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ABSTRACT

Two-phase flow cleaning has been successfully applied to control fouling in spiral wound
membrane elements. This study focuses on its experimental optimization using a Taguchi
Design of Experiment method (L-25 orthogonal arrays) to elucidate the influence of different
factors and to reveal the important one(s) affecting the cleaning efficiency of two-phase flow
cleaning. All possible combinations of the factors, i.e. feed type, spacer geometry, gas/liquid
ratio, and liquid velocity, each at five levels were evaluated. The main effect of each factor
on the efficiency of two-phase flow cleaning was measured by determining the performance
response (mean of cleaning efficiency) and by calculating the mean signal-to-noise ratio. An
analysis of variance was applied to calculate the relative contribution of each factor on the
efficiency of two-phase flow cleaning. The results showed that the feed type is by far the
most essential factor contributing to the cleaning efficiency. The spacer geometry is ranked
second, followed by the gas/liquid ratio and the liquid velocity, which both have an only
very minor effect on the cleaning performance. In terms of practical application, the opera-
tor should consider first the type of foulant prior to taking a decision on whether or not
two-phase flow cleaning will be effective. Once the foulant type is defined, the use of the
highest gas/liquid ratio, the highest liquid velocity, and the thickest feed spacer (diamond
type) are recommended to achieve maximum two-phase flow cleaning efficiency.

Keywords: Two-phase flow; Membrane fouling; Membrane cleaning; Taguchi method; Spiral
wound membrane

1. Introduction

About 80% of the world’s inhabitants do not have
access to clean water for drinking and sanitation [1],

although technological investments on modern water
treatment systems via the use of alternative water
sources such as saline water and recycling
used water, has increased significantly the reliability
of future supply [2]. Conventional treatment pro-
cesses, e.g. coagulation–flocculation–sedimentation,*Corresponding author.
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adsorption, and chlorination, fail to get rid of all
contaminants in potable water sources and triggered
the development of advanced water treatment
approaches such as the use of membranes [3]. Mem-
brane technology is now being used widely for
purification of water and wastewater, providing
superiority in terms of a small foot print, short con-
struction times, cost-effectiveness, clean, easy, and
long-term reliable operation while producing high
rejection rates for contaminants [4]. Nanofiltration
(NF) and low pressure reverse osmosis (RO) mem-
branes are among the most efficient to treat water for
drinking purposes, due to an adequate rejection of
divalent and multivalent ions (water softening)
combined with a lower rejection of monovalent ions
such as sodium chloride (low changes in water
salinity). Moreover, NF and low pressure RO have
an increased rejection of dissolved organic as well as
emerging contaminants and produce high water
fluxes at a relatively low feed pressure [5]. Yet, a
major shortcoming of the application of membranes
in water and wastewater treatment is membrane
fouling. Membrane fouling in NF/RO systems
employing spiral wound membrane modules, e.g.
biofouling, causes a feed channel pressure drop
(FCP) increase and permeate flux decline, leading to
extensive expenses on pumping energies and clean-
ing chemicals.

Two-phase flow cleaning can effectively remove
biofouling in spiral wound membrane elements often
used in NF/RO systems, and hence enhance membrane
process performance [6,7]. In a preliminary study [8],
we have shown that feed spacer geometry, gas/liquid
ratio, liquid velocity, and foulant type, all turned out to
affect the two-phase flow cleaning efficiency. The
spacer geometry determined the channel porosity and
channel hydraulic diameter, and hence influenced the
two-phase flow cleaning efficiency. The gas/liquid
ratio was crucial to generate a good bubble distribution
with full channel coverage by the bubbles. The liquid
superficial velocity affected the bubble velocity, and
thus is an important parameter to improve the two-
phase flow cleaning efficiency. Moreover, we con-
cluded from the study that a colloidal type of fouling
was easier to remove from spacer-filled membrane
channels compared to macromolecular fouling, i.e.
fouling by organic foulants, yet it is expected that is
depends on the interaction energy of the foulants. In a
following work [9], we have reported that two-phase
flow cleaning was able to mitigate biofouling in spacer-
filled membrane channels.

Despite these observations, a systematic study,
investigating the specific contribution and importance
of each of these parameters on the efficacy of two-phase

flow cleaning in spiral wound membrane elements is
missing still. Understanding of the dominant factors
and mutual interactions between the different factors in
this case is essential to further improve the effect of
two-phase flow on the process performance of NF and
RO membrane processes for drinking water production
and wastewater treatment. In order to obtain a system-
atic understanding of the effect of the relevant factors
in two-phase flow cleaning, we investigated the influ-
ence of foulant type, spacer geometry, gas/liquid ratio,
and liquid velocity, each at five different levels on the
efficiency of two-phase flow cleaning applied in spacer-
filled membrane channels. The Taguchi method, a
developed optimization method to analyze experimen-
tal results and find possible correlations, is employed.
We study and report the importance of the different
factors on their ability to promote high efficiency
two-phase flow cleaning.

2. Experimental

2.1. Materials

Five different foulant compositions were selected,
serving as representative model foulant. Sodium algi-
nate (SA) and humic acid (HA) were selected as
model organic foulants. Alginate and HA have been
identified as major organic components in natural
water and they have been extensively used to study
membrane fouling in pressure-driven membrane pro-
cesses [10]. Both SA (Sigma-Aldrich) and HA (Acros
Organics) were received in powder form and used as
received. Fresh solutions of SA and HA were prepared
prior to each experiment by dispersing 1 g of SA or
HA powder, respectively, in 1 L of deionized water
with a conductivity of less than 1 μS/cm (Milli-Q,
Millipore, USA), under constant magnetic stirring for
at least 2 h until no more sedimentation occurred [11].
To increase the particle adhesion to the membrane
surface, 4 or 10 mM calcium chloride (Sigma-Aldrich)
was added to the solutions [12].

Dry yeast (Dr Oetker, Bielefeld, Germany) was
selected as model foulant for colloidal particle fouling.
Although normally wastewater contains iron or silica
colloidal particles, since their activity (solubility and
mobility) is very dependent on the water pH, it is
very difficult to use these particles as model foulants.
The ferric state (Fe(III)) of iron particles is insoluble in
water at neutral pH, and the ferrous state (Fe(II))
could easily be changed to Fe(III) by aerating the
water at a neutral pH [13–16]. For silica particles,
activity under various pH conditions was described in
ASTM D4993-89, also indicating pH dependency.
Yeast colloidal particle is less sensitive to pH changes,
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and therefore was chosen by us as a model for col-
loidal fouling.

An untreated yeast suspension was prepared by
mixing 3 g of dry yeast into 0.3 L of deionized water
and then stirring for half an hour to complete dissolu-
tion. Yeast washing was conducted according to a
procedure described by Ye and Chen [17] and Çulfaz
et al. [18], as follows: the unwashed yeast was cen-
trifuged at a speed of 2,500 rpm for 10 min. The sus-
pension liquid was then drawn out using a syringe
and discharged, while the yeast sediment was col-
lected by a lab spoon. The above process was repeated
twice. Washed yeast was then dried under airflow for
24 h. After the washing process, the weight ratio of
dry washed yeast to dry unwashed yeast was found
to be 70%. All yeast concentrations in our experiments
were concentrations based on dry washed yeast. Yeast
solutions were prepared by dissolving 1 g of washed
and dried yeast in 1 L of deionized water (Milli-Q,
Millipore, USA), under constant magnetic stirring
until complete dissolution. Particle size and distribu-
tion of all solutions containing alginates, HAs, or yeast
were determined using a Zetasizer Nano ZS and
Mastersizer 2000 (Malvern).

To create biofouling, tap water was enriched with
nutrients. The nutrients added were sodium acetate
(CH3COONa) to provide C, sodium nitrate (NaNO3)
for N, and anhydrous monobasic sodium phosphate

(NaH2PO4) for P addition, respectively. Nutrients were
added at a molar ratio of C:N:P = 100:20:10 to enhance
biofouling growth. All nutrients were purchased from
Sigma-Aldrich and used as received [9,19].

Commercially available thin-film composite polya-
mide NF membrane sheets (Hydranautics ESNA1-LF2-
LD, Oceanside, California, USA) were used. The same
membranes were used in all our previous studies
[9,19]. The ESNA1 is a low pressure NF membrane
and is widely applied in water reclamation applica-
tions. The membranes were extensively rinsed with
and soaked in Milli-Q water before use.

Five different spacers were selected, all commonly
used in practice in spiral wound membrane modules.
The five spacers differed in terms of thickness and fila-
ment angle. The filament angle is the angle between
two crossing spacer filaments facing the channel axis
[8]. An overview of the spacer geometries is presented
in Table 1. The pictures of the different spacers and cor-
responding spacer code are shown in Fig. 1.

2.2. Liquid velocity and gas/liquid ratio

The foulant type and feed spacer geometry as
described above are categorized as discrete factors.
Discrete factors are defined as factors which only have
discrete values, one state or another. The liquid
velocity and gas/liquid ratio on the other hand are

Table 1
Selected spacer geometries used in this study

Channel gap (103 m)

Spacer geometries

Supplier Spacer codeAverage thickness (10−3 m) Shape Filament angle (˚)

0.5 0.508a Diamond 90 Naltex A
0.508a Diamond 60 Naltex B

0.7 0.800b Diamond 90 Trisep C
0.650b Diamond 90 Hydranautics D

1.2 1.2b Diamond 90 Toray E

aManufacturers’ data.
bMeasured using a digital caliper.

Fig. 1. Images of investigated feed spacers.
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categorized as continuous factors, as these can be
adjusted in a continuous manner over a wide range of
values to carry out the experiments [20]. Cross-flow
velocities selected in our experiments are common for
lead elements in industrial installations [21], i.e. a con-
stant liquid velocity (uL) of 0.04, 0.06, 0.07, 0.082, and
0.116 m/s. Moreover, the gas/liquid ratio is an impor-
tant factor affecting the recovery of the FCP and the
flux [6]. The gas/liquid ratio (θ) used during
two-phase flow cleaning is defined as:

h � uG
uG þ uL

(1)

where uG and uL are the superficial velocities of the
gas and the liquid (m/s), respectively. The gas/liquid
ratio ranged from 0.167, 0.33, 0.412, 0.5, and 0.629,
associated with bubble and slug flow patterns in two-
phase flow [6]. The gas flow set by the mass flow con-
troller is defined at 0˚C and 1 atm; the ideal gas law
was used to correct for this and obtain the actual gas
flow.

2.3. Experimental factors and levels

Table 2 summarizes the experimental factors and
their corresponding levels as selected for this study.

2.4. Operational protocol

All measurements were characterized by their FCP
(ΔP). The FCP is a simple but sensitive parameter that
corresponds to the resistance in the feed flow channel
and is not affected by the flux [22].

Each experiment consisted of two stages: (1) a foul-
ing stage, in which the fouling on the membrane and
spacer was allowed to develop until a certain FCP

increase over the feed channel was reached (approxi-
mately 100% FCP increase for colloidal fouling (HA,
SA, yeast) and 300% FCP increase for biofouling, rela-
tive to its initial value) and (2) a cleaning stage, in
which gas/liquid two-phase flow was introduced to
the fouled cells. Once the FCP of the flow cell had
increased until a certain level as set before (100% or
300% FCP increase), the fouling stage was considered
complete and the cleaning stage was started. The
cleaning stage was conducted for 60 s for all experi-
ments. After completion of the two-phase flow clean-
ing, the operating conditions were restored to those of
the fouling stage and the FCP of the cleaned flow cell
was measured again. Exact details of the experimental
conditions, set-ups, and flow cell simulators used for
both colloidal/organics fouling and biofouling experi-
ments are described elsewhere [8,9].

The performance of two-phase flow cleaning was
evaluated in terms of cleaning efficiency (η), which is
defined as:

g ¼ DPt � DPTPFð Þ
DPt � DP0ð Þ � 100% (2)

where ΔP0 is the initial FCP (mbar), ΔPt is the FCP at
time t (100% FCP increase for colloidal fouling and
300% FCP increase for biofouling, relative to ΔP0)
when two-phase flow cleaning was performed (mbar).
ΔPTPF is the FCP after two-phase flow cleaning
(mbar).

2.5. Taguchi method

The modern methods of design and analysis of
experiments involving multiple factors (parameters or
variables) and replicated trials were first developed by
Fisher [23]. Fisher called his method for the systematic

Table 2
Experimental factors and corresponding five levels studied

Factors

Levels

1 2 3 4 5

Feed type Tap water + 1,000
μg C/L (C:N:P
100:20:10)

Humic acid
1,000 ppm + 4 mM
CaCl2

Sodium alginate
1,000 ppm+ 4 mM
CaCl2

Humic acid
1,000 ppm+ 10 mM
CaCl2

Washed
yeast,
1,000 ppm

Liquid
velocity
(m/s)

0.04 0.06 0.07 0.082 0.116

Gas/liquid
ratio (–)

0.167 0.33 0.412 0.5 0.629

Spacer
geometry

A B C D E
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and efficient investigation on the relevance of a
parameter on an output variable in a multiple parame-
ter system “factorial design in experimentation”,
which later popularly became well known as “factorial
design of experiments” [24]. A full factorial design
includes all possible combinations of factors; hence it
requires a large number of experiments when it
involves a significant number of factors, such as is
often the case in manufacturing industries. Taguchi
proposed a versatile approach on the design of experi-
ments that allowed the selection of the smallest set of
experiments from all possibilities, still providing suffi-
cient information on the effect of a certain parameter
and cross effects of different parameters. Hence, the
Taguchi approach reduces the number of experiments
significantly without excluding the influence of all fac-
tors, nor neglecting consistency and reproducibility
[25]. The Taguchi method provides a shortcut to
design experiments based on a set of orthogonal
arrays (OAs) [26]. A comprehensive explanation of
this design of experiments approach using the Taguchi
method can be found elsewhere [20].

As we have four controllable factors (feed type, liq-
uid velocity, gas/liquid ratio, and spacer geometry)
with five different levels each (see Table 2), an L-25
OA for the Taguchi method and design of experi-
ments was selected. In a conventional full factorial
design, this would require a total number of 54 = 625
experimental trials to study four controllable factors
each at five levels. Using the Taguchi method, only 25
experiments are necessary, hence this decreases drasti-
cally the experimental time, while, when performed
systematically, still provides the necessary informa-
tion. Each experiment was repeated twice under the
same conditions to investigate noise effects with
respect to two-phase flow cleaning efficiency. Noise
factors are those factors that do influence the response
but cannot be controlled in the actual application, such
as humidity, ambient temperature, or operators [25].
To take into account these noise factors and to avoid
any influence of the experimental set-up on the output
data, the experiments were conducted randomly (not
in sequence) at different times. Table 3 summarizes
the L-25 OAs of the 25 experimental trials and the

Table 3
Structure of the Taguchi L-25 OA scheme [27]

Experiment trial

Factors and their levelsa

Feed type Liquid velocity (m/s) Gas/liquid ratio (–) Spacer geometry

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 1 5 5 5
6 2 1 2 3
7 2 2 3 4
8 2 3 4 5
9 2 4 5 1
10 2 5 1 2
11 3 1 3 5
12 3 2 4 1
13 3 3 5 2
14 3 4 1 3
15 3 5 2 4
16 4 1 4 2
17 4 2 5 3
18 4 3 1 4
19 4 4 2 5
20 4 5 3 1
21 5 1 5 4
22 5 2 1 5
23 5 3 2 1
24 5 4 3 2
25 5 5 4 3

aActual values for Levels 1–5 used in the tests can be found in Table 2.
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combination of the different factors and their corre-
sponding levels.

The main effect of each controllable factor was
defined as the performance response (PR), which is
the mean of the cleaning efficiency of each duplicate
(η1 and η2). The corresponding signal-to-noise (S/N)
ratio is defined as the ratio of the power of a signal
(response) to the power of the noise (error). We
choose “the higher, the better” to define how the fac-
tors contribute to the efficiency of two-phase flow
cleaning. The S/N ratio (SNR) of this “the higher, the
better” approach [20] is then defined as:

SNR ¼ �10 log
1

n

Xn
i¼1

1

y2i

 !" #
(3)

where n is the number of trials (n = 2 in this study)
and yi is the observed PR (in this study).

Since the Taguchi method replaces a full factorial
set of experiments by a leaner and faster partial facto-
rial set of experiments, the confidence interval of the
results is based on the variance. For this purpose, an
analysis of variance (ANOVA) was used. Comparison
of the different variances subsequently allows
determining the relative contribution of each of the
different factors. The ANOVA was conducted using
Design-Expert v6.0 software (Stat-Ease Inc., Min-
neapolis, MN, USA), which calculates the degree of
freedom, the sum of square, the variance (mean
squares), the experimental error, the totals of the
results, and the percentage contribution of each
controllable factor.

3. Results and discussion

3.1. Particle size and particle size distribution

Fig. 2 shows the particle size and particle size dis-
tribution of the different foulants used in this study:
freshly prepared HA, SA, unwashed, and washed
yeast (all at a concentration of 1 g/L, without salt).

After washing, the average particle size of the
yeast particles shifted from approximately 3.80 μm to
slightly smaller sizes (approx. 2.88 μm). The yeast
particles are the biggest particles used. The HA parti-
cles are 0.55 μm and the alginate particle size is
0.068 μm. Prior to the experiments, CaCl2 was added
to the HA and SA solutions to enhance the fouling
tendency of the colloids. The Ca2+ ions added enhance
the interaction between the HA or SA molecules [11],
resulting in an increased fouling tendency. A higher
fouling rate is desirable, as the objective of this study
is to define the dominant factor(s) determining the

efficiency of the two-phase flow cleaning process.
Hence, the investigation focuses on the cleaning stages
and not on the fouling stage in itself. Shorter fouling
stages shorten the duration of the experiments. It is
worth mentioning that two-phase flow cleaning might
be less efficient in real applications, compared to the
cleaning efficiency obtained for this accelerated foul-
ing study. This is due to the specific characteristics of
the fouling layer formed. Accelerated fouling may
result in film structures different than the ones
obtained in natural fouling. Parameters like structure
and compactness determine the specific effectiveness
of two-phase flow cleaning in removing fouling.
Nevertheless, the results obtained from this study in
terms of dominant factors remain valid.

3.2. Pressure drop recovery

Fig. 3 shows the pressure drop recovery in terms
of two-phase flow cleaning efficiency for all 25 experi-
ments (in duplicate) as calculated using Eq. (2). The
results of the duplicates are shown as a standard
error.

As shown in Fig. 3, the two-phase flow cleaning
efficiency varies between approximately 15 and 93%.
As the error bars clearly show, the noise factors are
not very significant and do not disturb the response,
except for experiments 3, 6, 22, and 23. However, in

Fig. 2. Particle sizes and particle-size distributions of col-
loid particles (without salt added) used as feed suspen-
sions as determined by dynamic light scattering at 25˚C.
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the Taguchi method, this deviation is included in the
SNR analysis. When the trend is similar, the noise fac-
tor is not considered significant.

None of the results shows a total (100%) recovery
of the pressure drop, meaning that some fouling
remained in the feed channels for all combination of
factors.

3.3. S/N ratio analysis

The Taguchi method using OAs is a powerful tool
for analyzing the influence of controllable factors on
the PR (i.e. average two-phase flow cleaning efficiency
in this study). Table 4 summarizes the different set
values and corresponding obtained experimental data
for each experiment. In Table 4, each column repre-
sents the L-25 OA based on the standard OA as
shown in Table 3. The very left column shows the
experiment number, each number in a row represents
a combination of factor levels. The next four columns
are the controllable factors tested in this study: feed
type, liquid velocity, gas/liquid ratio (θ), and spacer
geometry. The four columns on the right are the
responses obtained from the experimental trials. η1 is
the two-phase flow cleaning efficiency of the experi-
ment and η2 is the duplicate of the same experiment.
The PR is the mean value of the two running efficien-
cies (η1 and η2), and shows the nominal response of
each experimental trials. The very right column is the
SNR, calculated using Eq. (3). The SNR is calculated

from the PR value and represents the deviation of the
response due to noise factors. In this work, noise fac-
tors include small variations in room temperature,
humidity, uniformity of the feed solutions, interaction
of foulants with membrane/feed spacer surfaces, and
influence of operating conditions on the membranes.

Both the SNR and the maximum PR rely on the
approach “the higher, the better”. The “signal” in the
SNR is the value of the desired output parameter
(mean of η). The “noise” represents the value of the
undesired output parameter (standard deviation).
Therefore, the SNR is the ratio of the mean and the
standard deviation. The use of highest SNR means a
smaller variability. Since the experimental design is
orthogonal, the effect of each factor at all different
levels can be, for instance, the mean PR and SNR for
the feed type at level 1, 2, 3, 4, and 5, and can be
calculated by averaging the PR and SNR values in
Table 4 for the experiments 1–5, 6–10, 11–15, 16–20,
and 21–25, respectively. In a similar manner, the mean
PR and SNR values for all other factors at all levels
can be calculated as well. The main contribution of
each controllable factor to the PR (in %) and the corre-
sponding SNR values are shown in Fig. 4.

The strength of this approach and more specifically
Fig. 4 is that it immediately shows the relevant vari-
ables that control and determine the performance. In
terms of application, this means that Fig. 4 directly
shows the possibilities an operator of a membrane
water purification plant has on how and to what

Fig. 3. Two-phase flow cleaning efficiency of each experiment (all experiments performed in duplicate, shown as error
bars). Numbers on the X-axis correspond to the experiment number, as summarized in Table 3.
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extent to increase the cleaning efficiency of two-phase
flow cleaning resulting in increased flux values. Fig. 4
shows that the PR and SNR values vary with all con-
trollable factors and that in general the PR and SNR
values show similar trends. However, the effect of the
feed type (foulant) is by far the most dominant, com-
pared to the other factors. So, in order to increase the
efficiency of two-phase flow cleaning, the highest
effect can be expected when the feed type and foulant
is controlled. In practice, this means the choice for the
suitable pre-treatment techniques are very important
to enhance the process efficiency. Also, control of the
other three factors (liquid velocity, gas/liquid ratio,
and spacer type) does have an effect, but the response
is less strong and the increase in efficiency is less.

Two-phase flow cleaning works effectively to
remove fouling by HAs with added 10 mM CaCl2. On
the other hand, the cleaning efficiency is lowest for
removing fouling caused by washed yeast and algi-
nates. The two-phase flow cleaning efficiencies for
HA + 4 mM CaCl2 and biofouling are fairly better.

When CaCl2 is added to HA solutions, Ca2+ ions
bind to the carboxylate and phenolate groups of the
HAs and enhance the interaction between the HA

molecules. The higher the Ca2+ ion concentration, the
stronger this molecular interaction; the calcium ions
may promote the formation of aggregates or form a
physical bridge between foulants and membrane sur-
face [11]. These larger particles easily clog narrow,
spacer-filled channels, decrease porosity, and therefore
lead to a greater increase in the FCP, in case
HA + 10 mM CaCl2 solutions are used when com-
pared to the use of a HA + 4 mM CaCl2 feed solution.
These bigger, clogged particles are at the same time
more easy to remove by two-phase flow cleaning,
hence the cleaning efficiency is higher for
HA + 10 mM CaCl2 solutions than for HA + 4 mM -
CaCl2 feed solutions.

Fouling by organic macromolecules, including
HAs and alginates, is developed by binding of the car-
boxylic functional groups. The presence of Ca2+ ions
facilitates a more complex binding and increases
foulant-foulant intermolecular interactions. The adhe-
sion forces of alginates are much stronger than those
of HAs in the presence of Ca2+ ions, and alginates
form a cross-linked network by intermolecular bridg-
ing [28,29]. Also, the foulant-membrane surface inter-
molecular interactions are enhanced when Ca2+ ions

Table 4
Selected values of controllable factors, corresponding calculated two-phase flow cleaning efficiency of the duplicate
experiments (η1 and η2), PR value and SNR obtained for the 25 experiments carried out in this study

Exp.
trial Feed type

Liquid velocity
(m/s)

G/L ratio
(θ) Spacer η1 η2 PR SNR

1 Tap water + C:N:P 100:20:10 0.04 0.167 A 53.15 58.54 55.85 34.9
2 Tap water + C:N:P 100:20:10 0.06 0.33 B 73.86 69.07 71.47 37.1
3 Tap water + C:N:P 100:20:10 0.07 0.412 C 71.87 59.44 65.66 36.3
4 Tap water + C:N:P 100:20:10 0.082 0.5 D 75.72 80.41 78.07 37.8
5 Tap water + C:N:P 100:20:10 0.116 0.629 E 88.59 86.13 87.36 38.8
6 Humic acid 1,000 ppm+ 4 mM CaCl2 0.04 0.33 C 60.68 81.20 70.94 37.0
7 Humic acid 1,000 ppm+ 4 mM CaCl2 0.06 0.412 D 70.75 68.84 69.80 36.9
8 Humic acid 1,000 ppm+ 4 mM CaCl2 0.07 0.5 E 63.10 69.05 66.08 36.4
9 Humic acid 1,000 ppm+ 4 mM CaCl2 0.082 0.629 A 50.64 53.89 52.27 34.4
10 Humic acid 1,000 ppm+ 4 mM CaCl2 0.116 0.167 B 52.65 58.68 55.67 34.9
11 Sodium alginate 1,000 ppm+ 4 mM CaCl2 0.04 0.412 E 60.22 64.56 62.39 35.9
12 Sodium alginate 1,000 ppm+ 4 mM CaCl2 0.06 0.5 A 43.28 43.79 43.54 32.8
13 Sodium alginate 1,000 ppm+ 4 mM CaCl2 0.07 0.629 B 40.25 49.95 45.10 33.1
14 Sodium alginate 1,000 ppm+ 4 mM CaCl2 0.082 0.167 C 27.38 28.74 28.06 29.0
15 Sodium alginate 1,000 ppm+ 4 mM CaCl2 0.116 0.33 D 34.08 31.00 32.54 30.2
16 Humic acid 1,000 ppm+ 10 mM CaCl2 0.04 0.5 B 93.18 86.44 89.81 39.1
17 Humic acid 1,000 ppm+ 10 mM CaCl2 0.06 0.629 C 88.95 90.29 89.62 39.0
18 Humic acid 1,000 ppm+ 10 mM CaCl2 0.07 0.167 D 84.00 89.00 86.50 38.7
19 Humic acid 1,000 ppm+ 10 mM CaCl2 0.082 0.33 E 90.59 87.74 89.17 39.0
20 Humic acid 1,000 ppm+ 10 mM CaCl2 0.116 0.412 A 87.49 83.08 85.29 38.6
21 Yeast 1,000 ppm 0.04 0.629 D 55.16 54.19 54.68 34.8
22 Yeast 1,000 ppm 0.06 0.167 E 32.62 52.14 42.38 32.5
23 Yeast 1,000 ppm 0.07 0.33 A 8.19 22.01 15.10 23.6
24 Yeast 1,000 ppm 0.082 0.412 B 29.43 29.95 29.69 29.5
25 Yeast 1,000 ppm 0.116 0.5 C 41.05 43.93 42.49 32.6
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are present, inducing a strong interaction between the
carboxylic groups of the organic macromolecular
particles (HAs and alginates) and the functional
groups on the membrane surface and the feed spacer
[30]. Since the adhesion forces of alginates are much
stronger than those of HAs [30], alginate binding to
the membrane surface is also much stronger. Conse-
quently, when a hydrodynamic force is applied to
remove this fouling, as in two-phase flow cleaning,
the effect of the bubbles on removal of alginate fouling
is less than when removing HA fouling. In addition,
the presence of divalent Ca2+ ions also induce the
formation of gel-like structures in the case of alginates
[31] that are more difficult to remove by two-phase
flow cleaning as well.

Regarding biofouling removal, as we found in our
previous work [9], the use of a feed solution consisting
of tap water with addition of a high concentration of
nutrients (1 mg Ac-C/L) is able to accelerate biofilm
growth in spacer-filled membrane channels. However,
the use of this nutrient concentration produces a thick,
but fluffy biofilm in the feed channel in relatively
short times of only 5–7 d that can also be easily
removed by two-phase flow cleaning, hence resulting
in a relatively good biofilm removal of approximately
70%. The use of a lower amount of nutrients would

decrease the biofilm growth, and produce more dense
biofouling layers. However, that would take too much
experimental time for this study, while not adding
essential information at this stage. Nevertheless, the
obtained results can be considered as representative in
terms of dominance of the different factors.

Due to their larger size, deposition of yeast parti-
cles is driven by random Brownian diffusion of yeast
cells to the NF membrane surface [32]. At the earlier
stages, individual cells deposit at different locations
on membrane and feed spacer surfaces, followed by
the deposition and adhesion of new yeast cells onto
the already deposited cells and the formation of aggre-
gates. These aggregates are “sticky” and two-phase
flow cleaning to a large extent fails to remove all
aggregates completely from the feed spacer channels.

Although a continuous factor, as shown in
Fig. 4, the effect of the liquid velocity on the two-
phase flow cleaning efficiency is less essential. The
efficiency is highest when the liquid velocity is low-
est (uL= 0.04 m/s), showing a minimum when
uL= 0.07–0.082 m/s. Liquid velocities used were
always equal in both the fouling and corresponding
cleaning stage for each specific experiment. When
the lowest liquid velocity is applied during the
fouling stage, shear forces are low, and hence more

Fig. 4. Variation of cleaning efficiency and SNR for the controllable factors investigated. HA= humic acid, uL= liquid
velocity (m/s) and θ = gas/liquid ratio. The two horizontal lines represent the mean PR and SNR of all controllable
factors.
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fouling can develop in the feed spacer channel.
Consequently, a 100% FCP increase was obtained
faster [8], and a thick but less compact fouling was
formed. This thick fouling layer can be easily
removed by two-phase flow cleaning, leading to the
highest cleaning efficiency. At intermediate velocities
(uL= 0.06–0.082 m/s), the formed fouling layer is
more compact. At these intermediate velocities, how-
ever, shear forces are not so dominant and two-
phase flow cleaning is not so efficient yet, which is
visible as a minimum in Fig. 4. At the highest liquid
velocity (uL= 0.116 m/s) investigated, however, a
more dense fouling layer is formed during the foul-
ing stage. Also during the cleaning stage, this high
liquid velocity is applied. This significantly affects
the gas bubble velocity as well (as shown in [8])
and creates additional and higher shear forces on
the fouling layer, and hence the cleaning efficiency
is increased again.

The effect of gas/liquid ratio is obvious, although
less dominant than the foulant type. As found in
many applications of two-phase flow cleaning pro-
cesses, a higher gas/liquid ratio promotes higher
cleaning efficiency [6]. A higher gas/liquid ratio intro-
duces more bubbles, and consequently more shear
and a better cleaning efficiency is obtained.

For the discrete variable spacer type, the efficiency
increases going from spacer A to E. The highest clean-
ing efficiency is found when the thickest spacer
(1.2 mm) is used. However, not only the spacer thick-
ness is responsible for the higher cleaning efficiency,
also e.g. the filament length as well as hydraulic
diameter and the specific spacer surface chemistry
and area play a role. As it is a discrete factor, a speci-
fic trend in terms of the individual and combined
effects of these spacer characteristics cannot be distin-
guished at this stage. The results are in agreement
with what we found in our previous work [8].

3.4. ANOVA analysis

In order to define the variance and significance of
the contribution of each controllable factor, an

ANOVA was performed on the experimental data.
The results are summarized in Table 5.

Table 5 presents the degrees of freedom, the sum
of squares, the variance (mean squares), the percent-
age contribution, and the process influence rank of
each controllable factor on the output PR (i.e. two-
phase flow cleaning efficiency). By definition, the
degrees of freedom for a factor equals the number of
levels for that specific factor minus 1 [25]. ANOVA
reveals that the feed type contributes for more than
78% to the two-phase flow cleaning efficiency, while
the contributions of all other factors are (far) less than
10%. The feed type therefore is the major, essential
factor determining the efficiency. Flux enhancement
and fouling removal efficiency increase can therefore
best be reached by changing the feed (as far as that is
possible in practical applications by applying a suit-
able pre-treatment), as this has by far the highest
impact. As presented in Table 5, the spacer geometry
is ranked second, followed by the gas/liquid ratio and
the liquid velocity, which both have an only very
minor effect. In terms of practical applications, how-
ever, especially these last two parameters are the easi-
est to change, as these are two operating parameters,
while the other two factors are usually system charac-
teristics that cannot be easily changed.

3.5. Applicability of process optimization

The Taguchi method and the subsequent calcula-
tion of the SNR and ANOVA for all combinations of
controllable factors is a valuable, efficient tool to pre-
dict optimum conditions for a certain process, without
running a full set of experiments changing each vari-
able individually. At a later stage, a subsequent addi-
tional confirmation experiment can be conducted.

In this study, the objective was to determine the
dominant factor determining the two-phase flow
cleaning efficiency in spiral wound membrane ele-
ments. As half of the controllable factors tested here
are discrete factors (feed type and spacer geometry),
the results of the optimization analysis do not directly
give precise insights into the specific improvements of

Table 5
ANOVA for the PR

Controllable factors Degrees of freedom Sum of squares Variance Percent contribution Process influencing rank

Feed type 4 8,900.76 2,225.19 78.11 1
Liquid velocity (m/s) 4 478.27 119.57 4.20 4
Gas/liquid ratio 4 563.02 140.75 4.94 3
Spacer geometry 4 1,014.29 253.57 8.90 2
Error 8 438.16 54.77 3.85
Total 24 11,394.5 100
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these two factors regarding two-phase flow cleaning
efficiency, but they do show the relevance of the dif-
ferent factors. Only continuous factors (in this case,
the gas/liquid ratio and the liquid velocity) can be
directly and easily optimized using this analysis.

More practically, in order to use the results of this
study in practical applications of two-phase flow
cleaning, the operator or engineer should consider first
the type of foulant prior to taking a decision on
whether or not to clean by two-phase flow. Once the
feed type is defined, the use of the highest gas/liquid
ratio, the highest liquid velocity, and the thickest feed
spacer (diamond type) are recommended to achieve
maximum two-phase flow cleaning efficiency. In order
to achieve the highest liquid velocity and the highest
gas/liquid ratio, the operator should increase pump-
ing capacity for the liquid phase and gas compressor
capacity for the gas phase. The energy consumption
will be higher by applying those actions. However,
the consumption will still be lower compared to the
increase in pumping energy due to the fouling
phenomena.

4. Conclusions

In this study, the dominant factor in terms of two-
phase flow cleaning efficiency in spiral wound mem-
brane elements was determined using a Taguchi
design of experiment with a L-25 OA. Four control-
lable factors (feed type, feed spacer geometry, gas/liq-
uid ratio, and liquid velocity) were tested at five
different levels. Analysis of responses was conducted,
and the SNR and an ANOVA were determined. This
approach clearly revealed that the feed type is the
most crucial factor determining the efficiency of two-
phase flow cleaning. The spacer geometry is ranked
second, followed by the gas/liquid ratio and the liq-
uid velocity, which both have a very minor effect.
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[1] C.J. Vörösmarty, P. McIntyre, M.O. Gessner,
D. Dudgeon, A. Prusevich, P. Green, S. Glidden, S.E.
Bunn, C.A. Sullivan, C.R. Liermann, Global threats to
human water security and river biodiversity, Nature
467 (2010) 555–561.

[2] J.D. Brookes, C.C. Carey, D.P. Hamilton, L. Ho, L. van
der Linden, R. Renner, A. Rigosi, Emerging challenges
for the drinking water industry, Environ. Sci. Technol.
48 (2014) 2099–2101.

[3] V. Likodimos, D. Dionysiou, P. Falaras, Clean water:
Water detoxification using innovative photocatalysts,
Rev. Environ. Sci. Biotechnol. 9 (2010) 87–94.

[4] T. Peters, Membrane technology for water treatment,
Chem. Eng. Technol. 33 (2010) 1233–1240.

[5] K.V. Plakas, A.J. Karabelas, Removal of pesticides
from water by NF and RO membranes—A review,
Desalination 287 (2012) 255–265.

[6] Y. Wibisono, E.R. Cornelissen, A.J.B. Kemperman,
W.G.J. van der Meer, K. Nijmeijer, Two-phase flow in
membrane processes: A technology with a future, J.
Membr. Sci. 453 (2014) 566–602.

[7] E.R. Cornelissen, M.A. Pot, R.C.M. Jong, J.A. De
Ruijter, E.F. Beerendonk, J.M.C. van Agtmaal, One
year of experience with air/water cleaning in spiral
wound RO membranes for surface water treatment. in:
J. Pinnekamp, M. Wessling, T. Melin (Eds.), 6th IWA
Specialist Conference on Membrane Technology for
Water and Wastewater Treatment, International Water
Association, Aachen, 2011, pp. 219–220.

[8] Y. Wibisono, Two-phase Flow for Fouling Control in
Membranes, PhD thesis, University of Twente, 2014.

[9] Y. Wibisono, K.E. El Obied, E.R. Cornelissen,
A.J.B. Kemperman, K. Nijmeijer, Biofouling removal in
spiral-wound nanofiltration elements using two-phase
flow cleaning, J. Membr. Sci. 475 (2015) 131–146.

[10] Q. She, Y.K.W. Wong, S. Zhao, C.Y. Tang, Organic
fouling in pressure retarded osmosis: Experiments,
mechanisms and implications, J. Membr. Sci. 428
(2013) 181–189.

[11] W.J.C. van de Ven, K.v.t. Sant, I.G.M. Pünt,
A. Zwijnenburg, A.J.B. Kemperman, W.G.J. van der
Meer, M. Wessling, Hollow fiber dead-end ultrafiltra-
tion: Influence of ionic environment on filtration of
alginates, J. Membr. Sci. 308 (2008) 218–229.

Nomenclature
ANOVA — analysis of variance
σ — filament angle (˚)
η — two-phase flow cleaning efficiency (%)
ΔP0 — initial feed channel pressure drop (mbar)
ΔPt — feed channel pressure drop in t-time (mbar)
ΔPTPF — feed channel pressure drop post two-phase

flow cleaning (mbar)
θ — gas/liquid ratio (–)
SNR — signal-to-noise ratio
OA — orthogonal array
Pgas — gas pressure (bar)
uG — superficial gas velocity (m/s)
uL — superficial liquid velocity (m/s)

Y. Wibisono et al. / Desalination and Water Treatment 57 (2016) 17625–17636 17635

http://www.wetsus.nl


[12] S. Lee, J. Cho, M. Elimelech, Influence of colloidal
fouling and feed water recovery on salt rejection of
RO and NF membranes, Desalination 160 (2004) 1–12.

[13] K. Kuma, J. Nishioka, K. Matsunaga, Controls on iron
(III) hydroxide solubility in seawater: The influence of
pH and natural organic chelators, Limnol. Oceanogr.
41 (1996) 396–407.

[14] K.H. Gayer, L. Woontner, The solubility of ferrous
hydroxide and ferric hydroxide in acidic and basic
media at 25˚, J. Phys. Chem. 60 (1956) 1569–1571.

[15] S. Chaturvedi, P.N. Dave, Removal of iron for safe
drinking water, Desalination 303 (2012) 1–11.
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