2O3

9.67

266.3

0.36

1,1,0.32

0.1

91.3-

C33H35FN2O5

3.82,7.98

558.6

0.58

0.93,-0.01,0.99

4.01

C15H14F3N3O4S2

9.41,10.1

421.4

0.43

0,0,-1.55

2.07

98.4-

C16H16N4O8S

3.15,12.29

424.4

0.45

-0.41,-1,-1.01

0.84

96.7-

C21H25ClN2O3

2.1,3.6,7.79

388.9

0.52

1.02,-0.03,0.99

2.17

C20H21FN2O

9.78

324.4

0.49

1,1,0.38

2.51

C18H19ClN4

7.87,10.08

326.8

0.48

1.89,0.92,0

2.36

84.1+

C18H21NO3

9.19

299.4

0.43

1,1,0.13

1.2

84.8+

C19H19ClN2

9.73,4.33

310.8

0.48

1.95,1.01,0.35

3.2

C22H29NO2

9.52

339.5

0.50

1,1,0.25

5.44

-78.8

C16H13ClN2O

2.92

284.7

0.46

0.45,0,0

2.91

88.9-

C14H11Cl2NO2

4

296.1

0.39

-0.09,-1,-1

12.1

C17H18F3NO

9.8

309.3

0.47

1,1,0.39

4.09

84.7

Propoxyphene

94.1+

Diazepam

11.1+

Diclofenac

70.2

Fluoxetine

73.7+

Furosemide

95.9

90.4-

71.2-

C12H11ClN2O5S

4.25,9.83

330.7

0.43

-0.05,-0.99,1.6

3.1

Glibenclamide

88.1

97.8-

95.6-

C23H28ClN3O5S

4.32,13.7

494

0.52

-0.05,-0.99,-1

3.75

C13H18O2

4.85

206.3

0.35

-0.01,-0.97,-1

3.72

C6H9NO6

13.34

191.1

0.34

0

-0.5

C16H14O3

3.88

254.3

0.39

-0.12,-1,-1

2.81

C22H23ClN2O2

4.33

382.9

0.53

0.96,0.01,0

5.94

92.2-

C22H23ClN6O

4.12,8.15

422.9

0.55

0.93,-0.01,0.99

3.32

82.5+

C15H25NO3

9.67

267.4

0.38

1,1,0.32

1.79

-63.5

C6H9N3O3

3.09

171.2

0.36

0.55,0,0

-0.01

C14H14O3

4.19

230.3

0.39

-0.06,-0.99,-1

3

C8H9NO2

9.46

151.2

0.31

0,0,-0.77

0.34

Ibuprofen

91.7-

99.99

Isosorbide
Mononitrate

53.5

Ketoprofen

21.6-

Loratadine

88.6+

Losartan

84.4+

Metoprolol

91.1+

Metronidazole

37.3+

Naproxen

16.7

Acetaminophen

94.6+

b

-788
92-

73.9+

99.99

12.2-

VI
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Propranolol

89.6+

Pyrantel

24.6+

Ramipril

27.3+

98.8-

Ranitidine

86.5+

Sertraline

78.9+

Sulfamethoxazole

77.4+

C16H21NO2

9.67

259.3

0.42

1,1,0.32

3.1

C11H14N2S

10.71

206.3

0.36

1,1,0.84

1.51

C23H32N2O5

3.75,5.2

416.5

0.50

0.84,-0.93,-1

3.41

61.3+

C13H22N4O3S

3.04,8.08

314.4

0.42

1.52,0.98,0.01

1.23

94.7+

C17H17Cl2N

9.85

306.2

0.48

1,1,0.42

4.81

22.2

C10H11N3O3S

1.97,6.16

253.3

0.35

0.08,-0.58,-1

0.89

C12H19NO3

8.55,9.75,1
0.86

225.3

0.39

1,0.99,-0.85

0.48

C16H25NO2

9.23

263.4

0.46

1,1,0.15

2.51

Terbutaline

34.5+

89.8+

Tramadol

98.1+

91.2+

Trimethoprim

85+

C14H18N4O3

7.16

290.3

0.47

1,0.88,0

0.79

Xylometazoline

27.3+

C16H24N2

10.29

244.4

0.42

1,1,0.66

5.26

C19H21N3O

5.65

307.4

0.47

1,0.18,0

3.07

C15H22O3

4.42

250.3

0.42

-0.04,-0.99,-1

4.39

Zolpidem

73.6+

89.3+

Gemfibrozil

*

93.1-

69.2-

Amiodarone

89.6+

C25H29I2NO3

8.47

645.3

0.59

1,0.99,0.03

8.89

Carvedilol

10.4+

C24H26N2O4

3.89,13.96

406.5

0.49

0.89,0,0

4.12

Mirtazapin

89.5+

C17H19N3

5.36,6.67

265.4

0.46

2,0.77,0

2.75

a

values taken from MarvinSketch;

b

values taken from ChemSpider Database: http://www.chemspider.com/

c

values taken from MMsINC Database: http://mms.dsfarm.unipd.it/MMsINC/search/

‘+’ refers to positively charged,
‘-’ refers to negatively charged,
No marks mean non-charged.
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A PPENDIX IV
1. SIMCA gives several ways to check the outliers. The figure below shows the distance to models in the
variable space. The points above the red line (the critical level) are outliers from variables‟ perspective.

2. The coefficients of molecular parameters in SIMCA for molecules with logD>2 at pH 3
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The VIP of various molecular parameters for molecules with logD>2 at pH 3

The coefficients of molecular parameters in SIMCA for molecules with 0<logD<2 at pH 3
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The VIP of various molecular parameters for molecules with 0<logD<2 at pH 3

The coefficients of molecular parameters in SIMCA for molecules with logD<0 at pH 3

X

Influence of molecular properties of micro organic pollutants on the retention by nanofiltration (NF)

The VIP of various molecular parameters for molecules with logD<0 at pH 3

3. The coefficients of various molecular parameters for molecules with 0<logD<2 at pH 10
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The VIP of various molecular parameters for molecules with 0<logD<10 at pH 10
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