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a b s t r a c t
Biofilms develop in heterogeneous patterns at a µm scale up to a cm scale, and patterns become more 
pronounced when biofilms develop under complex hydrodynamic flow regimes. Spatially heteroge-
neous biofilms are especially known in spiral wound reverse osmosis (RO) and nanofiltration (NF) 
membrane filtration systems used for desalination and wastewater reuse to produce high quality 
(drinking) water. These spiral wound membrane modules contain mesh-like spacer structures used 
to create an intermembrane space and improve water mixing. Spacers create inhomogeneous water 
flow patterns resulting in zones favouring biofilm growth, possibly leading to biofouling thus ham-
pering water production. Oxygen sensing planar optodes were used to visualize variations in oxygen 
decrease rates (ODR). ODR is an indication of biofilm activity. In this study, ODR images of multiple 
repetitive spacer areas in a membrane fouling simulator were averaged to produce high resolution, 
low noise ODR images. Averaging 40 individual spacer areas improved the ODR distribution image 
significantly and allowed comparison of biofilm patterning over a spacer structure at different posi-
tions in an RO filter. This method clearly showed that most active biofilm accumulated on and in direct 
vicinity of the spacer. The averaging method was also used to calculate the deviation of ODR pattern-
ing from individual spacer areas to the average ODR pattern, proposing a new approach to determine 
biofilm spatial heterogeneity. This study showed that the averaging method can be applied and that 
the improved, averaged ODR images can be used as an analytical, in-situ, non-destructive method 
to assess and quantify the effect of membrane installation operational parameters or different spacer 
geometries on biofilm development in spiral wound membrane systems characterized by complex 
hydrodynamic conditions.
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1. Introduction

Biofilms, defined as a community of bacterial cells 
attached to surfaces in a matrix of extracellular polymeric 
substances, are considered as the prevalent bacterial mode of 

existence in nature [1,2]. Biofilms develop in heterogeneous 
distribution patterns, and the attachment and subsequent 
growth of bacteria on a surface is influenced by several fac-
tors including mainly hydrodynamics, biochemical gradi-
ents, and surface physical properties. Spatial variations in 
hydrodynamic conditions affect the distribution of biofilm 
at a mesoscale level (mm–cm) [3]. The initial deposition of 
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bacterial cells on a surface is not only affected by the bacterial 
cell properties (e.g., size, charge and hydrophobicity) [1,4] 
but also by local hydrodynamic conditions like shear stress 
and hydraulic retention, influencing bacterial cell adherence 
to the surface and detachment [5]. After an initial attachment 
phase, bacterial cells start to divide, and cell division will 
contribute increasingly to biofilm development. At a certain 
point, growth by cell division (converting nutrients into bio-
mass) will become the dominant biomass accumulation pro-
cess and this will result in an exponential increase in biomass 
amount until biodegradable nutrient transport processes 
become limiting. The local nutrient flow through the biofilm, 
mainly by diffusion, determines the nutrient supply to the 
biofilm and thereby the growth of the biofilm.

Drinking water production increasingly depends on 
membrane treatment processes such as reverse osmosis (RO) 
and nanofiltration (NF) [6]. However, biofouling occurrence 
remains the primary concern that hinders the application of 
these membrane filtration processes [7]. RO/NF membrane 
treatment systems include feed spacer structures which affect 
the hydrodynamic conditions inside the filtration modules. 
Feed spacers are used to create a flow channel space between 
two membrane sheets in the spiral wound membrane ele-
ments required for water transport. The spacers improve 
water mixing thus reducing the overall diffusive boundary 
layer thickness as well as reducing concentration polariza-
tion [8] improving the treatment efficiency. Feed spacers can 
have different designs (e.g., geometries) but generally have 
a mesh-like structure with mesh sizes of 2–3 mm [9,10]. One 
main problem is the feed spacer’s sensitivity to undesired 
biofilm growth (biofouling), reducing the water production 
efficiency of membrane systems significantly [11–13]. The 
morphology and spatial orientation of the feed spacer affect 
the bacterial deposition patterns [5] and thereby partly deter-
mine the biofilm distribution in later growth phases. Flow 
cells with flat surfaces and laminar flow conditions are com-
monly used to study submerged biofilms under water flow 
[14]. Only a few studies have been performed addressing 
biofilm spatial distribution patterns in systems that include 
physical obstacles to the water flow such as the feed spac-
ers; thereby generating variable hydrodynamic conditions 
[5,15–17].

Light and confocal microscopes significantly improved 
our understanding of biofilm structure and population 
dynamics at a µm to mm scale and provided us with the famil-
iar biofilm image consisting of pillars and mushroom-like 
structures separated by voids or water-filled channels [18]. 
However, microscopic techniques give limited information 
on spatial biofilm development variability at mm to cm 
scale, which is specifically needed in membrane systems 
containing spacers with mesh sizes of 2–3 mm and complex 
hydrodynamics such as in RO/NF spiral wound membrane 
systems. Two and three-dimensional modelling can describe 
the interaction of flow, biodegradable nutrient transport, and 
bacterial growth at mm scale [19], but modelling has compu-
tational limitations when the studied areas require modelling 
of several centimetres at high resolution.

With the development of planar optodes, measuring 
the spatial distribution of oxygen at mm to cm scale in-situ, 
non-destructively became possible. Planar optodes consist 
of an oxygen-sensitive luminescent dye fixed in a polymeric 

matrix [20,21]. The luminescence intensity or lifetime optode 
images are indicative of the oxygen concentration and can 
be measured with a CCD camera. Most studies with oxygen 
sensing optodes focused on the description of vertical oxygen 
gradients in sandy sediments by placing the optodes in con-
tact with existing equilibrated sediments [22,23]. Only a few 
studies described the development of biofilm structures by 
growing the biofilm on top of the optode [24,25]. Steady-state 
oxygen distribution depends on several parameters such as 
diffusive boundary layer thickness, volumetric oxygen res-
piration, and biomass thickness. Since no vertical gradients 
are measured, it is a challenge to estimate these parameters. 
Therefore, Farhat et al. [16] applied the oxygen sensing pla-
nar optodes to visualize variations in oxygen decrease rates 
(ODRs) which are considered to be indicative of biofilm activ-
ity. ODRs are more informative for the description of bacte-
rial presence and activity than oxygen distribution under 
steady-state conditions [16]. Using the ODR technique, bio-
film development patterns in single spacer frame units as 
well as over the whole membrane fouling simulator (MFS) 
could be visualized. The signal/noise ratio in the mentioned 
studies required digital filtering to better visualize ODR 
patterns; however, digital filtering reduces the sharpness of 
edges of the ODR pattern. In addition, the variation between 
ODR patterns between different individual spacer frames 
was high; therefore, comparing different areas in the MFS 
unit using general descriptive parameters like overall ODR 
values and oxygen depletion was only possible without tak-
ing into account the variation at mm scale. Overall ODR and 
oxygen depletion values do not describe variation between 
different spacer frames nor describe the overall spatial dis-
tribution patterns of biofilms caused by the spacer geometry. 
Recently, a new tool was developed to analyze spatial distri-
bution patterns of groups of bacteria in highly heterogeneous 
biofilms based on one-dimensional sectioning to determine 
an average noise threshold based on repetitive spatial struc-
tures on a mm scale [26,27]. This new tool improved quantify-
ing the vertical distribution and the co-aggregation patterns 
of defined biofilm populations [26,27]. However, for imaging 
ODR patterning in a fouling flow cell, containing a spacer, 
this type of analysis cannot be used since the patterns are 
two-dimensional and not one-dimensional like the data in the 
Daims and Wagner studies [27]. Therefore, a two-dimensional 
imaging analysis method is required to determine an average 
biofilm distribution pattern per spacer area.

In this study, oxygen sensing planar optodes were used 
to image two areas of the MFS (inlet side, first 4 cm; outlet 
side, last 4 cm) to visualize the variation in biofilm activity 
measured in-situ, non-destructively through the ODR. The 
imaged areas contained repetitive spacer frame structures, 
and 40 spacer frame structures were averaged to reconstruct 
a high-resolution ODR image with relatively low signal to 
noise levels. The average ODR image was used to show local 
deviation in biofilm patterning over individual spacer areas 
by comparing the ODR of each spacer area with the calcu-
lated average ODR. Comparison of ODR pattern in individ-
ual spacer areas with the average ODR pattern allows pre-
cise analysis of overall spatial changes in ODR distribution 
patterns (biofilm patterning) over a period of time. To the 
best of our knowledge, this type of averaging of repetitive 
structures is used for the first time in biofilm research and 
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this averaging method provided high-resolution information 
on biofilm spatial formation under complex hydrodynamic 
conditions.

2. Materials and methods

A detailed description of the experimental setup, imag-
ing method, and oxygen distribution determination can be 
found in [16]. In short, biofilms were grown in an MFS with 
a transparent window. The MFS contains a 20 cm × 4 cm cou-
pon of a membrane and a feed spacer [28]. The feed spacer 
was a 31 mil (787 mm) thick diamond-shaped polypropylene 
spacer (porosity 0.85). Fig. 1 shows the feed spacer orien-
tation used in this experiment (45° contact angle with feed 
flow, as commonly used in spiral wound membrane ele-
ments). Hydrodynamic conditions in the MFS were similar 
to spiral wound membrane modules as applied in practice 
for water treatment [28]. The MFS was operated without 
permeate production at a pressure of 1 bar. Earlier studies 
done with membrane elements in the same position in NF 
and RO installations, with and without permeate production, 
showed the same development of pressure drop increase and 
biofilm formation [29].

The system was run as a continuous flow reactor. Tap 
water (24°C) was pumped through the MFS at 16 L·h–1, which 
equals a standard flow velocity of 0.16 m·s–1, representative 
for practice [29]. A nutrient stock solution containing sodium 
acetate, sodium nitrate, and sodium phosphate in a mass 
ratio C:N:P of 100:20:10 was added to the feed water increas-
ing the feed water nutrient concentration by 1 mg C·L–1 to 
enhance biofilm formation in the MFS.

Oxygen distribution at the first 4 cm (inlet side) and the 
last 4 cm (outlet side) of the 20 cm long MFS was measured 
daily for 4 d with oxygen-sensitive luminescent optodes. 
Apogee imaging systems (Ascent A285 CCD Camera, 
1,392 pixels × 1,040 pixels, 16 bit) with a Nikon Nikkor 35 mm 
f/1.4 lens and a bandpass filter (690–850 nm, Astrodon photo-
metrics, Sloan photometric filters i’2) was used to take lumi-
nescence images from the optode. A Nikon macro extension 
ring shortened the focal distance to 15 cm, depth of field 
1.9‒2.2 mm, and a pixel size of 45 µm × 45 µm. The oxygen 
sensing dye used in the planar optode was based on the dye 
PtTPTBPF (excitation 595 nm, emission 775 nm) immobi-
lized in a polystyrene matrix (4% w/w PE/chloroform) [30]. 
The dye was excited by amber LEDs (1 W lumiled, 595 nm) 
placed around the camera lens. The power supply for the 
LEDs was a laboratory power supply (AIM-TTI instruments, 
PL303), providing a stable output. The MFS and the camera 
system were placed in a light-tight box to minimize the effect 
of external light on the luminescence images.

Spatial oxygen distribution was calculated with a lumi-
nescence intensity imaging approach [25]. Image processing 
was performed in ImageJ (version 1.49 m). The ODR was 
determined using a stop-flow imaging protocol. The stop-
flow imaging protocol consisted of (i) a dark intensity image, 
(ii) the stop-flow image series, and (iii) the anaerobic inten-
sity image [16]. The dark intensity image was subtracted from 
all intensity images to eliminate the background effect. The 
stop-flow image series consisted of a sequence of 100 inten-
sity images taken at 6 s intervals. The anaerobic luminescence 
intensity image was made after the stop-flow images by 

pumping of a concentrated solution of sodium hydrosulfite 
(20 g·L–1) into the MFS feed water at a rate of 0.125 mL·h–1. 
The anaerobic luminescence intensity image was taken once 
a day and sodium hydrosulfite consumed all oxygen pres-
ent in the monitor. The stack of the stop-flow intensity image 
series was divided by the anaerobic intensity image where 

B

A

Fig. 1. (A) Schematic drawing of the feed spacer. The light grey 
area indicates the spacer strands that are touching the optode 
(\-orientation). The dark grey area indicates the spacer strands 
that are under the light grey strands touching the membrane. 
The dark grey spacer strands are situated further away from the 
optode (/-orientation). The larger distance between the spacer 
and the optode allows a higher water passage. The thin areas of 
the spacer strand allow more water passage than the thick areas. 
The white arrow indicates the average flow direction. The spacer 
configuration is equal to configuration D2 in [5]. (B) An area of 
the spacer at a smaller magnification.
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after the ratio images were converted into a stack of O2 con-
centration images using Stern–Volmer equation [16].

An area of 4 cm × 4 cm was imaged per oxygen image. 
One image included approximately 110–130 individual 
spacer frames. The first step was to make a stack (S1) con-
taining three images: one anoxic intensity image, and two 
aerobic intensity images from a stop-flow series (one aerobic 
intensity image at t = 0 and one at t = 30 s after stopping the 
water flow). The three images in stack S1 were all positioned 
at exactly the same position. Positioning the three images on 
top of each other before cropping guaranteed that the same 
areas were selected for calculation of both oxygen images. 

40 separate areas were manually selected and cropped from 
stack S1. For these 40 areas, the oxygen images were calcu-
lated using the aerobic intensity images and anoxic image 
based on the Stern–Volmer equation determined from cali-
bration. As a result two oxygen image stacks (S2, S3) were 
determined, S2 at t = 0 and S3 at t = 30 s each oxygen image 
stack containing n = 40 images resembling the 40 cropped 
areas. From stacks S2 and S3, ODR stack was determined 
(S4). Average ODR images were calculated from these stacks. 
For clarity image size was increased (500 pixels × 500 pixels) 
using the linear interpolation option in imageJ and false 
colouring was applied. A contour of the feed spacer was 
added to the images to indicate where the feed spacer strands 
were situated.

3. Results

Biofilm formation was monitored daily over a period 
of 4 d. During these 4 d averaged ODR images were calcu-
lated to visualize overall changes in spatial ODR patterns at 
the inlet (Fig. 3) and outlet (Fig. 4) region of the MFS. An 
average ODR of about zero mg O2∙L–1∙s–1 was observed at 
the start of the experiment on day 0. The colour scale of the 
ODR images was optimized per day to increase the contrast 
in the individual images allowing comparison of the ODR 
patterns for the consecutive days. On day 1, spatial ODR pat-
terns were already visible in the averaged images while no 
structuring was visible in the non-averaged images (data not 
shown). A region with an increased ODR was found under 
the spacer strand with the \-orientation (Figs. 3 and 4). On 
day 2, the ODR under the other spacer strand (/-orientation) 
increased but did not reach ODR values as high as under the 
\-spacer strand yet. Differences in maximum ODR between 
the spacer strands of different orientation were almost 
absent at day 3, though the /-spacers had a wider region 
with an elevated ODR. At day 3, a channel with a lower ODR 
became clearly visible under the /-spacer. This channel was 
also visible at day 4. Day 4 was also the day at which the 
ODR under the /-spacer strand became higher than ODR 
under the \-spacer strands. The regions where the spacer 
strand physically touched the optode (the thicker part of the 
\-spacer strand) did not develop a high ODR over the whole 
experimental period.

In conclusion, the regions of the spacer where the biofilm 
on the initial days started to develop and showed the high-
est ODR changed in time. Spacer regions touching the mem-
brane had lowest ODR on the initial days, however, showed 
the highest ODR on day 4.

At first sight, little difference in the average ODR 
patterns was observed between the inlet and outlet region 
(Figs. 3 and 4) and the overall ODR values of the whole 
image (Fig. 6) did not differ. However, one visible difference 
is the wider water flow channel under the /-orientated spacer 
strand at the outlet. Also the area with the higher ODR 
under the /-oriented spacer seems wider especially at the 
downstream side of the spacer strand.

The ratio of the ODR images from the MFS inlet and out-
let was determined to better visualize the differences between 
the inlet and outlet regions of the MFS (0–4 cm and 16–20 cm) 
(Fig. 5). Values below zero (black and dark blue) indicate 
the areas with a higher ODR in the outlet and values above 

Fig. 2. Flow chart scheme describing the image processing steps 
to obtain an average ODR image over a spacer frame area.
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zero indicate (green, yellow, and red) the areas where the 
inlet showed a higher ODR. The highest differences between 
inlet and outlet were observed at day 2 and the differences 
decreased at day 3 and day 4. Fig. 5 shows the regions where 
the biofilm patterning at the inlet differed from the outlet. 
The centre of a spacer compartment had a higher ODR in the 
outlet, while the \-spacers showed a higher ODR at the inlet 
at day 4. 

Using ODR images, it is also possible to quantitatively 
average the ODR in selected regions of interest (ROIs). The 
ODR was zero at the start of the study when no biofilm was 
present (day 0) and increased with time during the 4-day 
experiment (Fig. 6). The highest ODR values were found in 
the regions situated under the spacer. Initially (day 1–3) the 
ODR was highest under the spacer strands that are in direct 
contact with the optode (\-orientation, red areas). At day 4 
the highest ODR is found under the spacer strand located 
further away from the optode (/-orientation, blue areas). 
The maximum ODR values were ~0.11 mg O2∙L–1∙s–1. The 
ODR in central region (green area) was almost half of the 
values found under the spacer regions. In summary, biofilm 
mainly developed on or in the direct vicinity of the feed 
spacer.

4. Discussion

The main objectives of this biofilm study in spacer-filled 
flow channels were to evaluate whether averaging repet-
itive structures imaged by oxygen planar optodes result in 
high-resolution spatial ODR images suitable to study spatial 
variations in distribution of biofilms under variable hydro-
dynamic conditions. The oxygen planar optodes provided 
spatially-resolved ODR (measure for biofilm activity) show-
ing that most active biofilm accumulation occurred on and in 
direct vicinity of the spacer over the membrane fouling sim-
ulator length (Figs. 3–5), with most biomass under the feed 
spacer strands (Fig. 6). Novelty of the results is the ability 
to differentiate biofilm development on the different spacer 
strands and its change in time. High resolution, low noise 
ODR images were obtained by averaging a high number of 
spacer areas (Figs. 3–7), enabling the quantification of spatial 
biofilm activity distribution (Table 1).

4.1. Averaging to visualize spatial biofilm patterning

Hydrodynamic conditions affect biofilm spa-
tial patterning mainly by controlling two interlinked 

Flow 
direction

0.290.140.07 cm

A B

C D

Fig. 3. Average oxygen decrease rates (ODR in mg O2∙L–1∙s–1) (n = 40) at the inlet side (0–4 cm) of the membrane fouling simulator 
(MFS) in four consecutive days (day 1–4). The drawn structure indicates the position of the feed spacer. Feed water at a velocity of 
0.16 m s–1 flows from bottom to top. The color scales are different for all days to improve contrast in the image to allow comparison of 
the oxygen structures between the different days of the biofilm study.
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parameters: nutrient mass transfer and shear force [31]. 
Biofilms grown under laminar conditions form patchy and 
roughly circular bacterial cell clusters separated by inter-
stitial voids while biofilms grown under turbulent condi-
tions form patches of ripples and elongated “streamers” 
during the initial and exponential growth phase [24,32,33]. 
The presence of the feed spacer structures in the flow field 
results in variability in the flow pattern and affects the rate 

and distribution of bacterial attachment/detachment [5] 
as well as bacterial cell growth. Growth will vary due to 
variations in nutrient fluxes and shear stress as a result of 
variable hydrodynamic conditions.

In this study, the average ODR of the total inlet and out-
let image (110–130 spacer frames) showed an exponential 
increase with time. Little variation was observed in the aver-
age ODR values between the MFS inlet area and the outlet 

Flow 
direction

0.290.140.07 cm

A B

C D

Fig. 4. Average oxygen decrease rates (ODR in mg O2∙L–1∙s–1) (n = 40) at the outlet side (16–20 cm) of the MFS in four consecutive days 
(day 1–4). The drawn structure indicates the position of the spacer. Feed water at a velocity of 0.16 m s–1 flows from bottom to top. 
The color scales are different for all days to improve contrast in the image to allow comparison of the oxygen structures between the 
different days of the biofilm study.

Fig. 5. The log transformed ratio images calculated by division of the average inlet ODR image by the average outlet ODR image 
(n = 40). Values below zero represent a higher activity at the outlet while values above zero represent a higher biofilm activity in the 
inlet.
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side. However, the variation in ODR spatial distribution pat-
terns between single feed spacer frames is high. Therefore, 
it is not possible to compare individual spacer frames from 
inlet and outlet side of the MFS directly. Averaging spacer 
frames could overcome the high variability observed 
between single spacer areas and will result in an average 
ODR image with high resolution. It is expected that the vari-
ation in biofilm distribution within the total single spacer 
frame will determine the number of images to be averaged 
for the generation of a high-resolution average image. In this 
study, it was found that averaging of 40 individual spacer 
frames resulted in the highest resolution average ODR 
image. From the initial imaged area (4 cm × 4 cm) containing 
approximately 110–130 individual spacer frames, a maxi-
mum of 40 single spacer frame images without overlapping 
areas could be cropped. A lower number of averaged single 
spacer frame areas (n) already gave a good indication of the 
overall contours of the biofilm structure (Fig. 7) but at n ≤ 10 
the resulting average image has a relatively low resolution 
and is not suitable for a good comparison of different regions 
within the MFS. At n = 10, the resulting average image has 
a better resolution; however, the spatial distribution in the 
average image changes when any random 10 single spacer 

frame images are taken for averaging. Therefore, the result-
ing average ODR spatial pattern at n = 10 differed from 
n = 20 and n = 40. This difference is due to high variability in 
biofilm development between the single feed spacer frames, 
especially at the inlet side (see also section 4.2). Minor differ-
ence in spatial distribution of the ODR pattern was observed 
when averaging 20 or 40 cropped spacer frame areas. 
Hence, with heterogeneity in biofilm distribution as found 
in this study a minimum of 20 single spacer frame images 
is required to generate an illustrative average image for the 
ODR distribution.

4.2. Analysis of spatial patterns of biofilms

In this study, the \-spacer surprisingly developed a higher 
ODR than the /-spacer at the initial stages. The \-spacer is the 
spacer situated closest to the oxygen sensing optode, and the 
opening between that spacer strand and the optode reduced 
water passage between the optode and the spacer. Thus, the 
local lower water flow conditions resulted in a higher ini-
tial net attachment rate and a higher initial growth, despite 
an expected lower nutrient mass transfer. The increase in 
ODR under the \-spacer was exponential for the first 3 d but 
started to level off at day 4. The stabilization in ODR devel-
opment at day 4 indicates that the biofilm in between the 
\-spacer and the optode began to become limited in growth 
at day 4, probably due to limitation in the transfer of biode-
gradable nutrients. The ODR under the /-spacer had a slower 
initial development when compared with the ODR under the 
\-spacer. Figs. 3 and 6 show that the area with the highest 
ODR was in the middle of that spacer strand for both the inlet 
and the outlet. Differences between the inlet and the outlet 
were also found, which can partly be explained by the ini-
tial attachment of bacterial cells. Deposition patterns on the 
membrane were found in particle attachment studies done 
by [5]. Radu et al. [5] found that particles similar in size as 
bacterial cells flowing through spacer frames resulted in 
regions with relatively higher particle attachment rates. The 
regions with the highest attachment rates were the regions 
that had the highest local shear [5] specifically underneath 
the spacer filament and nearby similar to the results reported 
in this study. However, only the attachment rate by abiotic 
particles was simulated by Radu et al. [5] and did not include 
biological growth. 

In this study, it was shown that despite the big differ-
ences in distribution patterns per spacer frame, averaged 
spatial ODR patterns were visible at the mm scale. This 
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Fig. 6. Average oxygen decrease rates (ODR in mg O2∙L–1∙s–1) 
(n = 40) at the inlet and outlet side of the MFS in four consecutive 
days. The colored structure indicates the ROI positions relative 
to the spacer. Feed water at a velocity of 0.16 m s–1 flows from 
bottom to the top. The ODR values of ROI’s of equal colours are 
averaged over the 40 single spacer frames. Average ODR values 
of the total imaged area (4 cm × 4 cm, black lines) are also calcu-
lated.

Fig. 7. Effect of spacer frame number averaging on the ODR distribution image in the MFS inlet. The number of spacer frame images 
averaged is indicated above the images.
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allowed visualization and detailed quantitative analysis of 
spatial ODR patterns that are not visible in the non-averaged 
images. This will give new insight in overall developing 
mechanisms of biofilms in RO filtration systems that contain 
spacers with specific geometries. The biofilm that formed in 
the tested spacer configuration will influence flow patterns 
in the spacer frames but also in between frames since dif-
ferences in biomass and flow pattern between frames will 
create preferential water flow channels. It can be anticipated 
that a developing biofilm at an early stage would start to 
influence hydrodynamics and thereby start to engineer its 
surroundings. An example of this bioengineering is the 
flow channel formation found in the area where the spacer 
strands cross, for example, on the left side of the image 
(Figs. 4 and 5). The water has to pass through the spac-
er-filled channel somewhere, and it may be the channel 
where most water passes as a result of the biofilm growth 
elsewhere. Picioreanu et al. [34] showed that biofilms can 
form mushroom-like structures with voids in between at a 
µm scale mainly under nutrient-limited conditions. Later 
on, the presence of voids may improve overall nutrient mass 
transport into the biofilm by creating convection flow into 
the biofilm [33]. Dynamic changes in flow channel patterns 
over time caused by this process has been reported [35].

4.3. Heterogeneity in biomass distribution

Heterogeneity in biomass distribution can be described 
by determining the standard deviation of the image [36] 
or with roughness (a normalized standard deviation) [37]. 
However, the standard deviation as a heterogeneity indica-
tor assumes a random distribution and does not take into 
account the occurrence of hydraulic flow patterns as an 
important environmental factor affecting the spatial bio-
film development. In membrane filtration systems includ-
ing a feed spacer, it can be assumed that part of the spatial 
biofilm heterogeneity is caused by the presence of the feed 
spacer and the other part is a result of the position where 
the measurements are performed, for example, the inlet vs. 
outlet side. Averaging the images of the single feed spacer 
frames allows discriminating the effect of the presence of 
the spacer on spatial biofilm heterogeneity from the effect 
of spatial location on heterogeneity (inlet and outlet) when 
comparing biofilm development at two locations (e.g., inlet 
side and outlet side). The deviation of individual images 

from the average image (e.g., 40 images) can be calculated 
(Fig. S1). The individual spacer frames at the inlet side devi-
ated more from the average image (Table 1) in comparison to 
the outlet. This deviation may be used as a measure for inter-
spacer frame variability. At the outlet, there was almost no 
increase in the standard deviation of spatial biofilm distribu-
tion over time. The difference in deviation from the average 
image between the inlet and the outlet side is most probably 
caused by trapping larger-sized bacterial cell aggregates at 
the inlet region compared with the outlet. Trapping bigger 
cell aggregates will result in a more rapid and stronger spa-
tial heterogeneity in biofilm distribution [38] and may also 
explain the differences found in the averaged spatial pat-
terning images between the inlet and the outlet. 

5. Conclusions 

Spatially-resolved oxygen decrease rates, a measure for 
biofilm activity made during in-situ, non-destructive biofilm 
imaging studies of spacer-filled flow channels, were used to 
analyze the locations of biofilm development, to evaluate a 
new method based on averaging of repetitive spatial struc-
tures for spatial biofilm characterization. Based on the results 
of membrane fouling simulator studies presented in this arti-
cle, it can be concluded that:

• High resolution, low noise oxygen decrease rates 
images were obtained by averaging individual spacer 
areas, enabling visualization of overall spatial biofilm 
distribution. This novel method to visualize in-situ, 
non-destructively the spatial development of biofilm 
patterns shows that repetitive feed spacer frame 
structures can serve to improve oxygen decrease rates 
images by averaging the regions that have the same 
physical spacer structure. Averaging can overcome 
inter-compartmental variability between spacer 
frames and thus can be used for analyzing the effect 
of physical structures on biofilm formation in general 
and specifically the effect of spacer geometry on local 
fouling patterns. The resulting average images enabled 
the (i) comparison of biofilm patterning between two 
locations in the membrane fouling simulator and the (ii) 
characterization of biofilm spatial heterogeneity.
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Supplementary material

Additional description image handling 

Calculation of the standard deviation of the image. ImageJ 
can generate a standard deviation projection of the stack of 40 
images, giving the standard deviation per pixel for the whole 
image. It can also calculate the standard deviation of all pixels 
in one image or even for the whole stack. The latter does not 
take into account that there is repetitive structuring within 
the images. Alternatively, the standard deviation can be cal-
culated over the stack of the images as is described in (Eq. (1)) 
or it can be calculated for the variation of every single image 
compared with the average image. In the latter case an image 

in the stack is subtracted by the average image. The result 
image is then converted into an absolute value image. The 
average value of this image then can be used as the deviation 
of that image from the average value.

σ = −
=∑1 1

2

N
Iii

N ( )I  (1)

σ, standard deviation; N, total number of samples; 
Ii, value of sample number i; Ī: average of all samples.

Fig. S1. Indication of the variation of single spacer frame images from the average ODR image at the outlet at a flow of 0.16 m s–1. The 
image in the centre is the average image of 40 spacer frames. The images around are the individual images after filtering with mean 
filter (1 pixels).


