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ab s t r ac t
A long-channel membrane test cell (LCMTC) with the same length as full-scale elements was 
developed to simulate performance and fouling in nanofiltration and reverse osmosis spiral-wound 
membrane modules (SWMs). The transparent LCMTC enabled simultaneous monitoring of SWM 
performance indicators: feed channel pressure drop, permeate flux and salt passage. Both permeate 
flux and salt passage were monitored over five sections of the test cell and were related to the amount 
and composition of the accumulated foulant in these five sections, illustrating the unique features of 
the test cell. Validation experiments at various feed pressures showed the same flow profile and the 
same hydraulic behaviour as SWMs used in practice, confirming the representativeness and suitability 
of the test cell to study SWM operation and fouling. The importance to apply feed spacers matching 
the flow channel height in test cell systems was demonstrated. Biofouling studies showed that the 
dosage of a biodegradable substrate to the feed of the LCMTC accelerated the gradual decrease of 
membrane performance and the accumulation of biomass on the spacer and membrane sheets. The 
strongest permeate flux decline and the largest amount of accumulated biomass was found in the first 
18 cm of the test cell. The LCMTC showed to be suitable to study the impact of biofilm development 
and biofouling control strategies under representative conditions for full-scale membrane elements.

Keywords:  Feed spacer; RO spiral-wound module; NF; Permeate production; Membrane performance; 
Biofouling

1. Introduction

During operation of reverse osmosis (RO) and nanofil-
tration (NF) systems, membrane fouling deteriorates sys-
tem performance, strongly increasing treatment costs [1,2]. 

The development of fouling is a complex process, impacted 
by hydrodynamic conditions, chemical composition of the 
feed water, the membrane module and system design (spacer 
and membrane type) and operation conditions. The different 
types of fouling – particulate fouling, scaling, organic fouling 
and biofouling – can occur simultaneously and influence each 
other [3–6]. Also, the formation of a concentration polariza-
tion (CP) layer is impacted by the hydrodynamic conditions 
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in the flow channel [7]. The CP layer influences membrane 
performance [3,8,9] because an increase in the concentra-
tion of organics, nutrients and salts enhances the formation 
of a fouling layer on the membrane surface. Furthermore, 
the fouling layer increases the CP and the osmotic pressure 
[3,10], causing a decline of membrane performance. 

In the feed channel of membrane system spacers influ-
ence the flow regime by imposing mixing and increased back 
diffusion of solutes from the membrane surface into the bulk 
solution. The use of feed spacers increases mass transfer [11] 
by reducing the CP [12], but also enhances the development 
of fouling in the feed channel [13–16].

In water production with NF and RO, usually SWMs 
of 1 m length are assembled with 4–8 modules in series in 
one pressure vessel [17,18]. In the vessel, the concentrate of 
each membrane element is the feed of the subsequent ele-
ment. Due to permeation of the feed water, a decrease of the 
concentrate flow rate and an increase of the concentration 
of dissolved substances take place over the length of each 
membrane element and subsequently over the length of the 
pressure vessel. As a result, the filtration conditions (flow 
velocity, CP, osmotic pressure and shear force) [19] change. 
As fouling is considerably influenced by these conditions, it 
varies over the length of the modules and in time [18,20,21].

For fouling investigations under laboratory conditions, 
usually pieces of flat sheet membranes are inserted into 
membrane test cells. These test cells usually have an effective 
flow channel length of 10–30 cm [9,22,23]. Some of them were 
developed for fouling research and thus incorporated spe-
cial features, such as resistance against high pressure [24,25] 
or a special visualization window to enable tomographical 
methods and visual control of tracers [26]. All cells have the 
possibility to remove the membrane coupon at the end of the 
experimental run for analysis of the fouling layer. 

Studies with test cells of the same length as membrane 
elements used in practice are limited. Bu-Ali et al. [27] were 
one of the first to emphasize the importance of investiga-
tions over the full membrane length. They connected five 
0.45-m long test cells in series to investigate ion retention 
over the length, with a total membrane length of 2.25 m. 
Vrouwenvelder et al. [28] developed a 0.9-m long flat sheet 
membrane test cell (“flat sheet membrane simulator”). 
Vrouwenvelder et al. [28] emphasized that the hydrodynam-
ics inside the test cell must be comparable with the hydrody-
namics in an SWM as they considerably influence fouling. 
However, in their long flat sheet membrane simulator the 
hydrodynamics differed from those in the SWM. Mo and Ng 
[12] pointed out the importance of undisturbed flow over the 
full length of the membrane element. They developed a 1-m 
long RO membrane test cell with pressure sensors along its 
length and permeate collectors for differential permeate anal-
ysis. In their work, the CP development over the length of the 
test cell was investigated. However, flow field characteriza-
tion and validation of their LCMTC was not given.

There is a lack of knowledge on the formation of fouling 
over the length of SWMs and pressure vessels. Most experi-
mental studies on fouling formation over the module length 
were carried out in full-scale treatment plants with differ-
ences in operating conditions and water quality parameters, 
making it difficult to compare the results of different studies. 
Also, these studies lack a systematic correlation between the 

foulant layer composition, membrane performance and feed 
water composition. 

In order to study the impact of the complex conditions 
varying over the length of full-scale membrane modules or 
pressure vessels on fouling, long test cells are required [26]. 
Therefore, a test cell with the length of a full-scale element 
was developed, enabling representative measurement of all 
performance indicators impacted by fouling: feed channel 
pressure drop (FCP), permeate flux (permeability) and salt 
passage [3,29–31]. Operating the test cell under full-scale 
process conditions, that is, at high pressures, is possible, as 
well as direct imaging and non-destructive observation and 
diagnosis of fouling. 

2. Materials and methods

2.1. The long-channel membrane test cell: design considerations

Fouling is affected by a complex interaction of several 
process conditions. In order to investigate fouling under 
well-defined, representative conditions for full-scale applica-
tions, the requirements for a long-channel membrane test cell 
(LCMTC) were defined as:

•	 Undisturbed flow field in a channel of about 1 m length.
•	 Material strength for pressures representative of full-

scale RO and NF applications.
•	 Application of different feed spacers and membranes.
•	 Visual observation of fouling processes.
•	 Investigation of the impact of fouling on all performance 

indicators: FCP, permeability and salt rejection.
•	 Investigation of relevant fouling parameters spatially 

distributed over the full length of the test cell.
•	 Non-invasive investigation of the fouling layer.

A picture of the LCMTC is given in Fig. 1 and the 
corresponding schematic design is displayed in Fig. 2.

A spiral-wound NF or RO membrane module used 
in practice has a length of 1.016 m (equalling 40 inch). The 
effective membrane length (producing permeate) is ~0.91 m. 
Membrane elements contain feed spacers to separate the 
membrane sheets, enabling mixing of the water passing the 
module. In industry, the feed spacer thickness is usually 
reported in mil: 1 mil equals 25.4 µm. A 31 mil (0.787 mm) 
thick feed spacer is commonly applied in water treatment 
applications.

In the LCMTC, the feed solution enters the inner mem-
brane channel (width 40 mm), equipped with a feed spacer, 
and flows through the channel of 0.91 m length, equalling 
the permeate producing membrane length of a full scale ele-
ment. The channel width of 40 mm is chosen so that the side-
wall effects on the flow profile, as well as the curvature of the 
spiral-wound modules [32] can be neglected. The membrane 
channel height is based on a spacer thickness of 0.787 mm 
(31 mil) and is adjustable to 1.19 mm (47 mil) by varying the 
LCMTC sealing thickness. In the presented studies, the chan-
nel height was 0.787 mm.

When pressure is applied on the feed side of the test cell, 
part of the feed solution permeates through the membrane 
and can be collected via the outlet of five separate perme-
ate segments, equally distributed over the LCMTC length 
(Fig. 2). Each permeate channel has a height of 0.3 mm and is 
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equipped with a permeate spacer of the same thickness. The 
construction with five separate segments enables the investi-
gation of the FCP, permeate flux and salt passage along the 
membrane length.

The top lid of the system is made of polymethyl meth-
acrylate (PMMA), allowing visual/microscopic monitor-
ing of the flow distribution and fouling layer. The test cell 
was constructed to operate up to 40 bar pressure allowing 
investigations under desalination conditions. Details on the 
construction design and technical drawings are given in the 
supplementary material section (Figs. S1–S8, and Tables S1 
and S2). When the fouling experiments are completed, the 
membrane and spacer can be sampled and analysis of the 
fouling layer accumulated on the membrane and spacer can 
be performed.

2.2. Characteristics of the LCMTC in comparison with spiral 
wound modules

The effective membrane length of a full-scale SWM (tak-
ing into account the glue line of the membrane [33]) was mea-
sured in an SWM from Koch Membrane Systems, USA (Fluid 
Systems® TFC®	 –	 FR	 4″”	 Element).	 The	 effective	 (permeate	
producing) membrane length of the modules of 0.91 m is 
applied for the LCMTC. The feed spacer thickness in indus-
trial SWMs ranges between 0.508 mm (20 mil) and 1.194 mm 
(47 mil). Spacers have different characteristics regarding 
porosity and geometry [13,34]. Depending on the salt con-
centration of the water and applied pressure a permeate flux 
of 12-45 L m–2 h–1 is used in practice, as well as in the LCMTC. 
The range of crossflow velocity over the pressure vessel 

usually varies between 0.2 m s–1 at the feed side and 0.07 m s–1 

at the concentrate side [33]. However, with the test cell higher 
crossflow velocities up to 0.6 m s–1 can be applied. When oper-
ating one LCMTC under process conditions representative 
of practice, a recovery of 4%–9% is achievable, correspond-
ing to approximately 50% of the recovery of one SWM. This 
is due to the fact that industrial SWMs have a spacer-filled 
feed channel enclosed by two membrane sheets, whereas the 
channel in the test cell is enclosed by one membrane and the 
PMMA cover (not producing permeate). Table 1 shows that 
the characteristics of the LCMTC setup are in good agree-
ment with those of SWMs applied in practice.

2.3. Setup for LCMTC experiments

The test cell is connected to the setup using stainless 
steel connectors and pipes (Swagelok, Germany). Two sen-
sitive pressure transmitters (before and after the test cell, 
IMP 331, ICS Schneider Messtechnik GmbH, Germany) 
were used for high-resolution transmembrane pressure and 
FCP measurement. The high pressure membrane metering 
pump (Hydracell P200, Wanner) was purchased from Verder 
Deutschland GmbH, Germany. A flow meter (turbine impel-
ler wheel PEL, Kobold Messring, Germany) was installed to 
measure the feed flow into the system. Temperature mea-
surements were performed with a resistance thermometer 
PT100, TMH GmbH, Germany. The temperature inside the 
feed water reservoir was controlled with a heating element 
connected to a thermostat, Rommelsbacher, Germany. For 
constant pressure experiments a mechanical pressure relief 
valve from Swagelok, Germany, was installed. The flow 
chart of the setup is shown in Fig. 3, for operation of one 
LCMTC with the setup. In order to conduct experiments 
simulating the conditions in a pressure vessel, the setup can 
be extended connecting up to six test cells in series. FCP, 
permeability and salt passage (as conductivity) can be mon-
itored in time for each cell and for cells operated in series. 
Process control and data acquisition were performed with 
the hardware technology TopMessage, Delphin Technology 
AG, Germany.

2.4. Validation of the hydraulic behavior 

2.4.1. Experimental investigation of the flow profile

In order to determine the flow regime in a spacer-filled 
channel a concentrated dye Rhodamine B pulse was 

Fig. 1. The long-channel membrane test cell (LCMTC) with the same length as spiral-wound membrane modules (SWMs) used in 
practice, enabling study of the development of fouling and fouling control strategies in SWMs under representative and controlled 
conditions.

Fig. 2. Schematic representation of the LCMTC with feed spacer 
and membrane sheets divided into five permeate segments over 
the test cell length for permeate collection, enabling the assess-
ment of permeability and salt passage and accumulated fouling 
over the module length of the test cell.
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injected into the feed water (tap water) using a syringe 
shortly before the feed water entered the test cell feed chan-
nel. The feed flow velocity was 0.16 m s–1. When the dye 
front entered the visible area of the test cell photographs of 
the section between 0.4 and 0.6 m over the flow cell length 
were taken for evaluation. In this experiment, a spacer 
(0.787 mm, 31 mil in height and diamond shape) purchased 
from Hydranautics, USA, was applied. The membrane was 
taken	 from	 a	 commercial	 4″	 spiral	 wound	module	 (Koch	
Membrane Systems, USA, FLUID SYSTEMS® TFC®	–	FR	4″	
ELEMENT). Before the study, the membrane system was 
operated for 12 h with deionized (DI) water. During the 
assessment of the flow regime, the test cell was operated 
without permeate production.

2.4.2. Relationship between pressure drop and linear flow 
velocity 

The approach to quantify the hydraulic behaviour in full-
scale SWM and spacer-filled flow channels, developed by 
Schock and Miquel [34], was used to validate the hydrody-
namic performance of the LCMTC. The relationship between 
the	pressure	drop	Δp and effective crossflow velocity veff in 
spacer-filled channels is described according to the following 
equation:

∆
λ ρ

p
v L
d

=
⋅ ⋅ ⋅

⋅
eff Ch

h,Sp

²
2

 (1)

where	the	pressure	drop	Δp is dependent on the friction coef-
ficient	 λ,	 the	 effective	 crossflow	 velocity	 veff, the hydraulic 
diameter of the spacer-filled channel dh,Sp, the channel length 
LCh and	the	density	of	the	fluid	ρ.

The effective velocity veff is calculated from the lin-
ear flow velocity v	 and	 the	 porosity	 ε	 of	 the	 spacer-filled	
channel [34]:

v
v

eff = ε
 (2)

Further,

ε = −1
V

V
Sp

tot

 (3)

where VSp and Vtot are the volume of the spacer and the total 
channel volume, respectively.

The	friction	coefficient	λ	was	described	empirically	as:

λ = ⋅ −6 23 0 3. Re .  (4)

Table 1 
Summary of the characteristics of the LCMTC in comparison 
with SWMs 

Characteristics LCMTC Industrial 
SWMa

Reference

Active membrane length, mb 0.91 0.91 [33]
Spacer thickness, mil 31–47 20–47 [13,34]
Permeate flux, L m–2 h–1 12–45 12–45 [35]
Feed pressure 5–40 5–80 [35]
Crossflow velocity, m s–1 0.07–0.2 0.07–0.2 [13]
Recovery, %c 4–9 8–18 [36]
Salt rejection, % 95 to >99 95–99; >99 [33,35]

aFor both brackish water and seawater RO. 
bActive membrane length is the membrane length producing 
permeate (between the glue lines). 
cThe recovery of the LCMTC is lower since a membrane is present 
only at one side of the feed spacer.

Fig. 3. Flow chart of the developed setup with one Long Channel Membrane Test Cell (LCMTC); 1, safety regulating valve; 2, non- 
return valve; 3, dosage pump; 4, high pressure metering pump; 5, safety relief valve; 6, pressure gauge; 7, flow meter; 8, pressure 
sensor; 9, thermometer; 10, sampling valve; and 11, pressure relief valve.
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where

Re ,=
⋅ ⋅ρ

η

v dheff Sp  (5)

while	η	is	the	dynamic	viscosity.
Thus, for validation of the flow regime in the LCMTC, the 

pressure	drop	(Δp) in the channel of the LCMTC was deter-
mined experimentally and the results were compared with 
the empirical relationship found by Schock and Miquel [34] 
for full-scale membrane modules.

For the experiments, two different diamond shaped spacers 
were used to investigate the impact of the spacer height on the 
flow profile. Spacer A of 0.787 mm (31 mil) thickness was pur-
chased from Hydranautics (USA). Spacer A completely filled 
the feed channel height, in the same way as found in practice 
(SWM). The other spacer B was 0.711 mm thick (28 mil, Koch 
Membrane Systems, USA) and thus of smaller height than 
the feed channel. The feed pressure was set to 2.5 and 15 bar, 
respectively.	 For	 validation,	 Δp data were collected with an 
increasing flow velocity followed by a decreasing flow velocity 
(increasing from 0.09 m s–1 and declining from 0.64 m s–1). 

The membrane was taken from a Koch Membrane Systems, 
USA, FLUID SYSTEMS® TFC®	–	FR	4″	ELEMENT	module.	Before	
use, the membrane was flushed and compacted for 12 h with DI 
water. During the experiment, DI water was used as feed water 
and the permeation through the membrane was suppressed.

2.5. Biofouling investigations with one LCMTC

2.5.1. Experimental 

In the biofouling study, tap water after passing a 10 µm 
cartridge filter for particle removal and a granular acti-
vated carbon filter for chlorine removal (both from Weinert 
Prozesstechnik GmbH, Germany) was used as the LCMTC 
feed. To enhance microbial growth, the feed water was sup-
plemented with biodegradable nutrients for bacteria from 
a stock solution. A pH of 11.5 was maintained in the stock 
solution to avoid microbial growth. Sodium acetate, sodium 
dihydrogen phosphate and sodium nitrate (all Merck KGaA, 
Germany) were dissolved in DI water. The nutrient stock 
solution was dosed continuously to the feed using a Stepdos 
dosage pump (KNF, Switzerland) at a flow rate of 28 mL h–1, 
resulting in a feed concentration of 0.5 mg L–1 acetate carbon, 
0.1 mg L–1 nitrate nitrogen and 0.05 mg L–1 phosphate phos-
phorous. The feed water salinity was constant. The test cell 
system was run continuously for a period of 6 d. 

A virgin, low fouling brackish water thin-film composite 
RO membrane was used for the experiment, obtained from a 
commercial	4″	spiral	wound	module	(ESPA2,	Hydranautics,	
USA). Before the experiments, the membrane system was 
run with DI water at a pressure of 9 bar for 12 h to compact 
the membrane and was stabilized with tap water for 12 h. 
The inserted feed spacer was a 0.787 mm (31 mil) diamond 
shaped spacer from Hydranautics (USA).

The process conditions of the experiments are summa-
rized in Table 2. The temperature, flow rate and system pres-
sure were kept constant. The flux was determined via manual 
permeate collection (duplicates over 20 min). The experiment 
was stopped when >10% permeability decline was achieved, 
occurring after 6 d. 

The FCP was calculated as follows:

Δp = pin – pout (6)

The permeability PSeg is the flux of a segment JSeg divided 
by the corresponding average pressure pSeg : 

P
J

p
Seg

Seg

Seg

=  (7)

It was assumed that the pressure drop over the length of 
the membrane module was linear.

The salt in each of the five segments, SSeg, was obtained 
as follows:

S
C

C
Seg

Seg

Seg

= ⋅P

F

,

,

%100  (8)

Here, CP,Seg is the permeate conductivity of each of the 
five segments over the LCMTC length and CF ,Seg  is the 
average feed concentration for each segment, assuming a lin-
ear increase of the salt concentration over the length of the 
feed channel, due to permeate production. 

2.5.2. Analysis of the fouling layer

When the experiment was completed, the fouling layer 
was removed from both the membrane and the feed spacer, 
separately for each of the five permeate producing segments. 
The membrane sheet of each of the five segments over the 
LCMTC length together with the corresponding spacer was 
placed in a tube with 50 mL DI water to measure the specific 
amount of foulant per membrane surface area and spacer. 
Shortly after sampling, the membrane and spacer were 
treated with ultrasound for extraction and dispersion of the 
foulant. The treatment procedure was performed with an 
ultrasonic water bath (output 45 kHz, 130 W, VWR Ultrasonic 
Cleaner, Germany) for 6 × 2 min and in between mixing with 
a vortex shaker (VV3, VWR, Germany) for 15 s. The removal 
of biomass from the membrane and spacer was applied 
according to Bucs et al. [37], Magic-Knezev and van der Kooij 

Table 2
Feed water and LCMTC operating conditions during the biofoul-
ing experiment

Characteristics Value

Temperature, °C 25
Feed DOC, mg L–1 0.3
Feed conductivity, µS cm–1 ~260
Initial permeate flux, L m–2 h–1 24
Feed pressure, bar 4.8
Crossflow velocity (channel entry), m s–1 0.16
Feed inflow, L h–1 15.5
Initial recovery, % 5.6
Nutrient dosage (carbon), mg C L–1 0.5
Spacer thickness, mm 0.787
Effective channel length, m 0.91
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[38] and Vrouwenvelder et al. [39]. The suspension was then 
analyzed with a liquid chromatography–organic carbon 
detection (LC-OCD) system, Model 8, DOC Labor Huber 
(Karlsruhe, Germany) for determination and quantification 
of the dissolved organic carbon (DOC) fractions. The analysis 
is based on size exclusion chromatography performed with 
a weak cation exchange chromatographic column (TSK HW 
50S, Toso, Japan). The amounts of DOC of the extracted fou-
lants are determined by organic carbon detection. The device 
contains a 0.45-µm filter prior to the size exclusion column. 
The ChromCALC software provided by the manufacturer of 
the instrument was used for analysis and interpretation of the 
chromatograms. 

In addition to organic material, also active biomass 
(adenosine triphosphate [ATP]) was determined. Samples 
were prepared according to the technical bulletin of 
the BacTiterGlo™ reagent and measured with the 
multi-functional reader INFINITE 200 Pro (Tecan, Germany) 
at 570 nm wavelength. Calibration was done using an ATP 
stock solution (Sigma-Aldrich, Germany).

2.6. Overview of the studies performed

An overview of all studies with their goals and methods 
is given in Table 3. 

3. Results

In this study, the LCMTC was tested (i) on representative-
ness for spiral-wound NF/RO membrane elements (section 
3.1) and (ii) on the development of membrane performance 
indicators during biofouling. The FCP, permeability and salt 
passage were monitored over five segments over the test cell 
and compared with the accumulated biomass amount and 
composition on these five locations (section 3.2, Table 2).

3.1. Validation studies

3.1.1. Flow field distribution

The flow field distribution in the flow channel of the 
LCMTC was assessed by pulse injection of a red coloured 

solution (containing the dye Rhodamine B) into the feed 
water of the test cell. The flow field was homogeneously 
distributed over the width of the cell (Fig. 4). The same flow 
behavior has been found in SWMs [40] and smaller sized test 
cells [23].

3.1.2. Hydraulic characterization for the same spacer thickness 
and flow channel height

For the LCMTC, the relation between the crossflow veloc-
ity and FCP was determined experimentally and compared 
with the relationship calculated according to Shock and 
Miquel [34]. A 31 mil (0.787 mm) thick feed spacer was placed 
in a 31 mil height flow channel. 

The measured relation between the crossflow velocity 
and pressure drop for the test cell matched the calculated 
relation (Fig. 5(A)). The measured relation between the cross-
flow velocity and FCP was not affected by the feed water 
pressure (Fig. 5(A)), illustrating the high rigidity of the test 
cell geometry.

Testing of the membrane test cell (LCMTC) showed it to 
be representative of the flow field and the hydraulic behavior 
of SWMs used in practice.

3.1.3. Hydraulic characterization for a larger flow channel 
height than spacer thickness

The impact of the feed spacer thickness in a fixed flow 
channel height on the relation between the crossflow velocity 
and pressure drop was assessed in a 31 mil (0.787 mm) high 
flow channel, containing (i) a 31 mil thick feed spacer and (ii) 
a 28 mil (0.711 mm) thick feed spacer. 

As shown in section 3.1.2, the LCMTC with a feed 
spacer matching the flow channel height (both 31 mil) 
showed a good agreement of the measured and calculated 
relation between the crossflow velocity and pressure drop 
(Fig. 5(A)). The thinner 28 mil feed spacer in the same flow 
channel height showed a difference between the measured 
and calculated relation between crossflow velocity and 
pressure drop (Fig. 5(B)), illustrating that the feed spacer 
thickness should match the flow channel height to simulate 
an SWM. In other words, the same hydraulic behaviour as 

Table 3
Schematic overview of studies performed

Study/goal Conditions/details Methods Feed spacer thickness Section

Validation flow field distribution Flow channel with spacer Flow field visualization 
with tracer

31 mil 3.2.1

Validation hydraulic behaviour LCMTC comparison 
with SWM, feed channel 
pressure drop, flow 
velocity

Appropriate spacer 31 mil 3.2.1

Inappropriate spacer 28 mil 3.2.1

Biofouling investigation FCP, permeability, salt 
passage

Membrane performance 31 mil 3.2.2

FCP, permeability, salt 
passage

Membrane performance 
over length

31 mil 3.2.2

Fouling layer composition Extraction of foulants 
analysis

31 mil 3.2.2 
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in SWMs is achieved in a test cell only when the feed spacer 
fits the flow channel height.

For a representative flow field and hydraulic behaviour 
of the LCMTC matching spacer thickness and flow channel 
height should be applied.

3.2. Biofouling studies

3.2.1. Development of membrane performance over the total 
cell length

The test cell, containing a 31 mil feed spacer in a 31 mil 
height flow channel and a membrane was (i) operated at con-
stant feed flow and (ii) fed with tap water supplemented with 
a biodegradable compound (acetate) to enhance the biofoul-
ing rate (Table 2). Performance indicators FCP, permeability 
and salt passage were monitored over time.

With time, the permeability declined (Fig. 6(A)), FCP 
increased (Fig. 6(B)) and salt passage increased (Fig. 6(C)). 
During the six-day study, the pressure drop increased from 
0.2 to 2.0 bar (900% increase). At the end of the six-day study, 
the permeability was decreased by 13%, and salt passage was 
increased by 50%. Biofouling affected all membrane perfor-
mance indicators.

The test cell is suitable to simultaneously monitor all 
membrane performance indicators.

3.2.2. Development of membrane performance over five 
segments of the test cell length

The development with time of permeability and salt pas-
sage over five segments of the test cell was monitored during 
the biofouling study. Each of the five segments had the same 
length (Fig. 2). The permeate producing segments were 
located at 0–18, 18–36, 36–54, 54–72 and 72–90 cm of the test 
cell feed side. The feed water salinity was constant.

The permeability decreased gradually with time (Fig. 7). 
The strongest and fastest permeability decline occurred at the 
lead segment (0–18 cm) directly after the test cell inlet. With 
increasing distance to the test cell feed side, the permeability 
decline was reduced. After the six-day study, the permeability 

Fig. 4. Flow profile in the LCMTC, visualized by injecting a pulse of a red coloured dye (Rhodamine B) to the feed water at length 
0.40–0.60 m of the flow channel, containing a 31 mil thick feed spacer. Side bars in the picture originate from the metal frame on the 
test cell top lid.

Fig. 5. Feed channel pressure drop dependency of linear flow 
velocity for the LCMTC (A) using a feed spacer of the same height 
as the feed channel and (B) using a feed spacer smaller than the 
channel height. The dashed lines represent calculated data of 
SWM by the relationship given by Schock and Miquel [34].
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decline of the first segment (0–18 cm) was 20% and of the 
last segment (72–90 cm) was 3%. The resistance of the fouling 
layer was calculated from the permeability data (supplemen-
tary material, Fig. S9). The resistance of the fouling layer was 
highest at the test cell inlet side and decreased with increas-
ing distance to the test cell feed side.

Salt passage was constant during the first 4 d (Fig. 8). 
From day four, salt passage at all segments over the test cell 
length increased simultaneously to the same extent. At the 
end of the 6 d biofouling study, salt passage had increased by 
more than 50%. Salt passage is impacted by biofilm enhanced 
osmotic pressure as well as the reduction in flux (dilution 
effect), both leading to an increasing salt concentration in 
the permeate. The strong relative increase in salt passage is 
caused by the very high initial salt rejection.

Biofilm formation affected both permeability and salt 
passage negatively. Over the test cell length with time (i) the 
highest permeability decline occurred at the inlet side, while 
(ii) the salt passage increased simultaneously to the same 
extent at all sections of the test cell. 

3.2.3. Characterization of accumulated biomass over five 
segments of the test cell length

At the end of the six-day study the test cell was opened to 
sample the feed spacer and membrane for accumulated bio-
mass analysis, by measuring ATP, DOC and DOC fractions 
(LC-OCD). 

The concentrations of active biomass (ATP, Fig. 9(A)) and 
DOC (Fig. 9(B)) were highest at the test cell inlet side (first 
18 cm) and declined over the length of the test cell. Over the 
total test cell length the ATP concentration decreased from 
1.1 × 105 to 0.65 × 105 pg ATP cm–2 and the DOC concentration 
decreased from 20 to 13 µg DOC cm–2. 

The extracted organic material was analyzed by LC-OCD 
and classified according to Huber [41]. The accumulated 
organic material was mainly composed of biopolymers 
(~50%) and the smallest amount was attributed to low molec-
ular weight acids (~1%, Fig. 9(C)). 

The highest biomass concentrations were found on 
the membrane and feed spacer present at the inlet side 

Fig. 6. Membrane performance with time in the test cell: (A) feed 
channel pressure drop increase, (B) permeability decline and (C) 
salt passage increase. The cell was fed with feed water supple-
mented with 0.5 mg C L–1 to accelerate biofouling development. 
Error bars refer to standard deviation (permeability, n = 5) and 
method standard deviation (salt passage).

Fig. 7. Relative permeability decline over the test cell length in 
time over the test cell length (five segments) during biofouling 
development. Error bars indicate method standard deviation.

Fig. 8. Relative salt passage in time over the test cell length (seg-
ments 1, 3 and 5) during biofouling development. Error bars 
indicate method standard deviation.
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(first 18 cm) of the test cell, characteristic of biofilm accumu-
lation in spiral-wound membrane systems. 

4. Discussion

4.1. Representative test cells for practice needed

Many membrane biofouling test cell studies have been 
described, from which the conditions (e.g., hydrodynamics, 

spatial dimension of the flow channel, use of membrane and 
spacer) are not representative for conditions of pilot and 
full-scale membrane installations. However, a biofouling 
control approach effective under non-representative labora-
tory conditions is most probably not predictive for full-scale 
applications [26].

Many biofouling test cells/monitors have been presented 
as suitable tools for biofouling control studies. In general, no 
data on test cell validation is included, while a critical eval-
uation of the representativeness of the test cell study results 
for practice (i.e., hydrodynamic validation) hardly exists. For 
a comprehensive understanding of biofouling control, it is 
essential to address and report test cell validation [26].

A series of validation tests with the LCMTC showed 
the representativeness of the spatial flow channel dimen-
sions and hydraulic behaviour for membranes applied in 
practice, similar to tests performed with the membrane foul-
ing simulator [23] and the transparent membrane biofouling 
monitor [42]. 

The LCMTC study with two different thicknesses of 
feed spacer (28 and 31 mil) in the same flow channel height 
(31 mil) demonstrated the necessity to use a feed spacer 
fitting the flow channel (Figs. 5(A) and (B)). A feed spacer 
matching the flow channel height showed a good agreement 
of the measured and calculated relation between the cross-
flow velocity and pressure drop. However, when a thinner 
feed spacer was used in the same flow channel height, dif-
ferences were found between the measured and calculated 
relation between the crossflow velocity and pressure drop. 
When the feed spacer thickness is smaller than the feed chan-
nel height (i) part of the water flow bypasses the spacer, (ii) 
causing a disturbed flow field leading to a reduced pressure 
drop over the spacer channel and thus (iii) unrepresentative 
deposition of particles, bacteria, colloids and large mole-
cules like extracellular polymeric substances will occur in 
the spacer channel. Therefore, both the development of the 
fouling layer with time and the membrane performance will 
be affected. The feed spacer creates a characteristic hydrody-
namic environment leading to specific flow conditions and 
mass transport. Therefore, any fouling formation is strongly 
impacted by the presence of a feed spacer. Operating the flow 
cell under non-representative conditions for practice (such as 
without a feed spacer or with a feed spacer not fitting the 
flow channel height, too low crossflow velocity and too high 
permeate flux) could lead to biofouling control strategies that 
are not effective in practice. Here, especially the combination 
of substrate availability and substrate transport in a channel 
filled with a feed spacer resulted in a FCP due to vertical 
hydraulic resistance. Our study underlines (i) the important 
role of the feed spacer in test cells to study fouling formation 
and control strategies and (ii) the need to report validation 
studies of test cells.

4.2. Evaluation of the test cell

The developed LCMTC is representative of spiral-wound 
membrane modules (SWMs) with regard to the flow 
field distribution (Fig. 4), flow channel height, hydraulic 
behaviour (Fig. 5(A)), and membrane and feed spacer length 
(Table 1). The spacer thickness should match the flow chan-
nel height (Figs. 5(A) and (B)). Over the test cell, all the SWM 

Fig. 9. Foulants on the membrane surface in different segments 
after 6 d biofouling study. (A) Biomass, measured as ATP per 
membrane surface area. (B) Organic carbon, measured as DOC 
per membrane surface area. (C) Variation of the relative contri-
bution of different DOC fractions to the DOC surface concentra-
tion. Error bars indicate method standard deviation.
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performance indicators – FCP, permeate flux and salt passage 
– can be monitored simultaneously (Fig. 6). Both permeate 
flux and salt passage can be monitored for five segments 
over the test cell length (Figs. 7 and 8) and compared with the 
amount and composition of accumulated biomass in these 
five segments (Fig. 9), illustrating the unique features of the 
test cell. The cell can be operated with varying feed spacer 
thickness matching the flow channel height, at linear flow 
velocities and permeate fluxes, at various feed pressures. The 
test cell can be opened non-destructively to sample the feed 
spacer and membrane sheet for analysis of accumulated fou-
lant. The flow channel width (0.040 m) of the LCMTC flow 
channel enables a much lower use of feed water and chemi-
cals compared with an SWM installation (pilot).

The biofouling study showed a rapid response of all 
membrane performance indicators in time. With increasing 
distance to the test cell feed side, the permeability decline 
and the amount of biomass was reduced. The first 20 cm 
of the test cell showed the strongest permeate flux decline 
and the most accumulated biomass. Various studies on NF 
and RO SWMs [20,39] have shown a declining gradient of 
accumulated biomass with increasing distance to the lead 
membrane module feed side, in agreement with our find-
ings with the LCMTC. The uptake of biodegradable sub-
strate by bacterial cells in the lead membrane elements leads 
to a reduced availability of substrate in the tail parts of the 
device [20,39]. 

At the end of the biofouling study, the amount of accu-
mulated biomass over the membrane length was deter-
mined. The ATP concentration on the membrane and feed 
spacer decreased from 1.1 × 105 to 0.65 × 105 pg ATP cm–2 and 
the DOC concentration from 20 to 13 µg DOC cm–2. Similar 
concentration ranges for ATP and DOC were found during 
studies on membrane modules from full-scale installations 
and test cells suffering from reduced membrane perfor-
mance caused by biofouling. Miller et al. [43] found ATP 
concentrations from about 0.2 × 105 up to 2.0 × 105 pg ATP 
cm–2 in a biofouling experiment with membranes and spac-
ers precoated with polydopamine. Dreszer et al. [42] found 
70–90 µg TOC cm–2 in lab-scale biofouling studies without 
feed spacer on the hydraulic biofilm resistance. The amount 
and distribution of fouling over the LCMTC is in agreement 
with data from full-scale membrane modules and lab-scale 
test cell biofouling studies, as reported earlier [39,42,43], 
underlining the suitability of the LCMTC for membrane 
fouling research. Hence, the present study with the LCMTC 
mirrors fouling formation as found in SWMs in practice. 
In future studies, a more detailed investigation with sterile 
control runs should be conducted enabling to distinguish 
biotic and abiotic effects in fouling formation, revealing more 
insights on fouling characterization. Furthermore, it is pro-
posed to determine additional biomass parameters such as 
protein, carbohydrates and total bacteria concentrations.

There is a suite of test cells/monitors available for mem-
brane and feed spacer (bio)fouling studies [22,23,26,44,45]. A 
unique feature of the LCMTC is that the permeate flux and 
salt passage can be monitored for five consecutive segments 
over the test cell length and compared with the amount of the 
accumulated biofilm and composition in these five segments. 
Information on the development over the membrane module 
length of membrane performance and fouling accumulation 

will (i) increase the understanding of the impact of biofouling 
on membrane performance and (ii) contribute to the develop-
ment of knowledge-based strategies for biofouling control.

4.3. Potential fields of LCMTC use

The accumulation of biomass may impact membrane 
performance in several ways. Biofouling of the mem-
brane causes an additional hydraulic resistance decreasing 
the permeability and increasing the salt passage [26,46]. 
Biofouling of the feed spacer may lead to flow channeling, 
causing an increase of FCP, and the flow channeling may 
lead to dead zones in the membrane module where perme-
ate production is reduced and salt passage is increased. The 
developed LCMTC is suitable to determine the development 
of membrane performance indicators and fouling over the 
full length of a membrane element. A better insight of the 
impact of biofouling on membrane performance, in which 
order and to which degree the membrane performance indi-
cators are influenced, is provided. Such insights enable a 
better monitoring strategy for membrane fouling and the 
development of membrane systems that are less susceptible 
to (bio)fouling.

The operation of LCMTC cells in series enables the sim-
ulation of a pilot/full-scale plant at a smaller scale and foot 
print and a lower water and chemical use (e.g., antiscalant). 
For example, six cells can be tested in series to simulate a 
pressure vessel containing six membrane elements. The 
water used by six cells in series at a feed flow velocity of 
0.2 m s–1 would be about 19 L h–1, which is much less than, for 
example, a single element test rig with the same linear flow 
velocity containing a 4-inch-diameter spiral-wound mem-
brane element (1,960 L h–1) or a 8-inch diameter membrane 
element (9,800 L h–1). Besides the water use also the use of 
chemicals (e.g., antiscalant, biocide) is greatly reduced.

Parallel operation of LCMTC cells enables comparing 
fouling control strategies. The impact of operational aspects 
such as crossflow velocity and permeate flux, modified mem-
branes and the geometry of feed spacers can be determined. 
Fouled cells with the same history of parallel operation on site 
can be cleaned with various chemicals and cleaning regimes 
to select the most effective strategy with minimal cost and 
environmental impact. Preventive and curative (bio)fouling 
control strategies can be studied using cells in parallel oper-
ation. Pretreatment strategies and their impact on fouling 
reduction can be compared in research with the device, even 
revealing details on long-term effects in full-scale operation. 
Deposited foulants can be characterized with various analyt-
ical methods and connected to the influent characteristics, as 
well as membrane performance. 

5. Conclusions

Results presented in this paper led to the following 
conclusions:

•	 The LCMTC is representative for spiral-wound mem-
brane modules (SWMs). The LCMTC has the same (i) 
flow field distribution, (ii) flow channel height, (iii) 
hydraulic behaviour and (iv) membrane and feed spacer 
length as industrial SWMs. 
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•	 The LCMTC is suitable to simultaneously monitor all 
SWM performance indicators: Feed channel pressure 
drop, permeability and salt passage. 

•	 The LCMTC enables monitoring of the permeate flux and 
salt passage over five segments of the test cell, which can 
be compared with the amount and composition of accu-
mulated biomass on these five locations.

•	 The LCMTC can be operated (i) with varying feed spacer 
thicknesses in a matching the feed channel, (ii) at linear 
flow velocities and permeate fluxes as applied in practice, 
(iii) at various feed pressures and (iv) with lower water 
usage and smaller foot print compared with SWM instal-
lations (pilot).

•	 The LCMTC can be opened non-destructively to sample 
the feed spacer and membrane sheet for analysis of accu-
mulated fouling.

The LCMTC is suitable to study, under conditions that 
are representative for membrane elements used in practice, 
the impact of biofilm development and biofouling control 
strategies on all membrane module performance indicators. 
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Abbreviations and symbols

ATP — Adenosine triphosphate
CP — Concentration polarization
DI — Deionized
DOC — Dissolved organic carbon
FCP — Feed channel pressure drop
LCMTC — Long-channel membrane test cell
LC-OCD —  Liquid chromatography–organic carbon 

detection
NF — Nanofiltration
PMMA — Polymethyl methacrylate
RO — Reverse osmosis
SWM — Spiral-wound membrane module
pSeg  — Average pressure over a segment, bar
CF ,Seg  —  Average feed conductivity over a segment, 

µS cm–2

CP,Seg —  Permeate conductivity for a segment, µS cm–2

dh,Sp — Hydraulic diameter of the spacer, m
JSeg — Flux of a segment, L m–2 h–1

LCh — Channel length, m
pin — Inlet pressure, bar
pout — Outlet pressure, bar
PSeg — Permeability of a segment, L m–2 h–1 bar–1

Re — Reynolds number
SSeg — Salt passage of a segment, %
v — Linear crossflow velocity, m s–1

veff — Effective flow velocity, m s–1

VSp — Volume of the spacer, m3

Vtot — Total channel volume, m3

Δp — Pressure drop, bar
ε	 —	 Porosity
η	 —	 Dynamic	viscosity,	kg	m–1 s–2

λ	 —	 Friction	coefficient
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Supplementary material

1. Description of the system and components 
of the LCMTC

Each test cell consists of the equipment and materials 
listed in Table S1. Fig. S1 shows the connection of the devices 
and components.

2. Dimensioning of the LCMTC and mechanical stability

The requirements for the LCMTC were:

•	 Chemical and mechanical stability
•	 Applicable for high pressure membrane applications 
•	 Industrial scale dimension
•	 Visualizing the flow process

Only two serious options for material choice could 
be named: either the test cell would be made of PMMA 
(acrylic glass) or stainless steel. PMMA was the choice 
for us, especially because of the window. Stainless steel is 
also possible, with good material strength for high pres-
sures. However, stainless steel plates would create a huge 
weight of the lids.

Choosing PMMA as a plate material, several require-
ments regarding inner forces needed to be taken into account:

•	 PMMA has quite a good bending strength. With a given 
thickness it is stable for high pressures. With a 2-D cal-
culation of a 70 bar pressure case (seawater desalination) 
in a 40 mm wide channel it was calculated, that, using a 
safety factor of 3, the thickness of the PMMA lid must be 
40 mm. Table S2 gives further safety factors for applied 
system pressures. 

•	 52 screws have to be tightened to distribute the forces, 
in order to close the plates with the sealing properly. 
Stainless steel screws M12 (strength category 8.8) were 
chosen guaranteeing a proper safety factor. 

A model calculation of the equivalent stress (calcu-
lated after von Mises yield criterion) was done under the 
condition of prestressing force of the screws and applied 
system pressure. It showed that the system would stand 
pressures up to 70 bar (Fig. S2). In order to take into 
account that the inlet pipe system pressures of up to 40 bar 
can be applied. 

•	 The force from the screws, keeping the system closed, is 
limited by the compressive strength of PMMA. The metal 
frames on the test cell spread the forces equally and fur-
thermore prevent bending of the PMMA plates and enlarg-
ing of the channel when applying higher system pressures. 

Table S1
Equipment and components of the LCMTC

No. Component Material/remarks Quantity

1 Bottom lid PMMA, see Fig. S3 1
2 Top lid PMMA, see Fig. S4 1
3 Metal frame Stainless steel, see Fig. S5 2
4 Inlet opening Stainless steel, see Fig. S6 2
5 Inlet pipe Stainless steel, see Fig. S7 2
6 Sealing Aramid yarn, see Fig. S8 1
7 Permeate outlet porous plate Stainless steel, 20 µm pore size 19.05 × 1.57 (R × H/mm) 5
8 Permeate spacer As delivered from manufacturer, 40 × 180//181 × 0.3 (W× L × H/mm) 5
9 Feed spacer As delivered from manufacturer 40 × 910 × 0.787 (W × L × H/mm) 1
10 Connectors for feed pipe/ 

permeate tubes
Stainless steel – pipe coupling, polyvinylidene fluoride (PVDF) – hose 
connection 

2/5

11 Screws Stainless steel, M12 (strength category 8.8) 44
12 Threaded rod Stainless steel, M12 (strength category 8.8) 8
13 Plain washer Stainless steel 104
14 Screw nut Stainless steel M12 64

Fig. S1. Composition of the LCMTC and its components.
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The test cell is sealed with a flat sealing, as most feasible 
choice. The compression of the sealing can be determined; 
the height of the sealing contributes to the channel height of 
the feed channel. 

The channel height of the top plate is 0.3 mm. 
Additionally, the height of the sealing minus its compaction 

has to be considered. We chose a flat sealing of 0.5 mm, with a 
compaction of ~10% (=0.05 mm) under the chosen conditions, 
resulting in 0.337 mm + 0.5 mm – 0.05 mm = 0.787 mm height 
of the feed channel.

The use of other flat sealings gives possibilities to use 
spacers of different heights.

Table S2
Conditions: flat sealing Klinger C4400 1 mm; maximum pressure resistance of PMMA: 70 N mm–2; screws: M12; 8.8 stainless steel, 
overlapping area of the sealing by two neighboring screws; temperature 23°C

Applied system pressure  
(bar)

Requireda pressure sealing  
(N mm–2)

Required torque  
(Nm)

Resulting safety factor for 
PMMA 

10 11 14 5
20 20 25 2.8
30 26 32 2.1
40 33 41 1.7
50 44 55 1.3
60 51 64 1.1

aCalculated by using the software KLINGER® expert provided by the sealing manufacturer (Klinger, Germany).

Fig. S2. Structural calculation of the strength within the LCMTC 
under force influence.

Fig. S3. Bottom plate.

Fig. S4. Top lid.

Fig. S5. Metal frame.
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•	 The stability of PMMA is dependent on temperature. 
Above 70°C the stability of PMMA decreases by 50% 
compared with the stability at 25°C. This influences the 
maximum pressure stability and pressing forces onto the 
cell (see material data sheets of PMMA). When operating 
at high temperatures, the decreasing material strength 
has to be taken into account.

3. Implementing of the LCMTC

3.1. Installation

The test cell should carefully be balanced and fixed on 
a steady stand. Inserting permeate spacer in the designated 
permeate segments needs to be done carefully, avoiding any 
overlapping. Membrane should be cut in the size of 50 mm 
× 920 mm being slightly bigger than the sealing to avoid any 
leakage. Feed spacer should fit exactly in the sealing’s recess 
on top of the membrane.

3.2. Closing of the test cells

The test cell needs to be closed precisely. It is advised 
to tighten the screws in crosswise direction starting from 
the center to ensure properly distributed compaction of the 
sealing.

For the stated components, material specifications, geom-
etries and forces the maximum acceptable torsional moment 
for a save closing of the test cell was calculated and is also 
given in Table S2.

Fig. S6. Inlet opening.

Fig. S7. Inlet pipe.

Fig. S8. Sealing.
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4. Development of the fouling layer resistance

Fig. S9. Development of the total (transmembrane) fouling layer 
resistance with time over the length of the membrane test cell.


