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ABSTRACT

A modified version of the membrane fouling simulator (MFS) was developed for
assessment of (i) hydraulic biofilm resistance, (ii) performance parameters feed-channel
pressure drop and transmembrane pressure drop, and (iii) in situ spatial visual and optical
observations of the biofilm in the transparent monitor, e.g. using optical coherence tomogra-
phy. The flow channel height equals the feed spacer thickness enabling operation with and
without feed spacer. The effective membrane surface area was enlarged from 80 to 200 cm2

by increasing the monitor width compared to the standard MFS, resulting in larger biomass
amounts for analysis. By use of a microfiltration membrane (pore size 0.05 μm) in the moni-
tor salt concentration polarization is avoided, allowing operation at low pressures enabling
accurate measurement of the intrinsic hydraulic biofilm resistance. Validation tests on e.g.
hydrodynamic behavior, flow field distribution, and reproducibility showed that the
small-sized monitor was a representative tool for membranes used in practice under the
same operating conditions, such as spiral-wound nanofiltration and reverse osmosis
membranes. Monitor studies with and without feed spacer use at a flux of 20 Lm−2 h−1 and
a cross-flow velocity of 0.1 m s−1 clearly showed the suitability of the monitor to determine
hydraulic biofilm resistance and for controlled biofouling studies.

Keywords: Hydraulic biofilm permeability; Drinking water production; Treatment;
Biofouling; Friction; UF; NF; RO; OCT; MFS; tMBM; Seawater desalination

1. Introduction

High quality water from water sources including
seawater and sewage can be produced with mem-
brane filtration processes like nanofiltration (NF) and
reverse osmosis (RO). Because the global demand for

clean fresh water is growing, the application of these
membrane technologies has increased strongly [1].

One of the most serious problems in NF and RO
applications is biofouling—biofilm formation causing
unacceptable operational problems [1–7]. Biofilms may
interfere with membrane performance in three
ways: (i) increase of transmembrane pressure drop
(TMP), (ii) increase of feed-channel (feed-concentrate)
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pressure drop (FCP), and (iii) decrease of salt rejec-
tion. According to manufacturer’s specifications an
operational problem of a membrane installation is
defined when the transmembrane and/or feed-channel
pressure drop (FCP) increase and/or salt rejection
decrease exceed 15% of the start-up values [7–9].
When these parameters change by more than 15%,
corrective actions must be taken and guarantees are
restricted by the manufacturers of membrane ele-
ments. Biofouling, excessive growth of biomass, is an
operationally defined problem affecting the perfor-
mance of these membrane systems, influencing the
amount and quality of the produced fresh water and
costs.

In view of the relevance of biofouling, it is surpris-
ing how few data exist about the hydraulic resistance
of biofilms that may affect the TMP and membrane
passage. To investigate the effect of biofilm formation
on a membrane system, it is essential to differentiate
between the hydraulic resistance of the membrane and
the fouling layer. Furthermore, intrinsic biofilms need
to be obtained without disturbances by other fouling
types, which is often not possible in NF and RO
membrane systems. Therefore, a measurement of the
clean water permeability of a fouled membrane
module compared to a virgin module would not
provide the pure biofilm resistance (since different
fouling types and the module fouling distribution may
play a role). Until now, there is no fouling simulation
system available which allows the study of the
intrinsic biofilm resistance without the influence of salt
concentration polarization.

The objective of this study was to develop a
transparent representative monitor with permeate
production. The monitor should be suitable for assess-
ment of (i) intrinsic hydraulic biofilm resistance, (ii)
performance parameters: FCP and TMP, and (iii)
in situ visual and optical spatial observations of the
biofilm in the monitor. The boundary conditions for
accurate and sensitive assessment of the intrinsic
hydraulic biofilm resistance are exclusion of salt con-
centration polarization effects and operation at low
pressures, resulting in the selection of a membrane
with a pore size of 0.05 μm. The membrane fouling
simulator (MFS), the monitor used in many research
efforts [10–15], has shown to be representative for
spiral-wound membrane modules used in practice.
The MFS operated under cross-flow conditions with-
out permeate production, gives identical results for
fouling in a full-scale membrane module [16–18]. The
original MFS was used as the prototype for the design
of a monitor with permeate production to study the
intrinsic hydraulic biofilm resistance.

2. Material and methods

2.1. Transparent membrane biofouling monitor (tMBM)

The tMBM is made of polymethylmethacrylate
(PMMA). This transparent material offers the possibil-
ity to study biofilm growth in situ. The tMBM is
suitable for cross-flow operation. Spatial dimensions
and hydrodynamics are similar to spiral-wound NF
and RO membrane elements. The external dimensions
of the tMBM are 300 × 170 × 0.787mm, with 200 cm2

of permeate producing membrane area. The feed-
channel dimensions are 200 × 100 × 0.787mm (Fig. 1).
The height of the feed-channel (0.787mm) and the
product spacer channel (0.25mm) are based on
reported data of spiral-wound membrane modules
[19,20]. The height of the feed-channel is equivalent
to the height of a 31 mil (787 μm) thick feed spacer
enabling operating the system with or without feed
spacer presence. The membrane is fixed in place by a
frame on the edge of the feed-channel and is sealed
by an O-ring. This construction prevents shifting of
the membrane even without feed spacer presence.
The large membrane area allows harvesting of a suffi-
cient amount of biomass for analyses. The tMBM is
equipped with one feed, one concentrate, and two
permeate connections and can withstand pressures
up to 5 bar. The pressure development over the feed-
channel and the membrane can be measured via
external connections at the feed, concentrate, and
permeate inlets. During operation, the monitors
are placed in opaque boxes to prevent growth of
phototrophic organisms.

2.2. Membrane and spacer

The membranes used in this system were PES
(polyethersulfone) microfiltration membranes (Nadir
MP 005, Microdyn-Nadir GmbH Wiesbaden, Ger-
many) with a pore size of 0.05 μm to enable operation
at low pressure and prevent concentration polariza-
tion by salts. The 787 μm thick feed spacer consisted
of polypropylene strings, arranged as a net structure
with 90º angles and a porosity of about 0.85.
This feed spacer is commonly used in spiral-wound
NF and RO modules for water treatment in The
Netherlands [21].

2.3. Setup configuration for operation of the transparent
MBM

The test system [22] comprised four identical
tMBMs which were installed as shown in Fig. 1. Feed
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water (see Section 2.4) was filtered through two 10 μm
pore size cartridge filters and was kept constant at a
temperature of 20˚C. A pressure reducer (V782, Vink
Kunststoffen B.V., Didam, The Netherlands) enabled a
stable feed pressure of 1.7 bar for all experiments
performed during the studies described in this paper.
Before water entered the filtration cell, nutrients were
added using a peristaltic pump (Masterflex L/S
pumps, Cole-Palmer Instrument Company, Vernon
Hills, Illinois, USA). The linear flow velocity of the
feed water was monitored by a flow controller for
each tMBM (8805/8905, Brooks Instrument, Hatfield,
PA, USA) which was installed at the outlet of each
monitor. The permeate rate was maintained by a
peristaltic pump (Masterflex L/S pumps, Cole-Palmer
Instrument Company, Vernon Hills, Illinois, USA).
The fouling development was monitored by measur-
ing the pressure drop over the feed-channel and over
the membrane, using a differential pressure transmit-
ter (Deltabar S PMD70, Endress +Hauser, Maulburg,
Germany; [15]). The pressures were measured at the
monitor inlet, permeate outlet, and concentrate outlet.
Temperature, flow velocity, flux, FCP, TMP, and nutri-
ent supply were measured twice a day.

2.4. Feed water for the transparent MBM experiments

Drinking water prepared from anaerobic ground-
water (subsequently treated by aeration, rapid sand fil-
tration, deacidification, softening, and rapid sand

filtration at treatment plant Spannenburg in The
Netherlands) is distributed without primary chemical
disinfection and without a disinfectant residual. This
drinking water was used as feed water source for the
cross-flow filtration system experiments. The TCN in
the feed water was 3 × 105 cells mL−1. The number of
colony forming units on R2A media [23] after 10 d
incubation at 25˚C was 2 × 103 CFUmL−1. There are
significantly more microbial cells in water than can be
cultured on growth media [24,25].

As nutrients for the tMBM experiments, a solution
of sodium acetate (NaCH3COO), sodium nitrate
(NaNO3), and sodium di-hydrogen orthophosphate
(NaH2PO4) in the mass ratio for C:N:P of 100:20:10,
respectively, was employed at a final concentration of
1mg L−1 of organic carbon. This nutrient composition
has been used in several previous studies on biofilm
formation and biofouling [10,12,15]. All chemicals were
purchased in analytical grade from Boom B.V.
(Meppel, The Netherlands). All chemicals were
dissolved in milliQ water. The concentrated substrate
solution (10 L) was dosed into the feed water prior to
the filtration cell at a flow of 0.12 L h−1 using a
peristaltic pump (Masterflex). The dosage of the nutri-
ent solution was tested periodically by measuring the
weight of the dosing container. To restrict bacterial
growth in the substrate dosage bottle, the pH value
was adjusted to 11 by NaOH addition. Fresh substrate
solutions were prepared every 2 d. The chemical dos-
age flow rate (0.12 L h−1) was low compared to the feed

Fig. 1. (A) configuration of the filtration setup and (B) picture of four monitors in parallel.
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water flow rate (28.2 L h−1). So, the effect of the chemi-
cal dosage on the pH of the feed water was insignifi-
cant. The monitor was fed with 28.3 L per hour,
requiring 28.3 mg acetate-C in the hourly dosed volume
(0.12 L) of the concentrated acetate solution. The ace-
tate-C stock solution concentration was 236mg L−1

(28.3 mg/0.12 L), 236 times higher than the monitor
feed water acetate-C concentration. The feed water
before and after dosage of substrate and the concen-
trate had a pH value of 7.8. The nutrients were handled
the same way as in previous research [10,12,15,22].

2.5. Biofilm characterization

The procedures for biofilm characterization were
described in [22]. After the defined operation time, the
transparent MBMs were opened and the biofilm was
harvested with a cell scraper (TPP, St. Louis, MO,
USA) and suspended in phosphate buffered saline; the
solution was shaken for 30min. Then, the biofilm
sample was subjected to ultrasonic treatment
(Bransonic, Berlin, Germany: model 5510E-DTH,
output 135 W, 42 kHz), for 2min. Afterwards, it was
homogenized using an ultrasonic probe (Brandson
Sonifier 250, G. Heinemann Ultraschall- und
Labortechnik, Schwäbisch Gmünd, Germany) in
pulsating mode (20% sonification per time-unit) for 10
pulses with an output of 45W. The obtained biofilm
suspension was used for total organic carbon (TOC)
and total cell number (TCN) determination.

2.5.1. Resistance

Prior to biofilm analysis and during operation, the
resistance (R) was determined on the basis of the
following calculations:

R ¼ TMP=ðg� JÞ½m�1� (1)

where TMP [Pa] is the transmembrane pressure, J [m3

m−2 s−1] is the permeate flux, and η [Pa s] is the
dynamic viscosity of the water at a given temperature,
in this study 20˚C.

The TMP is the driving force for filtration. It is the
average pressure difference between the feed and
permeate:

TMP ¼ ððPinlet þ PoutletÞ=2Þ � Ppermeate ½bar� (2)

The flux J of water passing a membrane is expressed
as the amount of water V [L] flowing through a
certain membrane area A [m2] in time t [h]:

J ¼ V=ðA� tÞ½Lm�2h�1� (3)

The resistance in Eq. (1) is the sum of the mem-
brane resistance and the resistance due to biofilm for-
mation:

Rtotal ¼ Rmembrane þ Rbiofilm ½m�1� (4)

The resistance measurement at t = 0 gives the virgin
membrane resistance which is used to calculate the
biofilm resistance:

Rbiofilm ¼ Rtotal � Rmembrane ¼ Rtotal � Rtotalðt¼0Þ ½m�1� (5)

2.5.2. TOC

To determine the TOC content of the biofilm (the
sum of intra and extracellular organic carbon), an
aliquot of the biofilm sample was placed in a
TOC-free glass tube. The sample was treated with the
ultrasonic probe (Brandson Sonifier 250, G. Heine-
mann Ultraschall- und Labortechnik, Schwäbisch
Gmünd, Germany) in pulsating mode (20% sonication
per time-unit) for 30 pulses with an output of 45W.
During the ultrasonic treatment, the sample was kept
on ice for sample temperature control. The TOC was
measured with a Shimadzu TOC analyzer (Shimadzu
Scientific instruments, Kyoto, Japan).

2.5.3. TCN

A Neubauer Improved Counting Chamber was
used for TCN determination of the biofilm sample.
Bacterial cells were counted at 400× magnification with
phase contrast using a Leica microscope (DM750, Leica,
Wetzlar, Germany). Two times 5 squares were counted
and the average value for 5 squares was taken for the
calculation of the TCN by the following equation:

TCN ¼ counted bacterial cells=ðcounted area ½mm2�
� chamber depth ½mm� � dilutionÞ ½cells=lL�

ð6Þ

2.5.4. Scanning electron microscopy (SEM)

Pieces of membrane (~1 cm2) were used for SEM of
the biofilms. The samples were fixed in 3% glutaralde-
hyde (Sigma–Aldrich, Steinheim, Germany) at 4˚C for
24 h, then washed twice in phosphate buffered saline
and dehydrated in increasing concentrations of
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ethanol (30, 50, 70, 90% for 20min each; 96% for
30min, twice). Finally, the samples were air dried in a
drying chamber (45˚C, 30–60min) and stored in a
desiccator until microscopic investigation. To obtain
the cross-section images, the pretreated membrane
samples were placed in liquid nitrogen for shock
freezing. At such low temperatures, the polymeric
membrane and the organic biofilm became brittle. By
breaking the frozen samples, sharp cross-sections
without artifacts were obtained. The samples were
sputtered with gold (Jeol JFC-1200 Fine Coater, Tokyo,
Japan). SEM was performed with a JEOL JSM 6480 LV
microscope (JEOL Technics Ltd., Tokyo, Japan) in high
vacuum mode (emission electrons detection, accelera-
tion voltage 6–10 kV, operating distance 10mm).

2.5.5. Optical coherence tomography (OCT)

Imaging of the feed channel surface of the
membrane was conducted in situ using a spectral
domain optical coherence tomograph (Thorlabs Gany-
mede OCT System) fitted with a 5X telecentric scan lens
(Thorlabs LSM03BB) which provides a maximum scan
area of 100mm2. The OCT engine was configured to
provide high resolution images with a sensitivity of
106 dB at 1.25 kHz A-scan rate. Volumetric images were
created using the maximum intensity profile algorithm
included in the instrument software (Thorlabs SD-OCT
system software version 3.2.1) for a rectangular area
2 × 5mm using from 200 B-scans and 500 A-scans of 619

pixels corresponding to a physical depth of 1.1 mm.
The axial resolution for the instrument is below 5.8 μm
and the lateral resolution is 8 μm.

2.6. Experiments and operational conditions

Temperature, flow velocity, feed pressure, flux,
nutrient concentration, and operation time were
constant throughout each set of experiments. FCP and
TMP varied during operation time in response to bio-
film formation. Flux and nutrient concentration dif-
fered from experiment to experiment to study the
relation with biofilm permeability and operational
parameters. Furthermore, the applicability of the tMBM
as an essential research tool for biofilm studies was
pursued. Table 1 gives an overview of the experiments.

3. Results

In this study, the tMBM was tested on suitability to
study the hydraulic biofilm resistance (Section 3.1) and
a number of monitor studies are presented to evaluate
potential monitor applications (Section 3.2, Table 1).

3.1. Validation studies

3.1.1. Hydraulic characterization of the monitor

The relationship between linear flow velocity and
FCP of the tMBM was calculated, using the methodol-
ogy developed for spiral-wound membrane modules

Table 1
Schematic setup of studies

Studiesa
Feed spacer
presence

Permeate
production

Cross-flow velocity
(m s−1)

Substrate dosage
(1mg/L acetate C) Section

Validation studies 3.1
Hydraulic characterization of

monitor
yes no 0–0.37 no 3.1.1

Flow field distribution yes no 0.1 no 3.1.2
Microfiltration use: internal

fouling
no yes 0.1 yes 3.1.3

Reproducibility no/yes yes 0.1 yes/no 3.1.4
Visual and optical observations no yes 0.1 yes/no 3.1.5
Application aspects of monitor 3.2
Biofilm characterization without

feed spacer
no yes 0.1 yes/no 3.2.1

Biofilm resistance with and
without feed spacer

no/yes yes 0.1 yes/no 3.2.2

FCP and biofilm resistance yes yes 0.1 yes/no 3.2.3

aAll studies were carried out with 0.05 μm pore size membranes. The feed spacer was a 31 mil (787 μm) thick spacer as applied in prac-

tice. All studies with permeate production were performed at 20 L m−2 h−1, except the reproducibility test (100 and 20 L m−2 h−1). Nutri-

ent dosage comprised 1mg L−1 acetate C in the feed water.
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as applied in practice [19]. Mathematically, the
pressure drop is expressed by:

�P ¼ k� ððq� m2Þ=2Þ � L=dh (7)

where λ is the friction coefficient, ρ the specific liquid
density, v the linear velocity, L the length of the
membrane or MBM, and dh the hydraulic diameter.
The friction coefficient is given by the correlation
function [19]:

k ¼ 6:23� Re�0:3 (8)

where Re is the Reynolds number. The measured
relation between the linear flow velocity and pressure
drop for the tMBM fitted very well with the calculated
data using the formula for spiral-wound membrane
elements (Fig. 2). Evidently, the tMBM had similar
spatial dimensions (height of the feed spacer channel)
as spiral-wound membrane elements applied in
practice, resulting in an identical relation between
linear flow velocity and pressure drop.

3.1.2. Flow field distribution

The flow field distribution in the tMBM was
determined by injecting a pulse of a colored solution
(blue ink) into the feed water. The front of the colored
solution was equally distributed over the width of the
tMBM (Fig. 3). The same flow regime was observed in
the original MFS [16] and in spiral-wound membrane
elements [26].

3.1.3. Microfiltration membrane use: internal fouling

SEM observations. In order to operate the tMBM
under low pressure conditions and to exclude salt
concentration polarization effects, a 0.05 μm pore size
membrane was selected. The hydraulic resistance of
this membrane was expected to be significantly lower
than the resistance of biofilms, enabling accurate and
sensitive measurement of the hydraulic biofilm resis-
tance. It is important to determine whether internal
membrane fouling occurs, adding to the TMP. To
evaluate this, a tMBM was operated at constant flux
(20 Lm−2 h−1) and linear flow velocity (0.1 m s−1), fed
with tap water supplemented with a biodegradable
nutrient (1 mg L−1 acetate C). During 4 d of operation
accumulation of biomass on the membrane was
observed visually through the transparent monitors.
SEM examination (up to 10,000× magnification) of
membrane samples taken from the tMBM, after that
period of operation, showed that fouling accumulated
only on the membrane surface and not in the mem-
brane pores (Fig. 4). Clearly, the micro-organisms
(≥~1 μm, Fig. 4) were retained by the membrane due
to the pore size of the membrane (0.05 μm). No
apparent fouling could be visually observed in the
pores of the membrane [22].

Fig. 2. Linear flow velocity (m s−1) and FCP (mbar) in the
tMBM containing a feed spacer. The dots represent mea-
sured data and the line represents calculated data using
the formula for spiral-wound membrane elements of [19].

Fig. 3. The front of the blue dye spiked to the water
equally distributed over the width during transport
through the monitor, as illustrated with the purple bar.
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Resistance of virgin and mechanically cleaned
membranes. In addition to the SEM analyses, the
possibility of adsorption of macromolecules in the
pores of the membrane affecting the resistance was
determined by experiments performed under the same
conditions (substrate, flux, and cross-flow velocity) as
the SEM observations. The total resistance was deter-
mined before (virgin membrane), after fouling and
after subsequent cleaning by removal of the biofilm.
Experiments were performed in triplicate and biomass
was removed by scraping. Scraping off the fouled
membrane reduced the resistance to values similar to
the virgin membrane resistance (Fig. 5). The scraped
membrane had a resistance up to 5% higher than the
virgin membrane probably caused by residual biofilm
on the membrane surface. The effect of internal
membrane fouling on the resistance is therefore

negligible compared to the effect of fouling on the
membrane surface (Fig. 5).

3.1.4. Reproducibility

The reproducibility of the results obtained from
the monitor experiments was examined. An experi-
ment without feed spacer was repeated six times at
the same flux (100 Lm−2 h−1), linear flow velocity
(0.1 m s−1), and substrate concentration (1mg L−1

acetate C) for 4 d. The same development of total
resistance and biomass accumulation (measured
as TOC) was observed (Fig. 6). The average TOC
concentration was 0.101 ± 0.005mg cm−2, showing a
5% standard deviation.

Experiments conducted with feed spacer at a flux
of 20 Lm−2 h−1 showed the same development of
resistance and biomass (data not shown). Both repro-
ducibility and comparability of results obtained with
this test system and configuration were verified.

3.1.5. Visual and optical observations

The choice of PMMA as material for the tMBM
enables visual and optical observations of biofilm
development in time and spatial distribution over the
membrane surface during tMBM operation (Fig. 7). To
investigate the visual appearance of the biofilm, two
tMBMs were operated in parallel for 4 d at a constant
flux and cross-flow velocity without feed spacer. For
one tMBM, the feed water was supplemented with
additional nutrients (1 mg L−1 acetate C), while the
other monitor had no nutrient dosage (blank).

With nutrient dosage a more rapid accumulation
of material on the membrane was observed. The
material seemed to be equally distributed over the
membrane surface area by visual inspection during
tMBM operation. The material accumulated gradually
in time. A distinct difference in color was detected

Fig. 4. Scanning electron micrograph of a membrane cross-section. (A) original membrane, (B) membrane with biofilm
after 4 d of operation [22].

Fig. 5. Resistance prior to fouling (virgin membrane), after
fouling, and after subsequent cleaning by scraping of the
fouled membrane surface to remove the accumulated bio-
film. A similar resistance of the virgin and cleaned mem-
brane indicates that fouling predominantly occurred on
the membrane surface [22].
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between the tMBM with and without substrate dosage
(Fig. 7). With nutrient dosage the accumulated mate-
rial had a darker color. In situ OCT imaging confirmed
biofilm formation throughout the feed-channel of the
monitor supplied with substrate (Fig. 7(C) and (D)).
The scanned rectangular area of 2 × 5mm showed a
heterogeneous biofilm structure on the membrane,
varying in thickness from a few μm to ~200 μm.
The structure of the biofilm growing on the window
differed from the structure growing on the membrane.
Biochemical analysis after 4 d tMBM operation
confirmed that biomass had accumulated on the mem-
brane with substrate dosage. The transparent MBM is
suitable to study biofouling development using in situ
non-destructive visual and optical observations.

3.2. Application aspects of monitor

Application aspects of the transparent MBM were
tested in a series of experiments to evaluate the suit-
ability of the monitor.

3.2.1. Biofilm characterization without feed spacer

The development of transmembrane resistance and
biofilm amount was determined using tMBMs without
feed spacer at a flux of 20 Lm−2 h−1. In a parallel
study, four tMBMs were operated without nutrient
dosage and four tMBMs with nutrients dosage
(1mg L−1 acetate C). After day 1, 2, 3, and 4 of
operation, a tMBM with and a tMBM without nutrient
dosage were opened for biomass quantification.

With nutrient supply, a strong increase of total
resistance (Fig. 8(A)) and biomass amount (Fig. 8(B)
and (C)) in time was found. After 4 d of operation, the
total resistance was about 50 times higher than the
intrinsic resistance of the 0.05 μm pore membrane
(Fig. 8(A)). This difference in resistance enables distin-
guishing the resistance of the biofilm from that of the
membrane. After 4 d of operation, the bacterial cell
number and TOC concentration on the membrane
were several log-units higher in the nutrient supplied
system (Fig. 8(B) and (C)), indicating that biomass
accumulated predominantly as a growing biofilm.

Fig. 6. Development of the total resistance for six experiments operated at a flux of 100 L m−2 h−1 at a cross-flow velocity
of 0.1 m s−1 with a substrate dosage of 1mg L−1 acetate C in the feed water (A) and the amount of accumulated biomass
at the end of the operational period (B).

Fig. 7. Visual observations and OCT images for the feed channel in the tMBM after 4 d operation without ((A), (C)) and
with dosage ((B), (D)) of a biodegradable substrate to the feed water.
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It can be concluded that the monitor enables to
study biofilm development and the hydraulic biofilm
resistance.

3.2.2. Biofilm resistance with and without feed spacer

Feed spacers have been shown to play an impor-
tant part in fouling [27–31]. In the present study, the
effect of spacer presence on transmembrane hydraulic
biofilm resistance was evaluated. The development of
total resistance was studied using monitors with and
without feed spacer and with and without nutrient
dosage.

Regardless of feed spacer presence, the same initial
transmembrane resistance and the same increase of
total resistance was observed with nutrient supply
(Fig. 9), at operating conditions (flux and crossflow) as
applied in practice for spiral-wound NF and RO
membrane elements. The monitor can be used to
evaluate the effect of a feed spacer on hydraulic bio-
film resistance.

3.2.3. FCP and transmembrane resistance

Biofilm formation can have a negative impact on NF
and RO membrane performance by increasing the TMP
and the FCP. Past and current monitors used for
membrane biofouling research are suitable only to

Fig. 8. Development of total resistance (A), TCN (total bacterial cell number: (B)) and TOC (total organic carbon: (C))
without feed spacer presence during 4 d of operation at a flux of 20 L m−2 h−1 and cross-flow velocity of 0.1 m s−1 with
and without nutrient dosage (1mg L−1 acetate (C)). The increase in resistance is caused by the biofilm formation.

Fig. 9. Development of total resistance in monitors with
and without feed spacer during 4 d at a flux of 20 L m−2 h−1

and cross-flow velocity of 0.1 m s−1 with and without
nutrient dosage (1mg L−1 acetate C) [22].

Fig. 10. Total resistance (A) and FCP (B) development over time at a flux of 20 L m−2 h−1 and cross-flow velocity of 0.1 m

s−1 with and without nutrient dosage (1 mg L−1 acetate (C)). The experiment was performed with feed spacer.
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study either the TMP or the FCP. The increase of both,
total transmembrane resistance and FCP could be
determined using the newly developed tMBM. tMBMs
containing a feed spacer were operated at a flux of
20 Lm−2 h−1 and a cross-flow velocity of 0.1 m s−1

without and with nutrient dosage (1mg L−1 acetate C).
With nutrient supply, both the transmembrane

biofilm resistance and the FCP increased in time
(Fig. 10).

The tMBM enables the assessment of biofilm for-
mation effects on both the TMP and FCP. The pres-
ence of elevated nutrient concentrations in the feed
water speeds up the biofilm formation, enabling to
perform short-term biofouling studies.

4. Discussion

4.1. Evaluation of the tMBM

A transparent MBM is developed, enabling to
study the hydraulic biofilm resistance and the direct
impact of biofilm formation on the TMP and FCP.
The tMBM is representative for spiral-wound
membrane elements used in practice with regard to
the materials used (membranes and spacers), spatial
dimensions (height of feed and product spacer chan-
nels), hydraulics (FCP and flow distribution), and
operational conditions (transmembrane flux and
cross-flow velocity range: e.g. a flux of 20 Lm−2 h−1

and a cross-flow velocity of 0.1 m s−1). Using the
tMBM, fouling can be quantified and characterized
by: (i) the increase of transmembrane resistance and
FCP; (ii) in situ, real-time, and non-destructive obser-
vations; and (iii) analysis of membrane and spacer
sampled from the tMBM. The scale of the tMBM
makes handling easy, minimizes equipment and
operation costs, and reduces chemical and water
consumption. Compared to the description of an
ideal monitor [16,32,33], the tMBM fulfills most
requirements making it a well-suited tool for biofoul-
ing prediction and control research.

The microfiltration membrane (pore size 0.05 μm)
used in the tMBM prevents salt concentration
polarization and allows operation at low pressures,
thus permitting accurate measurement of the intrinsic
hydraulic biofilm resistance. The contribution of
the membrane resistance to the total resistance is
much smaller than the contribution of the hydraulic
biofilm resistance (see Figs. 8–10) allowing more
accurate measurements using standard pressure
transducers. TMP and FCP measurements are
sufficiently sensitive to allow the study of hydraulic
biofilm resistance and development.

4.2. Application of the tMBM

Unique aspects of the tMBM, as illustrated in
Section 3.1, are the possibilities to study and moni-
tor the (i) hydraulic biofilm resistance, (ii) perfor-
mance parameters FCP and TMP, and (iii) in situ
spatially resolved observations of the biofilm thick-
ness in the transparent MBM. The tMBM is suitable
as a simulator for spiral-wound modules as
previously discussed [19] and integrates well into
the laboratory environment. Such biofouling studies
can be performed with and without a feed spacer
and the tMBM is adaptable to various spacer
designs (thickness, geometry, and porosity) operated
under varying conditions.

OCT was developed in 1991 by Huang et al. [34]
as a tool for medical imaging. This relatively new opti-
cal method has the ability to non-destructively pro-
vide volumetric imaging of the biofilm with micron
resolution [35–40]. Since 2006, the OCT has been used
to study biofilm structures in water systems: degrada-
tion by a disinfectant [36], impact of flow conditions
[37], mechanisms of Escherichia coli attachment on bio-
films [40], and metazoan activity in relation to biofilm
structure and flux in ultrafiltration membranes [38,39].
The tMBM is ideally suited for OCT studies of in situ
biofilm development in membrane systems (Fig. 7).
The OCT instrument axial resolution is less than 6 μm
and the lateral resolution 8 μm. OCT images provide a
quantitative high-resolution spatially-resolved means
to characterize biofilm thickness, structural heteroge-
neity, growth, and detachment over large areas of
membrane and spacer. Examples of studies could be
the influence of operational parameters (flux and
cross-flow velocity), spacer design (spacer geometry),
and control strategies on biofilm development
and removal. Such detailed biofilm studies may lead
to novel and more effective strategies to control
membrane biofouling.

Additional tools needed to complement current
research techniques for gaining insight into membrane
(bio)fouling characterization and control are: (i) a
monitor with the length of a membrane module
enabling direct visual observations of accumulated
fouling and monitoring of all performance parameters
(FCP, flux, and salt passage) during operation at
pressures and conditions as applied in practice and
(ii) a high pressure miniature monitor to unravel the
relationship between concentration polarization,
biofouling, and membrane performance. Since the
low-pressure tMBM showed to be suitable for biofilm
studies in membrane systems, a high-pressure version
of tMBM is being developed.
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4.3. Representativeness and validation of membrane
biofouling monitors

In membrane conference papers and peer
reviewed journals membrane biofouling monitors
have been presented as suitable tools for biofouling
control studies. In commercial brochures, membrane
biofouling monitors have been advertised by their
suppliers. In general, no data on monitor validation
is included, while a critical evaluation of the repre-
sentativeness of the monitor results for practice
hardly exists. For a comprehensive understanding of
the state of the art in biofouling control, it is essential
to address and report monitor validation tests in
peer-reviewed papers.

Many membrane biofouling monitor studies have
been described, from which the laboratory conditions
are not representative for conditions of pilot and full
scale membrane installations. However, a biofouling
control approach effective under non-representative
laboratory conditions is most probably not predictive
for industrial practice.

The results reported in this paper present a versa-
tile tool for biofilm research and biofouling control
that has been validated (Sections 3.1.1–3.1.4) under
laboratory conditions representative for the applica-
tion of spiral-wound membrane modules.

5. Conclusions

The results showed that the newly developed
tMBM is representative for spiral-wound membrane
elements with regard to spacer channel height and
hydrodynamic behavior. The monitor is suitable for (i)
measuring the feed channel pressure drop and TMP
(ii) in situ, real-time and non-destructive (visual and
optical) observations of accumulated material, and (iii)
analysis of membrane and spacer from the tMBM. The
monitor proved to be easy to handle.

The results presented in this paper led to the
following conclusions for the tMBM:

(1) The tMBM can be used to quantify the intrinsic
hydraulic biofilm resistance.

(2) The tMBM can be operated:

(a) with and without feed spacer;
(b) with and without permeate production;
(c) at crossflow and flux conditions as applied

in practice;
(d) with several water types such as surface

water, brackish water, and seawater.
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CFU –– colony forming units
FCP –– feed-channel pressure drop
J –– flux
MBM –– membrane biofouling monitor
MFS –– membrane fouling simulator
NF –– nanofiltration
OCT –– optical coherence tomography
PES –– polyethersulfone
PMMA –– polymethylmethacrylate
R –– resistance
RO –– reverse osmosis
SEM –– scanning electron microscopy
TCN –– total cell number
tMBM –– transparent membrane biofouling monitor
TMP –– transmembrane pressure drop
TOC –– total organic carbon
UF –– ultrafiltration

Symbols

λ — friction coefficient (−)
η — dynamic viscosity (kgm−1 s−1)
ρ — specific liquid density (kgm−3)
A — membrane area (m2)
dh — hydraulic diameter (m)
J — permeate flux (m3m−2 s−1)
L — length (m)
P — pressure (bar)
R — resistance (m−1)
Re — Reynolds number (−)
t — time (h)
V — volume (L)
ν — linear velocity of water (m s−1)
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[12] D.J. Miller, P.A. Araújo, P.B. Correia, M.M. Ramsey,
J.C. Kruithof, M.C.M. van Loosdrecht, B.D. Freeman,
D.R. Paul, M. Whiteley, J.S. Vrouwenvelder, Short-
term adhesion and long-term biofouling testing of
polydopamine and poly(ethylene glycol) surface
modifications of membranes and feed spacers for
biofouling control, Water Res. 46 (2012) 3737–3753.

[13] E.I. Prest, M. Staal, M. Kühl, M.C.M. van Loosdrecht,
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