
In the transport model formulated here, φ will be
determined from equilibrium thermodynamics and will thus
be dependent on solute-membrane affinity. It may be
assumed that the radial concentration profile of the solute
in the membrane pore is governed by the Boltzmann equation
(15),

where k is the Boltzmann constant, T is the absolute
temperature (in K), and ∆Gi(F) is the free-energy difference
associated with the differences in interactions of the solute
in the water phase and the membrane phase (the interaction
energy between solute and membrane in the water phase).
After substitution of eq 9 and integration, eq 8 then becomes
(since ∆Gi(F) is constant for small pores)

Thus, the partitioning of a solute from the water phase to the
membrane phase (membrane pores) is dependent on both
size exclusion effects (expressed by the factor (1 - λ)2) and
on solute-membrane affinity (expressed by ∆Gi, the free
energy of interaction between solute and membrane in the
water phase).

∆Gi can be considered as the quantification of attractive
or repulsive solute-membrane affinity interactions: if ∆Gi 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 was expected, based solely on size exclusion
effects. However, if ∆Gi is positive (e.g., for a hydrophilic
solute), 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.
Traditional size exclusion models will only be valid for solutes
for which ∆Gi ) 0. Figures 1 and 2 give a conceptual
illustration of the partition coefficient and of the contributions
of different mechanisms to organic solute transport,
respectively.

The intermolecular free energy of interaction, per unit
area, between the solute (S) and the membrane (M) in a
liquid (L), ∆GSLM, can be related to ∆Gi and the surface
tensions of the solute, membrane, and liquid (see Supporting
Information for the full derivation) (16):

where γi
LW is the apolar (Lifshitz-van der Waals) component

and γi
+ and γi

- describe the polar (electron-acceptor and
electron-donor) components of the surface tension. A is the
contactable surface area between the solute and the
membrane.

Materials and Methods

Solutes. The solutes used for the rejection experiments were
mainly selected based on their different physicochemical
properties. Four different model solutes with different size
and hydrophobicity (expressed as log Kow, the logarithm of
the octanol-water partitioning coefficient) were chosen. All
the solutes were liquids, to be able to determine the surface
tension parameters used in the model. The solutes and their
physicochemical parameters are summarized in Table 1.

The solute radii were determined using the definition of
the Stokes radius: rs ) (kT)/(6πηD∞) where η is the solvent
viscosity (in Pa · s). The Stokes radius is a simple descriptor
for solute size and assumes all molecules to be spherical.
Hence, the model presented here does not account for
molecular shape and orientation (which may cause small
deviations between model predictions and experimental
rejection values, especially for long-chain, linear molecules).
The solute diffusion coefficients were determined using the
equation developed by Hayduk and Laurie (17),

where Va is the Le Bas molecular volume (18). The contact
area A between a solute molecule and the membrane is
determined from the solute radius as (15)

All solutes were spiked separately in Milli-Q water and
measured by analyzing the nonpurgeable 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

FIGURE 1. Conceptual illustration of partition coefficient, O

()cm/cb), plotted against the ratio of solute-to-pore size for
different solute-membrane free energy values.

g(F) ) exp(-∆Gi(F)

kT ) (9)

φ ) (1 - λ)2exp(-∆Gi

kT ) (10)

FIGURE 2. Conceptual mechanistic illustration of the combined
effects of external and internal mass transfer, and
solute-membrane size and affinity-based interactions. Note
that rp and rs represent average pore and solute radius. (Does
not account for orientation of molecules or nonspherical shape
of pores.)
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1.	 NF/RO

•	Average pore size and thickness modelled with tracer glycerol for  
clean and fouled membrane:

Trace organics rejection in NF/RO and FO:
model development and influence of fouling
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Problem statement:
•	     Occurrence of trace organics in environment with possible health consequences
•	     Removal by NF/RO and FO widely investigated, need for reliable predictive models
•	     Influence of membrane fouling not clear

Objective:
•	     Develop (predictive) rejection models for NF/RO and FO, incorporating fouling effects
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2.	 FO

Modelling the average pore size and membrane thickness using glycerol 
as a tracer:

Salt leak 4.07 ± 1.28 24.9 ± 10.1                      10-6 mol/(mol˖s˖m2)
Pore size 0.499 nm                     R2 = 0.985 0.598 nm                                    R2 = 0.794
Δx/ε 20.3 µm 13.4 µm  

Glycerol rejection is lowered when the draw solute permeates more 
through the FO membrane.
Literature: salt leak limits organic solute transport by blocking pores → 
clearly contradicted by results

HYPOTHESIS: salt leak influences membrane physico-chemical 
properties and thus ΔGi

Model development: Transport in NF/RO and FO: convection-diffusion: 
1.	 Clean membrane: 

•	 	 Rejection-determining step: partitioning at membrane interphase: 
•	 	 Function of ratio solute size/pore size 	 	 	  and solute-membrane interaction energy	 	
•	 	 Rejection: 

2.	 Fouled membrane:

•	 	 Membrane-in-series model: the fouling layer behaves as an extra membrane
•	 	 Rejection-determining steps: partitioning at fouling layer & membrane interphase, continuous concentration profile
•	 	 Rejection: 

Model development: Transport in NF/RO and FO: convection-diffusion: 

 <  >=<  >∙ , = −, ∙  +<  >∙ , ∙  
1) Clean membrane:  

- Rejection-determining step: partitioning at membrane interphase:  = (1 − ) ∙ −∆∙ 

- Function of ratio solute size/pore size ( = ) and solute-membrane interaction energy (∆); incorporate concentration polarisation 

- Rejection:  = 1− ∙,∙,∙() with  = ∙,∙∆∙,∙  

2) Fouled membrane: 

- Membrane-in-series model: fouling layer behaves as extra membrane 

- Rejection-determining steps: partitioning at fouling layer & membrane interphase, continuous concentration profile 

- Function of solute size/foulant pore size; solute-foulant interaction energy (∆ ); incorporate cake-enhanced CP 
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Model development: Transport in NF/RO and FO: convection-diffusion: 

 <  >=<  >∙ , = −, ∙  +<  >∙ , ∙  
1) Clean membrane:  

- Rejection-determining step: partitioning at membrane interphase:  = (1 − ) ∙ −∆∙ 

- Function of ratio solute size/pore size ( = ) and solute-membrane interaction energy (∆); incorporate concentration polarisation 

- Rejection:  = 1− ∙,∙,∙() with  = ∙,∙∆∙,∙  

2) Fouled membrane: 

- Membrane-in-series model: fouling layer behaves as extra membrane 

- Rejection-determining steps: partitioning at fouling layer & membrane interphase, continuous concentration profile 

- Function of solute size/foulant pore size; solute-foulant interaction energy (∆ ); incorporate cake-enhanced CP 

- Rejection:  = 1− ∙∙∙,∙,
∙,∙,∙∙∙∙,∙,∙∆∙∙∙,∙,∙ ∙∙∙∙,∙∙,∙,∙,∙∆∙∙∙,∙,∙∙∙∙,

 

 	 Materials and methods:

•	 	 FO: CTA membrane by HTI, NF: NF270, setup: refer to scheme
•	 	 Fouling experiments in single membrane crossflow cell, 
	 	 fouling by BSA and alginate, biofouling due to spiking with AOC 
•	 	 Contact angles with pure water, glycerol and diiodomethane on a Krüss DSA10-MK2
•	 	 Surface tension components of pharmaceuticals: powders were compressed at 1350 bar, 
	 	 after which contact angles were measured on resulting pharmaceutical surface
•	 	 Focused on neutral compounds: paracetamol, caffeine, bisphenol-A, carbamazepine, trimethoprim	
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	 Results:

R2 = 0.95

R2 = 0.94

R2 = 0.94

•	Use fitted porosities & 
thicknesses for rejection 
prediction

Good results for BSA and alginate:

Worse results for biofouling: difficulty in obtaining representative   
contact angle measurements of biofilms!
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resulting in lower rejections for hydrophobic solutes than may be

expected purely based on size exclusion effects [18–22].

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 repul-

sion between the negatively charged membrane and the negatively

charged organic solute [20,23–26]. This high rejection, however, is

dependent on feed water pH, since both membrane surface charge

and organic solute charge vary according to pH (through the disso-

ciation of the functional groups as a function of the pKa) [25]. 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 [25,27]), 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 [28,29].

Several numerical models have been suggested to explain the

electrostatic effects on the rejection of inorganic ions [30–32].

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) cannot pass the membrane due to elec-

trostatic 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 mech-

anism also plays a role in the rejection of organic solutes carrying

a charge opposite to the membrane surface charge. Most previ-

ous studies have focused, as mentioned before, only on effects of

electrostatic repulsion between the membrane and organic ions

carrying a similar charge.

This study will mechanistically investigate the effects of organic

solute parameters such as size, hydrophobicity and especially

charge on the rejection with charged NF membranes. Firstly, the

rejection of different organic acids with increasing molecular

weight will be determined. Since most 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. Fur-

thermore, the effects of feed water chemistry (NOM content, ionic

strength (presence/absence of divalent cations) and pH) on the

rejection of the pharmaceuticals will be investigated for different

membranes (in order to incorporate the effect of membrane prop-

erties 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 is shown in Fig. 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 pres-

sures of up to 25 bar at a flow rate of 3 m3/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 rotame-

ters (Heinrichs messgeräte). Applied transmembrane pressure is

regulated using a needle valve in the concentrate stream, with

transmembrane pressure measured with a precision manometer

(Wika fein-drukmessgerät). All test unit parts in contact with the

solution are made of stainless steel to minimize adsorption of the

organic compounds used.

Membrane filtration experiments were carried out at a con-

stant cross-flow velocity of 0.2 m/s (corresponding to a feed flow

of 1500 l/h and a concentration polarisation factor of 1.07) and at

a constant recovery of 10%. The cross-flow velocity of 0.2 m/s cor-

responds to cross-flow velocities used in full-scale nanofiltration

plants. Feed water temperature is 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.

Since adsorption of solutes onto the membrane surface, and

sorption into the inner membrane structure, may influence mea-

sured 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 [33]. Therefore, all rejection

experiments were carried out for 4 days, which was shown in a

previous publication [34] to be adequate to accomplish saturation

and ensure that steady state rejection values are obtained.

2.2. Membranes

Two commercially available nanofiltration membranes with dif-

ferent membrane properties (to be able to also assess the influence

Fig. 1. Nanofiltration set-up for rejection experiments with selected membranes.
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