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Abstract: The manner in which membrane-fouling experiments are conducted and how fouling
performance data are represented have a strong impact on both how the data are interpreted and
on the conclusions that may be drawn. We provide a couple of examples to prove that it is possible
to obtain misleading conclusions from commonly used representations of fouling data. Although
the illustrative example revolves around dead-end ultrafiltration, the underlying principles are
applicable to a wider range of membrane processes. When choosing the experimental conditions and
how to represent fouling data, there are three main factors that should be considered: (I) the foulant
mass is principally related to the filtered volume; (II) the filtration flux can exacerbate fouling effects
(e.g., concentration polarization and cake compression); and (III) the practice of normalization, as in
dividing by an initial value, disregards the difference in driving force and divides the fouling effect
by different numbers. Thus, a bias may occur that favors the experimental condition with the lower
filtration flux and the less-permeable membrane. It is recommended to: (I) avoid relative fouling
performance indicators, such as relative flux decline (J/Jy); (II) use resistance vs. specific volume; and
(III) use flux-controlled experiments for fouling performance evaluation.

Keywords: membrane-fouling performance indicators; normalized flux decline; membrane resistance

1. Introduction

Membrane filtration plays an important role in the current and future sustainable
supply of clean water. Some examples in the current state of the art are: desalination of
brackish water and seawater [1,2], pretreatment for desalination [3], removal of micro-
pollutants in drinking water production [4], and membrane bioreactors (MBR) [5,6]. In
addition, new membrane processes are being investigated, such as forward osmosis (FO) [7],
pressure-retarded osmosis (PRO) [8,9], membrane distillation (MD) [10], and hybrid pro-
cesses [11]. Aside from water purification, other industries also utilize membrane to
separate unwanted components from water, or to concentrate water-based product streams;
for example: concentration of milk and whey, clarification of juice, and production of
protein concentrates [12].

All these membrane processes have in common that their performance declines due to
the accumulation of retained foulants on or in the membrane [12-17]. In industrial practice,

Membranes 2021, 11, 460. https:/ /doi.org/10.3390/membranes11070460

https://www.mdpi.com/journal/membranes


https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0003-0349-5099
https://orcid.org/0000-0003-2095-4736
https://orcid.org/0000-0003-2668-2057
https://doi.org/10.3390/membranes11070460
https://doi.org/10.3390/membranes11070460
https://doi.org/10.3390/membranes11070460
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/membranes11070460
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes11070460?type=check_update&version=2

Membranes 2021, 11, 460

20f21

the production rate is normally driven by demand. This results in flux-controlled operation,
comprising intervals with constant flux and occasional adaptation of the set-point. Fouling
is primarily experienced as an increase of the required driving force, resulting in higher
energy consumption. In addition, fouling mitigation is an integral part of membrane-
system design and operation. Membrane fouling contributes significantly to capital and
operational expenses. Therefore, there is a real and clear need for prediction and control of
membrane fouling [18].

Membrane fouling can be categorized into scaling, biofouling, and accumulation of
rejected matter (e.g., particulate fouling, organic fouling, and colloidal fouling) [19]. The
mechanism may be further distinguished based on where the fouling occurs with respect to
the membrane surface and pores into external fouling, internal fouling (e.g., pore clogging),
and pore blocking [20].

To evaluate the effectiveness of fouling mitigation strategies, it is desirable to ef-
fectively establish the fouling rate during filtration and the fouling state after cleaning.
Establishing the fouling rate typically involves a combination of an experimental protocol
and a graphical representation of the obtained data and/or a calculated fouling indicator.

In a laboratory environment, constant pressure filtration is relatively easy to perform,
requiring only a gas cylinder with a pressure regulator, pressure gauge, feed vessel, mem-
brane cell, and an electronic balance, where only the weight measurement has to be logged.
Conversely, flux-controlled (e.g., constant flux) operation requires more dedicated and inte-
grated equipment, including, for example, a controllable pump, flow-transmitter, pressure
transmitter, and an automated control system. Thus, it is natural that constant-pressure
fouling experiments are encountered more frequently in literature. Either the flux or the
driving force may be chosen, and the other variable follows from the properties of the
membrane. Thus, in these experiments, fouling is experienced as flux decline. In addition,
when the driving force is constant and initially equal, differences in the filtration flux
naturally occur, making it difficult to compare different experimental runs. Thus, flux
decline is often normalized, by dividing the flux by its initial value, with the intention to
make comparison possible. The studies that report normalized flux data are too numerous
to list, and we do not intend to criticize authors or studies by citing specific examples.

Fouling indices are a combination of a standardized experimental protocol and data
interpretation. The silt density index (SDI) is a commonly used fouling index. The experi-
mental procedure and calculation of the SDI have similarities to a normalized flux-decline
analysis. It has been shown that this indicator is intrinsically flawed [21-24]. Alternatively,
the experimental procedure and calculation methods can be aimed to identify a fouling
model parameter; for example, the modified fouling index (MFI) [25] and measurement of
compressible cake parameters [26]. However, these methods rely on an assumed fouling
mechanism, dead-end filtration, and specific membranes.

There are numerous ways to conduct fouling experiments, and there are multiple ways
to represent the data. The combination of the experimental protocol and data representation
aims to meet the following objectives:

e To provide a correct interpretation of the amount of fouling and the impact of fouling
on performance;
To characterize the fouling mechanism and to quantify fouling parameters;
To isolate effect of manipulated operational conditions or evaluated fouling mitigation
measures, such that the observation is primarily a consequence of the investigated
factor.

The objective of this paper is to present and discuss a couple of examples that illustrate
some of the potential pitfalls of fouling data representation and to provide recommenda-
tions for better representation of fouling data. The followed approach is to benchmark
several combinations of experimental protocols (constant flux and constant pressure) and
data representations. By simulating experiments, the difference in performance is a priori
known from the model parameters, and it can be evaluated if this known difference is
reflected in the resulting graphs. Basic fouling models for low-pressure dead-end filtration
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are used, because the difference in fouling effect and overall performance is unambiguous
and can be understood from a small number of parameters. These model parameters were
chosen with the objective to illustrate potential pitfalls.

2. Background

The fouling performance indicators that were considered in the example were flux
(J), transmembrane pressure (T MP), resistance (R), and permeability (L), as well as their
relative value (e.g., ]/ Jo) and their change (e.g., R — Rp). If osmotic pressure difference
may be neglected, the relation between transmembrane pressure, viscosity (), resistance,
and filtration flux is given by Darcy’s law as follows [19]:

R — TMP
#
The permeability is also frequently used as a fouling performance indicator. In the
context of this paper, it is given by [19]:

M

J

L=Tmp @

The independent variables considered were time () and specific volume (v). The
specific volume is the cumulative filtered volume per membrane area, which can be found

from integrating the filtration flux:
dv
i ®)

The fouling state of the membrane represents the amount of fouling material that is
present on the membrane surface or in the pores. When the exact composition of the feed
is unknown, it is convenient to express the fouling state relative to the feed water. Thus,
the fouling state is defined as the amount of feed water that contains the same amount
of foulants as the fouling layer. The fouling parameters are a combination of the foulant
concentration and properties. In dead-end filtration, this fouling state is equal to the filtered
volume [20,27].

In this work, basic fouling models were employed so that the effect of the fouling
parameters was unambiguous and could be easily understood. Therefore, complicating
factors such as fouling layer compression, membrane deformation, and flux-dependent
rejection of foulants were not included. The fouling models used were: ideal cake filtration,
cake enhanced concentration polarization, and complete blocking.

2.1. Ideal Cake Filtration

In this paper, ideal dead-end cake filtration is one of the fouling models used as an
example. This fouling mechanism follows the resistance in series assumption, where the
total resistance is the sum of the membrane resistance (Rp;) and the cake resistance (av):

R =Ry +av 4)

Here, the cake resistance is proportional to the fouling state, with the specific cake
resistance («) as a proportionality parameter [20].

2.2. Cake-Enhanced Concentration Polarization

With porous membranes (MF/UF), the osmotic pressure may normally be neglected;
however, in certain cases, where the feed water contains a significant concentration of
macromolecules, this may not be the case. If osmotic pressure and concentration polariza-
tion in the cake may not be neglected, the transmembrane pressure has to be corrected for
the osmotic pressure difference at the membrane. The effect of the fouling layer consists
of hydraulic resistance and an increase of the osmotic pressure due to cake-enhanced
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concentration polarization [28,29]. When it is assumed that the osmotic pressure of the
permeate is negligible, the filtration flux may be given by:

- TMP —TI1rp 5)
#(Rum + av)

For simplicity, it is assumed that the concentration polarization outside of the fouling
layer may be neglected. The concentration polarization factor of the fouling layer (8), which
can be expressed by a structural parameter (S) and a diffusion constant (D), expressing the
hindered diffusion rate in the fouling layer [30]:

S

p=e (6)
Generally, the osmotic pressure at the membrane is not observed in experiments. If

the resistance is calculated from the applied transmembrane pressure and the known feed

osmotic pressure, the apparent resistance can be found by rearranging Equation (5):

_TMP-Tlp _p o B
g gl

Thus, compared to ideal cake filtration, cake-enhanced concentration polarization
adds an additional term that depends exponentially on the fouling state and the filtration
flux. This description of concentration polarization implies a steady state, which is not
applicable for dead-end filtration. Thus, for cake-enhanced concentration polarization, an
additional assumption is made that the deposition rate is equal to the dead-end deposition
rate.

It is assumed that the structural parameter is proportional to the amount of foul-
ing [28,31]. Thus, the structural parameter is the product of the specific structural parameter
s and the specific volume. The specific cake resistance and the specific structural parameter
are both a result of the thickness and structure of the fouling layer. To estimate their
relative values, the specific cake resistance is described according to the Hagen—-Poiseuille
relation [19]:

R

@)

814
—— 8

e ®)
where T is the tortuosity of the pores in the fouling layer and r is their radius, while € is the
porosity of the fouling layer and ¢ is its thickness. The specific structural parameter (s) may

be given by [32]:

Qo =

T
0= — )

Thus, the specific cake resistance is related to the specific structural parameter via the
pore radius, as follows:

§=— (10)

2.3. Complete Blocking

Complete blocking was also used as an example. In this model, every particle that
is retained participates in blocking pores of the membrane. Thus, the total resistance
is proportional to the membrane resistance, and this mechanism does not satisfy the
resistance in series assumption. The fouling parameter (vy) is a critical specific volume,
namely the specific volume of feed water that contains enough particles to completely
block the membrane. Thus, the resistance for a membrane fouled by the complete blocking
mechanism may be given by [20]:

(11)
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3. Results

In this example, the aim of the simulated experiment was to compare two different
membranes. There are many factors that influence which membrane is selected for a certain
application, such as permeate quality, energy consumption, price, lifespan, and fouling
propensity. Within this study, only the operational performance or fouling propensity was
considered. Thus, the primary aim of the simulated experiments was to establish which
membrane fouled more. Furthermore, the simulated experiments consisted of a single run
of a limited duration. It is often beneficial to consider longer runs and multiple runs under
different conditions, and to evaluate fouling reversibility. However, the scope of this study
was limited to evaluation of a single filtration run.

The fouling behavior is described by ideal dead-end cake filtration, with and without
concentration polarization, and complete pore blocking, where the parameters are chosen
such that membrane A is superior to membrane B in terms of both membrane resistance
and fouling propensity. A positive correlation between membrane resistance and fouling
rate was found by comparing the fouling rates of different membranes [33]. Furthermore,
that study found that the magnitude of the correlation differed between feed-water sources.
One possible explanation is that the pore size affected the amount of retained material that
accumulated and the morphology of the fouling layer.

3.1. Constant-Pressure Experiment with Equal Pressure (Cake Filtration)

Ideal cake filtration was chosen as a fouling model, in which membrane A was
superior compared to membrane B in terms of both membrane resistance (Ry4 = 0.5 x
102 m~1 vs. Ry = 2.0 x 102 m~ 1) and fouling propensity (x4 = 3.0 x 103 m~2 vs.
ag = 6.0 x 1013 m~2). These values could be encountered with UF of surface water. A
constant-pressure experiment was simulated, and the results are shown in 12 different
representations: Figure 1 shows the flux plots, and Figure 2 shows the resistance plots.

Two membranes may be compared by evaluation of flux decline with the same
constant driving force. However, it is well known that two membranes should not be
compared if they operate at a vastly different flux [34]. Thus, an experimental protocol in
which the initial flux is set equal for both membranes is often favored. This implies that a
different transmembrane pressure is chosen for each membrane. Here, we considered both
ways of conducting a constant-pressure experiment.

Flux as a function of time, as it was measured during the experiment, is shown in
Figure la. By comparing the flux decline with equal driving force, this figure shows that
the overall performance of membrane A was superior to the performance of membrane B,
due to the higher filtration flux during the entire run. It was not obvious how to assess the
difference in fouling rate: visually, the flux decline of membrane A appeared to be more
severe; however, it could also be argued that the two lines cannot be compared in this way.
Conversely, if both membranes were compared based on equal initial flux, it appeared that
the flux decline curves could be compared, and that membrane B fouled less compared
to membrane A. Thus, this experimental protocol with equal initial flux and flux-decline
representation led to the conclusion that contradicted the underlying facts. The reason
was that due to the higher transmembrane pressure for membrane B, a similar amount of
fouling resulted in a higher filtration flux.

When the initial flux is different, it is common to plot the normalized or relative flux
instead. The relative flux as a function of time is plotted in Figure 1c. The normalization
forced the initial points of the curves to be identical. The consequence, as was intended,
was that it now appears that all the lines may be compared. However, in this representation,
the observed fouling rate of membrane B seemed to be roughly half of the fouling rate of
membrane A with the same TMP, which contradicted the facts underlying this example.
This demonstrated that a membrane that is inferior in terms of both membrane permeability
and fouling propensity can appear superior by relative flux-decline representation.
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Figure 1. Simulated constant-pressure experiment, aiming to compare two membranes with equal transmembrane pressure
(0.25 bar) and equal initial flux (TMPg = 1 bar), and several flux- and permeability-based data representations. The
example was constructed such that membrane A was superior to membrane B, due to both a lower membrane resistance
(Rpa =05 x 102 m~1vs. Rpp = 2.0 x 1012 m~1) and a lower fouling rate (x 4 = 3.0 x 108 m=2 vs. ag = 6.0 x 1013 m—2).
Different representations (a—Flux-Time; b—Flux—Specific Volume; c—Relative Flux-Time; d—Relative Flux-Specific

Volume; e—Permeability-Time; f—Premeability Change-Specific Volume) were comp—red to evaluate if the known

difference in fouling propensity was reflected: (c,d,f) suggest a conclusion contradicting the underlying parameters.
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Figure 2. Simulated constant-pressure experiment, aiming to compare two membranes with equal transmembrane pressure
(0.25 bar) and equal initial flux (TMPg = 1 bar), and several pressure- and resistance-based data representations. The
example was constructed such that membrane A was superior to membrane B, due to both a lower membrane resistance
(Rpa =05 x 102 m~1vs. Rpp = 2.0 x 1012 m~1) and a lower fouling rate (x 4 = 3.0 x 108 m=2 vs. ag = 6.0 x 1013 m—2).
Different representations (a—Resistance-Time; b—Resistance —Specific Volume; c—Relative Resistance-Time; d—Relative
Resistance-Specific Volume; e—Resistance Change-Time; f—Resistance Change-Specific Volume) were compared to
evaluate if the known difference in fouling propensity was correctly reflected: (c—e) suggest a conclusion contradicting the

underlying parameters.
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Due to the different values of the filtration flux, it was clear that at the same point of
time, the filtered volume differed between the different variants of the experiment. To take
this into account, fouling performance indicators discussed above were also plotted as a
function of the specific volume (Figure 1b,d). In these representations, it is apparent that
in the same time, the filtered volume for membrane B with equal TMP was smaller. Thus,
the assessment was made by comparing different parts of the fouling curves, compared to
the representations with time on the x-axis, which was relatively more favorable for the
more permeable membrane A and the higher TMP run with membrane B. Nevertheless,
the flux-decline plot was still difficult to interpret, and the relative flux-decline plots still
gave the misleading impression that the inferior membrane B performed better.

Permeability is another fouling performance indicator that can be considered when
the TMP or the initial flux differ (Figure le). This representation is similar to the flux decline
curve. By normalizing the data with respect of the driving force, much of the difference
between the curves of membrane B was eliminated. Similarly to the flux-decline curve, it
was difficult to assess the difference in fouling rate between membrane A and B. One could
consider plotting the relative permeability (L/Lj), which would reduce to the relative flux.
Alternatively, the permeability loss as a function of specific volume is plotted in Figure 1f.
Taking the difference of the permeability (as in actual value minus the initial value) also
forced the lines to start at the same point, again giving the impression that the lines were
comparable. In this representation, the permeability loss of membrane A appeared much
more severe than membrane B, which contradicted the facts.

It is interesting to note that while in Figure 1c,e, it appears that the fouling rate was
different for both experiments with membrane B, it is clear in Figure 1d,f that this was only
related to volume. Thus, in the case of ideal cake filtration, there was no difference between
normalizing the flux in the data representation versus equalizing the initial flux by adapting
the TMP. The remaining difference was attributed to the difference in filtered volume.

Resistance as a function of time is plotted in Figure 2a. This representation shows that
the overall performance of membrane A was superior, due to the lower resistance during
the entire run. However, when comparing membranes A and B based on equal TMP, the
fouling behavior was difficult to assess; visually, the fouling rate appeared similar. This
was made more clear by plotting the change in resistance as a function of time (Figure 2e).
Indeed, the fouling rates appeared similar, which again contradicted the facts underlying
this example. However, when the two membranes were compared based on equal initial
flux, the difference in fouling rate started to become clear.

One might also consider making it easier to compare filtration curves by normalizing
the resistance with respect to its initial value. The relative resistance is plotted in Figure 2c.
This chart misleadingly suggests that fouling in membrane A was much more severe than
in membrane B.

The resistance is plotted as a function of specific volume in Figure 2b. In this represen-
tation, the membrane resistance can be identified as the y-intercept, and the fouling rate
can be identified as the slope. To emphasize the difference in the fouling rate, the change in
resistance is shown in Figure 2f. This representation makes the difference in slope more
clearly visible and shows that membrane A fouled less than membrane B, in accordance
with the fouling parameters.

In summary, 12 representations of the same simulated constant-pressure experiment
were shown, to evaluate if the known difference in fouling parameters was reflected in the
data representation. Four of these; namely, the flux vs. time (Figure 1a), flux vs. specific
volume (Figure 1b), permeability vs. time (Figure le), and resistance vs. time (Figure 2a)
plots, correctly showed that the overall performance of membrane A was superior to
membrane B. However, in these plots, the fouling propensity could not be clearly assessed.
The resistance vs. volume plot (Figure 2b) was able to show both overall performance
and the fouling propensity. The resistance change vs. volume plot (Figure 2f) made the
difference in fouling propensity more clear, but gave no information about the overall
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performance. The other seven plots gave the misleading impression that membrane B was
superior to membrane A.

3.2. Implication for Comparing Different Processes

It can be interesting to compare the fouling propensity of different membrane processes
treating the same feed water. Within the context of the current example, one might want to
assess the fouling rate of a hypothetical novel membrane process, involving, for example,
a pressure, concentration, and/or temperature difference, and compare this to UE. It was
assumed that, due to the complexity of the novel system, it was only experimentally
feasible to maintain a constant driving force and observe the filtration flux. As there was no
clear way to define a ‘resistance’ for such a process, only flux decline was evaluated. In the
selection of experimental conditions, the initial filtration flux of the reference ultrafiltration
system, operating at constant pressure was chosen to be equal to the initial flux of the novel
membrane process.

The previous section compared two similar membranes and demonstrated that if two
membranes were compared based on a constant-pressure experiment with equal initial flux,
the membrane with the higher membrane resistance had a slower flux decline. To illustrate
the possible implication for comparing different processes, it was assumed that the flux-
decline curve of the novel membrane process, with unknown fouling mechanism, happened
to be somewhere between the curves of membrane A and B, as shown in Figure 3. Thus,
if the novel membrane process was compared to ultrafiltration, using the less-permeable
and more-fouling membrane B as reference, it appeared that ultrafiltration was superior
in terms of fouling rate, and vice versa. More generally, this implied that, whatever
the flux decline curve is of a novel process, it is in theory possible to find a reference
membrane that has a sufficiently low membrane resistance to compare unfavorably; and
conversely, it is possible to find a reference membrane that has a sufficiently high membrane
resistance to compare favorably. The first will require a higher transmembrane pressure
compared to the latter. However, the difference in driving force was not reflected in the
evaluation, and it was not obvious how the driving force of the novel process compared to
the transmembrane pressure.

A similar reasoning can be applied to the novel membrane process, without under-
standing precisely how its driving force should be interpreted. If the process is relatively
inefficient, it requires a relatively large driving force to attain the desired initial filtration
flux. Thus, if a certain amount of the available driving force is needed to overcome fouling,
the remaining driving force for transport through the membrane is still large and relatively
unaffected. Conversely, if the novel process is highly efficient, the same amount of fouling,
reducing driving force with the same amount, will affect the remaining driving force signif-
icantly. Thus, flux-decline experiments, with different driving forces, have a bias toward
the less-efficient membrane or system.

3.3. Constant-Flux Experiment (Cake Filtration)

An alternative way to equalize the flux is to utilize a flux-controlled experiment, in
which both membranes are operated at the same constant filtration flux. To maintain the
constant flux, the transmembrane pressure has to be increased as the membrane fouls,
and so the transmembrane pressure is the measured variable. The previous example was
continued, with the same membranes and fouling rates. The results of the simulated
constant-flux experiments are shown in six different representations in Figure 4a—f.
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Figure 3. Simulated flux-decline curves to compare a hypothetical novel membrane process to
ultrafiltration. The example was constructed such that membrane A was superior to membrane
B, due to both a lower membrane resistance (Ry;4 = 0.5 x 1022 m~1 vs. Rpp = 2.0 x 1012 m~1)
and a lower fouling rate (x4 = 3.0 x 108 m=2 vs. ag = 6.0 x 103 m~2). The transmembrane
pressure was chosen to have identical initial flux (TMP, = 0.14 bar, TMPg = 0.56 bar). The fouling
mechanism of the novel membrane was assumed to be unknown, but constructed to lie between the
curves of membrane A and B. If the novel membrane process was compared with a more-fouling and
less-permeable reference membrane, it appeared that the fouling rate of the novel process was worse;
conversely, if the less-fouling, more-permeable reference membrane was used, it appeared that the
novel process fouled less.

The transmembrane pressure as it would be measured during the experiment is plotted
in Figure 4a. This representation allowed the difference in membrane resistance (y-intercept)
and fouling rate (slope) to be identified after some calculations. Thus, in a constant-flux
experiment, the measured variable is directly related to the fouling parameters.

The relative transmembrane pressure is plotted in Figure 4b. The intent of this
normalization was to make the difference in fouling rate more explicit. However, in
this way, the fouling rate of membrane B appeared to be lower than the fouling rate for
membrane A, which again contradicted the facts underlying this example.

The permeability is plotted in Figure 4c. This figure shows that the overall performance
of membrane A was superior, due to the higher permeability during the entire run. The
difference in fouling behavior was not obvious: it appeared that permeability decline
was more severe for membrane A, but it can also be argued that the two lines cannot be
compared. Permeability was normalized to facilitate comparison; this is shown in Figure 4d.
In this representation, the fouling rate of membrane A appeared worse, which contradicted
the facts. Note that the permeability (‘specific flux’) decline was similar to the flux decline
(Figure 2a,b), although the rate of decline was lower in the constant-flux experiment.

The resistance (Figure 4e) and resistance change (Figure 4f) were plotted against the
specific volume. Note that these plots are in principle identical to Figure 2e,f. In constant-
flux experiments, the specific volume is linearly related to time. Thus, in this case, there
was essentially no difference between plotting against time or volume. The resistance and
resistance-change plots also corresponded to the known difference in performance between
the two membranes.
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Figure 4. Simulated constant-flux experiment, aiming to compare two membranes. The example was constructed such

that membrane A was superior to membrane B, due to both a lower membrane resistance (Ry;4 = 0.5 x 1012 m~
Ryp = 2.0 x 102 m~1) and a lower fouling rate (x4 = 3.0 1018 m

-2

1 VsS.

vs. ag = 6.0 x 103 m~2). Different representations
(a—Transmembrane Pressure (TMP)-Time; b—Relative TMP-Time; c—Permeability—Time; d—Relative Permeability-Time;
e—Resistance-Specific Volume; f—Resistance Change—Specific Volume) were compared to evaluate if the known difference

in fouling propensity was correctly reflected: (b,d) suggest a conclusion contradicting the underlying parameters.
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3.4. Cake-Enhanced Concentration Polarization

In this section, we considered that the osmotic pressure of the feed cannot be neglected,
and that the concentration polarization in the fouling layer has to be taken into account. In
the context of low-pressure membrane filtration, this might occur when the feed contains
dissolved macromolecules, such as proteins. The results of a simulated constant-pressure
experiment are shown in Figure 5, and the results of a simulated constant-flux experiment
are shown in Figure 6.

The constant-pressure experimental protocol can be designed to compare the two
membranes with equal transmembrane pressure (lower flux for membrane B) or with equal
initial flux (higher TMP for membrane B). The flux as it would be measured is shown in
Figure 5a, and the relative flux as function of specific volume is shown in Figure 5b. The
plot of the relative flux decline suggests that membrane B fouled less than membrane A,
contradicting the facts underlying the example.

It is further interesting to note that the relative flux-decline curves of membrane B,
with equal driving force and equal initial flux, were similar. Thus, a flux-decline curve can
be biased even if the initial flux is chosen equal and the filtration flux is similar during the
rest of the run. Nevertheless, the experimental approach with equal initial flux was able
to reduce much of the difference in filtration flux, which exponentially exacerbated the
concentration polarization.

The resistance and the change in resistance are plotted in Figure 6¢,d. In these plots,
it is visible that membrane B fouled more than membrane A. Due to the concentration
polarization, the resistance depended exponentially on the filtration flux, and the apparent
fouling rate was significantly lower for the run with the lower initial flux. Thus, the
comparison based on equal initial flux, with similar flux during the entire run, better
reflected the difference in fouling propensity.

Alternatively, a constant-flux experiment can be used, with the benefit of ensuring
that the effect of flux is constant during the experiment and equal for both membranes. The
transmembrane pressure as it would be measured during such an experiment is shown in
Figure 6a. It can be seen that the pressure increased exponentially due to the concentration
polarization factor. Furthermore, the differences in membrane resistance and fouling rate
can be recognized from the y-intercept and the difference in the slopes. However, if the
transmembrane pressure was normalized (Figure 6b), the difference in fouling rate became
unclear: during the experiment, it appeared that membrane A fouled slightly more, but it
was also apparent that eventually the curves would cross.

The resistance and change in resistance are shown in Figure 6¢,d. In the resistance
chart, the difference in membrane resistance (y-intercept) and the fouling rate (slope)
can be recognized. In the resistance change vs. specific volume plot of the constant flux
experiment, the difference in fouling rates between the membranes could be well assessed.

3.5. Constant-Pressure Experiment (Complete Blocking)

In this section, complete blocking was considered as the fouling mechanism. This
model assumes that all particles that are rejected completely block pores. By this assump-
tion, the effect of fouling is multiplicative with the membrane resistance, rather than
additive, as was the case for cake filtration. Thus, the resistance-in-series approach does
not apply to this fouling mechanism. This property of the fouling relation suggests that it
may be more appropriate to use relative fouling performance indicators. In this example,
membranes A and B were used again. In complete pore blocking, the fouling parameter is
defined as a critical specific volume: this represents the volume of feed water that contains
enough particles to block all the pores [27], which was chosen to be twice as much for
membrane A compared to membrane B. The values of the parameters were chosen so that
the filtered volume was similar compared to the cake-filtration example (v,4 = 0.075 m
and v,p = 0.0375 m). Again, the example was created such that membrane A was superior
in both aspects.
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Figure 5. Simulated constant-pressure experiment, aiming to compare two membranes with equal transmembrane pressure
(0.39 bar) or equal initial flux (TMP, = 0.39 bar, TMPg = 0.81 bar). The example was constructed such that membrane A was
superior to membrane B, due to a lower membrane resistance (Ry4 = 0.5 x 102 m~! vs. Ry = 2.0 x 1012 m~1), a lower
fouling rate (x4 = 3.0 x 108 m—2 vs. ag = 6.0 x 101 m~2), and a lower structural parameter (s4 = 3.75 X 10 % vs.sp =
75x107% (r =10nm)and D = 1 x 10~ 1%m? /s, 1y = 0.25 bar ). Different representations (a—Flux-Time; b—Relative
Flux-Specific Volume; c—Resistance-Specific Volume; d—Resistance Change-Specific volume) were compared to evaluate
if the known difference in fouling propensity was correctly reflected. Flux decline with equal initial flux (a) and relative flux
decline (b) curves suggest a conclusion contradicting the underlying parameters.

The plots of flux as a function time (Figure 7a) and the resistance as a function of time
(Figure 7e) show that the overall performance of membrane A was superior to membrane
B. The fouling rate was difficult to assess; however, flux decline seemed more severe for
membrane A, and the resistance increase appeared similar.
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Figure 6. Simulated constant-flux experiment, aiming to compare two membranes. The example was constructed such

that membrane A was superior to membrane B, due to a lower membrane resistance (Ry;4 = 0.5 x 102 m—1vs. Ry =
2.0 x 102 m~1), a lower fouling rate (x4 = 3.0 x 1083 m~2 vs. ap = 6.0 x 10'3> m~2), and a lower structural parameter
(54 =375x10%vs.sp =75x10%4(r =10nm ) and D = 1 x 10~ %m?2 /s, [z = 0.25 bar ). Different representations
(a—TMP-Time; b—Relative TMP-Specific Volume; c—Resistance-Specific Volume; d—Resistance Change—Specific volume)
were compared to evaluate if the known difference in fouling propensity was correctly reflected: Relative transmembrane

pressure (b) suggests a conclusion that contradicts the underlying parameters.

The relative flux as a function of time is plotted in Figure 7c. This figure suggests that
the fouling rate for membrane A was larger than the fouling rate for membrane B. Thus,
this fouling data representation was not able to reflect the difference in fouling parameters,
regardless of the fact that the fouling relation was proportional to the membrane resistance.

The flux (Figure 7b) and relative flux (Figure 7d) were plotted against the specific
volume. In both of these graphs, the fouling parameter was equal to the x-intercept of the
fouling curve. Thus, their numerical values were easily obtained by extrapolating the lines.
The difference in fouling rate is not visually obvious in the flux plot. The relative flux plot
shows this more clearly. However, the difference in overall performance is not visible in

the latter.
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Figure 7. Comparison between two membranes for a single constant-pressure (0.25 bar) run with different representations of

the data. The example was constructed such that membrane A was superior to membrane B, due to both a lower membrane
resistance (Ry;4 = 0.5 x 10> m~! vs. Ry = 2.0 x 102 m~!) and a lower fouling rate (v,4 = 0.075 m vs. v,p = 0.0375 m).
Different representations (a—Flux-Time; b—Flux—Specific Volume; c—Relative Flux-Time; d—Relative PerFlux-Specific

Volume; e—Resistance-Time; f—Resistance Change-Specific Volume) were compared to evaluate if the known difference

in fouling propensity was correctly reflected: Relative flux vs. time (c) and resistance vs. time (e) suggest a conclusion

contradicting the underlying parameters.
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Resistance was plotted as a function of specific volume in Figure 7f. This figure
correctly shows both the difference in overall performance and the difference in fouling
rate. The fouling parameters can be recognized as the asymptotes of the fouling curves.
However, their numerical values of 0.0375 m and 0.075 m cannot be obtained easily from
the graph.

It is interesting to note that in the resistance plot (Figure 7f), the fouling curve appeared
to be escalating, and around a specific volume of 0.025 m®/m?, the fouling of membrane B
appeared severe, while the fouling for membrane A appeared to be minor. In contrast, in
the flux representations (Figure 7b,d), the escalating character and the difference between
the two membranes appeared to be much less pronounced.

In industrial practice, the primary objective of a membrane system is to meet a certain
demand for treated water. Thus, these systems are typically flux-controlled, and the
desired flux is adapted to the current demand. The resulting operation does not necessarily
correspond to either constant flux or constant pressure. Rather, the fouling state of the
membrane defines the relation between flux and the driving force. These relations were
plotted for both membranes, clean and fouled, in Figure 8. In this plot, a constant-pressure
experiment corresponded to moving over a horizontal line from the clean membrane to the
fouled membrane, and a constant-flux experiment corresponded to moving upward over a
vertical line.

PoreBlocking example
T

0 50 100 150 200

Figure 8. Relation between filtration flux and transmembrane pressure for clean and fouled mem-
branes (final fouling state: v = 0.0262, Ryr4 = 0.5 x 102 m~1, Ryp = 2.0 x 102 m~1, v, 4 = 0.075m,
and v,g = 0.0375 m). In this figure, a constant-pressure experiment corresponds to moving over a hor-
izontal line from the clean membrane to the fouled membrane. Similarly, a constant-flux experiment
corresponds to a horizontal line. For every value of the filtration flux, the required transmembrane
pressure (energy), for the fouled membrane A was 54% higher than for the clean membrane A (232%
for membrane B).

Permeability and flux decline are inversely related to economic performance, such as
energy consumption or required membrane area. This inverse relation may make it unintu-
itive to relate relative flux to operational performance. For example, in Figures 7 and 8, the
flux decline for membrane B (70%) was twice the decline for membrane A (35%). However,
for any desired filtration flux, the fouled membrane B required 232% additional pressure
(energy) compared to the clean membrane (vs. 54% for membrane A). For economic
performance, the amount of energy is much more important than its relative change. If
both membranes operated at the same filtration flux (e.g., 45 L/ m?h), then the difference
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between a clean and fouled membrane corresponded to 0.033 bar (A) and 0.58 bar (B). In
other words, the additional energy corresponding to 70% flux decline for membrane B was
18x as large as the additional energy, corresponding to a 35% flux decline for membrane A.

Although the relative flux vs. specific volume plot was appropriate to determine the
fouling model parameter for pore blocking, this representation does not show the severity
of the fouling. The operational impact was more obvious in the resistance plots, albeit this
type of plot made it more difficult to obtain the fouling parameter.

4. Discussion

The suitability of experimental protocols and fouling data representations, and the
results of examples shown, can be explained using the following arguments:

1.  Volume bias: The constituents that cause membrane fouling are contained in the feed
water. Thus, the amount of fouling material on the membrane surface principally
depends on the filtered volume. Equivalently, the accumulation rate (as amount of
material per unit time) principally depends on the filtration flux. In experiments
with constant and equal driving force, differences in flux can occur, which result in
corresponding differences in the foulant mass. By plotting the results as a function
of time, the difference in fouling load is neglected, and the representation is biased
toward the run with the lower filtration flux (Figure 2e vs. Figure 2f).

2. Flux bias: The adverse effect of fouling is often exacerbated by a higher filtration
flux, due to, for example, polarization phenomena and fouling-layer compression.
Thus, even if the experiment and data representation take the difference in filtered
volume into account, a bias still exists that favors the run with the lower filtration
flux. Note that in our examples for ideal cake filtration and pore blocking, this did
not play a role; however, in more complex fouling mechanisms, for example with
cake-enhanced concentration polarization, this is highly relevant. This secondary
flux effect is related to the difference in flux between two runs, and can be isolated in
flux-controlled fouling experiments, in which different factors are compared on an
equal filtration flux basis.

3. Normalization bias: Relative fouling performance indicators involve normalization of
the data by an initial value. In essence, this corresponds to dividing the fouling resis-
tance by the membrane resistance. Thus, this introduces a bias toward a membrane
with a higher resistance, simply by dividing the effect of fouling by a larger number
(Figure 1c,d). This effect also plays a role in constant-driving-force experiments, in
which the initial flux is chosen to be equal and the required difference in driving force
is neglected.

The arguments listed above and their relation to experimental conditions are summa-
rized in Table 1.

In relative flux vs. time representation of a constant-driving force experiment, all
three of these effects are compounded. As demonstrated in the example, the results may
be distorted to an extent where conclusions can be drawn that contradict the facts. Thus,
this representation should be avoided. If the initial flux and membrane resistance of the
experiments are similar, the effect of normalization can be relatively small; however, in that
case, the flux declines can also be compared directly. On the other hand, if the difference
in initial flux is large, it seems necessary to normalize the data, but the distortion of the
results (due to normalization bias) is then also significant. Relative flux decline is discussed
specifically, as this representation is common. However, similar arguments hold for the less
commonly encountered fouling performance indicators, such as: relative transmembrane
pressure (TMP/TMP,), relative permeability (L/Lg), permeability difference (L — Ly),
permeability decline rate (dL/dt), and relative resistance (R/ Ry).
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Table 1. Summary of the discussed causes for biases in different experiments. In the example given in
this paper, A refers to the more-permeable membrane, and B refers to the less-permeable membrane.
More generally, A can refer to the system or situation that more efficiently relates driving force to
flux.

Experimental Constant Driving Force Constant Flux
Condition Equal Initial Flux Equal Driving Force Equal Flux
Observation B has a higher A has a higher flux A has a lower driving
average flux force
(1) Volume bias Favors A Favors B None
(2) Flux bias Favors A Favors B None
Favors B
(3) Normalization Occurs in J(t), J(v), Favors B
bias and relative fouling Occurs in relative fouling indicators
indicators

The example and the arguments presented above suggest that resistance vs. specific
volume is the most appropriate representation. As was the case in our examples, when
the driving force is only hydraulic pressure and the fouling mechanism is related to
accumulation of material, this is certainly the case. However, there are some nuances
to consider.

e  Pouling mechanisms that involve chemical (scaling) or biological conversion may
be kinetically limited depending on the conditions. In such cases, it may be more
appropriate to use time on the x-axis. In these cases, the concentration at the mem-
brane surface is highly relevant, thus concentration polarization has to be taken into
account carefully. In this case, it is especially recommended to utilize flux-controlled
experiments, as this removes the distinction between time and specific volume, and
equalizes the concentration polarization between runs and during the run.

e Insome processes, there is an interplay of driving forces. For example, in membrane
distillation, the transport through the membrane is driven by a vapor pressure differ-
ence, whereas the transport through the fouling layer is driven by hydraulic pressure.
In addition to the hydraulic resistance of the fouling layer, fouling may also enhance
polarization phenomena. In such cases, it may not be clear how the resistance of
the fouling layer can be determined, or how the fouling effect can be isolated from
the intrinsic membrane properties. The experimental protocols discussed in this pa-
per relied on comparing constant-flux or constant-pressure runs. When the fouling
mechanism is more complex, a single filtration run under constant conditions may
not contain sufficient information about the fouling characteristics, and an extended
experimental protocol may be needed [26,29].

e In crossflow filtration, the accumulation of fouling is more loosely related to the
filtered volume compared to dead-end filtration. In most cases, it is expected that
in a crossflow system, the fouling rate is reduced, since shear and back-diffusion
can remove foulants from the fouling layer [35]. However, it is also possible that
enhanced mass transfer accelerates transport of foulants toward the membrane [36].
In either case, the effect of the hydrodynamic conditions on the fouling rate is visible
by evaluating the amount of fouling per filtered volume.

It should be noted that we chose the parameters deliberately to illustrate potential
pitfalls in the selection of experimental procedure and fouling data representation that
introduce a bias in the results. It is certainly possible that under different conditions, the
introduced bias would be small enough that the interpretation of the experiment would
not be affected in a meaningful way. However, in the context of a real experiment, it
may be difficult to determine whether the introduced bias is small enough or not. Thus,
it would be preferable to avoid introducing a bias altogether. The given examples were
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limited to simplified models of dead-end filtration with parameters typical for UF of surface
water. Thus, the results presented cannot be directly applied to other, more complicated
systems. On the other hand, if a certain approach can be shown to be biased in a simplified
system, one should carefully consider if following a similar approach is suitable for a more
complicated system.

5. Conclusions

Commonly used data representations can distort the membrane-fouling results to
an extent that conclusions appear that contradict facts. Thus, the way fouling data is
represented should be carefully considered.

The following recommendations are made:

e Relative (normalized) fouling performance indicators, such as relative flux (J/ Jo), rela-
tive transmembrane pressure (T MP/TMP,), relative resistance (R/Rp), and relative
permeability (L/Lg) are not appropriate for fouling quantification.

e Itisalways appropriate to plot a measured variable (e.g., flux or pressure) as a function
of time. However, that does not necessarily mean that performance can be assessed
from the resulting plot. Meaningful differences between experimental runs (e.g.,
different pressures in flux-decline experiments) should be clearly indicated.

e  Under the resistances-in-series assumption, the change in resistance (R — Rp) can be
used to give a more explicit impression of the fouling by removing the contribution of
the membrane. For other fouling indicators, representations based on their change
should be avoided (e.g., L — Lo and dL/dt).

e If hydraulic pressure is the main driving force and the fouling mechanism is accumula-
tion of foulant matter from the feed water, it is recommended to represent the fouling
data as resistance vs. specific volume. These conditions are commonly encountered in
cases in which currently normalized flux decline is shown.

e In flux-decline experiments, differences in filtered volume and secondary effects of
the difference in filtration flux should be carefully considered. It is preferable to
compare experiments with different driving forces and equal initial flux, rather than
experiments with equal driving forces and different initial flux. The flux-decline curve
of the latter experiment has similar properties to the relative flux decline, and should
not be used directly to assess fouling rate.

e  In constant-flux filtration experiments, the effect of the filtration flux on fouling is con-
trolled. Thus, the investigated effects can be better isolated. It is highly recommended
that for comparison of membrane-fouling performance, tests should be performed at
the same controlled flux and be evaluated for a rise in resistance and driving force.
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