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ABSTRACT
Biofouling Control in Spiral-Wound Membrane Systems:
Impact of Feed Spacer Modification and Biocides
Amber Siddiqui
High-quality drinking water can be produced with membrane-based filtration processes
like reverse osmosis and nanofiltration. One of the major problems in these membrane
systems is biofouling that reduces the membrane performance, increasing operational
costs. Current biofouling control strategies such as pre-treatment, membrane
modification, and chemical cleaning are not sufficient in all cases. Feed spacers are thin
(0.8 mm), complex geometry meshes that separate membranes in a module. The main
objective of this research was to evaluate whether feed spacer modification is a suitable
strategy to control biofouling. Membrane fouling simulator studies with six feed spacers
showed differences in biofouled spacer performance, concluding that (i) spacer geometry
influences biofouling impact and (ii) biofouling studies are essential for evaluation of
spacer biofouling impact. Computed tomography (CT) was found as a suitable technique
to obtain three-dimensional (3D) measurements of spacers, enabling more representative
mathematical modeling of hydraulic behavior of spacers in membrane systems. A strategy
for developing, characterizing, and testing of spacers by numerical modeling, 3D printing
of spacers and experimental membrane fouling simulator studies was developed. The
combination of modeling and experimental testing of 3D printed spacers is a promising
strategy to develop advanced spacers aiming to reduce the impact of biofilm formation on
membrane performance and to improve the cleanability of spiral-wound membrane
systems.

4

ACKNOWLEDGEMENTS
At the completion of these amazing five years of PhD, I have many people to thank. First
and foremost, I would like to thank Prof. Hans Vrouwenvelder for giving me the
opportunity to pursue a PhD in the field of Biofouling. Hans, you have been a great
mentor, advisor and support at every step of this journey and for that I will always be
grateful. I would also like to extend my gratitude to my co-advisors Joop Kruithof and
Mark van Loosdrecht for their invaluable guidance.
I especially appreciate my colleagues- Szilard Bucs, Rodrigo Valladares, Andrea Radu,
Emmanuelle Prest, Viktor Haaksman and Nadia Farhat- the daily support, who have
contributed to making my life easier than I sometimes deserved. Nadia, I cannot go on
without mentioning the huge role you played in making this PhD experience so
memorable. I have been extremely lucky to find a true friend in you.
I would also like to thank my KAUST family- my dear friends who were the biggest
contributors in making KAUST my home away from home. I could not have asked for a
better situation. Finally, I would like to thank my parents and siblings who have been the
greatest support. Papa, this one is for you!

5

TABLE OF CONTENTS

EXAMINATION COMMITTEE PAGE ......................................................................................... 2
ABSTRACT ..................................................................................................................................... 3
ACKNOWLEDGEMENTS ............................................................................................................. 4
TABLE OF CONTENTS ................................................................................................................. 5
LIST OF ILLUSTRATIONS ........................................................................................................... 9
LIST OF TABLES ......................................................................................................................... 14
CHAPTER 1 INTRODUCTION ................................................................................................... 15
1.1 Water stress .......................................................................................................................... 15
1.2 RO Membrane Filtration ...................................................................................................... 17
1.3 Operational problems ........................................................................................................... 18
1.4 Biofouling control strategies ................................................................................................ 19
1.4.1 Biocides......................................................................................................................... 22
1.4.2 Feed spacer modifications ............................................................................................. 24
1.5 Scope and outline of thesis................................................................................................... 25
CHAPTER 2 Predicting the impact of feed spacer modification on biofouling by hydraulic
characterization and biofouling studies in membrane fouling simulators...................................... 28
2.1 Introduction .......................................................................................................................... 30
2.2 Material and methods ........................................................................................................... 33
2.2.1 Feed spacers .................................................................................................................. 33
2.2.2 Experimental set-up ...................................................................................................... 35
2.2.3 Operating conditions ..................................................................................................... 35
2.2.4 Biomass analysis ........................................................................................................... 36
2.3 Results .................................................................................................................................. 37
2.3.1 Hydraulic characterization of feed spacers ................................................................... 37
2.3.2 Short-term biofouling study with nutrient dosage......................................................... 38
2.3.3 Long-term biofouling study without nutrient dosage .................................................... 40
2.4 Discussion ............................................................................................................................ 42

6
2.4.1 Hydraulic characterization is not predictive of biofouling impact on ........................... 43
performance ........................................................................................................................... 43
2.4.2 MFS is a good tool to evaluate the biofouling potential of modified feed spacers ....... 43
2.4.3 Modifying feed spacer geometry .................................................................................. 44
2.4.4 Future studies ................................................................................................................ 45
2.5 Conclusions .......................................................................................................................... 46
CHAPTER 3 Characterization of feed channel spacer performance using geometries obtained by
X-ray computed tomography ......................................................................................................... 50
3.1 Introduction .......................................................................................................................... 52
3.2 Materials and methods ......................................................................................................... 57
3.2.1 Spacer types .................................................................................................................. 57
3.2.2 Spacer geometry acquisition and processing ................................................................ 59
3.2.3 Numerical model ........................................................................................................... 63
3.2.4 Experimental methods................................................................................................... 65
3.2.5 Measures for evaluation of different spacer geometries ............................................... 66
3.3 Results .................................................................................................................................. 69
3.3.1 Geometric characteristics of feed channel spacers from CT scans ............................... 69
3.3.2 Hydraulic characterization ............................................................................................ 73
3.4 Discussion ............................................................................................................................ 85
3.4.1 Feed channel spacer geometry ...................................................................................... 85
3.4.2 Pressure drop measurements compared to model solutions using CT scans ................ 85
3.4.3 Friction due to strand shape and orientation ................................................................. 86
3.4.4 Local membrane shear distribution ............................................................................... 87
3.4.5 Power input with respect to friction .............................................................................. 88
3.4.6 Spatial velocity distribution .......................................................................................... 89
3.4.7 Mechanical deformation and membrane imprinting ..................................................... 90
3.4.8 Further studies ............................................................................................................... 90
3.5 Conclusions .......................................................................................................................... 92

7
CHAPTER 4 Development and characterization of 3D printed feed spacers for spiral wound
membrane systems ......................................................................................................................... 98
4.1. Introduction ....................................................................................................................... 100
4.2. Material and Methods ....................................................................................................... 104
4.2.1 Numerical modeling.................................................................................................... 104
4.2.2 3D printed feed spacers ............................................................................................... 106
4.2.3 Microscopic observation ............................................................................................. 108
4.2.4 Experimental set up..................................................................................................... 108
4.2.5 Operating conditions ................................................................................................... 110
4.2.6 Sampling and biomass analyses .................................................................................. 110
4.3 Results ................................................................................................................................ 111
4.3.1 Numerical modeling and 3D printing of feed spacers................................................. 111
4.3.2 Comparison of feed spacer from practice and 3D printed spacer with same .............. 113
geometry .............................................................................................................................. 113
4.3.3 Comparison of feed spacer from practice and 3D printed spacer with modified ........ 116
geometry .............................................................................................................................. 116
4.4 Discussion .......................................................................................................................... 118
4.4.1 3D printing technique to design modified geometry feed spacers .............................. 118
4.4.2 A novel strategy to modify feed spacer geometry....................................................... 121
4.4.3 Suggestions for future studies ..................................................................................... 121
4.5 Conclusions ........................................................................................................................ 126
CHAPTER 5 Application of DBNPA dosage for biofouling control in spiral wound membrane
systems ......................................................................................................................................... 129
5.1 Introduction ........................................................................................................................ 131
5.2 Material and methods ......................................................................................................... 133
5.2.1 Experimental set-up .................................................................................................... 133
5.2.2. Operating conditions .................................................................................................. 135
5.2.3 Experimental analysis ................................................................................................. 137

8
5.3 Results ................................................................................................................................ 139
5.3.1 Preventive biofouling control using 1 ppm DBNPA .................................................. 142
5.3.2 Curative biofouling control ......................................................................................... 143
5.4 Discussion .......................................................................................................................... 147
5.4.1 Evaluation of DBNPA dosage for biofouling control ................................................. 148
5.4.2 Outlook ....................................................................................................................... 149
5.5 Conclusions ........................................................................................................................ 151
CONCLUSIONS.......................................................................................................................... 157
A. Feed spacer modifications to reduce biofouling impact on membrane performance.......... 157
MFS is a good tool to evaluate the biofouling potential of modified feed spacers .............. 158
CT scans for accurate 3D measurements of feed spacers for numerical modeling.............. 158
3D printing is a suitable tool for novel feed spacer production ........................................... 160
Practice implications and future research ............................................................................ 161
B. Reducing chemical cleaning frequency by preventive biofouling strategies ...................... 161
Practice implications and future research ............................................................................ 163
REFERENCES ............................................................................................................................ 164

9

LIST OF ILLUSTRATIONS

Fig. 1.1: Regions in the world most affected by increasing water stress in the next 12-18
months. (Source: Survey on the Global Agenda 2014)………………..………………... 18
Fig. 1.2: A spiral wound RO membrane module. A common length is 40 inches. External
diameters can be 4, 8 and 16 inches. The membrane sheets are separated by feed
spacers…………………………………………………………………………….…….. 19
Fig. 1.3: Scheme of membrane filtration installation consisting of three pressure vessels,
each containing 6 spiral wound membrane elements. In some cases, like above, the
concentrate of the two first stages are fed to a second stage to achieve higher
recovery……………………………………………………………………….……...…. 20
Fig. 1.4: Biofilm formation in five steps (1) initial bacterial attachment, (2) irreversible
attachment, (3) early development of biofilm architecture, (4) maturation of biofilm
architecture, and (5) dispersal. Part of figure from Lappin-Scott et al., 2014.
…………………………………………………………………………..………...…….. 21
Fig. 1.5: Cumulative number of peer reviewed publications on biofouling in membrane
systems over 30 years (Scopus)…………………………………………..……………... 23
Fig. 1.6: Membrane fouling simulator (MFS): the light-colored rectangle membrane sheet
and netting structure of the feed spacer visible through the transparent MFS lid.
………………………………………………………………………..……..……….….. 24
Fig. 1.7: Structure of non-oxidizing biocide 2,2-dibromo-3-nitrilopropionamide
(DBNPA). C, H, O, N, and Br are represented with black, white, red, blue and red-brown
colors respectively………………………………………………………………………. 25
Fig. 1.8: A 34 mil feed spacer from practice (left) and a modified feed spacer design
(right) with larger strand distance………………………………………………………. 27
Fig. 2.1: Microscopic images of feed spacer types coded (A) CON-1, (B) CON-3, (C)
DOW, (D) HYD, (E) LXS-ASDi and (F) LXS-ASD made with a digital camera. Arrow
indicates flow direction…………………………………………………………………. 36
Fig. 2.2: Schematic diagram of an automated system for lab scale membrane fouling
simulation: Particulate matter is removed from incoming tap water using 10 µm poresized cartridge filters. Six flow controllers are installed for each of the six membrane
fouling simulators (MFS) installed in parallel. Differential pressure transmitter measures
the pressure drop over each MFS. A back pressure valve is installed for degassing the setup. Nutrients are dosed using a separate flow controller and dosage pump. Arrow
indicates flow direction…………………………………………………………….…… 36

10

Fig. 2.3: Feed channel pressure drop (mbar) as a function of feed water flow (L·h-1) in
MFSs for two reference feed spacers: CON-1, CON-3 and four modified feed spacers:
DOW, HYD, LXS-ASDi and LXS-ASD……………………………………………….. 40
Fig. 2.4: Pressure drop increase in MFSs containing one reference and four modified feed
spacers as a function of the running time of operation at constant feed flow with nutrient
dosage……………………………………………………………………………..…….. 41
Fig. 2.5: Pressure drop increase in MFSs containing two reference and three modified
feed spacers as a function of the running time at constant feed flow without nutrient
dosage…………………………………………………………………………………… 43
Fig. 2.6: Ranking of feed spacers coded CON-1, CON-3, DOW, HYD, LXS- ASDi and
LXS-ASD based on (A) hydraulic behaviour (B) short-term biofouling (with nutrient) and
long-term biofouling (without nutrient)……………………………………………...…. 44
Fig. 3.1: CT scans of the evaluated feed spacer designs. The top views show the spacers
in the xy-plane. Two cross-sections normal to the strand axis (90°), at positions along the
strands indicated by dashed red lines, are shown below each top view. All images are
presented at the same scale (scale bar for top views, 5 mm; for cross-sections, 0.5 mm).
The acronyms refer to the spacer manufacturer: Conwed (CON-1, CON-2), LANXESS
(LXS-ASD), Hydranautics (HYD) and Dow Chemical
(DOW)……………………………………………………………………………….….. 60
Fig. 3.2: Overview of the workflow of CT scan processing for CFD modelling for spacer
CON-1. (A) Image of an initial three-dimensional surface triangulation containing holes
(non-manifoldness), spikes, intersecting surface tringle faces and other small objects
(noise). (B) Image of a cleaned triangulated three-dimensional surface. (C) Solid spacer
geometry created from surface fitting with non-uniform rational B-spline (NURBS)
patches. (D) The computational domain (flow channel) and boundary conditions for CFD.
(E) Mesh overview and detail showing boundary layer
meshing………………………………………………………………………….……… 61
Fig. 3.3: Comparison of measured and calculated pressure drop per meter, for all spacer

u

designs, at eff � = 0.163 m/s. Grey bars: experimental measurements; error bars
represent the standard deviation between determinations (n=3). Hatched bars: model
results with spacer geometry from CT scans; errors bars represent standard deviation
between calculations using different spacer frames from the CT scan (n=5). Dotted bars:
model results for simplified spacer geometries……………………………………..…... 76

u

Fig. 3.4: Pressure drop per meter at different average effective velocities eff �up to 0.2
m/s, for all spacer designs. Symbols: experimental measurements; lines: average model
data computed using CT scans. Error bars for experimental data represent standard
deviation of triplicate measurements for each spacer. Error bars in model results originate

11

from model solutions for different frames of each spacer design
(n=5)…………………………………………………………………………….……… 77
Fig. 3.5: (A and B) Darcy friction factor function of Reynolds number, calculated from
pressure drop measurements and model solutions, for all spacer designs. Symbols:
experimental measurements; Solid lines: average model data computed using CT scans;
Dashed lines: correlation proposed by (Schock and Miquel, 1987) for 100<Re<1000,

=
f 6.23 ⋅ Re−0.3 ; Dash-dot lines: numerical data from (Fimbres-Weihs and Wiley, 2007)
for geometry with cylindrical strands (L m /h = 4, d sp /h = 0.5, α = 45°, β =
90°)……………………………………………………………………………………… 80
Fig. 3.6: Contours of shear stress on membranes for all spacers at an average effective
velocity of 0.163 m/s (A: CON-1, B: CON-2, C: HYD, D: DOW, E: LXS-ASD. The grey
scale is relative to the maximum membrane shear stress of each spacer (A: 8.3 N/m2, B:
8.3 N/m2, C: 8.6 N/m2, D: 6.9 N/m2, E: 6.3 N/m2). Overlaid black lines represent the
outlines of the spacer geometry……………………………………………………...….. 81
Fig. 3.7: (A) Modified friction factor (incorporating the average shear stress on both
membranes) function of the Power number (Re3f) in CFD simulations for all spacer
designs. (B) The Power number as function of the Reynolds number for all spacers
compared to results obtained using cylindrical strands in previous work (figure adapted
from (Fimbres-Weihs and Wiley, 2010). (C) Calculated average shear rate on the
membrane surfaces (top and bottom) per unit of pressure drop for an average effective
velocity of 0.163 m/s. The average membrane shear rates were 3556, 2919, 2579, 2745
and 2664 1/s from left to right………………………………………………………...… 82
Fig. 3.8: Flow fields calculated using spacer geometries from CT scan for LXS-ASD at
average effective velocity 0.163 m/s. (A-C) Three top views (xy planes) for each spacer at
different heights in the channel (distance from bottom): z = 216, 432 and 648 µm. (D,E)
Two cross-sections (xz planes) are shown for each spacer, at positions indicated by lines
on (C). Filled and open red circles in (C) indicate the position at which the average ratios
|u x |2/|u|2 were calculated along the channel height for spacer LXSASD……………………………………………………………………………….…….. 85
Fig. 3.8 (continued): Flow fields calculated using spacer geometries from CT scans for
DOW and CON-1 at average effective velocity 0.163 m/s. (F-H, K-M) Three top views
(xy planes) for each spacer at different heights in the channel (distance from bottom): z =
216, 432 and 648 µm. (I, J, N, O) Two cross-sections (xz planes) are shown for each
spacer, at positions indicated by lines on (H) and (M)………………………………..… 86
Fig. 4.1: Inventory of feed spacers used in practice in spiral-wound reverse osmosis and
nanofiltration membrane elements for drinking water production, supplied by four global
membrane manufacturers coded I-IV [7]. All feed spacers had the same geometry
differing in thickness between 26 and 34 mil (1 mil equals 25.40 µm)……………….. 105

12

Fig. 4.2: The computational domain and applied boundary conditions for hydrodynamic
simulations including one feed spacer element. Arrows indicate flow
direction……………………………………………………………………………...… 107
Fig. 4.3: Scheme of laboratory test installation. The residual chlorine in the feed water
(In) was removed using a carbon filter (a) and particulate matter was removed using a
cartridge filter (b). The water entered a reservoir tank (c) at a constant flow and was
pumped to the MFS by a rotary gear pump (d). The temperature sensor (e) and flow
controller (f) were installed before the MFS to monitor the temperature and regulate the
flow respectively. The pressure drop over the MFS was measured with a sensitive
accurate differential pressure transmitter (h). Chemicals can be dosed using a substrate
dosing pump (g) to the feed water of the MFS. A back pressure valve was used (i) for
degassing the system. The water was recirculated to the tank……………………….... 104
Fig. 4.4: Mathematically modelled (A) standard feed spacer, (B) spacer with modified
filament angle, (C) spacer with modified mesh-size and (D) spacer with modified
filament angle and mesh-size………………………………………………………….. 114
Fig. 4.5: Mathematically modelled feed channel pressure drop (mbar) as a function of
linear flow velocity (m·s-1) for (A) standard feed spacer, (B) spacer with modified
filament angle, (C) spacer with increased mesh-size and (D) spacer with modified
filament angle and increased mesh-size…………………………………………...…... 115
Fig. 4.6: Microscopic top-view images of a 34 mil thick (A) standard feed spacer (SSP)
and (B) 3D printed similar geometry feed spacer (3DS). Arrow indicates flow direction of
water in the MFS………………………………………………………………………. 116
Fig. 4.7: Feed channel pressure drop (mbar) as a function of linear flow velocity (m∙s-1)
simulated for feed spacer 3DS using numerical modeling and measured for the feed
spacers SSP and 3DS using MFS……………………………………………………… 116
Fig. 4.8: Pressure drop in time (A), pressure drop increase (B) and amount of
accumulated biomass in the MFS (C and D) after 7 days of operation at constant feed
flow. The difference in TOC between SSP and 3DS is not significant………………... 117
Fig. 4.9: Microscopic top-view images of a 34 mil thick (A) SSP and (B) 3D printed
modified geometry spacer (3DM). Arrow indicates flow direction of water in
MFS………………………………………………………………………………….… 117
Fig. 4.10: Feed channel pressure drop (mbar) as a function of linear flow velocity (m∙s-1)
simulated for feed spacer 3DM using numerical modeling and measured for the feed
spacers SSP and 3DM using MFS…………………………………………………….. 119
Fig. 4.11: Pressure drop increase in time (A), pressure drop increase (B) and amount of
accumulated biomass in the MFS (C and D) after 7 days of operation at constant feed
flow. The difference in TOC between SSP and 3DM is not significant……...……... 119

13

Fig. 4.12: Impact of biofouling on pressure drop increase in MFSs containing the practice
feed spacer (SSP), 3D printed same geometry spacer (3DS) and the 3D printed modified
geometry spacer (3DM). With the same amount of accumulated biomass in the MFSs, the
pressure drop increase was (i) similar for SSP and 3DS and was (ii) much lower for the
3DM compared to SSP…………………………………………………………...……. 122
Fig. 4.13: Scheme for cost effective development and evaluation of novel feed spacers for
biofouling and scaling control…………………………………………………………. 127
Fig. 5.1: Schematic diagram of an automated system for membrane fouling simulator
(MFS) operation. The incoming water passes a 10 µm pore-sized cartridge filter and the
feed pressure is regulated using pressure dampeners and reducers. Six flow-cells installed
in parallel are operated individually by a feed flow controller, a substrate and a chemical
dosage pump and a back pressure valve. The pressure drop over the membrane simulator
is measured with a differential pressure
transmitter……………………………………………………………………………… 137
Fig. 5.2 DBNPA dosage (1 mg/L) to prevent biofouling. Pressure drop in time (A),
pressure drop increase (B) and accumulated biomass concentration ATP (C) in MFSs.
Feed water of all MFSs (except - and D) was supplemented with biodegradable substrate
(500 µg C/L) from day 0. DBNPA was continuously dosed to the feed water (1 mg
DBNPA/L) of all MFSs except - and S. S, D and - are controls. Continuous dosage of
DBNPA to feed water (1 mg/L) is effective for preventive biofouling
control…………………………………………………………………………………. 146
Fig. 5.3 DBNPA dosage (1 mg/L) to cure a biofouled membrane system. Pressure drop in
time (A), pressure drop increase (B) and accumulated biomass concentration ATP (C) and
TOC (D) in MFSs. Feed water of all MFSs was supplemented with biodegradable
substrate (500 µg C/L) from day 0. DBNPA was continuously dosed to the feed water (1
mg DBNPA/L) of MFSs from day 4 (vertical line in A) for 1, 2, 3 and 5.5 days (SD1,
SD2, SD3, SD5). S and S1 are controls. DBNPA dosage (1 mg/L) is not effective for
curative biofouling control………………………………………………..…………… 147
Fig. 5.4 DBNPA dosage (20 mg/L) to cure a biofouled membrane system. Pressure drop
in time (A), pressure drop increase (B) and accumulated biomass concentration ATP (C)
and TOC (D) in MFSs. Feed water of all MFSs was supplemented with biodegradable
substrate (200 µg C/L) from day 0. DBNPA was continuously dosed to the feed water (20
mg DBNPA/L) of MFSs from day 5 (SD5). S, S1 and D10 are controls. Continuous
DBNPA dosage (20 mg/L) is not effective for curative biofouling
control…………………………………………………………………………….……. 149

14

LIST OF TABLES
Table 2.1 – Overview of geometric characteristics of six feed spacer designs used in this
study…………………………………………………………………………..………… 34
Table 3.1: Overview of properties of CT scanned spacer samples and parameters which
were used when the CT scan was performed………………………………………..….. 62
Table 3.2: Overview of geometric characteristics of spacer designs………...………… 74
Table 3.3: Geometry characteristics of spacer CON-2 and DOW extracted from CT scans
acquired with different resolutions compared to measurements using digital
calipers……………………………………………………………………………...….... 75
Table 4.1: Model Parameters……………………………………………….……..….... 108
Table 4.2: Code used for the feed spacers studies………………………………..….… 109
Table 4.3: Schematic structure of studies performed with numerical modeling and
experimental studies with MFS containing feed spacers SSP, 3DS and 3DM……..…. 114
Table 5.1 – Structure of studies performed to evaluate the effect of DBNPA dosage on
biofouling control…………………………………………………………………...…. 142
Table 5.2 – Experimental conditions of studies to determine effect of biocide DBNPA
dosage on biofouling control………………………………………………………..…. 143

15

CHAPTER 1 INTRODUCTION

1.1 Water stress
Water stress is that situation when the demand for fresh, clean water exceeds the available
amount during a given period, which can be measured consistently across different
regions and over time (Schulte, 2014). Parts of the world facing water stress are presented
in Fig. 1.1. Lack of clean drinking water is one of the biggest global problems faced
today. Nearly, 1.2 billion people in the world experience drinking water scarcity. In the
last century, water stress has further increased since, use of water has been growing at
more than twice the rate of human population growth (United Nations Department of
Economic and Social Affairs, 2012).
Causes of clean, fresh water shortage are natural as well as man-made. United Nations
Department of Economic and Social Affairs (UNDESA, 2012) claims that there is enough
fresh water available to sustain the population on earth, but a lack of necessary
infrastructure to provide access to that water. Economic water shortage can be solved by
resorting to alternate means to obtain clean drinking water: more than 97% of global
water resource consists of saline water. Desalination of saline water and reuse of
wastewater are feasible options to reduce the ever-expanding gap between demand and
supply of clean drinking water.
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Fig. 1.1: Regions in the world most affected by increasing water stress in the next 12-18 months. (Source:
Survey on the Global Agenda 2014).

Membrane based filtration processes like reverse osmosis (RO) and nanofiltration (NF)
have been widely implemented to obtain high quality fresh water from wastewaters
(industrial and municipal) as well as brackish and seawater. Globally, RO is the leading
water desalination technology (Greenlee et al., 2009; Imbrogno and Belfort, 2016).
When compared to conventional water treatment processes like multi-stage flash
distillation (MSF), multiple effect distillation (MED) to name a few, RO membranes
provide better selective separation of water from other compounds, continuous and
automatic operation, easy scale-up and low space requirement (Sonune and Ghate, 2004).
A common drawback of membrane based filtration systems is fouling, which increases
operational costs and limits their use as an economical technology to solve the issue of
water scarcity globally (Shannon et al., 2008).
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1.2 RO Membrane Filtration
RO membrane filtration is based on the principle of separation by a semi-permeable
membrane. An opposing force higher than osmotic pressure of water is applied to
separate water from other compounds. Loeb and Sourirajan demonstrated the earliest RO
membrane based water filtration in 1962 (Loeb and Sourirajan, 1963). Since then RO has
been used globally to produce high quality fresh water up to 99% salt rejection and above
50% recovery of feed water (Imbrogno and Belfort, 2016). An RO membrane module
consists of several sheets of membranes separated by feed spacers and permeate carriers,
spirally wound to achieve a larger membrane area as shown in Fig. 1.2.
A typical membrane system consists of several pressure vessels each containing 6-8
membrane modules connected in series. The number of pressure vessels in the installation
depend on the feed water quality and permeate production capacity. Fig. 1.3 describes the
scheme of a membrane filtration installation.

Fig. 1.2: A spiral wound RO membrane module. A common length is 40 inches. External diameters can be
4, 8 and 16 inches. The membrane sheets are separated by feed spacers.
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Fig. 1.3: Scheme of membrane filtration installation consisting of three pressure vessels, each containing 6
spiral wound membrane elements. In some cases, like above, the concentrate of the two first stages are fed
to a second stage to achieve higher recovery.

1.3 Operational problems
RO membrane systems face a significant amount of energy loss and increased costs due
to operational problems. According to Lazarova et al.(2008), operational problems arise
when the following is observed in an NF/RO system:
•
•
•

normalized flow decrease by 10%,
the pressure drop increase by 10-15% and/or,
the normalized salt-passage increase by 5-10%

Fouling is the main cause for operational problems in membrane systems. Four types of
foulings have been reported based on the nature of foulants accumulated in membrane
modules namely, organic fouling, particulate fouling, in-organic fouling (scaling) and
biofouling (Flemming, 2002). These types of foulings can be controlled by extensive pretreatment processes except biofouling, which persists due to the unique properties of
microorganisms to form biofilms at the expense of biodegradable compounds in the water
passing the RO pre-treatment. Biofouling is one of the biggest problems faced by
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membrane based filtration systems. By definition, biofouling is the undesirable
accumulation of microbial biofilm on a surface that significantly degrades equipment
performance and/or the equipment lifetime (Characklis and Marshall, 1990). In other
words, biofouling is the extent of biofilm formation that causes operational problems in
RO systems like pressure drop increase, flux decline, salt-passage increase.
Biofilms form on living and non-living surfaces alike. The microorganisms attach to the
surface and to each other producing a matrix of extracellular polymeric substance (EPS)
(Cogan et al., 2016). Free-floating organisms first attach to a surface. Next, the cells form
a matrix to hold the biofilm together. The steps to biofilm formation are shown in Fig.
1.4. In RO systems, biofouling usually starts to develop in the lead membrane module of
the membrane installation (Carnahan et al., 1995).

1.4 Biofouling control strategies
The commonly applied techniques to control biofouling are to reduce and/or inactivate
the number of bacterial cells and biodegradable nutrients in the RO feed water. Pretreatment applying microfiltration and ultrafiltration membranes reduces the number of
bacteria, whereas pre-treatment like rapid sand filtration reduces the available nutrients in
the water (Liu et al., 2011; Yazdanshenas et al., 2010). However, a minute fraction of
bacteria is enough to develop biofilm in presence of nutrients, leading to biofouling.
Therefore, chemical cleaning at the membrane installation is applied to restore membrane
performance. But partial inactivation of biomass leads to accumulation of debris on the
membrane which acts as nutrient for further biofilm growth. Bereschenko et al., (2011)
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demonstrated the rapid re-growth of biofouling layers immediately after chemical
cleaning.

Fig. 1.4: Biofilm formation in five steps (1) initial bacterial attachment, (2) irreversible attachment, (3)
early development of biofilm architecture, (4) maturation of biofilm architecture, and (5) dispersal. Part of
figure from Lappin-Scott et al., 2014.
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Fig. 1.5: Cumulative number of peer reviewed publications on biofouling in membrane systems over 30
years (Scopus).

Biofouling in membrane systems has been studied extensively over the last few decades.
Searching of the literature database Scopus on biofouling in membrane systems yielded in
September 2016 a total of 2,851 papers over a period of 30 years (Fig. 1.5). Most papers
focus on biofouling control strategies in membrane systems that aim to inactivate
biofouling by chemical cleanings. Non-oxidizing biocides are preferred over oxidizing
biocides as they do not damage the polyamide RO membranes and prevent biofilm
formation. A more recent approach that explores the hydrodynamics of RO membrane
systems is gaining importance, where rather than reducing biofouling, the impact of
biofouling on overall performance of the membrane system is reduced by modifying feed
spacer geometries.
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Fig. 1.6: Membrane fouling simulator (MFS): the light-colored rectangle membrane sheet and netting
structure of the feed spacer visible through the transparent MFS lid.

Testing of different biocides and modified feed needs to be carried out in laboratory
controlled conditions to better understand the effectiveness of this approach over
conventional chemical cleaning. The membrane fouling simulator (MFS) shown in Fig.
1.6 is an effective tool to mimic actual conditions of membrane element and evaluate
preventive biofouling control as well as techniques to reduce impact of biofouling
(Vrouwenvelder et al., 2007b).
1.4.1 Biocides
Curative chemical cleaning is the conventional approach practiced to control RO
membrane biofouling for over the last 30 years. Cleaning is a combination of physical
and chemical processes, where chemical solutions are flushed into the membrane system
and biomass is partly inactivated (and removed) by the chemical and hydraulic action.
A basic cleaning protocol typically consists of: an initial 10-20 minutes membrane rinse
with product water; recirculation of the cleaning solution with as little pressure as
possible so as to avoid permeate production (usually about 4 bar) for one to several hours
at elevated temperature (30 to 40°C); an extended soaking period lasting from one hour to
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overnight; final high-flow recirculation for 45 minutes, and a final rinse with permeate for
10-20 minutes at minimum 20°C (Kucera, 2015).
A sequence of acidic and/or basic (alkaline) chemicals is commonly used to clean NF/
RO membranes, where alkaline chemicals are added followed by acid dosage. Common
acidic solutions (pH 2) include hydrochloric acid, phosphoric acid, sodium hydrosulfate
(Na 2 S 2 O 4 ) and sulfamic acid (NH 2 SO 3 H), while alkaline (pH 12) chemicals include
sodium lauryl sulfate, sodium hydroxide, sodium ethylene diamine tetra acetic acid
(Na 4 EDTA). Commercial cleaning agents are found to be more effective than
conventional cleaning agents recommended by the membrane manufacturers in some
cases (Whittaker et al., 1984).

Fig. 1.7: Structure of non-oxidizing biocide 2,2-dibromo-3-nitrilopropionamide (DBNPA). C, H, O, N, and
Br are represented with black, white, red, blue and red-brown colors respectively.
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Preventive chemical cleaning refers to dosing a low amount of chemical during the plant
operation to avoid formation of biofilm. Non-oxidizing chemicals like 2,2-dibromo-3nitrilopropionamide (DBNPA) (see Fig. 1.7) have been studied to provide preventive
effect on biofouling without damaging the RO membranes. Preventive cleaning involves
continuous dosing of a low chemical concentration or periodic/shock dosing of a high
chemical concentration.
1.4.2 Feed spacer modifications
Feed spacers are used in spiral wound membrane installations for two reasons: to separate
the adjacent membranes and to allow proper mixing of feed water thereby reducing
concentration polarization. Concentration polarization is the accumulation of solute close
to the membrane surface, causing a higher salt concentration of feed water near the
membrane surface compared to the bulk feed water (Radu, 2014). This can cause reduced
permeate flux, increased salt-passage and/or scaling. Commonly used feed spacers in
spiral-wound membrane modules have a diamond shaped geometry with varying
thickness ranging from 26 mil to 34 mil (1 mil is 25.4 µm). Feed spacers are also the
main contributors to biofouling in NF/RO spiral wound membranes (Vrouwenvelder et
al., 2009a). Spacers provide support to the microbes to attach and grow. Biofouling on the
spacer rather than on the membrane itself causes most of the pressure drop increase in the
feed channel in practice. Biomass accumulated on the feed spacer changes the flow
velocity profile affecting the performance of membrane systems (Vrouwenvelder et al.,
2009a). Modified spacers have been reported as a potential strategy to control RO
biofouling (Araújo et al., 2012a; Bucs et al., 2014a). The thickness, material, and
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geometry of feed spacers may have an impact on membrane modules cleanability (see
example of modified feed spacers Fig. 1.8).
Modifying the hydrodynamics of spiral-wound membrane based systems requires a
detailed understanding of the relationship between linear flow velocity and pressure drop
in these membrane systems. Many numerical models have been proposed over the time to
predict the hydrodynamics of spiral wound RO systems. Mathematical models are useful
tools to investigate the influence of the feed spacer design on the performance of spiral
wound modules operating in a laminar flow regime during biofouling development
(Picioreanu et al., 2009). Numerical studies paired with experimental testing of feed
spacers in well-controlled conditions is a suitable approach to evaluating the effectiveness
of modifying feed spacer geometries.

Fig. 1.8: A 34 mil feed spacer from practice (left) and a modified feed spacer design (right) with larger
strand distance.

1.5 Scope and outline of thesis
The main objective of this study was to develop and evaluate potential effective strategies
to reduce biofouling and the impact of biofouling on the performance of spiral wound
membrane systems. Based on previous research, it was concluded that currently applied
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chemical cleaning alone is not the most effective method to manage biofouling in a
membrane installation. Preventive biofouling control with use of non-oxidizing biocides
can inhibit biofilm growth reducing dependence on frequent chemical cleanings.
Moreover, changing the hydrodynamics of spiral wound membrane modules by
modifying feed spacer geometries may lead to better performance of these systems even
in presence of biofouling.
Chapter 2 evaluates the most efficient method to determine the biofouling potential of a
modified spacer. Biofouling studies using membrane fouling simulators under wellcontrolled conditions for modified feed spacers were carried out for different lengths of
time.
Chapter 3 investigates the scope of computed tomography scan (CT scan) technique to
obtain accurate three-dimensional (3D) geometry representations for any given spacer
design. CT scans coupled with mathematical modeling can be used in simulating
modified feed spacer designs to understand the hydrodynamics of spiral wound
membrane systems.
Chapter 4 proposes a strategy to develop, characterize and test three-dimensional (3D)
printed feed spacers for rapid evaluation of modified feed spacer designs to control
biofouling in spiral wound membrane systems.
Chapter 5 determines the suitability of a biocide 2,2-dibromo-3-nitrilopropionamide
(DBNPA) for preventative and curative control of biofouling in spiral wound membrane
systems.
Conclusion summarizes the results of the previous studies and discusses the practice
implications and future research of feed spacer modifications and evaluation methods for
biofouling control in spiral wound reverse osmosis membrane systems.
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The thesis is structured as a paper dissertation and consists of a succession of scientific
papers, except for the introduction and conclusion. Repetitions between chapters are
unavoidable. Small adaptations have been made to improve the chapters.
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CHAPTER 2 Predicting the impact of feed spacer modification on biofouling by
hydraulic characterization and biofouling studies in membrane fouling simulators

Abstract
Feed spacers are an essential part of spiral-wound reverse osmosis (RO) and
nanofiltration (NF) membrane modules. Geometric modification of feed spacers is a
potential option to reduce the impact of biofouling on the performance of membrane
systems. The objective of this study was to evaluate the biofouling potential of two
reference and four modified feed spacers by performing hydraulic characterization and
biofouling studies in membrane fouling simulators (MFSs).
Hydraulic characterization of virgin feed spacers was performed operating MFSs at
varying feed water flow rates. Short-term (nine days) biofouling studies were carried out
with nutrient dosage to the MFS feed water to accelerate the biofouling rate. Long-term
(96 days) biofouling studies were done without nutrient dosage to the MFS feed water.
Feed channel pressure drop was monitored and accumulation of active biomass was
quantified by adenosine tri phosphate (ATP) determination. The six feed spacers were
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ranked on pressure drop (hydraulic characterization) and on biofouling impact (biofouling
studies).
The results of the studies show clearly different trends in hydraulic behavior and
biofouling impact for the six feed spacers. The same ranking for biofouling impact on the
feed spacers was found for the (i) short-term biofouling study with nutrient dosage and
the (ii) long-term biofouling study without nutrient dosage. The ranking for hydraulic
performance for six virgin feed spacers differed significantly from the ranking of the
biofouling impact, indicating that hydraulic behavior of feed spacers does not predict the
pressure drop development of biofouled feed spacers. Biofouling studies in wellcontrolled conditions are essential to evaluate the biofouling potential of feed spacers.

This chapter is submitted to a peer reviewed journal as:
Siddiqui, A., Lehmann, S., Bucs, S.S., Fresquet, M., Fel, L., Prest, E.I.E.C., Ogier, J.,
Schellenberg, C., van Loosdrecht, M.C.M., Kruithof, J.C., Vrouwenvelder, J.S.,
Predicting the impact of feed spacer modification on biofouling by hydraulic
characterization and biofouling studies in membrane fouling simulators.
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2.1 Introduction
Clean freshwater scarcity is one of the major global challenges affecting more than 1.2
billion people (United Nations Department of Economic and Social Affairs, 2012). By
2025, two-thirds of the world’s population may not have access to clean drinking water
(FAO Water Unit Water News: water scarcity, 2015). This necessitates the need to
develop and apply better techniques for clean water production. In recent years, due to
improved cost effectiveness, water desalination using reverse osmosis (RO) and
nanofiltration (NF) is increasingly applied globally (Elimelech and Phillip, 2011). RO and
NF processes come with operational challenges, leading to performance decline and
increased cost.
Fouling of membrane modules is the major cause of performance decline in membrane
based water filtration systems. Based on its nature, fouling can be classified into four
types namely particulate, inorganic, organic, and biofouling (Flemming, 2002). While
other types of fouling can be controlled by pre-treatment, biofouling still occurs due to
the presence of even small amounts of biodegradable nutrients and micro-organisms in
the feed water (Flemming, 2011). Biofouling refers to the undesirable accumulation of
biomass on a surface (Characklis and Marshall 1990) causing an increase in pressure
drop and a decrease in permeate production in a membrane installation (Shannon et al.,
2008; Vrouwenvelder et al., 2011).
Several strategies have been implemented to control biofouling in RO and NF systems,
some focus on cleaning by chemicals (Baker and Dudley, 1998; Madaeni et al., 2009;
Majamaa et al., 2010; Ridgway and Flemming, 1996; Siddiqui et al., 2016b; Subramani
and Hoek, 2010) or novel approaches like air-water flushing (Cornelissen et al., 2010,
2007a), while others aim at reducing the impact of biofouling on performance by
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modifying the system design (Vrouwenvelder et al., 2010c). Feed spacers are important
for maintaining intermembrane space and enhancing mass transfer in membrane systems.
However, presence of feed spacers in membrane modules causes a stronger biofouling
during membrane performance (Tran et al., 2007; Van Paassen et al., 1998;
Vrouwenvelder et al., 2009).
A plethora of research in the past has focused on modifying feed spacers in terms of
design and/ or material, mainly to improve mass transfer for a better permeate production
(Cao et al., 2001; Subramani et al., 2006). Membranes and feed spacers with antifouling
coatings to prevent attachment and growth of bacteria have been produced and tested
(Araújo et al., 2012a; Miller et al., 2012; Ronen et al., 2015a). The surface modification
of membranes and spacers does not last for long either due to detachment of antifouling
coating/material in time or due to formation of a conditioning biofilm layer on the
membrane and feed spacer (Habimana et al., 2014; Suwarno et al., 2016).
A recent approach is to produce geometrically modified feed spacers to obtain a lower
pressure drop increase caused by biofouling compared to feed spacers from practice.
Research based on numerical modeling has been focused on creating modified geometries
of spacers using computer aided designing (CAD) followed by simulating the
hydrodynamic behavior (Bucs et al., 2015b; Fimbres-Weihs and Wiley, 2010; Madireddi,
1999; Picioreanu et al., 2009; Wiley and Fletcher, 2002) and biofouling development of
the modified feed spacers (Bucs et al., 2014a). In addition to numerical studies,
experimental studies are essential to understand biofouling development due to the
complex response of biofilms on membrane performance within the membrane systems.
With the aid of numerical models, favorable geometries of feed spacers can be selected
and produced by a conventional spacer manufacturing technique (Brian, 1960) or by
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novel methods like 3D printing (Lee et al., 2016; Siddiqui et al., 2016a) and tested under
well-controlled conditions over a short period of time. The membrane fouling simulator
(MFS) is such a device suitable for biofouling studies, giving comparable results as largescale membrane installations (Vrouwenvelder et al., 2007b). MFSs enable to study
biofouling development over the feed channel without permeate production, since
permeate production has shown to have no effect on the feed channel pressure drop
development in biofouling studies with NF and RO membrane systems (Vrouwenvelder
et al., 2009a, 2007b).
The objective of this study was to evaluate the biofouling potential of modified spacers by
performing hydraulic characterization and biofouling studies in membrane fouling
simulators. The novelty of this study is a comparison between hydraulic behavior and
biofouling impact of feed spacers under well-controlled conditions involving (i) shortterm biofouling studies with biodegradable nutrient dosage and (ii) long-term biofouling
studies without nutrient dosage.
Table 2.1 – Overview of geometric characteristics of six feed spacer designs used in this study.
Spacer code
Provided
thickness (mil)
Measurements
Average spacer
thickness (µm)
Average parallel
strand distance
(mm)
Average strand
thickness (µm)
Inner strand
angle, β (°)
Remarks

CON-1
34

CON-3
31

DOW
34

HYD
34

LXS-ASDi
34

LXS-ASD
34

847 ± 24

717 ± 9

806 ± 14

820 ± 22

837 ± 8

830 ± 15

2.26

2.29

2.43

2.85

2.79 / 2.72

2.95 / 2.63

50

49

43 / 48

50

57 / 45

65 / 50

90

90

70

90

90

90

reference

reference

modified
inner strand
angle and
thinner
strands

larger meshsize and
thinner
strands

alternate strand
thickness with
irregularities in
strands

alternate
strand
thickness
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2.2 Material and methods
2.2.1 Feed spacers
Six feed spacers were used in the studies (Table 2.1). Two reference feed spacers (coded
CON-1 and CON-3) were provided by Conwed Plastics (Minneapolis USA) with the
same filament shape and internal strand angle (β) of 90° but different spacer thickness of
34 mil (~863 μm) and 31 mil (~787 μm) each (Fig. 2.1 A, B) for modified feed spacers
were provided by DOW, Hydranautics, and Lanxess. DOW (DOW, Europe) had a
uniform filament thickness throughout (Fig. 2.1 C). HYD (Hydranautics, Oceanside
USA) was designed with thinner regions around filament intersections (Fig. 2.1 D). LXSASDi and LXS-ASD (Lanxess, Bitterfeld Germany) had alternating thick and thin
filaments with LXS-ASDi having irregularity in the filament shape along its length (Fig.
2.1 E, F). Additionally, the four modified and feed spacers differed in internal strand
angle: 70° for DOW and 90° for HYD, LXS-ASDi, and LXS-ASD. The feed channel
porosities for the spacers were calculated by numerical modeling of CT scan
measurements of the feed spacers (Supplementary Table S2.1) based on a numerical
method, developed by Haaksman et al., (2016). All feed spacers consisted of
polypropylene material.
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Fig. 2.1: Microscopic images of feed spacer types coded (A) CON-1, (B) CON-3, (C) DOW, (D) HYD, (E)
LXS-ASDi and (F) LXS-ASD made with a digital camera. Arrow indicates flow direction.

Fig. 2.2: Schematic diagram of an automated system for lab scale membrane fouling simulation:
Particulate matter is removed from incoming tap water using 10 µm pore-sized cartridge filters. Six flow
controllers are installed for each of the six membrane fouling simulators (MFS) installed in parallel.
Differential pressure transmitter measures the pressure drop over each MFS. A back pressure valve is
installed for degassing the set-up. Nutrients are dosed using a separate flow controller and dosage pump.
Arrow indicates flow direction.
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2.2.2 Experimental set-up
In all experiments, MFSs with membrane and spacer sheets dimension of 20 cm × 4 cm
and 863 µm flow channel height were applied, except for CON-3 where the channel
height was 787 µm. Coupons of feed spacer and membrane were placed in the MFS
resulting in the same spatial dimensions as in spiral-wound membrane elements. The
installation consisted of two cartridge filters in series (10 µm pore-size), flow controllers,
nutrient dosage pump, MFSs and a back pressure valve (Fig. 2.2). Six identical MFSs
were operated in parallel, simultaneously. The development of fouling was monitored by
measuring the pressure drop increase over the feed spacer channel of the MFS and by
analyzing of sheets of membrane and spacer taken from the monitor for adenosine
triphosphate (ATP) measurements to quantify the amount of accumulated active biomass
at the end of the study. In addition, visual observations were made using the MFS sight
window prior to membrane and spacer sampling. During operation, the MFS window was
covered with a light-tight lid to prevent growth of phototrophic organisms.
2.2.3 Operating conditions
The hydraulic characterization of the six feed spacers was carried out in MFSs by
measuring the pressure drop at water flow rates ranging from 10 L∙h-1 to 20 L∙h-1
(equivalent to a linear flow velocity of 0.09 m·s-1 to 0.18 m·s-1). The MFSs were operated
at a pressure of 1.70 bar to avoid degassing. To study biofilm development in the MFS,
water was pumped to the MFS at a flow rate of 17.0 L∙h-1 equivalent to a linear flow
velocity of 0.16 m∙s-1, representative of practice (Vrouwenvelder et al., 2009a). For the
short-term study, the bacterial growth in the water was enhanced by adding a nutrient
solution containing acetate, nitrate and phosphate in a mass ratio C:N:P of 100:20:10 to
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the feed water (Farhat et al., 2015; Valladares Linares et al., 2014; Vrouwenvelder et al.,
2010a). The concentration of nutrient (acetate) added to the MFS feed water was 0.15 mg
C·L-1.
The feed water used for this experiment was produced from surface water (at treatment
plant Kralingen from Water Supply Company Evides, The Netherlands) by coagulation
and sedimentation followed by ozonation, dual medium filtration, and granular activated
carbon filtration. Chlorine dioxide (0.1 mg/L) was added at the end of the treatment, and
the water was collected in a reservoir before distribution. The chlorine dioxide
concentration in the reservoir effluent water was below the detection limit. Thereafter the
water was distributed in a well-maintained drinking water distribution network operated
without residual disinfectant. Microscopic investigation showed a total bacterial cell
number of 2 × 105 cells/mL in the feed water. These bacterial cell numbers (cells/cm2)
were determined by epifluorescence microscopy using acridine orange as fluorochrome,
applying a slightly adapted method to eliminate fading (Hobbie et al., 1977) (ASTM
1993). All fluorescing bacterial cells were counted. The number of colony forming units
(CFU) on R 2 A media (Reasoner’s 2 agar, (Reasoner and Geldreich, 1985)) was 2 × 103
CFU/mL after ten days incubation at 25⁰C.
2.2.4 Biomass analysis
To analyze the accumulated biomass, the membrane and spacer coupons were removed
from the MFS at the end of the biofouling study and placed in tubes containing 30 mL of
autoclaved milliQ water. The tubes with the coupons were placed in an ultrasonic water
bath for two minutes followed by mixing on a Vortex for one minute to remove fouling
from the membrane and spacers coupons. The procedure was repeated three times and the
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solution after removing the coupons was used to determine the active biomass amount
using ATP Celsis Luminometer. Details of ATP analysis have been described elsewhere
(Vrouwenvelder et al., 2009b).

2.3 Results
Six feed spacers were evaluated on their hydraulic behavior and biofouling development.
The six virgin feed spacers were compared based on pressure drop at varying flow rates
(Section 2.3.1). Short-term biofouling studies with nutrient dosage were conducted to
evaluate the impact of biofouling on pressure drop in time (Section 2.3.2). Long-term
biofouling studies without nutrient dosage were done to evaluate the impact of biofouling
on pressure drop over longer periods (Section 2.3.3).
2.3.1 Hydraulic characterization of feed spacers
The hydraulic behavior of six virgin feed spacers was studied by varying the flow rate of
feed water in MFSs and measuring the respective feed channel pressure drop over the
flow cells. Differences were observed in the pressure drop development for the six feed
spacers. The feed spacers were ranked on increasing order of pressure drop at same flow
rate, resulting in the following order: DOW, HYD, LXS-ASDi, LXS-ASD, CON-1, and
CON-3 (Fig. 2.3). The modified feed spacers (DOW, HYD, LXS-ASDi, LXS-ASD)
showed a lower pressure drop than the reference feed spacers (CON-1, CON-3). The
DOW feed spacer showed the lowest pressure drop, which may be attributed to the
reduced internal strand angle (β) of 70° (Table 2.1).
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Fig. 2.3: Feed channel pressure drop (mbar) as a function of feed water flow (L·h-1) in MFSs for two
reference feed spacers: CON-1, CON-3 and four modified feed spacers: DOW, HYD, LXS-ASDi and LXSASD.

2.3.2 Short-term biofouling study with nutrient dosage
Biofilm development was studied by monitoring the pressure drop in the flow cells, with
constant nutrient dosage, over a period of nine days, followed by analysis of the
accumulated biomass at the end of the study. Spacer CON-1 was used as reference for the
feed spacers DOW, HYD, LXS-ASDi, and LXS-ASD.
Biofouling development was observed visually through the transparent window of the
MFSs containing the feed spacers during the study (Supplementary material Fig. S2.1).
Each of the spacers resulted in a distinct pressure drop increase in time (Fig. 2.4). The
spacers were ranked in order of lowest to highest pressure drop increase as follows: LXSASD, LXS- ASDi, HYD, DOW, and CON-1. The lowest pressure drop increase at the
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end of the 9-day study was 48% for the LXS-ASD spacer while the highest pressure drop
increase exceeded 300% for the reference spacer CON-1. The amount of accumulated
biomass for all feed spacers was about the same (supplementary material Fig. S2.4 A)
indicating that the pressure drop differences were attributed to the spacer
design/geometry. Distinct dissimilarities were observed comparing the hydraulic
performance of the six feed spacers with the biofouling impact for the short-term
biofouling study with nutrient dosage (Fig. 2.6).

Fig. 2.4: Pressure drop increase in MFSs containing one reference and four modified feed spacers as a
function of the running time of operation at constant feed flow with nutrient dosage.
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2.3.3 Long-term biofouling study without nutrient dosage
A 96-day biofouling experiment was conducted for the feed spacers in MFSs fed with tap
water without nutrient dosage. Pressure drop increase in time was measured over the feed
channel in the MFS during the study and the accumulated biomass amount was
determined at the end of the study similar to Section 2.3.2. The study involved two
reference feed spacers (CON-1, CON-3) and three modified feed spacers (DOW, HYD,
and LXS-ASD).
Biofouling development was visually observed through the transparent window of the
MFS towards the end of the biofouling study (Supplementary material Fig. S2.2 and
S2.3). The pressure drop development in time was different for the feed spacers (Fig.
2.5). In order of pressure drop increase in time, the spacers were ranked as follows: LXSASD, HYD, DOW, CON-3, and CON-1. At the end of the 96-day study LXS-ASD
showed the best performance with a pressure drop increase of approximately 37%
while, the highest pressure drop increase observed was above 50% for CON-1. Similar
biomass amounts were found for all feed spacers (Supplementary material Fig. S2.4B),
implying that the impact of biofouling on the pressure drop increase differed uniquely due
the spacer geometry. The biofouling impact of feed spacers for short-term biofouling
study with nutrient dosage and long-term biofouling studies without nutrient dosage
showed the same ranking (Fig. 2.6 B).
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Fig. 2.5: Pressure drop increase in MFSs containing two reference and three modified feed spacers as a
function of the running time at constant feed flow without nutrient dosage.
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Fig. 2.6: Ranking of feed spacers coded CON-1, CON-3, DOW, HYD, LXS- ASDi and LXS-ASD based
on (A) hydraulic behaviour (B) short-term biofouling (with nutrient) and long-term biofouling (without
nutrient).

2.4 Discussion
The main objective of this study was to evaluate the biofouling potential of feed spacers
by performing hydraulic characterization and biofouling studies in MFSs: short-term
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biofouling studies with nutrient dosage and long-term biofouling studies without nutrient
dosage, respectively.
2.4.1 Hydraulic characterization is not predictive of biofouling impact on
performance
Computational predictions are based on the hydrodynamic behavior of the spacer,
measured in terms of pressure drop development (Bucs et al., 2014a). However, to predict
biofouling, numerical modeling alone may not be sufficient. Therefore, lab-scale testing
may be required for studying the impact of biofouling on feed spacers.
A higher pressure drop during hydraulic characterization of virgin feed spacers indicates
that the feed spacer may have an adverse impact on performance but, is not necessarily
predictive for the impact of biofouling. Therefore, short-term biofouling studies with
nutrient dosage using MFSs were conducted to evaluate the biofouling impact of feed
spacers. The accumulated biomass amount for each spacer at the end of the short-term
study was about the same, while the impact of the biomass on the pressure drop was
significantly different. However, there were significant dissimilarities in ranking
compared to hydraulic performance (Fig. 2.6). To understand the impact of feed spacer
geometry on biofouling, biofouling studies are imperative since hydraulic behavior is not
indicative for the performance of biofouled feed spacers.
2.4.2 MFS is a good tool to evaluate the biofouling potential of modified feed spacers
To determine the suitability of MFS for biofouling studies, two studies were conducted
differing in nutrient dosing. A short-term biofouling study was conducted with a constant
nutrient dosage to accelerate the growth of biomass in the MFS, while a long-term
biofouling study (96-day) without any addition of nutrients was carried out for the same

44

set of spacers. Biofouling development was observed in both cases and comparison was
made between biofouling impact of the feed spacers. The impact of biofouling for the
feed spacers ranked the same for short-term and long-term biofouling studies (Fig. 2.6 B).
Based on the identical rankings obtained, it can be assumed that the feed spacers have the
same behavior under various nutrient concentrations and have the same biofouling
potential regardless of the biofouling rate. In other words, short-term MFS biofouling
studies with nutrient dosage is a representative option for a fast performance evaluation of
modified feed spacers.
2.4.3 Modifying feed spacer geometry
Feed spacer geometry can be modified by altering the thickness of the spacer, the internal
strand angle, and the distance between the strands (mesh-size). Additionally, the feed
spacer strand shape can be altered. Use of modified feed spacers is proposed to reduce the
impact of biofouling on membrane system performance without compromising water
production. Studies with modified spacers have been carried out on both computational
and experimental levels (Ronen et al., 2015b; Siddiqui et al., 2016a). LXS-ASD spacer
displayed the lowest pressure drop increase during biofouling studies. This low pressure
drop increase can be attributed to the larger mesh-size compared to reference spacers. The
alternating thick and thin strand arrangement of feed spacers may also play an important
role in lowering the pressure drop, since both LXS-ASD and LXS-ASDi (with alternating
strand thickness) performed better than the other spacers (Fig. 2.4). The flow profile of
LXS-ASD modelled by Haaksman et al. (2016) has shown to be efficient in lowering
pressure drop while generating high shear at the membrane surface, which is crucial to
avoid concentration polarization and scaling problems. The combination of a larger mesh-
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size and alternating strand thickness can be a suitable modification to the standard
geometry feed spacers used in practice.
2.4.4 Future studies
Permeation studies using modified feed spacers can be the next step in determining the
potential of spacer modification in biofouling control. The effect of spacer geometry
modification on permeate production has not been extensively studied on laboratory scale
in relation to biofouling impact for RO and NF spiral-wound membrane systems. MFSs
with permeate production can be used under well- controlled conditions to determine
whether feed spacer modification affects permeate production and reduces biofouling
impact.
Another reason to design modified spacers may be to enable the easy removal of biomass
from membrane modules during cleaning. Experiments can be carried out applying
different cleaning steps and analyzing the effectiveness of biomass removal for different
feed spacer geometries. Removal of biomass from the feed channel is necessary to limit
rapid biomass regrowth since, the dead, inactivated bacterial cells, present after the
cleaning, are a source of nutrition for the surviving fraction of bacteria after chemical
cleaning (Bereschenko et al., 2011; Creber et al., 2010a, 2010b; Vrouwenvelder and Van
der Kooij, 2003).
Manufacturing spiral-wound membrane modules with a large number of geometrically
modified feed spacers is not a cost effective approach to evaluate novel spacer
geometries. However, with more detailed numerical studies followed by well-controlled
biofouling MFS studies, the effectiveness of a geometrically modified feed spacer can be
rapidly evaluated. The potential of modified feed spacers for biofouling control selected
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on hydraulic characterization and MFS studies should be tested in pilot and full-scale
membrane filtration installations.

2.5 Conclusions
Evaluation of two reference feed spacers and four modified feed spacers based on
hydraulic characterization and biofouling impact for short-term biofouling studies with
nutrient dosage and long-term biofouling studies without nutrient dosage to feed water in
membrane fouling simulators led to the following conclusions:
•

Clean modified feed spacers showed lower pressure drop at same flow rates compared
to reference feed spacers.

•

Clear differences were observed in the ranking order of hydraulic and biofouling
behavior of the six feed spacers.

•

The ranking order was the same for biofouling impact of the six feed spacers during
short-term biofouling studies (with nutrient) and long-term biofouling studies
(without nutrient).

•

Hydraulic behavior of a feed spacer is not predictive for the biofouling impact of feed
spacers.

Biofouling studies in well-controlled conditions are essential to evaluate the biofouling
potential of feed spacers.
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Supplementary material
Table S2.1: Comparison of porosities of feed spacers calculated numerically from CT scan. Numerically,
the volume of each spacer diamond was calculated using COMSOL from the solid geometry and
corresponding thicknesses of the strand intersections using the point cloud method.
spacer

no. of spacer meshes

porositya (ø)

CON-1
CON-3
DOW
HYD
LXS-ASDi
LXS-ASD

6
12
20
5
12
8

0.856
0.874
0.877
0.893
0.899
0.898

dev
0.009
0.009
0.001
0.001
0.006
0.006

a

The porosities were calculated per spacer diamond since these are the repeating structural elements. The
errors listed thus represent the deviation in spacer diamond porosity.

Fig. S2.1: Overview of biofouling development in flow cells with one reference spacer (A) CON-1 and four
modified spacers (B) DOW, (C) HYD, (D) LSX-ASDi and (E) LSX-ASD after nine days of operation with
nutrient dosage.
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Fig. S2.2: Overview of biofouling development in flow cells with one reference spacer (A) CON-1 and four
modified spacers (B) CON-3, (C) DOW, (D) HYD, and (E) LSX-ASD after 96 days of operation without
nutrient dosage.

Fig. S2.3: Overview of biofouling development in opened flow cells with two reference spacers (A) CON1, (B) CON-3 and three modified spacers (C) DOW, (D) HYD, and (E) LSX-ASD after 96 days of
operation without nutrient dosage.
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Fig. S2.4: Biomass concentration ATP (pg.cm-2) for (A) short-term biofouling and (B) long-term biofouling
study with five spacers in MFS.
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CHAPTER 3 Characterization of feed channel spacer performance using geometries
obtained by X-ray computed tomography
Abstract
Spiral-wound membrane modules used in water treatment for water reuse and
desalination make use of spacer meshes for keeping the membrane leaves apart and for
enhancing the mass transfer. Computational fluid dynamics (CFD) has gained importance
in the design of new spacers with optimized hydrodynamic characteristics, but this
requires a precise description of the spacer geometry. This study developed a method to
obtain accurate three-dimensional (3D) geometry representations for any given spacer
design from X-ray computed tomography (CT) scans. The method revealed that the
filaments of industrial spacers have a highly variable cross-section size and shape, which
impact the flow characteristics in the feed channel. The pressure drop and friction factors
were calculated from numerical simulations on five commercially available feed spacers
used in practice. Model solutions compared well to experimental data measured using a
flow cell for average velocities up to 0.2 m/s, as used in industrial reverse osmosis and
nanofiltration membrane operations. A newly proposed spacer geometry with alternating
strand thickness was tested, which was found to yield a lower pressure drop while being
highly efficient in converting the pumping power into membrane shear. Numerical model
solutions using CFD with geometries from CT scans were closer to measurements than
those obtained using the traditional circular cross-section strand simplification, indicating
that CT scans are very well suitable to approximate real feed spacer geometries. By
providing detailed insight on the spacer filament shape, CT scans allow better
quantification of local distribution of velocity and shear, possibly leading to more
accurate estimations of fouling and concentration polarization.
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3.1 Introduction
Membrane operations are used increasingly for the removal of various contaminants from
water. For instance, microfiltration (MF) and ultrafiltration (UF) separate particulate
material, while nanofiltration (NF) and reverse osmosis (RO) retain charged solutes.
Industrially, the removal of these contaminants in order to produce potable water is
performed using spiral-wound membrane modules. Optimization of the performance of
spiral-wound modules has been focused mainly on the development of membranes (Lee
et al., 2011) and the design of feed channel spacers (Fimbres-Weihs and Wiley, 2010).
Research into feed spacer design concentrates mainly on the effect of the spacer geometry
on the hydrodynamics in the spacer-filled channel. Hydrodynamics, in turn, influences all
other performance indicators. The spacer geometry determines the power input required
to overcome the hydraulic resistance imposed on the flow, which is dominated by form
drag of the spacer filaments and losses due to the change in direction of flow (Da Costa et
al., 1994). The dissipation of momentum and the resulting flow pattern are linked to the
distribution of shear stress on the spacer filaments and membranes. Disruption of the
hydrodynamic boundary layer by means of liquid recirculation regions influences the
transport of solutes from and of particulate material towards the membranes (Kang and
Chang, 1982), which in turn affects scaling (Radu et al., 2014), biofouling processes and
the permeate flux (Bucs et al., 2014b; Radu et al., 2010). Moreover, these processes are
coupled to one another to increasing extent with increasing time of operation
(Vrouwenvelder et al., 2009a). Therefore, all of these phenomena have to be taken into
account when optimizing the feed spacer design (Radu et al., 2015).
Numerical modelling is a powerful tool to assess the impact of design parameters on the
process performance, for a wide range of operational conditions encountered in spiral-
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wound modules. Computational fluid dynamics (CFD) coupled to transport of solutes has
been employed in various studies to model flow and permeation, trying to find the
optimal feed spacer design (Fimbres-Weihs and Wiley, 2010; Wiley and Fletcher, 2003).
Ranade and Kumar (Ranade and Kumar, 2006) showed that model solutions obtained
using a flat spacer-filled computational domain did not significantly differ from those
using a curved domain when studying the hydrodynamics in a spiral-wound module,
which had also been shown experimentally by Schock and Miquel (Schock and Miquel,
1987). Flat spacer-filled computational domains have been thus used extensively for
studying the effect of alignment and shape of spacer strands in two-dimensional (2D) as
well as three-dimensional (3D) models. Most of the work in 2D has been conducted on a
ladder-type spacer strand configuration, the spacer strands being aligned transversal and
axial to the main flow direction. The effect of the ratios between the diameter of
cylindrical strands, strand distance and channel height on the (unsteadiness of) fluid flow
(Da Costa et al., 1994; Schwinge et al., 2002a) and solute transport (Cao et al., 2001;
Fimbres-Weihs et al., 2006; Schwinge et al., 2002b) has been studied extensively.
Furthermore, the alignment of cylindrical strands along the channel height has been
investigated using various configurations of the transversal strands, namely zig-zag
(alternating on top and bottom membranes), fully submerged and all aligned with either
top or bottom (Schwinge et al., 2003, 2002a, 2002b). Moreover, these models have been
extended to assess the impact of strand size and alignment on scaling and (bio)fouling in
reverse osmosis for desalination (Radu et al., 2014, 2015, 2010), and on nutrient removal
performance of membrane biofilm reactors (MBfR) (Martin et al., 2013). Although
mostly cylindrical strands have been considered, other cross-sectional shapes like
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triangular, squared (Ahmad et al., 2005), saw-tooth (Liu et al., 2015) and elliptical (Sousa
et al., 2014) have also been evaluated.
Simulations in 2D have allowed for fast computation and qualitative assessment of design
parameters for ladder-type spacers. However, quantitative evaluations of spacer designs
of which the strand geometries are not symmetrical in the direction lateral to the main
flow cannot be performed in 2D. The increasing availability of computational resources
(i.e., powerful computers; stable, fast and accurate numerical methods; versatile and userfriendly CFD software) has allowed the study of various feed spacer designs using 3D
models without this limitation. Work in 3D has been performed for multiple filtration
technologies using spiral-wound membrane modules (NF, MF, FO), although most work
has been centered around reverse osmosis and ultrafiltration (Fimbres-Weihs and Wiley,
2010). The increasing availability of 3D modelling also triggered the design of new, nonconventional feed spacers with strand cross-sections other than circular (Ranade and
Kumar, 2006; Santos et al., 2007). Furthermore, multi-layer spacers with more than two
layers of crossing spacer strands used conventionally (Li et al., 2005; Schwinge et al.,
2004b) and spacer designs consisting of unconnected support structures, varying in shape,
have been evaluated (Ngene et al., 2010). These efforts aside, the majority of studies on
optimal spacer design remained focused on the impact of alignment of cylindrical spacer
filaments (flow attack angle, α, and internal strand angle, β) and the impact of their
dimensions in relation to their mutual distance and channel height on hydrodynamics and
solute transport (Fimbres-Weihs and Wiley, 2007; Karode and Kumar, 2001; Koutsou et
al., 2007, 2004; Lau et al., 2009; Li et al., 2002a, 2002b; Ranade and Kumar, 2006;
Shakaib et al., 2007). Mainly, this is due to their presumed resemblance to designs
already used in practice.
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While efforts to accurately represent spacer geometries used in practice in 3D modelling
remained limited to the alignment and diameter of cylindrical strands, less work was
directed towards the investigation of the shape and tilt of spacer filaments themselves.
However, it has been shown using stereo light microscopy and scanning electron
microscopy (SEM) (Bucs et al., 2015b; Radu et al., 2014b) and optical coherence
tomography (OCT) (West et al., 2015) that the filaments from designs used in practice
vary in thickness when looking from the top. These strands are thus far from cylindrical,
most likely due to the polymer extrusion technique used in manufacturing. Geometries
formed by filaments constructed from extruded circles with varying diameter and
truncated cones have been used to better represent these physical characteristics
(Picioreanu et al., 2009; Radu et al., 2014b). Furthermore, Picioreanu et al. (Picioreanu et
al., 2009) reported that, compared to these more realistic representations, model solutions
obtained from geometries with cylindrical filaments may overestimate the pressure drop
over the computational domain representing the feed channel. Moreover, this approach
has been successfully used to compute axial pressure drop, which was in agreement with
measurements using a flow cell for a new spacer design produced using 3D printing
(Siddiqui et al., 2016a).
More accurate geometry representations, however, remain crucial when one’s goal is to
compare results from modelling studies to experimental measurements on commercially
available spacer designs. Furthermore, insight in the effect of spacer strand shape may
lead to improved spacer designs. A recent study in which CFD results were compared to
experiments using particle image velocimetry opted for more accurate 3D spacer
geometry representations (Bucs et al., 2015b). In addition, modelled biofouling on spacer
filaments was shown to be more detrimental to the calculated pressure drop than fouling
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on the membrane (Bucs et al., 2014a), underlining the importance of accurate geometry
representation for the evaluation of a spacer design.
Compared to other available 3D imaging methods (e.g., confocal laser scanning
microscopy, CLSM, optical coherence tomography, OCT, magnetic resonance imaging,
MRI), X-ray computed tomography (CT) provides a series of advantages: it can be used
for non-transparent samples, requires little to no sample preparation, has a high spatial
resolution, is unaffected by sample surface gloss often encountered with optical methods,
allows the presence of metals and the scanning equipment is becoming increasingly
available. The CT procedure uses 2D images acquired at different angles on the sample to
reconstruct the actual 3D object (Herman, 2009).
The aim of this study was to develop a method to obtain accurate 3D geometry
representations for any given spacer design. First, a workflow was developed to construct
precise 3D geometry representations from X-ray computed tomography scans for several
commercially available feed spacers. The pressure drop calculated from simulations using
CFD was compared to experimental data measured using a flow cell for average effective
flow velocities up to 0.2 m/s as used in industrial reverse osmosis membrane operations
(Vrouwenvelder et al., 2009a) Moreover, the feed spacers were compared based on
shape-induced friction, efficiency of membrane shear stress generation compared to the
power input and local shear and velocity distributions. Finally, CFD model solutions were
compared to results obtained using conventional representations using strands with
circular cross-section from literature.

57

3.2 Materials and methods
3.2.1 Spacer types
Five type of spacers, all 34 mil thick (~863 µm), were analyzed in this study (Fig. 3.1).
The first two types are commercially available from (Conwed Plastics, Minneapolis
USA), called here CON-1 and CON-2). These have a similar filament shape and an
internal strand angle (β) of 90°, but different strand count (i.e., number of strands per unit
of length) and a slight difference in strand thickness. Typically, the fibres have a quasielliptical section, tilted in respect to the main flow direction (Fig. 3.1 A, B). The third
spacer was from Hydranautics, also with 90° internal strand angle and elliptical in crosssection, but with profound thinner regions between the strand intersections (called HYD)
(Fig. 3.1 D). A spacer from DOW Chemical with an internal strand angle of 70° was also
evaluated (called here DOW). This spacer presented strand cross-sections with a small
eccentricity (i.e. a small deviation from circular) and almost uniform strand thickness
(Fig. 3.1 E). Finally, a new spacer design from Lanxess AG (LXS-ASD) had alternated
strand thickness with the scope of increasing the porosity of the flow channel and
therefore reducing the observed pressure drop (Fig. 3.1 C). Images of all spacer samples
are presented in the Supplementary Material (Fig. S3.1).
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Fig. 3.1: CT scans of the evaluated feed spacer designs. The top views show the spacers in the xy-plane.
Two cross-sections normal to the strand axis (90°), at positions along the strands indicated by dashed red
lines, are shown below each top view. All images are presented at the same scale (scale bar for top views, 5
mm; for cross-sections, 0.5 mm). The acronyms refer to the spacer manufacturer: Conwed (CON-1, CON2), LANXESS (LXS-ASD), Hydranautics (HYD) and Dow Chemical (DOW).
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3.2.2 Spacer geometry acquisition and processing
The workflow used to convert the 3D density information from the CT scanning
procedure to a solid shape suitable for calculations using computational fluid dynamics
(CFD) is summarized in Fig. 3.2.

Fig. 3.2: Overview of the workflow of CT scan processing for CFD modelling for spacer CON-1. (A)
Image of an initial three-dimensional surface triangulation containing holes (non-manifoldness), spikes,
intersecting surface tringle faces and other small objects (noise). (B) Image of a cleaned triangulated threedimensional surface. (C) Solid spacer geometry created from surface fitting with non-uniform rational Bspline (NURBS) patches. (D) The computational domain (flow channel) and boundary conditions for CFD.
(E) Mesh overview and detail showing boundary layer meshing.
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3.2.2.1 X-ray computed tomography procedure and surface triangulation
Raw CT scans of all selected feed channel spacers were obtained from various sources.
For the scan of CON-1, the spacer net was sandwiched between two pieces of expanded
polystyrene (Styrofoam) to increase the flatness. However, the other spacers were glued
on a support with the plane of the spacer net in vertical position since the rigidity of the
small samples was sufficient to ensure the flatness. The scanning procedure used for each
spacer design and the properties of the samples that were scanned are summarized in
Table 3.1. The 3D density information obtained from these scans was subsequently
processed to extract only the spacer material by applying a threshold (VGStudio MAX,
Volume Graphics GmbH). The surface of the resulting object was then triangulated and
the obtained mesh was stored in a common stereolithography file format (STL) using the
Iso2Mesh toolbox for MATLAB (R2014a, MathWorks Inc.). This format contains the
positions of vertices and the edges forming the surface triangles, including the normal
vector for each triangle. An example of such a mesh is shown in Fig. 3.2 A.
Table 3.1: Overview of properties of CT scanned spacer samples and parameters which were used when the
CT scan was performed.
Feed channel spacer
Sample properties
Number of strand
intersections
Number of repeating
frames
CT scan procedure
Voxel size (µm)
Image acquisitions per
rotation
Equipment used

CON-1

CON-2

HYD

DOW

LXS-ASD

17

24

12

17

18

6

9

5

6

3

15-18

7.5

7.5

7.5

7.5

1200

1440

1440

1440

1440

Carl Zeiss
Metrotom
800

Phoenix
nanotom m,
GE Life
Sciences

Phoenix
nanotom m,
GE Life
Sciences

Phoenix
nanotom m,
GE Life
Sciences

Phoenix
nanotom m,
GE Life
Sciences
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3.2.2.2 Processing of triangulated surfaces
The surface triangulation introduces various defects in the 3D representation of the spacer
geometry resulting in holes, sharp peaks, intersecting faces and artefacts not on the spacer
surface caused by noise in the CT scan (as shown, for example, in Fig. 3.2 B). These
defects were removed using the open source application MeshLab, with the goal of
creating a manifold (i.e., watertight) geometry. Prior to conversion of the surface mesh to
a solid shape, geometry rotation operations were performed with a MATLAB routine in
order to align the spacer with the xy plane of the used system of coordinates.
3.2.2.3 Surface fitting and conversion to a solid shape
The netfabb Basic application (3D Systems, Inc.) was subsequently used to cut a
repeating spacer frame from the manifold surface mesh. A piece slightly larger than
required was cut in this operation to avoid alterations in the computational domain due to
necessary smoothing of the cutting edges. The resulting piece was imported in GeoMagic
Studio (v12.0, 3D Systems, Inc.) and prepared for surface fitting by using the automatic
mesh repair functionality, which would smooth the sharp angles between edges
introduced upon cutting the surface mesh in the previous step. Then, a surface was fitted
onto the mesh using several non-uniform rational B-spline (NURBS) patches based on
lines drawn along the important contours of the geometry. The patches were merged to
form a single surface, which was subsequently converted to a solid shape (CADgeometry) for use in the CFD code. An example of a resulting solid geometry is presented
in Fig. 3.2 C.
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3.2.2.4 Construction of computational domain
Computational domains for modelling hydrodynamics were constructed from solid shapes
described in Section 3.2.2.3. The computational domain was created by imposing a block
with sizes in x- and y-directions equal to the dimensions of one (or multiple) repeating
spacer frames and with a height of 863.6 µm (34 mil). For each geometry, the block was
moved along the z-direction to minimize the fluid-filled volume of the channel. Finally,
the liquid domain was constructed as the difference between the volumes of the block and
spacer (Fig. 3.2 D).
3.2.2.5 Spacer geometry measurements
Distance measurements (i.e. strand intersection thickness, parallel strand distance, strand
thickness, etc.) were conducted on the processed triangulated surface mesh. The matrix
representation of the spatial position of vertices allowed for faster processing in
MATLAB compared to the solid shape of the spacer geometry. Volume measurements
were performed on the solid spacer geometries using COMSOL Multiphysics (v5.1,
COMSOL Inc., Burlington, MA) and MATLAB through the LiveLink® interface.
Thickness measurements were performed using digital calipers. Volumes of physical
spacer nets for porosity were calculated from weight measurements based on the material
density. The average thickness and porosity of designs with alternating strands were
calculated based on the nodes of two strands of the thickest type, assuming that these
nodes support the membranes the most and thus determine the feed channel height in
spiral-wound membrane modules.
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3.2.2.6 Construction of simplified spacer geometry
Simplified spacer geometries were constructed to mimic the conventional approach of
spacer geometry construction for CFD modelling in 2D as well as 3D. Measurements on
the spacer dimensions have been obtained by light microscopy or scanning electron
microscopy (Radu et al., 2014b), always using views from the top of the spacer mesh.
Assuming that spacer strands are rotationally symmetric along a central axis, a cylindrical
strand with varying diameter could be constructed. The same procedure was applied here,
but using instead the top view of the CT scan. A set of Bèzier curves was used to
approximate the surface curvature based on these measurements. The simplified solid
strand shape was finally created by revolving the Bèzier curves around a central axis,
followed by the construction of the channel geometry by multiplying such obtained strand
geometry units. All the simplified geometries obtained for spacers HYD, DOW and LXSASD are presented in Fig. S3.2 from the Supplementary Material.
3.2.3 Numerical model
The computational domains constructed from the CT scans were used for threedimensional CFD calculations. Stationary, laminar flow of an incompressible fluid was
assumed (Navier-Stokes with continuity equations):

ρ ( u ⋅∇ ) u + ∇p = ∇ ⋅ (η∇u) ,

∇ ⋅ u =0

(3.1)

where u = ( u x , u y , u z ) denotes the vector of local fluid velocity, p is the pressure, η is the
dynamic viscosity of water and ρ is the density of water (30 °C). No-slip boundary
conditions were specified for the spacer surface and for top and bottom walls, thus
performing calculations without permeate production.
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To reduce the computational requirements, while still having a representative
computational volume, periodic boundary conditions were applied on one typical spacer
frame. The periodic flow conditions were set between the opposite boundaries lateral and
axial to main flow direction. Considering that the CT scans contain small deviations in
geometry from one repeating spacer frame to the next, the geometry of the opposite faces
of the computational domain does not match exactly. To allow the use of periodic
boundaries, the computational domain was slightly altered by adding very thin blocks (50
µm thick) on all four faces. Consequently, the periodic boundaries were actually applied
on the perfectly matching rectangular faces of opposite blocks. The validity of this
approach was tested by additional calculations using a simplified spacer geometry
containing identical periodic faces with and without the blocks. Differences in the
calculated pressure drop and velocity fields were negligible (less than 0.1%), thereby
justifying this approach. A pressure difference between the axial pair of periodic
boundaries was driving the flow. The needed pressure drop to obtain the desired average
velocity ( uset ) resulted from an additional constraint:

uset= u=
x

∫ u dV ∫
Ω x

dV

Ω

(3.2)

where u x is the velocity in the main flow direction, averaged over the whole
computational domain Ω.
3.2.3.1 Model solution and mesh convergence studies
COMSOL Multiphysics 5.1 was used to solve the stationary flow equations by finite
element methods. A schematic overview of a computational domain in depicted in Figure
3.2 D. For quantitative comparison with experimental data, it is essential the numerical
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results are accurately obtained on converged grids (or meshes). A triangular mesh was
generated on one face of a pair of periodic boundaries and subsequently copied to the
other face of the pair. Tetrahedral elements were then used to mesh the liquid volume of
the computational domain with a maximum element size varying per spacer geometry
(CON-1: 70 µm, CON-2: 75 µm, HYD: 78 µm, DOW: 66 µm, LXS-ASD: 108 µm).
From this tetrahedral mesh, a number of prism shaped boundary layer elements were
generated near the no-slip walls (membranes and spacer). The solution was calculated on
successively refined meshes until a converged grid was obtained. The degree of
convergence was assessed using the Grid Convergence Index (GCI) proposed by Roache
(Roache, 1994). The friction factor f was used as the quantity to assess the convergence.
This is equivalent with using the pressure drop as mesh convergence criterion. In the
simulated conditions, the GCI was below 10% for all spacers when a number of ten
boundary layer elements was generated on the no-slip boundaries. This is considered as
sufficient mesh accuracy in CFD (Fimbres-Weihs and Wiley, 2010). Further refinement
of the tetrahedral mesh did not result in an increase in accuracy. Details on the grid
refinement and mesh convergence studies can be found in Supplementary Material,
Figure S3.3
3.2.4 Experimental methods
Experimental pressure drop measurements on the spacers under evaluation were
performed at cross flow velocities representative for membrane modules in practice
(Vrouwenvelder et al., 2009b), using membrane fouling simulators (Vrouwenvelder et al.,
2006) and sensitive differential pressure transmitters (Vrouwenvelder et al., 2009c). The
complete experimental set-up has been described in recent work (Bucs et al., 2015a;
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Siddiqui et al., 2016a). Feed spacers (thickness of 34 mil) were selected based on earlier
studies (e.g., (Araújo et al., 2012a)).
Measurements on each spacer type were conducted using the same flow cell with a fixed
channel height of 34 mil (863 µm) and inner width and length of 4.0 cm and 20.0 cm,
respectively. A mold was used to cut small sheets of spacer to the aforementioned size.
Filtered (10 µm pore size) tap water was used for this study with a controlled temperature
of 30°C. Pressure drop measurements were performed in duplicate for a range liquid flow
rates between 2 kg/h and 20 kg/h. Flow rates were converted to average velocities

ueff

using the flow channel porosities determined from CT scans.

3.2.5 Measures for evaluation of different spacer geometries
3.2.5.1 Pressure drop
Objective comparison of pressure drop resulted from different spacer designs is crucial
for the evaluation of their performance. Experimental measurements and flow simulations
on different spacer geometries must be compared based on the same average liquid
velocity in the main flow direction u corrected for the porosity of the spacer-filled feed
channel, ε, such that

uεff = u ε

. The channel porosity (i.e., the volume fraction available

for fluid flow) is calculated from ε = 1 − Vsp Vtot , where V sp and V tot are the volume of the
spacer and the total volume of the channel including the spacer and the liquid.
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3.2.5.2 Friction factor
When comparing the drag characteristics of different spacers resulting from the shape of
the spacer strands and the orientation towards the liquid flow, the Reynolds number,

Re = ρ ueff d η η , and the Darcy friction factor, f = 2∆p d h ( ρ l ueff2 ) , were used as proposed
by Schock and Miquel (Schock and Miquel, 1987). The pressure drop ∆p is related to a
unit length of flow channel, l. Various definitions for the characteristic length scale of the
flow in spacer-filled channels and 3D simulations have been proposed, which either use
only the channel height, h, (Kang and Chang, 1982) or the strand diameter d S (Koutsou et
al., 2004), thus assuming on average cylindrical strands. However, the wetted area A w
(spacer and all other walls) and the shape of the spacer strands would also influence the
friction factor. Therefore, the definition of a hydraulic diameter d h proposed by Schock
and Miquel (Schock and Miquel, 1987) is the most widely used (Fimbres-Weihs and
Wiley, 2010) and allows for analysis of spacer designs without a priori assumptions on
the strand shape.
=
dh

4(Vtot − Vsp )
4Vtot ε
=
Aw
Am + Asp

(3.3)

This hydraulic diameter takes into account the porosity of the spacer-filled channel, ε, the
spacer surface area, A sp and the membrane surface area, A m . The advantage of CT scans is
that it allows an accurate calculation of the spacer surface area and volume without
assuming a particular shape of the strands.
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3.2.5.3 Membrane shear stress generated per power input
Besides the pressure drop, the solute (e.g., salt) transport and (bio)fouling are important in
the operation of industrial reverse osmosis modules and these are impacted by shear
(Fimbres-Weihs and Wiley, 2007; Li et al., 2002b; Radu et al., 2014b). Therefore, feed
spacer performance was also assessed in terms of the energy loss resulting from the form
drag through flow around the spacer strands in a feed channel and shear stress on the
membrane surface. The influence of the strand shape (i.e. regardless of the dimensions)
was assessed by getting a modified friction factor (f mod ) proposed by Santos et al. (Santos
et al., 2007) as a function of the Power number, which allowed comparison of different
spacer designs for the same power input. The Power number, Pn, was defined as

Pn = Re3 f . The modified friction factor is a function of shear at the membrane,

(

)

f µod = τ µ d h2 ρ µ 2 , where τ m is the shear averaged over the whole membrane area. The

f mod should ideally be maximized for a given power input.
3.2.5.4 Membrane shear stress efficiency for a constant flow rate
Another operational mode of spiral-wound membrane modules is operation using a
constant feed flow rate. Therefore, the shear stress on the membrane per unit of pressure
difference for a spacer design as a whole was analyzed for a fixed average velocity ueff to
assess the level of hydrodynamic boundary layer disruption on the membrane per amount
of momentum dissipated. To be able to compare correctly different spacer designs, the

f p (τ m ∆p )( Am Aaxial ) was used.
dimensionless quantity =
A axial is the cross-sectional area of the computational domain perpendicular to the main
flow direction.
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3.2.5.5 Strand eccentricity
The strand eccentricity for a spacer of a certain cross-section was calculated by
e
=

1 − b 2 a 2 , where e is the eccentricity, b the shortest semi-axis and a the longest

semi-axis. A circular cross-section yields an eccentricity of 0, while e increases
asymptotically towards 1 for increasing eccentricity. Lengths a and b define the ellipse
circumscribing a cross-section of spacer strand with the smallest circumference. Average
eccentricity of the strand was determined by averaging the eccentricities of 20 crosssections.

3.3 Results
3.3.1 Geometric characteristics of feed channel spacers from CT scans
Visual inspection of the CT scans of the spacers under study reveals a variety of
geometric features, hardly observable by previously used microscopic methods. Ridges,
valleys and varying strand thickness in all three dimensions are apparent for all five feed
channel spacer designs, features sometimes generated by twisted strands between fibres
intersections. The CT scans clearly revealed that the cross sections of the fibres are not
rotationally symmetric (see Fig. 3.1). This means that the spacer strand orientation against
the flow becomes important, unlike in previous spacer representations where the crosssections were circular (Bucs et al., 2015b; Picioreanu et al., 2009; Radu et al., 2014b).
Quantitative geometry measures were extracted from the CT scans for each spacer design.
In the following, we annotate with an asterisk (*) the measured quantities that were
changed in the model due to the fixed height of the experimental flow channel (h=863
µm). The average thickness of strand nodes, h*, and the average parallel strand distance,
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L sp , were measured to validate the dimensions of the CT scan. The volumes, Vsp* , and
surface areas, Asp* , of several repeating elements in each spacer geometry were calculated
from the CT scans. From these, the porosity of the flow channel corresponding to each
spacer, ε*, and the specific surface area, Asp* Vsp* , could be calculated. Calculated and
physically measured values are listed in Table 3.2 for comparison.
The deviation of the average spacer thickness calculated based on the CT scans from the
thickness measured using digital calipers varied per spacer design. The differences may
occur either due to the small force exerted by calipers on the spacer net (which may
slightly deform, e.g., LXS-ASD). Additional sources of inaccuracy could be the variation
in spacer sheet thickness between different production batches and that different sheets
had been used for CT scanning than for the physical measurements. Despite these
possible sources of error, the calculated average spacer thickness was in good agreement
with the measured thickness for spacers CON-1, CON-2, HYD and DOW. Moreover,
parallel strand distance calculations based on the CT scan matched well the measured
values for each spacer geometry (Table 3.2). Based on these findings, the dimensions of
the CT scans were concluded to be valid.
Flow channel porosities calculated using the CT scan compare well to those based on
weight measurements. Because of higher accuracy, the CT scan porosities were further
used in this study. CON-1, CON-2 and DOW have the lowest porosity (0.856, 0.859 and
0.862), while HYD and LXS-ASD have the largest (0.893 and 0.897). Accurate channel
porosity determination is important for calculating the average liquid velocity and,
subsequently, for comparing hydraulic characteristics (e.g. pressure drop) of different
spacer designs.
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3.3.1.1 Impact of resolution on geometry characteristics
The effect of the resolution at which a CT scan was acquired on the geometry
characteristics of the 3D representations was investigated by comparing the results of
different resolutions. Characteristics for spacers CON-2 and DOW extracted from CT
scans acquired with a resolution of 7.5 µm and 60-80 µm, respectively, are listed in Table
3.2. Comparison with measurements conducted using digital calipers clearly show that a
scanning resolution of 60-80 µm results in a too coarse geometry representation, while
the scan acquired with a resolution of 7.5 µm was in close agreement with the
measurements. The specific spacer surface area ( Asp* Vsp* ) was found to be smaller using a
higher resolution of 7.5 µm compared to 60-80 µm, indicating that the spacer volume is
underestimated using the coarse CT scan. The intersection thickness was considered to be
the most useful quality measure for CT scans of feed spacers, since too coarse CT scans
yielded geometries with significantly smaller thickness compared to the measured data.
Therefore, the resolution of 7.5 µm was preferred for obtaining digital geometry
representations of feed channel spacers.
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Table 3.2: Overview of geometric characteristics of spacer designs.
CON-1

CON-2

HYD

DOW a

LXS-ASD b

- From CT scan (µm)

852 ± 11

822 ± 6

816 ± 6

803 ± 9

903 ± 7

- From calliper measurement (µm)

847± 24

825 ± 9

820 ± 22

806 ± 14

830 ± 15

- From CT scan (mm)

2.28

2.65

2.91

2.34

3.11 / 2.47

- From calliper measurements (mm)

2.26

2.67

2.85

2.43

2.95 / 2.63

Average strand thickness, d sp (µm)

50

59

50

43 / 48

65 / 50

- Maximum (µm)

56

67

62

48 / 52

74 / 53

42

47

35

38 / 42

58 / 46

0.45

0.62

0.59

0.52 / 0.43

0.67 / 0.68

- Maximum

0.63

0.79

0.75

0.64 / 0.45

0.76 / 0.74

- Minimum

0.20

0.47

0.42

0.20 / 0.41

0.46 / 0.57

Inner strand angle, β (°)

90

90

90

70

90

Specific spacer surface area,

8828 ± 87

8413 ± 44

8927 ± 2

9083 ± 27

9490

- From CT scan

0.856 ±
0.002

0.859 ±
0.001

0.893 ±
0.001

0.862 ±
0.002

0.897 ±
0.001

- From density based calculation

0.861 ±
0.012

0.863 ±
0.007

0.892 ±
0.005

0.878 ±
0.009

0.879 ±
0.002

863
3.90
3.90

863
4.47
4.56

863
4.93
4.73

863
4.70
3.42

863
9.63
9.53

Mesh length over channel height,
L m /h
Specific surface area A sp /V sp (m2/m3)

4.5

5.2

5.6

5.4

5.6

8811

8422

8973

9052

9537

Flow channel porosity, ε

0.855

0.866

0.893

0.873

0.893

0.97

1.01

1.09

1.01

1.07

Spacer characteristics
Measurements
Spacer thickness, h*

Average parallel strand distance, L sp

- Minimum (µm)
Average strand eccentricity

Asp*

Vsp*

c

(m2/m3)

Flow channel porosity, ε* d

Numerical model
Dimensions
- flow channel height, h (µm)
- spacer frame axial length, L x (mm)
- spacer frame lateral length, L y (mm)

d

Hydraulic diameter, d h (mm)

a) Thickness calculated based on top view of a spacer. For spacer DOW, the pair of numbers represents the
values for the respective top and bottom filaments.
b) For spacer LXS-ASD, the pair of numbers represents the values for the respective alternating strands.
c) Average eccentricity was calculated by maximizing the difference between two orthogonal thicknesses.
d) Estimated feed channel porosity using a certain spacer in spiral-wound modules differs from the porosity
of the channel in the numerical model and experimental set-up due to the imposed channel height of 863
µm in the latter case.
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Table 3.3: Geometry characteristics of spacer CON-2 and DOW extracted from CT scans acquired with
different resolutions compared to measurements using digital calipers.
Spacer
Method

CON-2
Measured

Intersection thickness
(µm)
Parallel strand distance
(mm)
Porosity

825 ± 9

CT scan
(7.5 µm)
822 ± 6

CT scan
(60-80 µm)
776 ± 13

2.67

2.65

0.863 ±
0.007
-

0.859 ±
0.001
59
8413 ± 44

DOWa
Measured
806 ± 14

CT scan
(7.5 µm)
803 ± 9

CT scan
(60-80 µm)
749 ± 16

2.71

2.43

2.34

2.31

0.869 ±
0.002
49
9117 ± 118

0.878 ±
0.009
-

0.862 ±
0.002
43 / 48
9083 ± 27

0.877 ±
0.001
46
9897 ± 51

Strand thickness (µm)
Specific spacer surface
area (m2/m3)
a) The CT scan with a resolution of 7.5 µm revealed a slight difference in thickness between the bottom and
top strand of the sheet of spacer DOW (or vice-versa).

3.3.2 Hydraulic characterization
3.3.2.1 Pressure drop measurements compared to model solutions using CT scans
Measured pressure drop data at a velocity commonly used in practice, ueff = 0.163 m/s
(Vrouwenvelder et al., 2009a), are shown in Fig. 3.3. A similar pressure drop was
measured for spacer designs HYD (159 ± 9 mbar/m), DOW (144 ± 7 mbar/m) and LXSASD (173 ± 9 mbar/m), performing the best of the evaluated spacers, while higher
pressure drop was measured for CON-1 (260 ± 14 mbar/m) and CON-2 (270 ± 15
mbar/m). These differences may be attributed to several factors. First, spacers CON-1 and
CON-2 both have a lower channel porosity compared to HYD, DOW and LXS-ASD.
Second, the quasi-elliptical strand section of CON-1 and CON-2 (see average eccentricity
of spacer strands in Table 3.2) has a flow attack angle of 20° due to the strand tilt, leading
to more drag, compared with the elliptical section of HYD, which is aligned with the flow
(Fig. 3.1). Although strands of DOW are relatively circular in cross-sections, this spacer
design has a smaller angle between strands in flow direction (β = 70°), which lowers the
hydraulic resistance and results in a lower pressure drop, comparable to that from spacers
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with more eccentric strands like HYD and LXS-ASD (β = 90°). Even though both strands
of LXS-ASD are on average thicker those of HYD, the alternating strand configuration
and the more eccentric strand shape of LXS-ASD yields a similar pressure drop compared
to HYD. The non-rotationally symmetric strand sections and strand tilt with respect to the
flow are thus important characteristics influencing the pressure drop.
Numerical calculations using CFD were performed on spacer-filled channels with a fixed
channel height of 34 mil (h=863.6 µm). A representative repeating frame from the CT
scan of each spacer design was used to construct the computational domain. For statistical
treatment, the calculations were performed on several single frames from the same spacer
scan. The pressure drop calculated for spacers CON-2, HYD and LXS-ASD at ueff =
0.163 m/s was in agreement with the physical measurements (average differences of -7%,
+10% and +6% respectively), while the pressure drop for spacers CON-1 and DOW were
overestimated with respectively 17% and 16% (Fig. 3.3).

Fig. 3.3: Comparison of measured and calculated pressure drop per meter, for all spacer designs, at

ueff

� = 0.163 m/s. Grey bars: experimental measurements; error bars represent the standard deviation
between determinations (n=3). Hatched bars: model results with spacer geometry from CT scans; errors
bars represent standard deviation between calculations using different spacer frames from the CT scan
(n=5). Dotted bars: model results for simplified spacer geometries.
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u

Fig. 3.4: Pressure drop per meter at different average effective velocities eff �up to 0.2 m/s, for all spacer
designs. Symbols: experimental measurements; lines: average model data computed using CT scans. Error
bars for experimental data represent standard deviation of triplicate measurements for each spacer. Error
bars in model results originate from model solutions for different frames of each spacer design (n=5).

Pressure drop measurements were performed for average effective velocities up to ueff
= 0.2 m/s (Fig. 3.4). Quadratic dependencies of the measured pressure drop on the
average effective velocity were found, following Bernoulli’s law. The level of agreement
between the model solutions and the experimental measurements differs per spacer. The
model solutions of the CT scanned spacer geometries yielded a slight over- (CON-1 and
DOW) or underestimation in the upper region of the velocity range (CON-2) of the
pressure drop compared to the experimental measurements, while a good agreement or a
slight underestimation was obtained for spacers (HYD and LXS-ASD).
The observed differences between measured and calculated pressure drop can be
attributed to different reasons. Deviations in slope between experimental and model
results in the upper region of effective velocity range (up to 0.2 m/s), most evident in the
graph representing spacer CON-2 in Fig. 3.4, could indicate the transition from steady to
unsteady flow, which would invalidate the assumption of steady laminar flow for these
velocities. Furthermore, the average thickness measured for spacers CON-1 and LXS-
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ASD (h*) was very close to the channel height of the flow cell and filaments of all spacers
are irregularly shaped. Therefore, part of the spacer exceeding the imposed channel height
(h) was cut off when constructing the computational domain. If the spacer sheet is too
thick at some locations, when used in a flow cell, it would deform instead, resulting in a
mismatch between the scanned geometry and the actual geometry in the flow cell and
thereby different flow patterns.
3.3.2.2 Friction from strand shape and orientation
The friction factor f was used to assess the impact of the strand shape and orientation on
the hydraulic performance of a particular spacer design. For comparison of different
spacers, the friction factor was expressed as a function of the Reynolds number for an
average effective velocity up to 0.2 m/s (50<Re<200). Results for both experimental
measurements and model solutions are shown in Fig. 3.5, where they are also compared
with the correlation f = 6.23∙Re -0.3 (100<Re<1000) proposed by Schock and Miquel
(Schock and Miquel, 1987).
Both pressure drop and friction factor are providing the same quantitative basis for
comparing the model with experiments by using the same d h and ε based on the CT scans
(see Table 3.2). However, the friction factor, being a dimensionless measure, does
provide insight on the drag due to the shape of a certain spacer design regardless of its
physical dimensions. A more detailed comparison of experimental and model results
seems to indicate that the decrease in f with Re in the interval 125<Re<200 levels off to a
larger extent for the experimental data than for the numerical results obtained with steady
laminar flow (this is particularly visible for spacer CON-2 in Fig. 3.5A). The onset of
unsteady flow phenomena could provide an explanation for this systematic observation,
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which has been reported in other modelling studies for the Reynolds numbers studied
here (Fimbres-Weihs and Wiley, 2010).
The shapes of spacers CON-1 and CON-2 generate more drag compared with the spacers
HYD and LXS-ASD (all having the same inner strand angle). In spite of having similar
excentricity, the higher f for CON-1 and CON-2 can be attributed to smaller hydraulic
diameters and, moreover, the strands are tilted with respect to the direction of the flow
(the largest ellipse semiaxis is at an angle of approximately 20° with the main flow
direction). The DOW spacer has the lowest friction factor of all spacer designs. Although
the strands of DOW are close to cylindrical and the hydraulic diameter is smaller
compared to HYD and LXS-ASD, the smaller friction factor results from the smaller
inner strand angle (70° compared to 90°). LXS-ASD, even though it has the largest
specific surface area of all spacers under study, it also increases the feed channel porosity
due to the relatively thin alternating strand leading to a relatively low pressure drop and
friction factor.

Fig. 3.5: (A and B) Darcy friction factor function of Reynolds number, calculated from pressure drop
measurements and model solutions, for all spacer designs. Symbols: experimental measurements; Solid
lines: average model data computed using CT scans; Dashed lines: correlation proposed by (Schock and
−0.3

f 6.23 ⋅ Re ; Dash-dot lines: numerical data from (Fimbres-Weihs
Miquel, 1987) for 100<Re<1000,=
and Wiley, 2007) for geometry with cylindrical strands (L m /h = 4, d sp /h = 0.5, α = 45°, β = 90°).
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3.3.2.3 Shear at the membrane and power input
Although pressure drop is important to evaluate the performance of a particular spacer
design, the mass transfer and the fouling potential are also critical characteristics, both
depending on shear. Contour maps of the bottom membrane shear stress from model
solutions for an average effective velocity of 0.163 m/s are presented in Fig. 3.6.
Comparison of the shear distribution of spacers CON-1 (Fig. 3.6 A) and CON-2 (Fig. 3.6
B) both yielded a maximum shear stress of 8.3 N/m2 and a similar pattern consisting of
high shear stress in the regions below the top filaments. CON-1 presents a curved region
of relatively high shear along the middle of the mesh frame, while this pattern is less
pronounced for CON-2 probably due to its larger mesh length. The maximum shear stress
for spacer HYD (Fig. 3.6 C) was similar, 8.6 N/m2, but the highest shear stress was
localized below the thinnest part of the bottom filament. A distinct region of low shear
was located on a line through the middle of the frame. The same high shear regions below
the bottom filaments were observed for spacer DOW (Fig. 3.6 D), although the maximum
shear stress was lower (6.7 N/m2). Spacers CON-2, HYD and DOW all present a region
of low shear downstream of strand intersections, while for CON-1 this is less pronounced.
Finally, the model solution for LXS-ASD (Fig. 3.6 E) yielded a maximum shear stress of
6.3 N/m2.
Spacer designs can be optimized on their ability to disrupt (with a minimum power input)
the hydrodynamic boundary layer and increase the shear on the membrane, which would
be beneficial for the mass transfer. To this aim, dimensionless relations were used, which
correlate the Power number (Re3 f) to a modified friction factor incorporating the average
shear on the membrane (f mod ) introduced by Santos et al. (Santos et al., 2007). The CFD
calculations revealed that the spread in performance between the spacers is small over the
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whole range of Reynolds numbers evaluated (Fig. 3.7 A). A similar analysis was
performed for the industrially-relevant average effective velocity of 0.16 m/s to estimate
the shear generated on the membrane per unit of pressure drop, f p (Fig. 3.7 C). The
simulations revealed in more detail that the best performance in terms of shear obtained
per pressure drop at this average effective velocity is delivered by spacer DOW, followed
by LXS-ASD and HYD. Therefore, they exhibited the highest efficiency in converting the
pumping power into membrane shear.

Fig. 3.6: Contours of shear stress on membranes for all spacers at an average effective velocity of 0.163 m/s
(A: CON-1, B: CON-2, C: HYD, D: DOW, E: LXS-ASD. The grey scale is relative to the maximum
membrane shear stress of each spacer (A: 8.3 N/m2, B: 8.3 N/m2, C: 8.6 N/m2, D: 6.9 N/m2, E: 6.3 N/m2).
Overlaid black lines represent the outlines of the spacer geometry.
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Fig. 3.7: (A) Modified friction factor (incorporating the average shear stress on both membranes) function
of the Power number (Re3f) in CFD simulations for all spacer designs. (B) The Power number as function of
the Reynolds number for all spacers compared to results obtained using cylindrical strands in previous work
(figure adapted from (Fimbres-Weihs and Wiley, 2010). (C) Calculated average shear rate on the membrane
surfaces (top and bottom) per unit of pressure drop for an average effective velocity of 0.163 m/s. The
average membrane shear rates were 3556, 2919, 2579, 2745 and 2664 1/s from left to right.

3.3.2.4 Spatial velocity distribution
Velocity fields computed for spacers CON-1, DOW and LXS-ASD at three heights in the
flow channel are depicted in Fig. 3.8, showing one full repeating frame for all designs for
an average effective velocity of 0.163 m/s. The flow pattern near the membranes (at z =
216 and 648 µm) for spacers CON-1 and DOW is mostly guided by the spacer strand
orientation in the bottom and top slice, and aligns with the main flow direction in the
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middle of the channel (z = 432 µm). The change in flow direction occurs when the liquid
passes above or below spacer strands, which can be concluded from the two axial slices
shown in Fig. 3.8. Noticeably, spacer CON-1 leads to vortex formation and higher
velocities, probably due to the tilted strands, which may also explain the larger pressure
drop obtained in this case. Qualitatively similar flow patterns were observed for spacers
CON-2 and HYD, as shown in Fig. S3.4.
The extent to which the direction of flow is determined by the strand orientations differs
for the spacer with alternating strand thickness (LXS-ASD, Fig. 3.8 A-E). The thickest
strands – supporting and thereby also imprinting the membranes – occupy a larger
fraction of the available channel height and direct the flow to the largest extent. The
thinnest strands and their intersections are mostly submerged in the channel, thus
imposing less obstruction to liquid flow and channeling the flow to a smaller extent.
Furthermore, the magnitude of the velocity component in the main flow direction |u x |2 and
the total velocity vector magnitude |u|2 were averaged along the channel height in the
middle of two consecutive frames (Fig. 3.8 shows with red circles the positions where
velocities were averaged). The ratio |u x |2/|u|2 was 0.80 when preceding a thick-strand
intersection (open red circle in Fig. 3.8 C) and 0.96 when preceding a thin strand
intersection (filled red circle in Fig. 3.8 C). This difference demonstrates that the thickest
strands guide the flow to the largest extent.
3.3.2.5 Analysis of simplified model geometries
In order to assess the importance of using for CFD an accurate geometry obtained from
the CT scans, calculations were compared for spacers HYD, DOW and LXS-ASD with
those obtained using simplified spacer geometries (see Fig. S3.2). The simplified

82

geometries were constructed using data from the CT scans, but only viewed from the top
(xy plane) as if obtained by microscopy. Strands with circular cross-sections but varying
diameter were in this way created, with geometric characteristics based on data in Table
3.2.
The pressure drop for simplified spacer geometries calculated at 0.163 m/s average
effective velocity is shown in Fig. 3.3. When comparing this simplification strategy with
cylindrical strands to calculations using accurate CT scans, the difference in the
calculated pressure drop depends on the amount of eccentricity of the spacer strands. For
the DOW spacer the error is relatively small (14%) since the spacer strand cross-sections
are rather circular, while for HYD and LXS-ASD the deviations are much larger (43%
and 61%, respectively) due to the greater strand eccentricities. Based on these results, it is
clear that assuming circular strand cross-sections (even of variable diameter) results in a
too large simplification. The CT scan thus allows for a more accurate quantitative match
to experimental data in terms of pressure drop, while decreasing the additional human
bias introduced upon spacer geometry simplification.
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Fig. 3.8: Flow fields calculated using spacer geometries from CT scan for LXS-ASD at average effective
velocity 0.163 m/s. (A-C) Three top views (xy planes) for each spacer at different heights in the channel
(distance from bottom): z = 216, 432 and 648 µm. (D,E) Two cross-sections (xz planes) are shown for each
spacer, at positions indicated by lines on (C). Filled and open red circles in (C) indicate the position at
which the average ratios |u x |2/|u|2 were calculated along the channel height for spacer LXS-ASD.
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Fig. 3.8 (continued): Flow fields calculated using spacer geometries from CT scans for DOW and CON-1
at average effective velocity 0.163 m/s. (F-H, K-M) Three top views (xy planes) for each spacer at different
heights in the channel (distance from bottom): z = 216, 432 and 648 µm. (I, J, N, O) Two cross-sections (xz
planes) are shown for each spacer, at positions indicated by lines on (H) and (M).
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3.4 Discussion
3.4.1 Feed channel spacer geometry
The aim of this study was too find a methodology for obtaining an accurate threedimensional representation of feed channel spacer geometries and to evaluate its effects
on the numerical modelling of a spacer’s hydraulic performance. Various spacer designs
have been proposed and evaluated numerically in 3D CFD simulations (Dendukuri et al.,
2005; Koutsou and Karabelas, 2015; Li et al., 2005, 2002b; Liu et al., 2015; Ranade and
Kumar, 2006; Santos et al., 2007). However, the most studied spacer designs in silico
were constructed from cylindrical strands (Fimbres-Weihs and Wiley, 2010) or strands
with a circular cross-section with varying diameter (Bucs et al., 2015b; Picioreanu et al.,
2009; Vrouwenvelder et al., 2010d) as resulted from SEM images (Radu et al., 2014b).
X-ray computed tomography used in the present study revealed much more detailed feed
spacer geometries than the simplified ones frequently used to model hydrodynamics and
mass transfer. In general, feed spacer strands assessed in this study turned out to be rather
irregularly shaped, with cross-sections more or less elliptical and also differing in
orientation with respect to the main flow direction. Since the X-ray imaging is nowadays
a well-established procedure, future 3D modelling studies should be performed using
geometries obtained from CT scans, or from other 3D imaging modalities able to capture
the required spatial detail.
3.4.2 Pressure drop measurements compared to model solutions using CT scans
The calculated values for the pressure drop using the CT scan spacer geometries were in
agreement with the values measured using a flow cell to a varying extent depending on
the spacer. Errors in the geometry representation yielded a systematic overestimation of
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the pressure drop for spacers CON-1 and DOW, while the same holds for spacers HYD
and LXS-ASD to a lesser extent (Fig. 3.4). Comparison of experimental and model results
for spacer CON-2 revealed an increasing deviation for an increasing effective velocity
above 0.14 m/s. Moreover, differences in slopes between the graphs of experimental and
model results depicting the friction factor as a function of the Reynolds number (Fig. 3.5)
could indicate the onset of unsteady flow phenomena for all spacers. Santos et al. (Santos
et al., 2007) reported the transition of steady to unsteady flow using ladder shaped spacers
using a flow attack angle of 90° for 100<Re<300. Furthermore, Shakaib et al. (Shakaib et
al., 2007) calculated that onset of unsteady flow takes place between 150<Re<175 for a
flow attack angle of 45° and an L m /h ratio of 4.25 using cylindrical filaments. The latter is
comparable to the spacers evaluated in this study (ranging from 4.5-5.6, see Table 3.2). A
recent experimental study by Bucs et al. (2015b) employing particle image velocimetry
measured a deviation of 10% from the mean pressure drop for a spacer geometry similar
to HYD for Re=160, confirming these modelling results. Based on these studies, the onset
of unsteady flow most likely caused the observed differences in experimental and model
results for 125<Re<200 reported in this study.
3.4.3 Friction due to strand shape and orientation
Schock and Miquel (Schock and Miquel, 1987) derived an empirical correlation for the
Darcy friction factor f as a function of Reynolds number, from experiments performed on
several spacer types used in industrial spiral-wound membrane elements for reverse
osmosis. We compared the experimental and numerical results from the present study
with the correlation of Schock and Miquel, f = 6.23∙Re -0.3 (Fig. 3.5). All the spacers tested
in this study provided a friction factor equal or higher than the one from this correlation.
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Notably, spacers CON-1 and CON-2 do not line up with the Schock and Miquel
correlation, yielding friction factors as high as double (for Re > 100). A likely explanation
for the observed differences is that the proposed relation was based on friction factor
calculations using cylindrical spacer strand approximation and less accurate geometry
dimensions than those obtained from the CT scans. Furthermore, solutions obtained from
a 3D model using a simplified geometry with cylindrical strands (L m /h = 4, d sp /h = 0.5, α
= 45°, β = 90°) for 10<Re<200 (Fig. 3.5) showed good agreement with the trend of the
model solutions obtained in this work, although the actual f-Re relation differs for each
spacer geometry. One can therefore conclude that the established f-Re correlation from
Schock and Miquel (Schock and Miquel, 1987) cannot describe all mesh-type feed spacer
geometries, which is in line with conclusions from (Da Costa et al., 1991) based on strand
angle. Therefore, new spacer designs should be assessed individually based on accurate
geometry measurements, which is in agreement with Picioreanu et al. (Picioreanu et al.,
2009).
3.4.4 Local membrane shear distribution
Shear stress has been studied using 3D models utilizing CFD for the investigation of
solute transport and deposition of particulate and bacterial fouling in spacer-filled
channels. It has been reported that local membrane shear stress distribution and local
velocity vectors are important factors determining the pattern of initial particle deposition
on membranes (Fimbres-Weihs and Wiley, 2007; Li et al., 2012). Radu et al. (Radu et al.,
2014a) reported that the alignment of spacer strands with slightly varying thickness with
respect to the flow has a large influence on the local shear stress and the resulting
deposition pattern on the membrane, based on particle deposition experiments and
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numerical modelling. X-ray computed tomography, as shown in this work, provides the
opportunity to investigate numerically the fouling patterns in a more accurate way.
3.4.5 Power input with respect to friction
Numerical modelling results on the hydraulic performance using simplified spacer
geometries with cylindrical strands were compiled by Fimbres-Weihs and Wiley
(Fimbres-Weihs and Wiley, 2010). The power input in the form of Pn function of Re
(such that Pn=C∙Ren) was compared with results from the current study (Fig. 3.7 B). All
the spacers with an internal strand angle of 90° and a flow attack angle of 45° evaluated
by CT scans presented, for the same Re, a Pn well in agreement for Re up to 200
(Fimbres-Weihs and Wiley, 2007) or less than one order of magnitude larger for
100<Re<200 (Li et al., 2002b) to that obtained with simplified cylindrical geometries
(CON-1, CON-2, HYD and LXS-ASD). Furthermore, spacer DOW (β = 70°) showed an
almost identical Pn-Re relation. However, the dimensionless ratio of the mesh length over
the channel height, L m /h, was 4 for the simplified cylindrical filaments while geometry
characteristics extracted from CT scans in this work yielded ratios larger for all spacers
(ranging from 4.5 to 5.6, see Table 3.2), resulting in a larger void space in a feed channel.
Despite these differences in strand alignment, the comparison shows that the use of
cylindrical strands yields a Pn-Re relation that is in good agreement with the results
obtained in this work using accurate geometries. Still, the geometry representations
obtained from CT scans allows one to study the local hydrodynamic effects as well
without the bias introduced when constructing simplified geometries.
Additionally, the variation in exponent n of the Re number in the power relation is,
although in similar range) less for the CT scanned spacer geometries (2.3-2.43) compared
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to the one reported for the simplified geometries (2.25-2.83), indicating a smaller increase
in average velocity encountered upon increasing power input. The differences in n found
for the five CT scanned spacer geometries further underline the conclusion by FimbresWeihs and Wiley (Fimbres-Weihs and Wiley, 2010) that the choice of a spacer depends
on the flow conditions expected to be encountered and no spacer design is optimal for all
possible operating conditions.
3.4.6 Spatial velocity distribution
The zig-zag flow pattern calculated for spacers HYD, CON-1, CON-2 and DOW at ueff =
0.163 m/s (shown in Fig. 3.8 and Fig. S3.4) has been experimentally observed by Da
Costa et al. (Da Costa et al., 1994) and in earlier numerical work (Fimbres-Weihs and
Wiley, 2007; Karode and Kumar, 2001; Picioreanu et al., 2009; Shakaib et al., 2009).
Recently, this was also experimentally measured using particle image velocimetry (Bucs
et al., 2015b). In other work it was found that, as the parallel strand distance L sp decreases
for the same channel height, flow increasingly aligns with the strands until there is very
little transition between the top and bottom layers (Shakaib et al., 2007). When all spacers
with an internal strand angle of 90° are ranked based on their average parallel strand
distance (see Table 3.2), the obtained ranking matches the order obtained when ranking
the same spacers based on the average of the ratio |u x |2/|u|2 (ASD = 0.80, HYD = 0.76,
CON-2 = 0.70, CON-1 = 0.53) for the whole computational domain. Moreover, this
tendency was shown to decrease for a smaller inner strand angle, such as for spacer DOW
(inner strand angle of 70°), were |u x |2/|u|2 was 0.82 in the middle of a spacer frame
element. In conclusion, flow pattern characteristics found in modelling studies using
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simplified spacer geometries are in good agreement with the model solutions reported in
this work for commercially available feed spacers used in practice.
3.4.7 Mechanical deformation and membrane imprinting
Matching the modelling parameters to the exact physical properties of the object under
study is crucial when model solutions are translated into strategies for improving the
design of that object (here, the industrial feed channel spacers). It is clear that using CT
scanned spacer geometries greatly improves the quality of CFD model solutions when
striving towards more quantitatively accurate results. Although it was shown in earlier
work that a flat flow cell could be used to study the hydrodynamics of feed channels in
spiral-wound membrane modules (Schock and Miquel, 1987), it is difficult to reproduce
the physical force exerted on spacer sheets in such a module, the subsequent deformation
of the spacer and the level of membrane imprint. Furthermore, it is not yet established
how to model the spacer deformation when constructing the computational domain for
CFD. The area surrounding the place where the spacer is pressed into the membrane
influences the flow pattern and thus affects the concentration polarization and permeation
(Radu et al., 2010). These, in turn, influence scaling and (bio)fouling processes (Radu et
al., 2015). Thus, we believe that further studies should evaluate the effect of mechanical
deformations and spacer-membrane imprints on the accuracy of model predictions.
3.4.8 Further studies
CFD modelling was successful in matching experimental pressure drop measurements
using CT scans without the bias introduced when using simplified geometries constructed
from 2D measurements. In addition, the micro-velocimetry measurements (Bucs et al.,
2015b) could be better matched with the velocity field calculated with CT scanned
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geometries. Based on the calculated flow pattern, modelling particle deposition in
conjunction with experimental work (as described by Radu et al. (Radu et al., 2014b),
would harness the potential of using CT scanning to model (bio)fouling initiation for a
given spacer design. This could improve the particle deposition model predictions
presented in Radu et al. (Radu et al., 2014b). The spacer not only determines the flow
pattern but also serves as a surface for initiation and subsequent fouling development.
Since the position of foulant deposits affects the local rate of solute transport, this would
allow a better estimation of the decline in process performance due to fouling. Therefore,
simulations using the 3D representation of a spacer geometry obtained from a CT scan
should be used for accurate modelling of the solute mass transport in spacer filled
channels.
Finally, more attention should be paid to the statistical treatment of the scanned
geometries. In this work we extracted several (at least 5) spacer frames from each
scanned spacer, performed CFD simulations for all these frames and then reported the
average results with corresponding deviations. However, other possible approaches can
be taken. A statistically adequate number of 3D scans could be obtained (eventually from
different fabrication batches), from which a “representative average shape” could be
created. Even better, with an increased computational power, simulations over larger
spacer patches should be performed, leading in principle to more representative results.
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3.5 Conclusions
This study developed a method to obtain accurate three-dimensional (3D) geometry
representations for any given spacer design from X-ray computed tomography (CT)
scans. Model solutions obtained using these geometries and experimental measurements
led to the following conclusions:
•

The CT scanning revealed that the filaments of several industrial spacers have a
highly variable cross-section size and shape, which has not been addressed in fluid
dynamics models until now.

•

The advantage of using CT scanned spacer geometries in hydrodynamic
calculations is that less bias is introduced compared to the use of conventional
circular cross-section strand representations.

•

Computational fluid dynamics (CFD) on four commercially available feed spacers
and one new spacer with geometries from CT scans were in close agreement with
experimental pressure drop measurements, for flow velocities up to 0.2 m/s as
used in industrial reverse osmosis membrane operations.

•

The simple cylindrical description of spacer filaments is still a good
approximation for overall hydrodynamic design of spiral-wound membrane
modules. However, by providing detailed insight on the spacer filament shape, CT
scans allow better quantification of local distribution of velocity and shear,
possibly leading to more accurate estimations of fouling and concentration
polarization.

•

A newly proposed spacer geometry with alternating strand thickness was tested
(LXS-ASD), which led to lower pressure drop while being highly efficient in
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converting the pumping power into membrane shear. This shows that although the
form drag is inevitable, the design of spacers should focus on directing flow
toward the membrane while minimizing drag and generating high shear at the
membrane surface.
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Supplementary material

Fig. S3.1: Three-dimensional perspective view of all spacers evaluated in this study generated from CT
scans (A: CON-1, B: CON-2, C: HYD, D: DOW, E: LXS-ASD). Ridges, valleys, differences in strand
thickness and other geometric features are clearly visible. Individual strands show minor variations in
thickness in all dimensions.
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Fig. S3.2: Comparison of simplified spacer geometries for spacers HYD (A), DOW (B) and LXS-ASD (C)
to their respective counterparts obtained from CT scans (D, E and F). The geometry characteristics from
which the simplified geometries were constructed were obtained from the CT scans and are listed in Table
3.2.
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Fig. S3.3: (A) Results of mesh convergence study for spacer geometries obtained from CT scans. The
increase in the total number of mesh elements for subsequent data points is due to an increasing accuracy in
the mesh on no-slip boundaries. Pressure drop was used as the objective function to evaluate the level of
convergence. (B) Grid Convergence Index (GCI) (friction factor used as objective function) calculated for
subsequent mesh refinement steps (Roache, 1994). Black dashed line: GCI value of 10, which is considered
sufficient in this area of research (Fimbres-Weihs and Wiley, 2010); Black circles: mesh refinement step
consisting of 10 boundary layer elements (prism shaped) on no-slip boundaries which was considered to be
sufficient for the work presented here. For all mesh refinement steps, the maximum tetrahedral element size
was the same for each spacer: CON-1: 70 µm, CON-2: 75 µm, HYD: 78 µm, DOW: 66 µm, LXS-ASD:
108 µm. Refinement of the tetrahedral mesh did not result in an increase of model solution accuracy in
terms of calculated pressure drop.
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Fig. S3.4: Flow fields calculated using spacer geometries from CT scans for CON-2 and HYD at average
effective velocity 0.163 m/s (A-C, F-H). Three top views (xy planes) for each spacer at different heights in
the channel: z = 216, 432 and 648 µm (D, E, I, J). Two cross-sections (xz planes) are shown for each spacer,
at positions indicated by lines on (C) and (H).
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CHAPTER 4 Development and characterization of 3D printed feed spacers for
spiral wound membrane systems
Abstract
Feed spacers are important for the impact of biofouling on the performance of spiralwound reverse osmosis (RO) and nanofiltration (NF) membrane systems.
The objective of this study was to propose a strategy for developing, characterizing, and
testing of feed spacers by numerical modeling, three-dimensional (3D) printing of feed
spacers and experimental membrane fouling simulator (MFS) studies.
The results of numerical modeling on the hydraulic behavior of various feed spacer
geometries suggested that the impact of spacers on hydraulics and biofouling can be
improved. A good agreement was found for the modeled and measured relationship
between feed flow and pressure drop for feed spacers with the same geometry, indicating
that modeling can serve as first step in spacer characterization.
An experimental comparison study of a feed spacer currently applied in practice and a 3D
printed feed spacer with the same geometry showed (i) similar hydraulic behavior, (ii)
similar pressure drop development with time and (iii) similar biomass accumulation
during MFS biofouling studies, indicating that 3D printing technology is an alternative
strategy for development of thin feed spacers with a complex geometry. Based on the
numerical modeling results, a modified feed spacer with low pressure drop was selected
for 3D printing. The comparison study of the feed spacer from practice and the modified
geometry 3D printed feed spacer established that the 3D printed spacer had (i) a lower
pressure drop during hydraulic testing, (ii) a lower pressure drop increase in time with the
same accumulated biomass amount, indicating that modifying feed spacer geometries can
reduce the impact of accumulated biomass on membrane performance.
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The combination of numerical modeling of feed spacers and experimental testing of 3D
printed feed spacers is a promising strategy (rapid, low cost and representative) to
develop advanced feed spacers aiming to reduce the impact of biofilm formation on
membrane performance and to improve the cleanability of spiral-wound NF and RO
membrane systems. The proposed strategy may also be suitable to develop spacers in e.g.
forward osmosis (FO), reverse electrodialysis (RED), membrane distillation (MD), and
electrodeionisation (EDI) membrane systems.

This chapter is published as:
Siddiqui, A., Farhat, N., Bucs, S.S., Linares, R.V., Picioreanu, C., Kruithof, J.C., Van
Loosdrecht, M.C.M., Kidwell, J., Vrouwenvelder, J.S., 2016. Development and
characterization of 3D-printed feed spacers for spiral wound membrane systems. Water
Res. 91, 55–67. doi:10.1016/j.watres.2015.12.052
Conference (platform presentation):
Siddiqui, A., Farhat, N., Bucs, S.S., Linares, R.V., Picioreanu, C., Kruithof, J.C., Van
Loosdrecht, M.C.M., Kidwell, J., Vrouwenvelder, J.S. Development and evaluation of
3D-printed feed spacers for spiral wound membrane systems, International EDS
conference, EuroMed 2015, Palermo, Italy, May, 2015.
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4.1. Introduction
Fresh water scarcity is one of the biggest problems faced globally. The most cost efficient
technique to obtain fresh water from saline water is by application of spiral-wound
nanofiltration (NF) and reverse osmosis (RO) (Shannon et al., 2008; Van der Bruggen,
2003). When compared to conventional desalination processes such as thermal
distillation, NF and RO provide a more selective separation, continuous and automatic
operation, easy scale-up, and effective space utilization (Sonune and Ghate, 2004).
However, NF and RO systems face a significant amount of energy loss due to operational
problems due to fouling and in particular biofouling (Shannon et al., 2008). Most types of
fouling like particulate fouling, scaling and organic fouling can be controlled to a great
extent by various pretreatment methods. Whereas, biofouling persists even after
extensive water pretreatment (Vrouwenvelder et al., 2008). Biofouling is the amount of
accumulated biofilm (biomass) causing unacceptable membrane performance loss
(Flemming, 2002). Numerous studies have been carried out to control biofouling in spiral
wound membrane systems (Al Ashhab et al., 2014; Baker and Dudley, 1998; Ben-Sasson
et al., 2014; Habimana et al., 2014; Ridgway and Flemming, 1996; Ridgway et al., 1983;
Schneider et al., 2005; Schwinge et al., 2004a; Tasaka et al., 1994; Vrouwenvelder and
van der Kooij, 2001; Vrouwenvelder et al., 2008; Ying et al., 2013). Biofouling is
influenced by many factors in the filtration process e.g. feed water substrate
concentration, chemical dosage (e.g. anti-scalants) and bacteria count, cross flow
velocity, feed spacers, etc. (Van der Hoek et al., 2000; Van Loosdrecht et al., 2012;
Vrouwenvelder et al., 2010a, 2000).
Feed spacers are used in spiral-wound membrane modules to create inter-membrane
space and enhance water mixing to avoid concentration polarization. As reported by
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Baker et al. (1995) feed spacers provide surface for initial deposition of fouling that
accumulates and eventually spreads to the free membrane area. Van Paassen et al. (1998)
observed that biofouling accumulated on feed spacers causing an exponential increase in
the pressure drop in membrane modules. Tran et al. (2007) indicated that the membrane
area most affected by fouling was the area along the feed spacer strands. (Vrouwenvelder
et al., 2009a) indicated that the impact of biofouling on pressure drop was higher in the
presence of a feed spacer. Strategies have been addressed focusing on the reduction of
biofouling on feed spacers by periodic air/water flushing (Cornelissen et al., 2007) and by
applying thicker feed spacers (Majamaa et al., 2010b). Therefore, feed spacers are
important for membrane performance and play an important part in biofouling of
membrane systems. Modifying feed spacers could be a strategy to reduce the impact of
biofouling on the performance of membrane filtration based water treatment systems.
Recently, an increasing number of studies have been focused on modifying the surface
chemistry of feed spacers to reduce biofilm attachment and growth in spiral wound NF
and RO systems (Araújo et al., 2012a, 2012b; Ronen et al., 2015a, 2015b; Wibisono et
al., 2015) . One approach to reduce biofouling impact is to cover membranes and spacers
with antifouling coatings to prevent microbial attachment and growth (Miller et al., 2012;
Ronen et al., 2015b, 2015c; Wibisono et al., 2015). However, anti-fouling coatings wear
out eventually, reducing with time the effect of the coating on biofilm accumulation
(Araújo et al., 2012a). Another approach is to modify the design of the feed spacers in
such a way that the impact of accumulated biomass on membrane performance is reduced
and biofouling removal from the membrane modules is enhanced during advanced
cleaning strategies (Vrouwenvelder et al., 2011). Numerical studies have been done to
evaluate biofouling development on feed spacers from practice with different thickness
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(Bucs et al., 2014a). Studies have also been done on the hydrodynamics and the
deposition behavior of particles, simulating bacteria, related to the geometry of the
spacers (ladder-shaped and diamond-shaped geometry) (Radu et al., 2014a). The
locations of particle deposition predicted by the numerical modeling were in agreement
with the locations where initial biofilm accumulation was observed in practice. A recent
study using optical coherence tomography on feed spacer channels in RO membrane
modules also showed that feed spacer geometry affects the structure and distribution of
biofilm (West et al., 2015).
Modifying the spacer geometry may (i) reduce the impact of biofouling, (ii) reduce
energy requirements and (iii) avoid early membrane replacement. Commonly, feed
spacers from practice applied in spiral-wound membrane modules have a diamond-shaped
geometry with varying thickness ranging from 26 mil to 34 mil (1 mil is 25.4 µm) (Fig.
4.1). Feed spacer geometries can be modified by computer aided designing (CAD) and
tested theoretically by numerical modeling/simulation (Fimbres-Weihs and Wiley, 2010;
Madireddi, 1999; Picioreanu et al., 2009; Wiley and Fletcher, 2002). To test modified
feed spacer designs experimentally, the modified spacers need to be manufactured. The
start-up costs of the conventional process of manufacturing feed spacers is more
expensive than the cost of bulk spacer manufacture: The spacer production process
requires special extrusion nozzles to create the mesh-like structure (diamond shape
formed due to intertwining of spacer filaments) in bulk (Brian, 1960). Therefore, a new
technique is needed to rapidly produce modified feed spacers at low cost in quantities
sufficient for lab-scale studies.
Potentially, three-dimensional (3D) printing technology is a tool to produce complex
geometry feed spacers. 3D printing technology has been used for over 25 years to develop
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prototypes for toys, tools, prosthetics etc. (Karel, 2013). Several 3D printing techniques
are available at present namely Fused Deposition Modeling (FDM), Stereolithography
and Polyjet/Multijet printing (3D Printing Industry, 2015). A suitable 3D printing
technique and material must be selected for a feasible method to produce 3D printed feed
spacers.
The objective of the study was to develop a strategy to design and evaluate feed spacers
with a modified geometry for spiral-wound NF and RO membranes based on (i)
numerical modeling for developing and selecting spacers with a modified geometry, (ii)
selecting and applying a 3D printing technique to produce the modified spacers, and (iii)
membrane fouling simulator (MFS) to study the impact of feed spacers with a modified
geometry on biofouling and pressure drop development. A feed spacer from practice was
used as a reference and compared with a 3D printed feed spacer with the same geometry
and a 3D printed feed spacer with a modified geometry.

Fig. 4.1: Inventory of feed spacers used in practice in spiral-wound reverse osmosis and nanofiltration
membrane elements for drinking water production, supplied by four global membrane manufacturers coded
I-IV [7]. All feed spacers had the same geometry differing in thickness between 26 and 34 mil (1 mil equals
25.40 µm).
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4.2. Material and Methods
4.2.1 Numerical modeling
A three-dimensional mathematical model was developed to study the impact of different
spacer geometries on hydrodynamics in spacer filled channels. For the hydrodynamic
calculations, commercially available software COMSOL Multiphysics (COMSOL 5.0,
Comsol Inc., Burlington, MA, www.comsol.com) was used. The feed spacer geometries
were replicated and designed in SOLIDWORKS (SOLIDWORKS 2014, Dassault
Systèmes SolidWorks Corporation, Waltham, MA, www.solidworks.com) , used in the
developed model and and printed for experimental studies using 3D printing techniques.
The model geometry included one spacer element (Fig. 4.2), representative of the spacer
geometry. The hydrodynamic calculations assumed stationary flow of an incompressible
fluid in laminar conditions, according to the Navier-Stokes and continuity equations (4.1):
𝜌(𝒖 ∙ ∇)𝒖 + ∇𝑝 = ∇ ∙ (𝜂∇𝒖), ∇. 𝒖 = 0

(4.1)

Where 𝒖 = (𝑢𝑥 , 𝑢𝑦 , 𝑢𝑧 ) is the vector of local liquid velocity, p is the pressure, ρ and η

are the density and dynamic viscosity of water (20ºC) (Bucs et al., 2014a; Bucs et al.,
2014b; Picioreanu et al., 2009; Radu et al., 2014a). Periodic flow conditions were
imposed between the inlet and outlet boundaries (u(0,y,z) = u(L X ,y,z)), as well as
between the lateral boundaries (u(x,0,z) = u(x,LY ,z)). This approximates the profile

corresponding to a spacer element situated within an array (Table 2.1). The flow is driven
by an imposed pressure difference between inlet and outlet (∆p = p(0,y,z) p(LX ,y,z)),
while no pressure difference exists between the lateral boundaries (p(x,0,z) = p(x,LY ,z)).
The pressure difference ∆p required to drive the flow at a certain average cross-flow
velocity is obtained by including an additional constraint (Eq. 4.2).
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set
u=
um,avg (∆ p)
m , avg

(4.2)

The calculated average inlet velocity (u m,avg ) as defined in equation 2.3 needs to match
the experimental average velocity in a spacer element(Eq. 4.4), determined by the
measured flow rate Q, flow cell width w and height h, as well as spacer porosity ε.

um ,avg =

umset, avg =

u x (0, y, z) dA
Ainlet
Ainlet

(4.3)

Q
w⋅h

(4.4)

∫

No-slip boundary conditions were set to all other surfaces (top, bottom and spacer) thus
the flow was calculated without permeate production. The steady laminar flow equations
were solved with finite element methods, on a tetrahedral mesh with a maximum size of
50 micrometers (μm).

Fig. 4.2: The computational domain and applied boundary conditions for hydrodynamic simulations
including one feed spacer element. Arrows indicate flow direction.
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Table 4.1: Model Parameters.
Parameters
Model geometry
channel length
channel width
channel height
Model parameters
Average inlet flow velocity
Feed water density
Water viscosity
temperature

Symbol

Value

Unit

Source

LX
LY
LZ

2.6-6.8
3.3-6.8
863

mm
mm
µm

Varies with spacer
geometries
34 mil (FilmtechTM)

um
ρ
η
T

8.6
1000
10-3
293

cm∙s-1
kg∙m-3
Pa∙s
K

chosen
water
water
chosen

4.2.2 3D printed feed spacers
Fused Deposition Modeling (FDM) was the first technique tested for producing 3D
printed spacers. FDM proved to be unsuitable for producing feed spacers, since the
resulting spacers and spacer strands were thicker than the feed spacers from practice.
Also, the FDM produced feed spacers were brittle. Stereolithography (SLA) was also
tested as a possible option for printing feed spacers. SLA is an additive method of
printing using UV light to cure a liquid resin. SLA spacers were found not to be suitable
as they showed limited material rigidity and mechanical strength in water with time.
Polyjet printing also known as Multijet printing (3D Printing Industry, 2015) was the next
technique tested, allowing a higher resolution at lower cost compared to other current 3D
printing technologies. A Polyjet printer utilizes multiple jet heads that deposit a polymer
onto a platform, where the polymer is cured with UV light. The Polyjet printed end
product had a smoother surface finish compared to the FDM spacer (Wang et al., 1999).
Two sets of 3D printed spacers were produced using Polyjet printing: the first was
designed with a similar geometry as the 34 mil (863 µm) thick feed spacer from practice
(referred to as 3DS) and the second was a modified geometry feed spacer (based on
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numerical modeling) with the same thickness of 34 mil but differing in mesh-size
(number of spacer filaments per unit area), contact angle between the filaments, and
bottle-necking structure (referred to as 3DM, Table 4.2). The 3D printed feed spacer is
manufactured from a urethane acrylate polymer, which is non-biodegradable.
A trial and error approach was applied to develop a modified geometry spacer. The best
spacers from a pressure drop point of view were selected after testing 7 spacer
geometries. Three spacers with decreasing angles and three with decreasing mesh-sizes.
The best performing angle was combined with best performing mesh-size to create the 7th
spacer (modified spacer), which was tested experimentally in the biofouling study (3D
printed modified geometry spacer, 3DM). In other words, both the feed spacer mesh-size
and contact angle were modified, to explore whether feed spacer modifications provide
possibilities to reduce the impact of biofouling on membrane performance. The porosity
of the two feed spacers 3DS and 3DM, calculated by using the numerical model were
0.85 and 0.90, respectively.

Table 4.2: Code used for the feed spacers studies.
Feed spacer code

Details

Thickness mil*

SSP

Standard spacer as used in practice

34

3DS

3D printed spacer with similar dimensions as SSP

34

3DM

3D printed spacer with modified geometry from SSP

34

*1 mil equals 25.40 µm
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4.2.3 Microscopic observation
A Leica M205 FA Stereomicroscope was used to compare the geometry of the 3D printed
spacers with the feed spacer from practice. The characterization was based on spacer
filament shape, contact angle and mesh-size (Li et al., 2002b). On a typical feed spacer
from practice, a bottle-neck like structure is present, formed due to the intertwining of
filaments during the manufacturing process. The 3D printed spacers were also designed
with a bottle-neck structure on the spacer filaments.

4.2.4 Experimental set up
The experimental set up (Fig. 2.3) consisted of a tank, gear pump (PRIMIX), temperature
and differential pressure sensor (Deltabar, Endress+Hauser PMD75, Germany), back
pressure valve (Hydra cell, Wanner Engineering Inc., USA), substrate dosing diaphragm
metering pump (Stepdos 03, KNF Lab, Germany), flow sensor (Ultra flow sensor
ULF01.H.0, POM/FPM) and a membrane fouling simulator (MFS). The accuracy of the
differential pressure transmitter is ±0.05% (Vrouwenvelder et al., 2009c). The tank was
filled by tap water filtered by cartridge (pore size of 5 µm) and carbon filters (UPS BB3,
Bluefilters Group, Netherlands) to remove particulate matter and residual chlorine
respectively.
The MFS with external dimensions of 0.07 m × 0.30 m × 0.04 m was used in laboratory
controlled stable conditions to study hydrodynamics and biofouling development (Bucs et
al., 2015a). The MFS has shown to be representative for the hydrodynamics and
biofouling development (pressure drop development and biomass accumulation) of spiral-
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wound membrane modules(Vrouwenvelder et al., 2007a, 2006). A coupon of virgin
membrane and feed spacer of 0.04 m × 0.20 m was placed in the simulator in the same
orientation as in spiral-wound membrane modules in practice. The RO membranes were
provided by Trisep Corporation, USA. The feed spacer from practice was 34 mil (863
µm) thick, diamond-shaped, made of polypropylene, with a porosity of 0.85, and was
provided by Conwed plastics, USA. No water permeates through the membranes in our
studies; previous experiments have shown that permeate production has no effect on the
measured feed channel pressure drop during biofouling experiments (Vrouwenvelder et
al., 2009a, 2009d).

Fig. 4.3: Scheme of laboratory test installation. The residual chlorine in the feed water (In) was removed
using a carbon filter (a) and particulate matter was removed using a cartridge filter (b). The water entered a
reservoir tank (c) at a constant flow and was pumped to the MFS by a rotary gear pump (d). The
temperature sensor (e) and flow controller (f) were installed before the MFS to monitor the temperature and
regulate the flow respectively. The pressure drop over the MFS was measured with a sensitive accurate
differential pressure transmitter (h). Chemicals can be dosed using a substrate dosing pump (g) to the feed
water of the MFS. A back pressure valve was used (i) for degassing the system. The water was recirculated
to the tank.
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4.2.5 Operating conditions
The hydraulic characterization of 3D printed feed spacers was carried out in MFSs by
measuring the pressure drop at different flow rates, ranging from 10 L∙h-1 to 20 L∙h-1
(equivalent to a linear flow velocity of 0.09 m·s-1 to 0.18 m·s-1).
To study biofilm development in the MFS, tap water was pumped to the MFS at a flow
rate of 17.0 L∙h-1 equivalent to a linear flow velocity of 0.16 m∙s-1, representative of
practice (Vrouwenvelder et al., 2009b). The outflow from the MFS was recirculated to the
tank where fresh tap water was also added at a constant flow rate making a partially
recirculated system. The tap (drinking) water fed to the monitors contained bacteria. No
additional bacteria were fed to the tap water. A nutrient solution containing acetate,
nitrate and phosphate in a mass ratio C:N:P of 100:20:10 was dosed to enhance the
growth of bacteria (originating from the tap water) in the monitor (Vrouwenvelder et al.,
2010a). The concentration of substrate added to the MFS feed water was 1 mg C L-1.
Biofouling development was monitored by measuring the pressure drop increase over
time along the length of the MFS (Vrouwenvelder et al., 2009b) and analyzing the
accumulated biomass in the MFS at the end of the study.
4.2.6 Sampling and biomass analyses
To analyze the accumulated fouling, the membrane and spacer coupons were removed
from the MFS at the end of the biofouling study and placed in tubes containing 30 mL of
autoclaved milliQ water. The tubes with the coupons were placed in an ultrasonic water
bath for two minutes followed by mixing on a Vortex for one minute to remove fouling
from the membrane and spacers coupons. The procedure was repeated three times and the
solution left after removing the coupons was used to determine the active biomass and
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total organic carbon content. To determine the active biomass (live bacterial cells) and
total organic carbon content, the methods used were Adenosine Tri Phosphate (ATP) and
Total Organic Carbon (TOC) using an ATP Celsis Luminometer and a Shimadzu TOC
analyzer respectively. Details of the methods have been described elsewhere
(Vrouwenvelder et al., 2009a).

4.3 Results
A feed spacer from practice was recreated and modified in CAD software and the
hydraulic behavior from the practical and modified spacer was compared using numerical
modeling (section 4.3.1). Subsequently, a feed spacer with the geometry from practice
and a feed spacer with the modified geometry, selected from the numerical modeling
study were 3D printed. An experimental comparison was made between a spacer from
practice, the 3D printed spacer with the same geometry (section 4.3.2) and the 3D printed
spacer with a modified geometry (section 4.3.3). The spacers were compared with respect
to (i) geometry (microscopic), (ii) hydraulic behavior in MFSs (pressure drop vs. flow
rate) and (iii) pressure drop development during biomass accumulation in time in MFSs
(Table 4.3).
4.3.1 Numerical modeling and 3D printing of feed spacers
Feed spacers were modified varying mesh-size and contact angle (Fig. 4.4). The hydraulic
characterization of the resulting spacer designs was modeled to assess possible
improvement over the feed spacer from practice (Fig. 4.5). On the basis of a more
restricted pressure drop development, one spacer design with a larger mesh-size and
reduced contact angle was selected for experimental studies (Figs 4.4 D, 4.5 D) and 3D
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printed. This modified spacer was used to study the combined effect of the larger feed
spacer mesh-size and the smaller contact angle on biofouling development.

Table 4.3: Schematic structure of studies performed with numerical modeling and experimental studies
with MFS containing feed spacers SSP, 3DS and 3DM.
Aspect
Numerical modelling of various feed spacer geometries
-

Geometry of feed spacer

Relationship feed flow and pressure drop
Comparison of 3D printed spacer with practice spacer
-

Visual observation

Hydraulic characterization
Biofouling study: Development of pressure drop and
bi of 3D printed modified geometry spacer with practice
Comparison
-

Visual observation

Methods#

Section
3.1

Figures

M

4

M

5
3.2

V

6

M+MFS

7

MFS

8
3.3

V

M+MFS
Hydraulic characterization
Biofouling study: Development of pressure drop and
MFS
bi
# M= numerical modeling; V= visual observation; MFS= experimental studies
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Fig. 4.4: Mathematically modelled (A) standard feed spacer, (B) spacer with modified filament angle, (C)
spacer with modified mesh-size and (D) spacer with modified filament angle and mesh-size.
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Fig. 4.5: Mathematically modelled feed channel pressure drop (mbar) as a function of linear flow velocity
(m·s-1) for (A) standard feed spacer, (B) spacer with modified filament angle, (C) spacer with increased
mesh-size and (D) spacer with modified filament angle and increased mesh-size.

4.3.2 Comparison of feed spacer from practice and 3D printed spacer with same
geometry
Visual comparison of the practical feed spacer (SSP) and the Polyjet produced spacer
(3DS) was based on spacer filament shape, angle between filaments, and mesh-size (Fig.
4.6). The two spacers were found to be similar in relation to spacer thickness (34 mil) and
contact angle (90º), but were slightly different in bottle necking. The hydraulic behavior
was characterized in MFSs by determining the pressure drop at different flow rates. The
feed spacers SSP and 3DS showed a similar relationship between pressure drop and flow
rate, in agreement with the numerical modeling data (Fig. 4.7).
During the biofilm development study at constant nutrient dosage, the pressure drop
increased with time in MFSs containing SSP and 3DS (Fig. 4.8 A, B) and the
accumulated biomass was quantified after 7-day MFS operation (Fig. 4.8 C, D). The
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initial pressure drop, pressure drop increase with time, and amount of accumulated
biomass at the end of the study indicated similar performance of SSP and 3DS (Fig. 4.8).
Based on the visual, hydraulic and biofouling characterization, 3D printing proved to be a
suitable technique to develop and test feed spacers for lab scale studies.

Fig. 4.6: Microscopic top-view images of a 34 mil thick (A) standard feed spacer (SSP) and (B) 3D printed
similar geometry feed spacer (3DS). Arrow indicates flow direction of water in the MFS.

Fig. 4.7: Feed channel pressure drop (mbar) as a function of linear flow velocity (m∙s-1) simulated for feed
spacer 3DS using numerical modeling and measured for the feed spacers SSP and 3DS using MFS.
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Fig. 4.8: Pressure drop in time (A), pressure drop increase (B) and amount of accumulated biomass in the
MFS (C and D) after 7 days of operation at constant feed flow. The difference in TOC between SSP and
3DS is not significant.

Fig. 4.9: Microscopic top-view images of a 34 mil thick (A) SSP and (B) 3D printed modified geometry
spacer (3DM). Arrow indicates flow direction of water in MFS.

116

4.3.3 Comparison of feed spacer from practice and 3D printed spacer with modified
geometry
A feed spacer with modified geometry (3DM) selected based on the results of the
numerical modeling (Fig. 4.5 D) was printed and experimentally compared with SSP.
Visual observations of SSP and 3DM confirmed differences in mesh-size and contact
angle between the spacer filaments, while the spacer thickness was the same (34 mil, Fig.
4.9). 3DM had a larger mesh-size and smaller contact angle compared to SSP.
Comparison of the hydraulic behavior of 3DM and SSP showed a much lower initial
pressure drop and pressure drop development for 3DM, in accordance with the simulated
data (Fig. 4.10). E.g. at a flow rate of 20 L∙h-1 (0.18 m s-1) 3DM had a 60% lower pressure
drop than SSP.
Biofilm development was observed in MFSs containing 3DM and SSP by monitoring the
pressure drop increase over a period of 7 days and analyzing the accumulated biomass at
the end of the study (Fig. 4.11). Compared to SSP, 3DM had (i) a 60% lower initial
pressure drop and (ii) a 34% lower pressure drop increase after seven days with about the
same accumulated biomass amount. The results indicated that modifying the spacer
geometry can reduce the impact of accumulated biomass on the pressure drop increase.
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Fig. 4.10: Feed channel pressure drop (mbar) as a function of linear flow velocity (m∙s-1) simulated for feed
spacer 3DM using numerical modeling and measured for the feed spacers SSP and 3DM using MFS.

Fig. 4.11: Pressure drop increase in time (A), pressure drop increase (B) and amount of accumulated
biomass in the MFS (C and D) after 7 days of operation at constant feed flow. The difference in TOC
between SSP and 3DM is not significant.
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4.4 Discussion
The objective of the study was to develop a strategy to design and evaluate advanced feed
spacers with an adapted geometry to improve membrane performance, using the
combination of numerical modeling and experimental studies with 3D printed spacers in
MFSs. Results of numerical modeling and experimental studies on spacer hydraulics were
in agreement (Figs. 4.7 and 4.10). The feed spacer from practice and the 3D printed feed
spacer with the same geometry showed similar hydraulics (Fig. 4.7) and biofouling
development (Fig. 4.8). A modified 3D printed feed spacer showed improved hydraulics
(Fig. 4.10) and a lower impact of biofouling on membrane performance (Fig. 4.11).
4.4.1 3D printing technique to design modified geometry feed spacers
Computer aided designing can help create modifications in feed spacer geometry.
Detailed numerical modeling studies on feed spacer geometries have been done to
optimize the feed spacer structure in relation to mass transfer and hydrodynamics in
spiral-wound membrane modules. The studies addressed the impact of the spacer
orientation, contact angle between the filaments and mesh-size (Fimbres-Weihs and
Wiley, 2010, 2007; Geraldes et al., 2002; Koutsou et al., 2007; Saeed et al., 2012;
Shakaib et al., 2007). The spacer filament shape had a strong impact on hydrodynamics
(Bucs et al., 2014a; Picioreanu et al., 2009). With the 3D printing technique, as addressed
in this paper, the impact of the spacer filament shape can also be tested experimentally. In
our study, the focus was on modifying the spacer geometry by increasing the mesh-size
and reducing the contact angle. Numerical modeling showed that by these modifications
of the spacers, the pressure drop is reduced significantly (Fig. 4.5). The modified
geometry spacer C showed a slight improvement in pressure drop performance over
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modified geometry spacer D (Fig. 4.5). However, due to wider strand spacing, modified
spacer C may have lower dimensional stability than modified spacer D. In spiral wound
elements lower dimensional stability of feed spacers is often associated with feed spacer
extrusion or “telescoping” of the membrane element. For this reason, modified spacer D
was chosen over modified spacer C (Fig. 4.4) for 3D printing and the experimental
studies.
A 3D printing technique was selected to produce feed spacers for lab-scale studies.
Emphasis of the study was the replication of the spacer geometry from practice applying
polypropylene like material. The first 3D printing technique FDM proved to be unsuitable
for producing feed spacers due to limitation in achieving the same thickness as the spacer
from practice and the same material strength. Polyjet printing technique was then selected
and it was shown that this technique can produce thin materials with a high resolution.
The Polyjet 3D printing technique was used to produce a spacer with a geometry and
thickness identical to a feed spacer from practice. The experimental hydraulic
characterization and biofouling study showed that the 3D printed spacer (3DS) was
identical to the feed spacer from practice (SSP). Subsequently, the modified geometry
spacer (3DM) was printed and evaluated experimentally using the MFS. At the end of the
experimental period the same amount of biomass was accumulated using the SSP and
3DM spacer geometries in the MFS. The lower performance decline (lower pressure drop
increase) for the monitor with the 3DM spacer geometry suggests that the accumulated
biomass had less effect on the hydrodynamics of the 3DM spacer compared to the SSP
spacer. Lower impact of the same amount of biomass can be explained by differences in
the biofilm structure and/or compactness (volume) and/or spatial distribution compared to
the biofilm formed in the flow channel with the SSP spacer geometry. In section 4.4.3
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tools suitable for future studies are presented and discussed. In summary, results from the
studies showed that the selected spacer with increased mesh-size and reduced contact
angle reduced the impact of biofouling on pressure drop development thereby improving
membrane performance (Fig. 4.12).

Fig. 4.12: Impact of biofouling on pressure drop increase in MFSs containing the practice feed spacer
(SSP), 3D printed same geometry spacer (3DS) and the 3D printed modified geometry spacer (3DM). With
the same amount of accumulated biomass in the MFSs, the pressure drop increase was (i) similar for SSP
and 3DS and was (ii) much lower for the 3DM compared to SSP.
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4.4.2 A novel strategy to modify feed spacer geometry
3D printing has been used to manufacture bulky objects like flow cells but, it is not
described in literature, that this technique is used to produce feed spacers for membrane
based water treatment such as desalination and reuse. In this study, a new strategy is
proposed for evaluating the performance of standard and modified spacers with a variety
of geometries (Fig. 4.13). After designing and numerical modeling, the modified 3D
printed spacers can be evaluated effectively on lab-scale. Once a modified spacer proves
to perform better than current feed spacers in practice, the next stage will be to
manufacture spacers in bulk using the conventional manufacturing technique or possibly
using 3D printing techniques. The modified spacers can then be used in spiral-wound
membrane modules in pilot plants and eventually industrial installations for evaluating
the performance on large-scale.
4.4.3 Suggestions for future studies
3D printed spacers with a modified geometry can be used to study several factors
affecting the performance of spiral-wound membrane systems, such as the permeate
production in NF and RO membrane systems as described in numerical studies (Ma and
Song, 2006). Modifying the spacer design will impact the permeation/product formation.
Feed spacers enable proper mixing of feed water in the membrane module in order to
avoid concentration polarization and consequently, scaling (Saeed et al., 2012).
Therefore, the effect of modified feed spacers on concentration polarization (scaling)
should be studied as well.
Periodic cleanings for biofouling control of membrane systems are inevitable. Pretreatment and dosage of chemicals such as anti-scalants with a low nutrient content will
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delay the build-up of biofouling, while use of modified spacers may reduce the impact of
accumulated biomass on membrane performance. In the long run, despite the best organic
nutrient removal by pre-treatment and thicker/modified spacer use, cleanings of
membrane modules are unavoidable (Cornelissen et al., 2007a; Vrouwenvelder et al.,
2009b). Current chemical cleaning strategies of membrane systems containing standard
geometry feed spacers do not restore the original membrane performance (Creber et al.,
2010a, 2010c). Chemical cleanings inactivate biomass but are not effective in a complete
biomass removal from spiral-wound membrane modules (Bereschenko et al., 2011;
Creber et al., 2010a, 2010c; Vrouwenvelder and van der Kooij, 2001). Due to the
presence of spacers, the biomass inactivated by chemicals remains trapped in the feed
channel leading to rapid regrowth of biofilm. In other words, the net-like structure of the
feed spacer hampers biomass removal from the membrane module during conventional
cleaning using chemicals. Designing a feed spacer with e.g. a larger mesh-size and
reduced contact angle may lead to better removal of biomass from the modules.
Advanced cleaning strategies such as air water flushing or elevated shear by using air
(gas) bubbles (Cornelissen et al., 2007a; Vrouwenvelder et al., 2010b) may enhance
biofilm detachment and removal. Therefore, effective biofilm removal from the
membrane module may be possible using modified geometry feed spacers combined with
advanced cleaning strategies.
The phenomenon of easy cleanability can be investigated in lab-scale MFS studies with
in-situ imaging techniques like oxygen sensing optodes, optical coherence tomography,
magnetic resonance imaging etc. by understanding the spatial distribution of biofilm in
the feed channel in presence of modified geometry spacers (Dreszer et al., 2014; Farhat et
al., 2015; Manz et al., 2005; Prest et al., 2012; Staal et al., 2011; Valladares Linares et al.,
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2016; West et al., 2015). There is a need to develop cleaning strategies focusing on the
removal of biofouling from membrane systems. Use of modified feed spacers in
membrane modules may facilitate reducing the impact of accumulated biomass on
performance and removal of detached biofilm from the spiral-wound membrane modules
and the membrane installation, providing a robust solution for biofouling control.
Spacers are not limited to NF and RO spiral-wound membrane systems. Forward osmosis
(FO), reverse electrodialysis (RED), membrane distillation (MD), and electrodeionisation
(EDI) are examples of other membrane based processes where spacers play an important
role. FO is a membrane separation process driven by a difference in osmotic pressure
across the membrane, meaning FO operates at low or no hydraulic pressures compared to
NF/RO (Cath et al., 2006). RED is the process of obtaining energy from a salinity
gradient i.e. energy is retrieved from the difference in the salt concentration between
saline water and fresh water both let through a stack of alternating cation and anion
exchange membranes (Lacey, 1980). MD is a hybrid process that uses membranes and
operates on the basis of evaporation, where mass is transported by the difference in vapor
pressures between feed and permeate (Phattaranawik et al., 2003). EDI is an ionic
separation technology using electricity, ion exchange membranes and resins to produce
high purity deionized water (Alvarado and Chen, 2014), involving non-conducting and
various conducting spacers (Li et al., 2010; Nikonenko et al., 2008; Yeon and Moon,
2003).
Unlike NF/RO where biofouling has been reported on the feed side of the membrane, FO
and RED systems face fouling problems on either side of the membrane. A recent
biofouling study of FO systems with varying spacer thicknesses showed that spacer
biofouling impacted FO membrane performance, emphasizing the importance of spacers
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(Valladares Linares et al., 2014). Studies done in RED with and without spacers showed
that fouling had less impact on performance in absence of spacers (Post et al., 2010;
Vermaas et al., 2013). MD studies showed that performance could be improved by using
spacers and that a coarse spacer showed better performance than a fine spacer (MartínezDíez et al., 1998). Besides membrane based water filtration systems, spacers are also an
essential part of membranes installations in food and dairy industry (Flint et al., 2011;
Mohammad et al., 2014). EDI studies with ion conducting spacers showed to affect
performance emphasizing the role of spacers (Nikonenko et al., 2008).
In summary, the proposed strategy to design and evaluate advanced geometry spacers,
using the combination of numerical modeling of spacer geometries and experimental
testing of 3D printed spacers can help in characterizing and controlling operational
problems in various membrane treatment processes from e.g. water desalination and
reuse, energy production, food and dairy industry and can be used to develop new
antifouling strategies.
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Fig. 4.13: Scheme for cost effective development and evaluation of novel feed spacers for biofouling and
scaling control.
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4.5 Conclusions
Studies for spiral-wound NF and RO systems were done involving (i) the creation of
several types of feed spacer geometries in CAD software and comparison of hydraulic
behavior using numerical modeling, (ii) 3D printing of a practice and modified feed
spacer, and (iii) experimental membrane fouling simulator (MFS) studies of a practice
and 3D printed feed spacer with the same geometry and (iv) MFS studies of a practice
and a 3D printed modified geometry spacer. The spacers were experimentally compared
on geometry, hydraulic behavior and pressure drop development during biomass
accumulation in MFSs. Based on the results, the following can be concluded:
•

Numerical modeling and experimental studies showed the same hydraulic behavior
for practice and 3D printed feed spacers with the same geometry.

•

3D printing technology is a suitable tool to produce spacers with a thin and complex
geometry: feed spacer from practice and 3D printed spacer with same geometry
showed similar hydraulics and biofouling development.

•

Compared to a feed spacer from practice, a 3D printed feed spacer with a modified
geometry showed a low feed channel pressure drop and low biofouling impact on
performance.

•

A strategy is proposed to design and evaluate spacers with advanced geometry, using
the combination of numerical modeling of spacer geometries and experimental MFS
testing of 3D printed spacers.

The proposed strategy may also be suitable for developing spacers in e.g. forward
osmosis (FO), reverse electrodialysis (RED), membrane distillation (MD), and
electrodeionisation (EDI) membrane systems.
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Supplementary material
Numerical modelled data are presented as a function of crossflow velocity (m s-1) in this
chapter (Figures 4.5, 4.7 and 4.10) and as a function of feed flow (L h-1) to the membrane
fouling simulator (MFS) in the supplementary material (Figures S4.1, S4.2 and S4.3).

Fig. S4.1: Mathematically modelled feed channel pressure drop (mbar) as a function of feed water flow
(L·h-1) for (A) standard feed spacer, (B) spacer with modified filament angle, (C) spacer with increased
mesh-size and (D) spacer with modified filament angle and increased mesh-size.
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Fig S4.2: Feed channel pressure drop (mbar) as a function of the feed water flow (L∙h-1) simulated for feed
spacer 3DS using numerical modeling and measured for the feed spacers SSP and 3DS using MFS.

Fig S4.3: Feed channel pressure drop (mbar) as a function of the feed water flow (L∙h-1) simulated for feed
spacer 3DM using numerical modeling and measured for the feed spacers SSP and 3DM using MFS.
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CHAPTER 5 Application of DBNPA dosage for biofouling control in
spiral wound membrane systems
Abstract
Biocides may be used to control biofouling in spiral-wound reverse osmosis (RO) and
nanofiltration (NF) systems. The objective of this study was to investigate the effect of
biocide 2,2-Dibromo-3-Nitrilopropionamide (DBNPA) dosage on biofouling control.
Preventive biofouling control was studied applying a continuous dosage of substrate and
DBNPA (1 mg/L). Curative biofouling control was studied on pre-grown biofilms, once
again applying a continuous dosage of substrate (0.5 mg acetate C/L) and DBNPA (1 and
20 mg/L). Biofouling studies were performed in membrane fouling simulators (MFSs)
supplied with biodegradable substrate and DBNPA. The pressure drop was monitored in
time and at the end of the study, the accumulated biomass in MFS was quantified by
adenosine triphosphate (ATP) and total organic carbon (TOC) analysis. Continuous
dosage of DBNPA (1 mg/L) prevented pressure drop increase and biofilm accumulation
in the MFSs during a run time of 7 days, showing that biofouling can be managed by
preventive DBNPA dosage. For biofouled systems, continuous dosage of DBNPA (1 and
20 mg/L) inactivated the accumulated biomass but did not restore the original pressure
drop and did not remove the accumulated inactive cells and extracellular polymeric
substances (EPS), indicating DBNPA dosage is not suitable for curative biofouling
control.

This chapter is accepted in a peer review journal:
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5.1 Introduction
The use of membrane filtration processes for the production of fresh and clean water has
strongly increased over the last decades. Nanofiltration (NF) and reverse osmosis (RO)
are processes removing salts, micropollutants, viruses and microorganisms, enabling the
production of high quality water. The membrane lifetime and operation costs are affected
by fouling. The consequence of fouling is e.g. an increased feed pressure to maintain
water production, the need to perform chemical cleanings of the membranes and
eventually membrane replacement.
Four types of fouling can occur: scaling (inorganic fouling), colloid fouling, organic
fouling and biofouling. Biofouling is most frequently encountered and most difficult to
control. Biofouling is defined as the amount of accumulated biofilm (biomass) causing
unacceptable membrane performance loss (Flemming, 2002). Biofouling is caused by the
formation of a biofilm on the membrane and spacer surfaces on the feed side of the
membrane. When bacteria adhere, they start to multiply and excrete an organic polymer
matrix of microbial origin called extracellular polymeric substances (EPS) which is a
slimy hydrated gel (Allison and Sutherland, 1984; Flemming and Wingender, 2010;
Geesey, 1982; Lappin-Scott et al., 2014). EPS protect bacterial cells from harsh
conditions such as hydraulic shear and chemical cleaning (Bridier et al., 2011; Costerton
et al., 1999; Hall-Stoodley et al., 2004). A biofilm evolves to adapt to the environment
and is resistant to different kinds of stress making biofilm control challenging.
Several strategies have been proposed to cope with biofouling. Pre-treatment processes
such as coagulation or ultraviolet irradiation (Harif et al., 2011) may help reducing or
delaying biofilm accumulation. Performance of membranes and spacers modified by
polydopamine, polydopamine-g-PEG or copper coatings (Araújo et al., 2012b) have also
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been studied for biofouling control, but these coatings did not prevent long-term biofilm
formation.
Chemical dosage to the feed water may enable biofouling control. Recently, an alternative
for chloramines 2,2-dibromo-3-nitrilopropionamide (DBNPA) has been applied in limited
number of water treatment plants. DBNPA is also used in the pulp, paper, oil, and gas
industry (DOW, 2013).
DBNPA is a non-oxidative agent, rapidly degrading in alkaline aqueous solutions (EPA,
1994). The organic water content as well as light enhance the hydrolysis and
debromination of DBNPA into cyanoacetamide followed by degradation into cyanoacetic
acid and malonic acid, that are non-toxic compounds (Blanchard et al., 1987). This
degradation pathway makes the use of DBNPA relatively environmentally friendly.
DBNPA is compatible with polyamide based membranes and shows high rejection rates
for RO membranes (Bertheas et al., 2009). The antimicrobial effect is due to the fast
reaction between DBNPA and sulfur-containing organic molecules in microorganisms
such as glutathione or cysteine (Chervenak et al., 2004; Paulus, 2005; Ullah, 2011). The
properties of microbial cell-surface components are irreversibly altered, interrupting
transport of compounds across the membrane of the bacterial cell and inhibiting key
biological processes of the bacteria (Chervenak et al., 2004; Paulus, 2005; Walter et al.,
1985).
To assess the anti-biofouling effect, on-line and off-line applications of the biocide have
been studied on industrial scale RO installations with a 20 ppm DBNPA concentration in
the feed water. Industrial case studies described by (Bertheas et al., 2009) indicate a
preventive effect of the biocide, but many details were not given. Only very limited
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information on the suitability of DBNPA to control membrane biofouling under welldefined conditions is available.
The objective of the study was to determine, under well-controlled conditions, the effect
of biocide DBNPA dosage on biofouling control in membrane systems. Preventive and
curative biofouling control strategies were investigated in a series of experiments with
membrane fouling simulators operated in parallel, fed with feed water supplemented with
DBNPA (1 or 20 mg/L) and a biodegradable substrate sodium acetate. A higher substrate
concentration in feed water has shown to result in a faster and larger pressure drop
increase and a higher accumulated amount of biomass (Creber et al., 2010c; Miller et al.,
2012; Valladares Linares et al., 2014). In the studies acetate was dosed as substrate to
enhance the biofouling rate. The pressure drop was monitored and autopsies were
performed to quantify the accumulated material.

5.2 Material and methods
5.2.1 Experimental set-up
In all experiments, membrane fouling simulators (MFSs) with membrane and spacer
sheets dimension of 20 cm by 4 cm and 787 µm channel height were applied (J. S.
Vrouwenvelder et al., 2008). Coupons of feed spacer and membrane can be placed in the
MFS resulting in the same spatial dimensions as in spiral wound membrane elements. Six
identical MFSs were operated parallel simultaneously. The development of fouling was
monitored by measuring the pressure drop increase over the feed spacer channel of the
MFS and by analysis of sheets of membrane and spacer taken from the monitor for
adenosine triphosphate (ATP) and total organic carbon (TOC). In addition, visual
observations were made using the MFS sight window prior to membrane and spacer
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sampling. During operation, the MFS window was covered with a light-tight lid to
prevent growth of phototrophic organisms.
The installation consisted of two cartridge filters in series (10 µm pore-size), flow
controller and dosing points (for substrate and DBNPA dosage), six MFSs and a back
pressure valve (Fig. 5.1). The MFSs were operated at a pressure of 1.70 bar to avoid
degassing. The feed water flow was 16 L/h equal to a linear flow velocity of 0.16 m/s,
representative for practice (Vrouwenvelder et al., 2009a). The MFSs were operated in
single-pass cross-flow, without permeate production.
The feed spacer used was a 31 mil (787 µm) thick propylene diamond-shaped feed
spacer, with spacer strands in a 90° position and a porosity of ~0.88, most commonly
applied in spiral wound NF and RO modules for water treatment in The Netherlands. The
feed spacers used in the experimental studies had the same spatial orientation, diamond
(i.e., 45° rotated against the main flow direction) as in spiral wound membrane modules.
Membranes and spacer sheets were taken from virgin spiral-wound membrane elements
(Trisep TS80, USA).
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Fig. 5.1: Schematic diagram of an automated system for membrane fouling simulator (MFS)
operation. The incoming water passes a 10 µm pore-sized cartridge filter and the feed pressure is regulated
using pressure dampeners and reducers. Six flow-cells installed in parallel are operated individually by a
feed flow controller, a substrate and a chemical dosage pump and a back pressure valve. The pressure drop
over the membrane simulator is measured with a differential pressure transmitter.

5.2.2. Operating conditions
5.2.2.1 Feed water
Drinking water was produced from surface water (at treatment plant Kralingen from
Water Supply Company Evides, The Netherlands) by coagulation and sedimentation
followed by ozonation, dual medium filtration, and granular activated carbon filtration.
Chlorine dioxide (0.1 mg/L) was added at the end of the treatment and the water was
collected in a reservoir before distribution. The chlorine dioxide concentration in the
reservoir effluent water was below the detection limit. Thereafter the water was
distributed in a well-maintained drinking water distribution network operated without
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residual disinfectant. For all MFS experiments this tap water was used as the feed water
source. Microscopic investigation showed a total bacterial cell number of 2 × 105
cells/mL in the feed water. These bacterial cell numbers (cells/cm2) were determined with
epifluorescence microscopy using acridine orange as fluorochrome, applying a slightly
adapted method to eliminate fading(American Society for Testing and Materials, 1993;
Hobbie et al., 1977). All fluorescing bacterial cells were counted. The number of colony
forming units (CFU) on R 2 A media (Reasoner’s 2 agar,(Reasoner and Geldreich, 1985))
was 2 × 103 CFU/mL after 10 days incubation at 25⁰C.
5.2.2.2 Substrate dosage
In order to achieve a faster accumulation of biomass, substrate was dosed to the MFS feed
water. The substrate solution dosed to enhance biofilm growth was composed of sodium
acetate, sodium nitrate and sodium dihydrogen orthophosphate in a mass ratio C:N:P of
100:20:10, employed at different concentrations (Araújo et al., 2012a; Vrouwenvelder et
al., 2009a). All chemicals were purchased in analytical grade from Boom B.V. (Meppel,
The Netherlands) and were dissolved in deionized water. The pH value of the substrate
solution was set at 11 by adding sodium hydroxide, in order to restrict bacterial growth in
the substrate container of 10 L (supplementary material, Fig S5.1). From this substrate
container, a concentrated substrate solution was dosed into the feed water prior to the
MFS at a flow rate of 0.05 L/h. A constant dosing was maintained using a mass flow
meter (mini Cori-Flow, Bronkhorst High-Tech B.V., Ruurlo, Netherlands). The dosage of
the substrate solution was checked periodically by measuring the weight of the substrate
container. The dosing flow rate of the substrate solution (0.05 L/h) to the monitor feed
water was low compared to the feed water flow rate (16.0 L/h, the reference feed flow).
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Therefore, the high pH-value of the substrate solution had no effect on the pH of the feed
water of 7.8.
5.2.2.3 DBNPA dosage
DBNPA was stored at room temperature in a container protected from light. Polyethylene
glycol (PEG2000, Merck, Darmstadt, USA) and demi water were used to prepare a 40%
w/w polyethylene glycol solution. The DBNPA was diluted in the 40% w/w polyethylene
glycol solution in 200mL flasks. The flasks were covered with light tight foil to avoid
DBNPA degradation by light. A constant dosage of DBNPA to the MFS feed water was
maintained using a diaphragm metering pump (StepDos O8S, KNF Neuberger, USA).
The flow rate of the solution (7.5 mL/h) to the monitor feed water was low compared to
the feed water flow rate (16.0 L/h, the reference feed flow). The DBNPA dosage solution
was freshly prepared every day to eliminate possible DBNPA degradation. DBNPA
concentrations of 1 and 20 mg/L in the MFS feed water were applied.
5.2.3 Experimental analysis
5.2.3.1 Pressure drop evaluation
Pressure drop measurements were performed with a pressure difference transmitter
(Endress & Hauser, type Deltabar S: PMD70-AAA7FKYAAA, Switzerland). The
calibrated measuring range was 0-0.5 bar (Vrouwenvelder et al., 2009c).
5.2.3.2 Biomass concentration
All studies were carried out in parallel MFS operation. Membrane and spacer coupons
from the MFSs were autopsied directly at the end of operation. Immediately after visual
inspection, the membrane and spacer sheets were analyzed for biomass accumulation
using ATP and TOC. The same sampling methods and analyses were performed for all
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studies. Details of the methods have been described elsewhere (Vrouwenvelder et al.,
2008). ATP is applied to determine the concentration of active biomass and TOC
concentration is applied to determine the total organic carbon amount of the biomass. The
selection for the biomass parameters ATP and TOC was based on earlier studies by
(Holm-Hansen and Booth, 1966; Vrouwenvelder et al., 2008) and has been applied in
various studies (Araújo et al., 2012a; Beyer et al., 2014). In some earlier studies, after
cleaning, a strong membrane performance decline caused by the accumulated material
with a low ATP value and a high TOC value indicated that biomass was inactivated but
not removed. Additionally performed total direct cell count analyses (Hobbie et al.,
1977) and scanning electron microscopy (SEM-EDX) confirmed that biomass was still
present and further analysis of membrane operation data showed that cleaning inactivated
the biomass but did not remove it from the membrane (corresponding with the low ATP
and high TOC values). Therefore, the combination of ATP and TOC analysis was applied
for biomass quantification and characterization. ATP was used to characterize active
biomass and TOC was applied for combined quantification of biomass and EPS. To
characterize the accumulated fouling, sections of membrane and feed spacers were taken
from the MFSs. The sections (16 cm2) were placed in a capped tube in 20 mL sterile
water. To determine the amount of biomass, the tubes with the membrane sections were
placed in an ultrasonic cleaning bath (Bransonic, model 5510E-DTH, output 135 W, 42
kHz). Low energy sonic treatment (two minutes) followed by mixing on a vortex (few
seconds) was repeated two times. When the liquid was visually not homogeneous or when
all biomass was not removed from the materials, additional time-intervalled treatments
were applied with a sonifier probe (Branson Sonifier 250, duty cycle 30%, output control
2) for three to five minutes (sample kept on ice) until the liquid was homogenous. Next,
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water collected from the tubes was used to determine the biomass parameter ATP. The
same treatment with sheets of membrane and spacer was applied with ultrapure water for
TOC analysis.

5.3 Results
The development of feed channel pressure drop (FCP) during the run time and biomass
concentration (ATP, TOC) in membrane fouling simulators (MFSs) at the end of the run
were investigated to assess the potential of DBNPA use for preventive and curative
biofouling control (Table 5.1). The MFS feed water was continuously supplemented with
DBNPA and biodegradable substrate (Table 5.2). Autopsies were performed on
membrane sheets and spacers taken from the MFSs to quantify the accumulated biofilm
amount.
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Table 5.1 – Structure of studies performed to evaluate the effect of DBNPA dosage on biofouling control.

Preventive biofouling control
Curative biofouling control
Regular dosage
High dosage

DBNPA dosage
(mg/L)
1

Evaluation based on

Section

Figure

P, V, A.

Fig. 5.3, S5.1

1
20

P, V, A, T.
P, V, A, T.

5.3.1
5.3.2
5.3.2.1
5.3.2.2

Fig. 5.4, S5.2
Fig. 5.5, S5.3

P: pressure drop change; V: visual observations of the membrane and feed spacer sheets in the MFS; A: adenosine triphosphate (ATP) measurements; T: Total
Organic Carbon (TOC) measurements of the accumulated material on the membrane and feed spacer.
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Table 5.2 – Experimental conditions of studies to determine effect of biocide DBNPA dosage on biofouling control.
study

Monitor

DBNPA dosage

Substrate
dosage

Start
dosage DBNPA

Duration
dosage DBNPA

Autopsy
on day

comment

code

(mg/L)

(µg C/L) #

(day)

(days)

(day)

S

No

500

n.a.

0

7

Positive control: biofouling expected

-

No

No

n.a.

0

7

Negative control: no dosages

D

1

No

0

7

7

SD

1

500

0

7

7

Control: Does DBNPA itself contribute to
fouling?
Impact DBNPA (triplicate experiment)

SD

1

500

0

7

7

Impact DBNPA (triplicate experiment)

SD

1

500

0

7

7

Impact DBNPA (triplicate experiment)

S

No

500

n.a.

n.a.

6.5

Positive control: biofouling expected

S1

No

500

n.a.

n.a.

4

Biofilm amount at start DBNPA dosage

SD1

1

500

4

1

5

Effect after day-1 of DBNPA dosage

SD2

1

500

4

2

6

Effect after day-2 of DBNPA dosage

SD3

1

500

4

3

7

Effect after day-3 of DBNPA dosage

SD5

1

500

4

5.5

9.5

Effect after day-5.5 of DBNPA dosage

S

No

200

n.a.

n.a.

7

Positive control: biofouling expected

S1

No

200

n.a.

n.a.

5

Biofilm amount at start DBNPA dosage

SD5

20

200

5

5

10

Impact DBNPA (triplicate experiment)

SD5

20

200

5

5

10

Impact DBNPA (triplicate experiment)

SD5

20

200

5

5

10

Impact DBNPA (triplicate experiment)

D10

20

No

5

5

10

Negative control: no biofouling expected

Prevention of biofouling

Curative biofouling control
study 1

Curative biofouling control
study 2

#: substrate dosage always started on day 0, when applied. n.a.: not applicable. No: dosage not applied.

5.3.1 Preventive biofouling control using 1 ppm DBNPA
To assess the suitability of DBNPA dosage for preventive biofouling control, six MFSs
were operated in parallel for seven days. Three MFSs were fed with water containing
sodium acetate as biodegradable substrate (0.5 mg/L) and DBNPA (1 mg/L). As controls,
one MFS was operated without dosage, one MFS was dosed with substrate only, and one
MFS with DBNPA only. The feed channel pressure drop was monitored in time and after
the 7-day study the accumulated biomass was quantified.
The pressure drop increased strongly with time for the MFS supplemented with substrate
only, while a very restricted pressure drop increase (≤10%) was found for the MFSs (i)
without any dosage, (ii) with DBNPA dosage, and (iii) with substrate and DBNPA dosage
(Fig. 5.2 A, B). After seven days of operation, the MFSs were opened for analysis of the
accumulated material. The MFS fed with water with only substrate addition showed a
high ATP concentration (2.0 × 104 pg ATP/cm2), while very low ATP concentrations
(≤200 pg ATP/cm2) were found for the MFSs (i) without dosage, (ii) with DBNPA
dosage, and (iii) with substrate and DBNPA dosage (Fig. 5.2 C). Visual inspection of the
membrane and spacer sheets in the MFSs after 7-day operation showed the presence of
biofilm in the MFS fed with substrate only (Fig S5.1, supplementary material), in
agreement with the increased pressure drop and biomass (ATP) measurements.
Comparison of the MFSs without dosage (-) and the MFS with DBNPA dosage only (D)
showed no influence of the dosage of DBNPA on pressure drop increase and biofilm
accumulation (Fig. 5.2), so DBNPA dosage was not contributing to the biofilm
development. The three MFSs fed with water containing substrate and DBNPA (SD in
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triplicate) did not show an increase in pressure drop and biofilm accumulation, showing
that continuous DBNPA dosage (1 mg/L) did prevent biofilm accumulation even in the
presence of a high substrate concentration in the feed water (Fig. 5.2). Therefore,
continuous DBNPA dosage with a dose of 1 mg/L is a strategy to prevent or restrict
biofouling.
5.3.2 Curative biofouling control
To address the suitability of DBNPA dosage to cure a membrane system suffering from
biofouling, experiments were carried out with pre-grown biofilms in MFSs causing a
pressure drop increase (≥ 60%). After starting continuous dosage of DBNPA, further
development in time of the pressure drop and biomass amount (ATP, TOC) were
monitored (Figs. 3 and 4). Curative biofouling control was studied applying a continuous
dosage of 1 mg/L DBNPA (5.3.2.1) and 20 mg/L DBNPA (5.3.2.2).
5.3.2.1 Curative biofouling control using 1 ppm DBNPA
Six MFSs were operated in parallel. Five MFSs were operated with substrate dosage only
(0.5 mg/L) for four days to develop a biofilm causing a pressure drop increase. One MFS
(S1) was operated for four days only (until the start of DBNPA dosage) to quantify the
accumulated biomass prior to the start of DBNPA dosage. Subsequently, four MFSs were
operated with an additional dosage of DBNPA (1 mg/L). To evaluate the effect of
DBNPA dosage on the pre-grown biomass, MFSs were opened for accumulated biomass
analysis after various run times with DBNPA dosage (day-1, 2, 3 and 5.5: SD1, SD2, SD3
and SD5). As control, one MFS was operated with substrate dosage only (S) until the end
of the run.

144

A

pressure drop (mbar)

800

:S
::D
, , : SD

600
400

200

0
0

pressure drop increase (%)

1000

2
B

4
time (days)

6

with DBNPA

no
DBNPA

100

10
S
2  104

10

10

10

-

D

SD

10
SD

SD

C

P/cm

103

(pg AT

biomass concentration
2
)

4

10

100 100 100 100

2

10

S

-

D

SD

SD

SD

Fig. 5.2 DBNPA dosage (1 mg/L) to prevent biofouling. Pressure drop in time (A), pressure drop increase
(B) and accumulated biomass concentration ATP (C) in MFSs. Feed water of all MFSs (except - and D)
was supplemented with biodegradable substrate (500 µg C/L) from day 0. DBNPA was continuously dosed
to the feed water (1 mg DBNPA/L) of all MFSs except - and S. S, D and - are controls. Continuous dosage
of DBNPA to feed water (1 mg/L) is effective for preventive biofouling control.

145
The pressure drop increased strongly in all MFSs during the first four days with only
substrate dosage (Fig. 5.3 A). Starting day four, continuous additional dosage of 1 mg/L
DBNPA (i) inactivated the accumulated biomass (Fig. 5.3 C), but (ii) did not restore the
original pressure drop (Fig. 5.3 A, B), and (iii) did not remove the accumulated
inactivated cells and EPS (Fig. 5.3 D). Comparison of the control with substrate dosage
only (S) to experiments with additional DBNPA dosage (SD1, SD2, SD3 and SD5)
showed that DBNPA dosage prevented (i) a further increase of pressure drop (Fig. 5.3 B)
and (ii) a further increase of bacterial cells and EPS (Fig. 5.3 D). With increasing time of
DBNPA dosage (from day-1 to 5.5) no biomass removal was found, but continuous
dosage of 1 mg/L DBNPA successfully prevented further build-up of biofouling in a
fouled membrane simulator (Fig. 5.3 C). Continuous DBNPA dosage (1 mg/L) was not
suitable for curative biofouling control, since the existing biofilm was not removed and
the original pressure drop not restored.
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Fig. 5.3 DBNPA dosage (1 mg/L) to cure a biofouled membrane system. Pressure drop in time (A),
pressure drop increase (B) and accumulated biomass concentration ATP (C) and TOC (D) in MFSs. Feed
water of all MFSs was supplemented with biodegradable substrate (500 µg C/L) from day 0. DBNPA was
continuously dosed to the feed water (1 mg DBNPA/L) of MFSs from day 4 (vertical line in A) for 1, 2, 3
and 5.5 days (SD1, SD2, SD3, SD5). S and S1 are controls. DBNPA dosage (1 mg/L) is not effective for
curative biofouling control.
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5.3.2.2 Curative biofouling control using 20 ppm DBNPA
Applying 1 mg/L DBNPA did not reinstate the initial pressure drop, so was not applicable
for curative biofouling control. Therefore, experiments were carried out with a much
higher continuous dosage of 20 mg/L DBNPA (Table 5.2). Three MFSs were dosed with
substrate and DBNPA (SD5 in triplicate). As controls, two MFSs were operated with
substrate dosage only (S and S1) and one MFS with DBNPA dosage only (D10). DBNPA
dosage only (D10) caused no pressure drop increase and no biofilm accumulation (Fig.
5.4), confirming that DBNPA dosage was not contributing to biofilm development and
pressure drop increase, not even for a very high DBNPA dosage.
The results of dosing 20 mg/L DBNPA are consistent with the results of the 1 mg/L
DBNPA dosage study (5.3.2.1). The pressure drop increased strongly in all MFSs during
the first five days with only substrate dosage (Fig. 5.4 A). Continuous additional dosage
of 20 mg/L DBNPA starting day five for a period of five days (i) inactivated the
accumulated biomass (Fig. 5.4 C), but (ii) did not restore the original pressure drop (Fig.
5.4 A, B) and (iii) did not remove the accumulated biomass and EPS (Fig. 5.4 D).
Comparison of the control with substrate dosage only (S for five days and S1 for seven
days respectively) with additional DBNPA dosage (SD5 in triplicate, for 10 days),
showed that the DBNPA dosage prevented (i) a further increase of pressure drop (Fig. 5.4
B) and (ii) a further increase of biomass and EPS accumulation (Fig. 5.4 D). Just like a
continuous dosage of 1 mg/L DBNPA, continuous dosage of 20 mg/L DBNPA was
successful in inactivating the accumulated active biomass and preventing (further) biofilm
growth (Fig 5.4 C), but was not suitable for curative biofouling control.
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Fig. 5.4 DBNPA dosage (20 mg/L) to cure a biofouled membrane system. Pressure drop in time (A),
pressure drop increase (B) and accumulated biomass concentration ATP (C) and TOC (D) in MFSs. Feed
water of all MFSs was supplemented with biodegradable substrate (200 µg C/L) from day 0. DBNPA was
continuously dosed to the feed water (20 mg DBNPA/L) of MFSs from day 5 (SD5). S, S1 and D10 are
controls. Continuous DBNPA dosage (20 mg/L) is not effective for curative biofouling control.

5.4 Discussion
The objective of the study was to determine, under well-controlled conditions, the
applicability of the biocide DBNPA for preventive and curative biofouling control in
membrane systems. The preventive study showed that low DBNPA dosage (1 mg/L)
avoided a pressure drop increase and biofilm accumulation in the MFS (Fig. 5.2). The
curative study with a pre-grown biofilm showed that further EPS accumulation and
pressure drop increase were avoided by DBNPA dosage of 1 and 20 mg/L, but the initial
pressure drop was not restored. ATP measurements show that the active biomass was
inactivated, while TOC and pressure drop data showed that removal of the existing
biofilm did not occur (Figs 5.3 and 5.4). The outcomes of this study show that continuous
DBNPA dosage of 1 mg/L can prevent biofouling, but the biocide does not have a
curative effect for DBNPA concentrations up to 20 mg/L.
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5.4.1 Evaluation of DBNPA dosage for biofouling control
Boorsma et al. and Majamaa et.al independently, applied DBNPA in the feed water of
integrated membrane systems to evaluate the impact on pressure drop increase and
chemical cleaning frequency (Boorsma et al., 2011; Majamaa et al., 2012). A continuous
high DBNPA dosage of 20 mg/L on fouled membranes caused a significant decrease in
cleaning frequency due to the stabilization of the pressure drop. This is consistent with
the findings in our study (Figs.5.2- 5.4 and Fig. S5.5 in supplementary material). The
rejection of DBNPA by membranes has already been studied on industrial scale modules
(Bertheas et al., 2009). A few papers mention the use of on-line shock dosages of the
biocide (Majamaa et al., 2012) but limited information is provided on the efficiency of
this application. As continuous dosage of 20 mg/L of DBNPA did not remove the pregrown biofilm in the MFS, no curative effect on the existing biofilm may be expected by
applying shock dosages with the same DBNPA concentration. Continuous DBNPA
dosage to a biofouled membrane system stopped the biofilm accumulation and stopped a
further increase of pressure drop (Fig.5.4). In other words, continuous DBNPA dosage
stabilized but did not improve the performance of a biofouled membrane system.
This stabilization provides plant operators time to identify and address the cause of
biofouling such as e.g. algal bloom (Caron et al., 2010; Villacorte, 2014), dosing an
impure batch of acid (Vrouwenvelder et al., 1998), or anti-scalant (van der Hoek et al.,
2000; Vrouwenvelder et al., 2008, 2000), while avoiding heavier biofouling.
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5.4.2 Outlook
Continuous dosage of DBNPA at concentrations lower than 1 mg/L could be tested for
assessment of preventive anti-biofouling action. Dosage of 1 mg/L has shown to be
effective, but for full scale application the lowest efficient DBNPA dosage should be
found for optimizing the economy of dosing. Long-term effects of the DBNPA dosage
should be assessed in full scale membrane systems. Shock dosage may be suitable for
preventive biofouling control. Shock dosage of DBNPA (varying e.g. DBNPA
concentration, dosage time and dosage frequency) could be tested in the MFS to evaluate
the preventive anti-biofouling action. Reduction of chemical use and cost savings may be
achieved compared to continuous DBNPA dosage (Bertheas et al., 2009).
To evaluate the potential of DBNPA dosage for preventive biofouling control, MFS with
permeate production operating at high pressure are being developed. Although the
absence of permeate production has no influence on the biofilm growth on the RO and
NF membranes and feed spacers (Vrouwenvelder et al., 2009a, 2009b), the effect of
chemical dosage on the permeate quality is relevant to study. Results of such studies
provide useful information on the expected permeate characteristics produced under
practical conditions i.e. conditions used in a seawater desalination or water recovery at a
wastewater treatment plant.
For a biofouled membrane system, DBNPA dosage inactivated but did not remove the
biomass and did not eliminate the pressure drop increase (Figs. 5.3 and 5.4). A membrane
system containing inactivated biomass and EPS still has the same feed channel pressure
drop. Dreszer et al. reported that the hydraulic biofilm resistance was predominantly
caused by EPS (Dreszer et al., 2013). The impact of biofilm EPS on membrane
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performance is influenced by membrane operational parameters such as permeate flux
(Bereschenko et al., 2011; C. Dreszer et al., 2014; Nguyen et al., 2012; Valladares
Linares et al., 2016). Treatment achieving effective EPS removal would provide
biofouling control, underlining the importance to study strategies for EPS removal from
spiral wound membrane systems.
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5.5 Conclusions
The lab-scale study on the influence of biocide 2,2-dibromo-3-nitrilopropionamide
(DBNPA) dosage for preventive and curative biofouling control in spiral wound reverse
osmosis membrane systems using membrane fouling simulators led to the following
conclusions:
•

Prevention of biofilm accumulation and related pressure drop increase was
achieved with continuous 1 mg/L DBNPA dosage, even when the feed water
contained a high biodegradable substrate concentration (high biofouling potential).

•

Curative biofouling control was not achieved by continuous 1-20 mg/L DBNPA
dosage.
Dosage of DBNPA to a biofouled membrane system (i) inactivated the
accumulated biomass but (ii) did not restore the original pressure drop, and (iii)
did not remove the accumulated bacterial cells and extracellular polymeric
substances (EPS).

•

Continuous DBNPA dosage to a biofouled membrane system prevented a further
biofilm accumulation and pressure drop increase. In other words, in a biofouled
membrane system the fouling was stabilized by continuous DBNPA dosage.
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Supplementary material
Determining the extent of bacterial growth in the substrate storage bottle with time
Added to a 20 L bottle was 2.7637 g CH 3 COONa.3H 2 O, 0.5922 g NaNO 3 , 0.2483 g
NaH 2 PO 4 .2H 2 O, and water to a volume of 20 L and by dosage of 1 M NaOH the pH was
set to 11. The added biodegradable carbon concentration in the vessel was 24 mg C/L. 1
µg C/L supports growth of bacteria up to 107 bacterial cells per mL.
Bottles were made in triplicate and stored at room temperature (20oC) for 38 days.
Periodically over the 38-day period, samples were taken from the liquid in the bottles and
analyzed total bacterial cell number and active biomass (ATP) concentration.
Throughout the 38-day incubation period, (i) the ATP concentrations were below the
detection limit of the method (< 1 ng ATP/L, Fig. S5.1) and the total bacterial cell counts
were in the order of the detection limit (1 cell/µL) of the flow cytometric method, about 1
to 10 bacterial cells per µL. No increase in ATP concentration or total bacterial cell
number with time was found for the three bottles, indicating that bacterial growth in the
substrate bottle solution was very limited or not occurring during storage up to 38 days.
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Fig S5.2: DBNPA dosage (1 mg/L) to prevent biofouling. Visual observation of the accumulated material
on the membrane and feed spacer in the MFS-units, directly prior sampling for ATP and TOC analysis. S
substrate only, - negative control, D DBNPA only and SD.
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Fig S5.3: DBNPA dosage (1 mg/L) to cure a biofouled membrane system. Visual observation of the
accumulated material on the membrane and feed spacer in the MFS-units, directly prior to sampling for
ATP and TOC analysis. S positive control, S1, SD1, SD2, SD3 and SD5.
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Fig S5.4: DBNPA dosage (20 mg/L) to cure a biofouled membrane system. Visual observation of the
accumulated material on the membrane and feed spacer in the MFS-units, directly prior to sampling for
ATP and TOC analysis. S positive control, D10 negative control, S1, and SD5s.
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Fig. S5.5. Graphical abstract: Impact of continuous DBNPA dosage on biofouling control. Prevention
of biofouling by continuous 1 mg/L DBNPA dosage to feed water with high substrate concentration. No
curative biofouling control by continuous 1 and 20 mg/L DBNPA dosage.
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CONCLUSIONS
The aim of this study was to investigate and evaluate strategies to control biofouling in
membrane installations. Spiral wound membrane installations have many advantages over
conventional water desalination techniques, yet biofouling needs to be dealt with to
improve the performance of these systems further while also reducing the costs. This
research explored an alternative approach to control biofouling of spiral wound
membrane systems, namely systematic studies under well-controlled conditions on feed
spacers and biocide dosage.

A. Feed spacer modifications to reduce biofouling impact on membrane
performance
Modifying feed spacer geometry affects the hydrodynamics of spiral wound membrane
systems. Membrane module hydrodynamics can improve the system performance by
reducing feed channel pressure drop. The modified geometry feed spacers were evaluated
for biofouling impact by conducted biofouling studies in membrane fouling simulators
with and without nutrient dosage (Chapter 2). CT was evaluated in the next study as a
suitable technique to provide accurate 3D measurements of feed spacers for numerical
modeling purposes (Chapter 3). Chapter 4 focused on techniques to design novel feed
spacers and evaluate them on experimental level with biofilm growth. 3D printing was
proposed as an efficient technique to manufacture novel feed spacer designs in relatively
shorter time and test them on lab-scale.
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MFS is a good tool to evaluate the biofouling potential of modified feed spacers
The objective of this study (Chapter 2) was to evaluate the biofouling potential of two
reference and four modified feed spacers by performing hydraulic characterization and
biofouling studies in membrane fouling simulators (MFSs). Hydraulic characterization of
six virgin feed spacers (differing in geometry) was performed operating MFSs at varying
feed water flow rates. Short-term (nine days) and long-term (96 days) biofouling studies
were carried out with and without nutrient dosage to the MFS feed water. Feed channel
pressure drop was monitored and accumulation of active biomass was quantified by
adenosine tri phosphate (ATP) determination. The six feed spacers were ranked on
pressure drop (hydraulic characterization) and on biofouling impact (biofouling studies).
The results of the studies gave insight into the hydraulic behavior and biofouling impact
of spacer modification on membrane performance. On comparison, each spacer showed
significant difference in hydraulic and biofouling behavior. The biofouling studies
showed that the spacers had the same biofouling impact for short-term and long-term
studies. Hydraulic behavior was not in agreement with biofouling behavior for the six
spacer, indicating that hydraulic behavior cannot predict the efficiency of feed spacer
alone. Biofouling studies in well-controlled conditions using MFSs are essential to
understand the effect of feed spacer modifications and their impact on performance in
spiral wound membrane systems.
CT scans for accurate 3D measurements of feed spacers for numerical modeling
Computational fluid dynamics (CFD) has application in designing novel feed spacers
with improved hydrodynamic characteristics. This, however, requires precise
measurements of spacer geometry. This study (Chapter 3) developed a method to obtain
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accurate three-dimensional (3D) geometry representations for any given spacer design
from X-ray computed tomography (CT) scans.
The method revealed that the filaments of feed spacers, used in practice, have a highly
variable cross-section size and shape, which affect the flow characteristics in the feed
channel. In this study, five commercially available feed spacers were tested for pressure
drop and friction factors by numerical simulations. Experimental data was measured
using MFS for average linear flow velocities up to 0.2 m/s, as used in industrial RO and
NF membrane operations. A newly proposed spacer geometry with alternating strand
thickness was tested, which was found to yield a lower pressure drop while being highly
efficient in converting the pumping power into membrane shear, improving water
production.
Numerical model solutions using CFD with geometries from CT scans were closer to
measurements than those obtained using the traditional circular cross-section feed spacer
strand simplification, indicating that CT scans are very well suitable to approximate real
feed spacer geometries. CT scans of spacers were able to provide detailed insight on the
spacer filament size and shape, which allowed better quantification of local distribution
velocity and membrane shear. CT is an effective technique for predicting concentration
polarization and fouling aspects for standard and novel feed spacers by numerical
modeling. 3D CT scans can provide more insights into particle deposition on feed spacers
in membrane modules.
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3D printing is a suitable tool for novel feed spacer production
A strategy is proposed, in chapter 4, for developing, characterizing, and testing of feed
spacers by numerical modeling, three-dimensional (3D) printing of feed spacers and
experimental membrane fouling simulator (MFS) studies.
As a first step to developing a novel feed spacer, various feed spacer geometries were
mathematically modeled and compared. The designs that showed improvement during
numerical modelling over the reference feed spacer (34 mil spacer from practice), in
terms of hydraulics, were then manufactured using 3D printing technology, along with the
reference feed spacer. Biofouling studies using MFSs were carried out to compare
biofouling impact for reference feed spacer, 3D printed reference design and 3D printed
novel spacer.
When the two reference designs (from practice and 3D printed) were compared, same
hydraulic and biofouling behavior was observed. On comparing the 3D printed novel feed
spacer with the 3D printed reference feed spacer, the following was observed: (i) a lower
pressure drop during hydraulic testing and (ii) a lower pressure drop increase in time with
the same accumulated biomass amount for 3D printed novel spacer, indicating that
modifying feed spacer geometries can reduce the impact of accumulated biomass on
membrane performance.
With the aim to reduce the impact of biofouling on membrane performance and improve
cleanability of spiral wound RO and NF membrane systems, the proposed strategy of
numerical modeling of advanced feed spacer designs followed by experimental testing of
3D printed advanced feed spacers is a promising approach.
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Practice implications and future research
A coherent set of tools has been developed enabling the rapid manufacturing,
characterization and evaluation of novel spacers: CT scan, numerical modelling, 3D
printed spacers and membrane fouling simulators. A novel spacer with approximately
37% lower pressure drop has been developed, illustrating the potential of this approach to
develop advanced spacers.
The studies which were out of the scope of this research and can be implemented in the
near future are the impact of spacer modification on permeate production and saltpassage/rejection through the RO and NF membranes on lab-scale. Membrane fouling
simulators with permeate production can be used to study the impact of novel feed
spacers on permeation and salt-passage along with biofouling control.
Novel feed spacer designs that can aid in easy removal of biofilms from the membrane
module can be designed and tested relatively quickly by implementing 3D printing and
well-controlled experimental studies with MFSs. Modified feed spacers with lower
biofouling impact and easy cleanability need to be tested from lab-scale to industrial scale
in a relatively shorter period. The strategies mentioned in this research may also be
suitable to develop spacers in e.g. forward osmosis (FO), reverse electrodialysis (RED),
membrane distillation (MD), and electrodeionisation (EDI) membrane systems.

B. Reducing chemical cleaning frequency by preventive biofouling strategies
Currently applied chemical cleanings in spiral wound membrane systems inactivate
biofilms, but do not remove them, causing rapid regrowth and continued biofouling.
Earlier studies on biofouling control used coatings on membrane and feed spacer surfaces
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to help avoid bacterial attachment and subsequent growth of biofilms (Araújo et al.,
2012a; Ronen et al., 2015b). However, the biocide coatings either wears out or is
inactivated by the conditioning layer of biofilm with time. Inactivation and 100%
removal of biofouling seems to be unachievable due to factors like module design,
bacteria and nutrients in feed water. Therefore, emphasis should be on preventive rather
than curative control of biofilms.
In chapter 5, biofouling studies were performed in membrane fouling simulators (MFSs)
supplied with biodegradable substrate/nutrient and DBNPA. A continuous dosage of
substrate and DBNPA (1 mg/L) were applied for preventive biofouling control. While,
curative biofouling control was studied on pre-grown biofilms, once again applying a
continuous dosage of substrate (0.5 mg acetate C/L) and DBNPA (1 and 20 mg/L). The
pressure drop over the feed channel was monitored in time throughout the duration of the
study. At the end of the study, the accumulated biomass in MFS was quantified by
adenosine triphosphate (ATP) and total organic carbon (TOC) analysis. During the 7 days
of study, no pressure drop increase or biofilm development was observed at continuous
dosage of DBNPA. This showed that the preventive effect of DBNPA dosage was able to
control biofouling. However, with continuous dosage of DBNPA (1 and 20 mg/L) for
pre-grown biofilms the pressure drop was not restored to the original and while the
biofilm was inactivated, no removal occurred.
This study on non-oxidizing biocide DBNPA dealt with the effect of DBNPA on biofilms
by testing preventive and curative actions of the chemical compound. DBNPA dosage
caused partial activation of biofilm, without reducing biofouling.
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Practice implications and future research
A suitable approach has been developed to test biocides and other chemicals (e.g. antiscalants) for impact on biofouling development and control. This approach involves rapid
evaluation by dosing chemicals/biocides in membrane fouling simulators with biofilm
growth using nutrient dosage. Passage of biocides like DBNPA through membranes is not
considered an option for drinking water production.
Future research may focus on the effect of non-oxidizing biocides and other novel
chemicals with permeate production, to study the impact of the chemical on the
membrane permeation and rejection properties. Long term studies can be carried out with
continuous (low concentration) and intermittent dosage of chemicals to reduce chemical
use. On-site studies with chemicals can be done using membrane fouling simulators at
practice installations with varying water types such as seawater and brackish water.
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