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Measuring hydraulic layer resistance and correlated
effects in colloidal fouling of salt-retaining membranes
M. Keller, S. Panglisch and R. Gimbel

ABSTRACT
Colloidal fouling is one of the main reasons for the reduced efﬁciency of membrane-based water
desalination processes. The synchrony of several resistance mechanisms like hydraulic, osmotic, and
electro-kinetic as well as numerous coupling effects complicate the analysis of their individual
contributions to the fouling extent. A new measuring approach using a dead-end ﬁltration test-cell
allows exactly this, irrespective of any simultaneously occurring concentration polarization
phenomena. First results show that the hydraulic resistance of a fully developed colloidal layer is not
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exclusively determined by the physicochemical properties of its constituents but seems to be strongly
dependent on the speciﬁc way of its formation (e.g. ionic strength prevailing during layer build-up or
ﬁltration sequence of different particle sizes). This time-dependent effect is largely irreversible and
therefore most likely due to persistent changes in fouling layer structure. A minor reversible ionic
strength effect could also be demonstrated. The extent of this effect is identical irrespective of whether
the ionic strength is increased or decreased. Results further indicate that commonly applied models
like the Kozeny–Carman equation are lacking a size-dependent parameter that causes a
disproportionate decrease of colloidal fouling layer resistance with decreasing foulant particle size.
Key words
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INTRODUCTION
The deposition of water constituents on the membrane sur-

processes are usually applied to treat raw waters with low

face in solid or gel-like form (fouling) usually has the effect

particulate loads, the relevant fouling substances are

that a ﬂuid passing the membrane at a constant rate experi-

mostly in the colloidal size range. Nevertheless the models

ences a higher pressure drop than in an equivalent case

that are commonly applied to describe colloidal fouling

without fouling. This additional pressure loss signiﬁcantly

layer resistance are usually based on concepts that have

inﬂuences the total energetic efﬁciency of the ﬁltration pro-

been developed for macroscopic (particulate) systems.

cess and is attributed to molecular friction in the stationary

Most of these models only work within the scope of the

fouling layer. This ‘hydraulic’ resistance is frequently

Darcy equation and incorporate the signiﬁcant structural

referred to as a pure material parameter that is solely deter-

parameters of the respectively described layers. Among the

mined by the geometric properties of the substances that

most accepted and frequently applied semi-empirical

form the fouling layer. Since membrane desalination

models for the description of densely packed particle
layers are the models of Brinkman, Rumpf and Gupte, as

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,

well as the well-known model of Kozeny and Carman (Dul-

adaptation and redistribution, provided the original work is properly cited

lien ). For suspended layers and macromolecular gels

(http://creativecommons.org/licenses/by/4.0/).

that lack a deﬁned pore structure mostly cell models like
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that of Happel or Kuwabara are applied (Masliyah & Bhat-

(Hoek & Elimelech ; Sim et al. ), whereby the diffu-

tacharjee ).

sibility of salt ions that are retained by the membrane is

The attempt to analytically verify the applicability of

reduced by the predetermined tortuous pathways in the

such models for the colloidal size range has often failed

porous colloidal fouling layer (Shen & Chen ). The

due to the limitations of the available in-situ visualization

respectively increased ion concentration at the feed-side

techniques. Due to this, the structural properties of colloidal

membrane surface leads to an increase in concentration

layers, as they usually form under practically relevant oper-

polarization (CP) and consequently in transmembrane osmo-

ating conditions on desalination membranes, have never

tic pressure. Nevertheless, in the presence of dense fouling

been systematically speciﬁed in a representative and reliable

layers, which possess salt-retaining properties by themselves,

way. On the other hand, a quantitative evaluation of the pre-

contrary effects were also observed (Kim et al. ). Other

dictive accuracy of these resistance models is challenging

coupling effects are, for example, related to fouling-induced

even under well-controlled laboratory conditions, as the

changes in the ion retentive characteristics or the water per-

measured increase in transmembrane pressure (TMP),

meability of the applied membrane materials (Lipp et al.

mostly taken as an indicator for changes in the hydraulic

; Mahlangu et al. ). Due to the practically difﬁcult

resistance, is actually a kind of sum parameter that quan-

differentiation between resistance mechanisms and coupling

tiﬁes the effectiveness of various resistance mechanisms

effects the contribution of speciﬁc coupling effects to the

simultaneously.

overall resistance has rarely been described quantitatively.

Besides the ‘hydraulic’ resistance mechanisms, which

Depending on the considered raw water qualities and the

are related to molecular friction effects, the TMP increase

speciﬁcally applied operating conditions the existing studies

in membrane-based desalting applications is most signiﬁ-

differ widely in the assessment of their relative importance.

cantly affected by osmotic and electro-kinetic mechanisms

The present study aimed to develop a new measuring pro-

(Michaels & Lin ; Nirschl & Schäfer ), which are

cedure that enables the quantitative separation between

related to the ion retention of the applied membrane

different types of hydraulic layer resistances and correlations

material. Moreover, caused by the much greater importance

with their respective causes. Since the physicochemical cir-

of molecular interactions in colloidal fouling layers the

cumstances that inﬂuence the formation of fouling and/or

structural properties predominantly determining their over-

CP layers are often heterogeneous and difﬁcult to control

all resistance are stronger depending on the applied

across the full ﬁltration module length, this goal can hardly

operational settings and the raw water composition as in

be achieved in cross-ﬂow (CF) mode.

particulate fouling layers (Tang et al. ; Sim et al. ).
A colloidal layer structure is particularly susceptible to
changes in raw water ionic strength strongly affecting the

MATERIALS AND METHODS

electrostatic repulsion between like-charged particles. In
this context a deviation from the practically relevant ﬁl-

The measuring procedure has been speciﬁcally developed in

tration

selective

order to quantify individual resistances of typical fouling

experimental analysis of individual resistance mechanisms

layer types. Due to the well controllable and highly reprodu-

conditions

for

the

purpose

of

a

has to be assessed critically.

cible physicochemical ﬁltration conditions, a dead-end (DE)

The differentiation between individual contributions of

ﬁltration method is chosen instead of more commonly

superimposed resistance mechanisms is further complicated

applied CF ﬁltration methods. Thereby, the limited practical

by the existence of coupling effects that relate the effective-

relevance of the method in desalting applications is accepted

ness of a resistance mechanism (as well as the extent of its

in favor of the potentially signiﬁcant lesser susceptibility

contributed resistance) to the simultaneous occurrence

against system-speciﬁc measuring artifacts. The direct com-

and the effectiveness of another resistance mechanism. A

parison of DE and CF measuring methods, however, is

prominent example of this kind of coupling effect is the

beyond the scope of the present article and will be a topic

cake enhanced osmotic pressure (CEOP) phenomenon

of future publications. In order to evaluate the accuracy of
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the method and allow for comparison of measuring results

the solubility limit is reached and salt precipitates at the

and predictions of geometry-based resistance models, only

membrane surface or the molar salt transfer rate through
_ M,s reaches an ultimate level at which the
the membrane N

model foulants with ideal geometrical properties are applied.

salt concentration in the bulk cs,b equals the concentration
Methodological considerations

in the permeate cs,p . The latter case, as depicted in Figure 1(b),
is particularly realistic if nanoﬁltration (NF) or brackish

When a membrane is operated in CF mode, CP is affected two-

water reverse osmosis (BW-RO) membranes with only

fold. Firstly CF induced ﬂow ﬁeld instabilities within the feed

partial salt retention are considered. For this speciﬁc

ﬂow channel limit the thickness of the CP-layer. According

steady-state situation the following three conditions apply:

to ﬁlm-layer theory this instance has a direct effect on the
salt concentration gradient and the mass transfer in the

(1)

cs,b  cs,p
cs,p
¼ 1 and respectively ℜapp
¼0
M,s ¼
cs,b
cs,b

(2)

cs,m,a
¼ max : and respectively
cs,b

layer. Secondly the total amount of salt within the membrane
module and therewith the maximum extent of CP is restricted.
When a fouling layer is established at the membrane surface, which partially or fully superimposes the CP-layer, the

ℜeff
M,s ¼

hydrodynamic conditions that the CP-layer is exposed to
change and CP as well as its related effect on TMP are

(3)

cs,m,a  cs,p
¼ max:
cs,m,a

_ M,s
cs,b
cs,p
N
¼
¼
¼ constant
_
c
c
N M,w
w,p
w,b

affected to an unknown (highly situation-speciﬁc) extent.
The implications of further inﬂuences that change the

eff
Herein ℜapp
M,s and ℜM,s are the apparent and the effective

mass transfer within the CP-layer, e.g. CEOP, can hardly

membrane retention, respectively. Assuming constant ℜeff
M,s

be distinguished from that effect. Therefore, with respect

the steady-state conditions given above are valid irrespective

to the notations given in Figure 1(a), the fouling-related

of any emerging membrane fouling since any further fouling-

change in salt concentration cs:m,a on the membrane surface

related deviation of cs,m,a (e.g. as proposed by the CEOP

cannot be experimentally determined precisely without
applying highly sensitive sensor technology equipment

model) would, according to solution diffusion model, inevi_ M,s . An increase in N
_ M,s
tably lead to an increase in N

with extraordinary spatial resolution.

however would generate the paradoxical situation that

In DE mode the described CP-limiting effects do not

more salt ions are transported through the membrane than

apply. Therefore, when a salt solution is ﬁltered at a constant
volumetric membrane ﬂux J_ , cs:m,a will increase until either

are contained in the feed water stream. Therefore, c0s,m,a

M

Figure 1

|

(the index

Steady-state concentration polarization in (a) cross-ﬂow and (b) dead-end mode operation.
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considered as a limiting concentration for a given ﬁltration
situation that is independent of the applied (constant)
water ﬂux according to condition 3.
Filtration apparatus
Colloidal fouling experiments were performed using a
cylindrical DE-ﬁltration cell with an inner diameter of
34 mm and an active membrane area of 9.08 cm2. The ﬁltration cell is speciﬁcally laid out in order to produce a
laminar ﬂow with stream lines running parallel towards
the membrane surface. The special injector through
which the feed enters the ﬁltration cell has openings rectangular to the main ﬂow direction within the ﬁltration
cell and therewith ensures a uniform horizontal distribution of the foulant particles across the establishing ﬂow
proﬁle. The ﬁltration cell is contained in a double-walled
metal jacket, which is connected to a tempered water
bath (ministat 125, Peter Huber Kältemaschinenbau
GmbH, Offenburg, DE). A constant temperature of 25 ±
W

0.1 C is automatically maintained based on temperature
readings measured close to the membrane surface using a
needle probe.
TMP is detected by measuring the pressure inside the ﬁltration cell relative to the surrounding atmospheric pressure
using a precision pressure gauge (P-10, WIKA SE & Co. KG,
Klingenberg, DE).
Constant ﬂux is automatically maintained by using a
PID-controlled micro gear pump (mzr-7205, HNP Mikrosys-

Figure 2

|

Schematic drawing of the experimental plant.

teme GmbH, Schwerin, DE) coupled online to a highly
precise coriolis mass-ﬂow meter (mini Cori-Flow M13, Bron-

Membranes

khorst High-Tech B.V., Ruurlo, NL). The constant ﬂux
condition is additionally controlled by time-resolved record-

All DE ﬁltration experiments were performed using DOW

ing of the produced permeate mass by using a balance (EW

FILMTEC™ NF270 membranes. NF270 is a thin ﬁlm com-

3000-2M, KERN & SOHN GmbH, Balingen-Frommern,

posite poly(piperazine-amide) NF membrane known to

DE). The (optionally) stirred feed tanks shown in Figure 2

have a NaCl retention of below 60% (Tang et al. ;

contain particle-free water sources of different ionic

Wang et al. ) and a molecular weight cut-off of roughly

strengths. Both tanks are hydrostatically decoupled and

270 g/mol (Rodrigues et al. ). In our own measurements

allow the change of feed water source while the ﬁltration

the pure water hydraulic resistance of NF270 (at 50 lm2h1)

is in progress. A deﬁned foulant mass can be transferred

was experimentally determined to be 2.43(±0.07)·1013 m1.

into the ﬁltration cell by injecting a stable particle dispersion

Surface zeta potential was determined to be 46.2(±1.9) mV

with a known particulate or colloidal content into the feed

using Zetasizer Nano ZS with a measuring cell ZEN1020

water stream. The dosing point is located directly upstream

(Malvern Instruments Ltd, Malvern, UK). For each exper-

of the gear pump.

iment a new membrane was used, which was thoroughly
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rinsed with water and kept soaking in ultrapure water for a

effect on dispersion stability was observed when up to

minimum of 12 h before usage.

10 g/l NaCl was added to the dispersion.

Feed waters

Experimental procedure

Particle- and salt-free water (PW) was generated from tap-

All fouling experiments depicted in the present study were

water by applying mixed bed ion exchange (TKA DI 2800,

performed by following a strict experimental procedure.

Thermo Scientiﬁc, Waltham, MA, USA) followed by an in-

According to this procedure each experiment was subdi-

line particle ﬁlter with a (temporal) change in the feed

vided into a variable number of individual ﬁltration

water quality, pore size of 0.2 μm (AcroPak 500, Pall Corpor-

phases. Each phase started with a speciﬁc change in the

ation, Port Washington, NY, USA). The produced water

applied ﬁltration conditions and ended with the establish-

meets the requirements of ultrapure water (quality class 1)

ment of an associated steady-state TMP maintained for at

according to German norm DIN ISO 3696. Consistent

least 1 h.

water quality was guaranteed by performing frequent quality

This procedure allowed, by selectively adding or detract-

checks. Saline feed water (SW) with constant ionic strength

ing an individual resistance contributor to or from the

was produced by dissolving 4 g/l NaCl (99.5%, p.a., Carl
Roth GmbH þ Co. KG, Karlsruhe, DE) in ultrapure water.

system, the change in steady-state TMP0 to be directly related
to the corresponding steady-state hydraulic resistance R0 of
that contributor. In the present case the three major resistances are the resistance of the membrane (RM) the CP-

Model foulants

layer (RCP), and the fouling layer (RF). By considering the

In order to maintain well-deﬁned ﬁltration conditions, all
fouling experiments were performed using monodisperse
polystyrene (PS) particle standards (Bangs Laboratories
Inc., Fishers, IN, USA). For both applied standards

resistances as connected in series, Darcy’s law can be
applied to calculate the individual hydraulic resistances
from their relative contributions to the overall pressure
loss at steady-state TMP0tot as

additional particle-size and zeta-potential measurements
were performed by using Zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, UK). Results and further speciﬁcations are given in Table 1. All measurements were
performed in dispersion with ultrapure water. The respective dispersion was stable for at least 24 h. No signiﬁcant

R0tot ¼ R0M þ R0CP þ R0F ¼

TMP0tot Δ p0 M þ Δπ 0 M þ Δ p0 F
¼
ηw J_
ηw J_
M

(1)

M

In this relation the index 0 indicates that the corresponding parameter is measured under steady-state conditions
(after a steady state in TMP has been reached); ηw represents
the dynamic viscosity of pure water.

Table 1

|

Speciﬁcations of the applied particle-size standards

Since for each fouling experiment a new membrane

Property

PS 28

PS 280

was applied, each experiment started with determining

Particle size
(according
to manufacturer)

28 nm

280 nm

the pressure loss across the membrane Δ p0M by ﬁltering

Particle size (own
measurement)

27.56 (±0.98) nm

291.85 ( ± 2.82) nm

Polydispersity index

0.08 (±0.01)

0.01 (±0.01)

Size distribution

Monodisperse

Monodisperse

Particle shape

Spherical

Spherical

Material density

1.05 g/cm3

1.05 g/cm3

Zeta-potential

45.76 (±2.65) mV

48.52 (±1.02) mV

ultrapure water at a constant rate of 50 lm2h1. In the
subsequent phases the osmotic pressure loss Δπ 0M and
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the pure water hydraulic resistance of the applied NF270

However, the declining progression of the speciﬁc hydraulic

membranes.

resistance plotted on the right vertical axis shows that the

Normalization of R0F with respect to the ﬁltered foulant

relation cannot be considered linear over the complete

mass MF per membrane area AM gives the speciﬁc hydraulic

range of particle loadings. This ﬁnding is most possibly

resistance at steady state

α0F

due to the well-known effect that the particle layers that
are immediately adjacent to the membrane surface usually

α0F ¼

R0F AM
MF

¼

R0F

~M
M

(2)

~ M is the surface loading of the membrane or
in which M
‘membrane load’.

create a signiﬁcantly higher hydraulic resistance than the
more distant layers (Yim & Kim ; Park et al. ; Mendret et al. ; Taheri et al. ). This fact implies that
Darcy-type relations are generally not valid in the lower
range of membrane loadings.
According to DLVO theory, electrostatic repulsion forces
acting between like-charged particles are considered to have

RESULTS AND DISCUSSION

the longest range in low ionic strength dispersions, causing
an insuperable energy barrier and thus the dispersion to be

Effect of membrane load in a salt-free environment

stable. Hence in PW experiments agglomeration effects
between the used PS particles with strongly negative surface

Figure 3 shows the development of the hydraulic resistance

potential (cf. Table 1) are rather unlikely to occur outside

of a discontinuously built colloidal fouling layer. The layer is

the fouling layer. Studies performed by Nirschl et al.

formed in three distinct steps by ﬁltering equivalent amounts

showed that the ﬁltration of stable colloidal dispersions led

of 28 nm PS beads in a salt-free environment at a constant

to the formation of compact layers with low porosity and

2 1

ﬂux of 50 lm h . Between the individual ﬁltration steps

homogenous pore-size distribution (Nirschl & Schäfer ).

constant ﬂux was maintained by ﬁltering PW until a

However because of strong hydrodynamic forces the

steady state in hydraulic resistance was achieved. Figure 3

energy barrier is overcome in the fouling layer, causing

shows a strictly linear relationship between particle load

high compactness. This basic assumption can be theoreti-

and hydraulic resistance, which is a basic requirement for

cally supported by applying fundamental electrostatic

the application of model relations based on Darcy’s law.

concepts. According to Israelachvili () the electrostatic

Figure 3

|

Dependence of fouling layer resistance on membrane load with 28 nm polystyrene beads.
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repulsion force acting between two spherical particles 1 and

0.14 for ‘z =‘F . This result indicates that, even for rather thin

2 can be estimated by using the following equation:

fouling layers, only in less than 1% of all constituting sublayers







d
kB T 2
zi eψ 1
zi eψ 2
tanh
 tanh
Fel ¼ eff 32π ε0 εr
e
λD
4kB T
4kB T
h

× exp λD

(monolayers) repulsive forces are not overcome by frictional
forces.
In this simple estimation the pressure loss is assumed to
be a linear function of the layer depth. This assumption is, to
(3)

boring particles, densely packed particle layers produce

in which deff is the effective particle diameter with
d p1  d p2
d p1 þ d p2

deff ¼

some extent, unrealistic since, due to the inﬂuence of neighhigher hydraulic resistances (and therefore pressure loss)

(4)

than electrostatically stabilized monolayers with comparably high porosities. Nevertheless, the consideration of this
instance as well as the incorporation of the effect of attrac-

By using the parameter values speciﬁed in Table 2,
13

Equation (3) yields 1.9·10

N for the maximum repulsing

tive van der Waals forces in this context yields only a
slightly higher value of 5.5% (Keller ).

force (attractive forces are disregarded). This force is coun-

By taking into account these considerations it can be

teracted by the combined structural and frictional force F fr

accepted that monodisperse layers that are built up (and

imposed on a single particle.

consolidated until reaching a steady state) in PW feature

Considering a monodisperse colloidal layer as consisting of an unknown number of particle sublayers, each

porosities close to 36%, which corresponds to the densest
random packing of equal spheres (Gotoh & Finney ).

containing an equivalent number of particles that are

If, however, a layer porosity of 36% is applied in calcu-

exposed to identical structural and frictional forces F fr ,

lations with the traditional models of Kozeny–Carman (KC),

and further assuming that the pressure drop, as presumed

using κ ¼ 5 as the porosity-dependent constant, Rumpf,

by Darcy’s law, linearly increases sublayer by sublayer

Happel, and Kuwabara (see the Introduction), these

with layer depth, then F fr is a function of the ratio of layer

models strongly overestimate the respectively measured

thickness at point z (‘z ) to the total layer thickness (‘F )

resistance, as depicted in Figure 4.

and the inﬂow cross-section of a representative particle Ap:
F fr ¼

Δ p0F

Effect of colloid size and particle size distribution in a

‘z
  Ap
‘F

(5)

With respect to the measured data shown in Figure 3, Δ p0F for a
relatively thin 28 nm PS layer (membrane load 10 g/m2) is
∼23,000 Pa. Equating Equations (3) and (5) and solving yields
|

Table 2

salt-free environment
In Figure 5 the measured speciﬁc resistances of different colloid size (28 nm; 280 nm; mixture of both) PS fouling layers
are compared to the respective KC-predictions. Since
smaller-size particles (diameter dd) ﬁll-up spaces between
the larger-size particles (diameter dD), a bi-disperse particle

Parameters to be used with Equation (3)

layer is generally considered to have a lower porosity than

Parameter

Value

a monodisperse layer made from identical material. To

ψ 1 ; ψ 2 (¼ζ PS(28nm) )

45.76 mV

account for this effect the semi-empirical correlation of

λD

960 nm

Dias et al. (2004) is used to calculate the porosity εbi of

14 nm

the bi-disperse mixture from the given volume fraction

1

of larger-size particles in the mixture XD:

deff
zi
ϵr (25 C)

78.3

T

298.15 K

h

0.4 nm

W
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Dependence of hydraulic fouling layer resistance on membrane load: comparison of measured values with predications made by established macroscale model theories.
R 2 represents the coefﬁcient of determination.

Figure 5

|

Comparison of KC-predictions with measured speciﬁc hydraulic resistances for different colloid size fouling layers. Percentage values correspond to the deviation of the
KC-prediction based on the respective reading.

In accordance with the prior considerations the porosity

measured hydraulic resistance with decreasing particle

of a monodisperse layer of the smaller-size particle fraction

size. Since both applied particle sizes are considerably

ε0d

bigger than the pore size of the applied nanoﬁltration

is assumed to be 36%.
The results depicted in Figure 5 show that the overesti-

membrane, obstruction of pores (as proposed by classical

mation of layer resistance by the model theory, as

pore-blocking models) is not considered a signiﬁcant

described in the preceding section, only applies to layers

reason for the measured fouling-related resistance increase.

that contain 28 nm particles. For monodisperse 280 nm

The remaining possible causes of this phenomenon are

particle

labeled

manifold. As examples an increasing deviation from the

‘Kozeny-Carman’ in Figure 5) agree with measured values

no-slip ﬂow condition in nanoscale channels (Choi et al.

within the acceptable margin of error. This result indicates

) or the formation of a heterogeneous layer structure

that in the colloidal size range an additional strongly size-

due to the increasing relevance of surface interactions

speciﬁc effect has to be considered that reduces the

can be mentioned.

layers,

the

KC-results

(cf.

markers
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When the initially described assumption, regarding the

signiﬁcantly higher resistance of a layer built with an oppo-

balance of inter-particle hydrodynamic and electrostatic

site particle size sequence (28 on 280 nm) is most likely due

forces, is correct, a colloidal fouling layer in steady state

to the inﬁltration of 28 nm particles into the existing skel-

should have reached a consolidated state where the strongly

eton of larger-size particles. While passing the skeleton it

distance-dependent adhesive forces are fully established and

is quite likely that a portion of the smaller-size particles is

the particle arrangement is mostly ﬁxed. Thus, it is hypoth-

retained within the skeleton by some ‘deep bed ﬁltration

esized that if a bi-disperse particle layer is formed by

effect’ (cf. Figure 7(b)). The retained fraction does not con-

subsequent ﬁltration of particle sizes (with an intermediate

tribute to the formation of a highly compact particle zone

consolidation phase between the ﬁltration steps) the struc-

in the vicinity of the membrane (compaction zone). Since

ture of the ﬁrst built layer should be at least partially

this compaction zone is assumed to be the major source of

maintained when the second particle layer is generated on

resistance in the bi-disperse layer, the deep bed ﬁltration

top. It is to be expected that the resulting layer structure

effect potentially reduces the hydraulic resistance of the

causes a different speciﬁc hydraulic resistance than the

bi-disperse layer. When particle sizes are ﬁltered simul-

mixed layer shown in Figure 5. This hypothesis is conﬁrmed

taneously this deep bed ﬁltration effect is absent, which

by the results of the respective layer formation experiment

leads to the formation of the compaction zone in its maxi-

shown in Figure 6. In the case of the layers built in a two-

mum extent (cf. Figure 7(c)) and a maximum hydraulic

step procedure (280 on 28 nm; 28 on 280 nm) the second

resistance respectively (cf. Figure 6). A rather perfect

particle size was ﬁltered after the initially produced layer

accumulation of all 28 nm particles in the compaction

had adopted a steady-state hydraulic resistance. The

zone was conﬁrmed by scanning electron microscopy

depicted results basically conﬁrm the assumption of a

(results provided elsewhere (Keller )).

rather strong structural integrity of once consolidated layers.
The results indicate that, when 280 nm particles are ﬁl-

Effect of ionic strength

tered on top of a consolidated layer of 28 nm particles, an
almost ideal two-layer structure is formed (cf. Figure 7(a))

It has been shown in numerous studies that the colloidal

that is only marginally higher than the value calculated

fouling layer resistance is strongly affected by the feed

from the individually measured monodisperse layer resist-

ionic strength. The possible reasons for that affection are

ances (labeled ‘sum of separate measurements’). The

manifold and will not be discussed in detail at this point.

Figure 6

|

Speciﬁc hydraulic resistance of bi-disperse layers built by different particle-size ﬁltration sequences. Total membrane load is identical in each depicted case.
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Schematic representation of different bi-disperse PS-layer structures.

Generally there has to be distinction between dispersion

formed in a salt-containing feed (SS) are affected by a com-

destabilizing effects, which are basically due to shielding

bination of both inﬂuences.

of repulsive electrostatic interaction-forces, and the effects

The three bars on the left side of Figure 8 show hydrau-

which occur after a fouling layer is formed (i.e. CEOP).

lic resistances of monodisperse PS (28 nm) layers that were

While destabilizing effects are considered to (irreversibly)

formed in either PW or SS. An important advantage of the

inﬂuence the fouling layer structure (mainly during its for-

applied experimental setup is that the feed water source

mation), all other effects are related to interactions

can be arbitrarily changed after a fouling layer has been

between an established fouling layer structure and the ion

established. The second and third bars (from the left), there-

distribution and movement within it.

fore, show the resistance of layers where the resistance

In the present case the experimental setup allows the

measurement was performed while ﬁltering feed water with

differentiation of both inﬂuences. With respect to the results

an ionic strength different to that applied during fouling-

shown in the preceding section, it is thereby assumed that a

layer formation. Results clearly indicate that the ionic

colloidal layer that was fully consolidated in PW is only to a

strength has a deﬁnite effect on hydraulic resistance. It

minor extent affected by destabilizing effects. Changes in

further indicates that the hydraulic resistance of a fouling

hydraulic layer resistance measured in association with a

layer is signiﬁcantly more affected when its consolidation

change in feed ionic strength can therefore be mainly related

has been performed in SS. Since electrostatic repulsion

to the second group of inﬂuences. In contrast, layers that are

forces are shielded by dissolved ions, the range of

Figure 8

|

Layer porosities as predicted by the Kozeny–Carman equation. Total membrane load in each depicted case is 30 g PS-28 nm per m2.
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electrostatic forces is supposed to be biggest in PW (Israelach-

resistance, Darcy-type relations seem to be applicable

vili ). When the identiﬁed ionic strength dependency of

when the inﬂuence in feed ionic strength is respectively

hydraulic layer resistance is solely attributed to the changing

considered.

inter-particle distances maintained by electrostatic repulsion

The respectively measured values are shown in Figure 9.

forces, the porosity of a layer formed in SS (low inter-particle

The results demonstrate that most of the difference in resist-

distance) should be signiﬁcantly lower than that of a layer

ance that is associated with the different ionic strengths

formed in PW (high inter-particle distance). In order to

applied during layer formation cannot be undone by future

prove this assumption, the theoretical layer porosities were

changes of the feed ionic strength. It is further noteworthy

calculated for each measured resistance value by using the

that the magnitude of the minor reversible share of the

KC-relation (κ ¼ 5). For easier classiﬁcation of the results

ionic strength dependent difference in hydraulic layer resist-

the resistance for a hypothetical layer of particles with

ance is nearly identical regardless of whether the ionic

direct surface contact between the particles (ε ¼ 36%) is

strength is increased or decreased. It can therefore be

shown on the right.

assumed that both processes have the same cause.

The respective values given in Figure 8 show that even

Electro-osmotic effects, however, are not considered a

for layers formed in SS, a porosity of more than 50% has

probable cause, since relevant sources (Michaels & Lin

to be accepted in order to match predictions with measured

; Abaza ) clearly show that their resistance-increasing

values. With respect to the previously provided consider-

effect is more signiﬁcant when the electrical conductivity (or

ations, such high values appear to be rather unrealistic. A

ionic strength) of the ﬂuid is low. In the current case a

permanent increase in inter-particle spacing due to electro-

reversed dependency is detected.

static repulsion effects, therefore, seems to be a rather
unlikely explanation for the high discrepancy between
measured values and model predictions.

CONCLUSIONS

Figure 9 shows the development of hydraulic resistances
with increasing membrane load for two layers that are

Within the presented study a measuring approach is pro-

established by ﬁltering different ionic strength colloidal dis-

posed and tested that enables the determination of

persions. Independent of the feed ionic strength both graphs

hydraulic resistances generated by any kind of spatially

show a strict linear relation between resistance increase and

homogeneous layer that covers the feed site membrane sur-

membrane load. Therefore, in order to describe the layer

face. The method particularly distinguished itself from

Figure 9

|

Reversibility of the ionic strength dependent share of the steady-state hydraulic layer resistance (for PS-28 nm). R 2 represents the coefﬁcient of determination.
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existing concepts by the fact that measured resistances, contributed by any (steady-state) solid or gel-like fouling layer,
can be clearly separated from resistances contributed by a
diffuse (CP-)layer with undeﬁned phase boundaries, even if
the two layer types occur simultaneously and superpose
each other. By an adequate usage of that feature it is also
possible to quantify the relevance of coupling mechanisms
between the two resistance types. The introduced method
was successfully tested by performing ﬁltration experiments
using idealized model foulants with known physicochemical
properties. Besides its general applicability in fundamental
research a potential application for the highly standardized
and reproducible approach is the development of new indexing procedures (e.g. indicating fouling propensities of
different membrane materials or feed waters). These to-bedeveloped methods would possess the advantage of considering the effect of the CP-dependency of the fouling layer
resistance, which is commonly ignored by most existing
concepts.
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