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A B S T R A C T   

Deposition and flow paths of particles (live and inert) often control the first stages of “cake” (fouling) formation 
in membrane systems. Developments in crossflow cell design such as three-dimensional (3D) printing and state of 
the art imaging techniques enable real-time and in situ tracking of initial cake formation. In this work, high- 
resolution large-field fluorescent microscopy was used to concomitantly study and compare the deposition 
and flow paths of inert beads and Bacillus subtilis as biofilm forming bacteria. The membrane surface was imaged 
continuously (30 s intervals) during the initial stages of cake formation (< 4 h) in a 3D printed forward osmosis 
(FO) cell containing diamond-shaped spacers. Deposition patterns were analyzed using particle detection and 
counting for quantitative comparison. Flow paths and velocities (< 17 μm s� 1) of beads were similar to those of 
B. subtilis, thus providing a reliable approximation for bacteria passing through the feed channel. However, 
spatiotemporal deposition of beads and bacteria were markedly different: Final bacteria deposition was 20 times 
lower than that of beads when normalized to the initial foulant concentration in the feed solution, although 
beads had a linear deposition increase, while bacteria deposition rose exponentially. Additionally, deposition of 
beads was homogeneously distributed within the spacer element compared to bacteria, which were mostly 
captured around the spacer filaments obstructing the flow. Our results provide a novel approach to quantify cake 
formation in membrane systems as well as new insights on the impact of inert and living particles on the 
deposition patterns and flow paths during the first stages of cake formation. These insights could be applicable to 
design new membrane surfaces and spacer shapes that minimize and delay fouling development.   

1. Introduction 

Wastewater treatment for recycling and reuse with membrane 
technologies, such as forward osmosis (FO), has been gaining interest 
due to increasing water scarcity [1,2]. FO technology utilizes an osmotic 
pressure gradient between a dilute feed solution and a concentrated 
draw solution on the opposing sides of a semipermeable thin-film 
composite membrane. The osmotic pressure gradient causes pure 
water to cross the FO membrane from the feed to the draw solution, 
while contaminants are rejected [3,4]. FO spiral wound modules 
comprise multiple membrane flat sheets that are wound around a central 
tube and are separated by channel spacers [5,6]. Contaminants in 

wastewater often contain high concentrations of bacteria and organic 
material that result in the formation of a foulant “cake” with severe 
consequences for system performance [7,8]. Cake formation (e.g., bio-
film in the case of bacteria) commences immediately upon contact with 
wastewater as the first contaminants, such as bacteria, are deposited on 
the membrane surface and feed channel spacers. Progression of cake or 
biofilm formation ultimately leads to feed channel blockage and 
reduction in permeate water flux via cake enhanced concentration po-
larization [9,10]. We surmise that it is imperative to understand the 
factors governing the deposition patterns during the initial stages of cake 
formation to tackle future biofouling mitigation approaches. 

Deposition of bacteria in membrane systems has previously been 
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studied using a variety of in situ microscopic approaches [11–13]. 
However, simple channel geometries without spacers were mostly 
applied, and inert beads were often used as an approximation for bac-
teria [11,14,15]. Instead, studies using bacteria as a foulant for in situ 
observation of biofilm formation often focused on the later stages of 
biofilm development [16–18]. To date, different spacer configurations 
have been investigated by qualitatively comparing deposition patterns 
and modeling trajectories of depositing beads during the first hours of 
foulant accumulation [14,15]. Additional insights can be gained by 
quantifying deposition patterns with image analysis for the detection 
and counting of particles on the membrane surface. Concomitantly, 
particle detection can also be applied to follow depositing foulants using 
particle tracking [19,20]. Image sequences of in situ observations can be 
analyzed by detecting single particles in each image, then assigning 
them to their new position in the subsequent images to obtain specific 
flow paths towards the membrane surface [19,20]. In situ observations 
that are required for such analyses have been facilitated by new flow cell 
designs and production methods, such as 3D printing [21]. These new 
flow cells can be printed from a wide range of materials, from trans-
parent plastic to aluminum and even steel. This diversity allows printing 
of a complete cell configuration with fine details and sufficient strength 
to withstand pressure where needed. Compiling 3D printed flow cells for 
direct in situ tracking and quantifying the initial deposition of different 
foulants may provide new insights for biofouling mitigation approaches 
[22–24]. 

This study investigated the flow paths and initial deposition of inert 
beads and bacteria during the first stages of cake formation in forward 
osmosis using a specifically designed flow cell for in situ tracking and 
image analysis. Images captured by high-resolution large-field fluores-
cence microscopy were analyzed quantitatively for spatiotemporal 
deposition patterns as well as flow paths by particle counting and 
tracking. The methods were adapted for the analysis of two types of 
particles, namely inert polystyrene beads (1 μm) and fluorescently tag-
ged Bacillus subtilis bacteria. Our results highlight the advantages and 
limitations of using beads for the approximation of the first critical 
stages of biofilm formation. 

2. Materials and methods 

2.1. Experimental FO system 

Initial accumulation of particles (i.e., beads or bacteria) was deter-
mined in a bench-scale FO membrane system comprising a 3D printed 
membrane crossflow cell (Fig. 1 A and B). The flow cell was placed under 
a large-field epifluorescent microscope for direct in situ and real-time 

observation of fluorescent beads and bacteria that passed through the 
feed channel. The FO system was operated in a closed-loop mode and 
solution temperatures were held constant at 25 � 0.5 �C. The crossflow 
was generated by small centrifugal pumps (Atman, China), adjusted 
with needle valves (Ham-Let, Israel) to reach a crossflow velocity of 
1 cm s� 1, and controlled by volumetric measurements. Compared to 
commonly used values (~10 cm s� 1), the crossflow velocity was reduced 
significantly to expedite deposition and enhance differences between 
foulant types [5,25–28]. The feed reservoir was placed on a stirrer to 
avoid foulant deposition. 

2.2. 3D printed membrane crossflow cell 

Direct observation of the feed channel was facilitated by a specif-
ically designed 3D printed membrane crossflow cell (Shapeways, USA, 
Figures S1 – S5) with a viewing window on the feed side (Fig. 1 C). To 
date, a wide range of materials is available for 3D printing and the best 
material for each part of the crossflow cell can be chosen. Thus, the two 
cell halves were printed using an acrylic photopolymer (Visijet® M3 
Crystal, 3D Systems, USA). The material proved suitable and durable, 
with leak free and satisfactory performance throughout the study. A 
60% stainless steel, 40% bronze matrix material (420 stainless steel 
infiltrated with bronze, ExOne, USA) was chosen for the support plates 
in order to give sufficient strength for the complete closure of the cell. A 
microscope slide (Menzel, Thermo Fisher, USA) was glued into the feed 
cell half as the viewing window to facilitate optimal optical access. The 
choice of the materials in addition to the high resolution and 
manufacturing speed of the 3D printing method makes it possible to 
easily redesign and fit the flow cell for applications in membrane 
distillation or pressure driven systems [29–31]. O-rings were placed in 
the cell halves to seal the channels and define the membrane area 
(7.9 � 3.7 cm2). A commercial thin-film composite FO membrane 
(FOMEM-0415, Porifera, USA) was held between the feed and draw 
spacers (17 mils ¼ 0.43 mm, Conwed®, USA). Spacers were oriented in a 
diamond-shaped pattern and comprised polypropylene filaments. 
Additional details on the 3D printed flow cell can be found in the sup-
porting information. 

2.3. Bacterial strain and growth protocol 

A genetically modified fluorescent strain of Bacillus subtilis (wild type 
strain 3610) was used for biofouling experiments. B. subtilis is a rod- 
shaped (0.8 μm � 5 μm), Gram-positive and motile bacteria that can 
often be found in different types of wastewater [12,32,33]. As such, 
B. subtilis has frequently been used as a model bacterial species for a 

Fig. 1. Schematic description of the 
experimental system. (A) Schematic 
drawing of the bench-scale FO system 
with a cross-sectional view of the 
membrane crossflow cell, including 
spacers. (B) Photograph of the experi-
mental system with feed and draw res-
ervoirs as well as the flow cell placed 
under the epifluorescent microscope. 
(C) Exploded view of the 3D printed 
flow cell and the components inside the 
membrane channels. The components 
are mirrored at the membrane with a 
spacer, O-ring, cell half (comprising 
inlet and outlet) and a support plate on 
each side.   
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wide range of bacterial studies [34–36]. B. subtilis cells have been 
determined to be highly hydrophilic (contact angle of 21�) and possess a 
negatively charged cell surface [12]. Previously, B. subtilis was geneti-
cally labeled with a green (ex. 470 nm, em. 525 nm) fluorescent protein, 
which enabled cell visualization in real-time. In this study, B. subtilis was 
first grown overnight (8–12 h) in Luria–Bertani broth (LB, Becton, 
Dickinson and Company). Bacteria were then diluted and regrown for an 
additional 1–2 h to a mid-exponential state (OD600 of 0.5). LB was 
removed by centrifugation at 4000 rpm for 20 min and the bacteria were 
re-suspended in sterile artificial secondary effluent wastewater [37]. 
Due to the low exposure time (240 s during 4 h) of bacteria to light, 
photo bleaching effects were avoided during the experiments. The 
bacterial suspension was diluted by the feed solution to a concentration 
that is representative of secondary wastewater effluent composition 
(1.9 � 0.46 � 109 cells L� 1) [38,39]. 

2.4. Fluorescent beads 

FluoSpheres® carboxylate-modified microspheres (Molecular 
Probes, USA) with a diameter of 1 μm were used as inert particulate 
foulant. The beads are made of polystyrene and coated with a polymer 
that comprises several carboxylic acids, resulting in a hydrophilic, 
negatively charged surface [40]. These beads were loaded with a dye for 
orange fluorescence (ex. 540 nm, em. 560 nm), which was embedded 
internally with a negligible effect on surface properties and minimal 
photo bleaching [40]. The stock was diluted by 103 before it was added 
to the feed solution with a further dilution of 103, which resulted in a 
concentration of 3.6 � 0.32 � 107 beads L� 1. Due to the strong fluores-
cence of the beads, the concentration had to be reduced as compared to 
the bacteria, such that the initial deposition of single particles could be 
observed over a similar time frame (4 h) for both foulant types. 

2.5. Experimental procedure 

Each experiment was initiated by adding sterile artificial secondary 
effluent wastewater (2 L) to the feed reservoir [41,42]. The wastewater 
contained a carbon source in the form of sodium citrate (0.6 mM 
Na3C6H5O7) and glucose (2.7 mM C6H12O6) in biofouling experiments. 
Concomitantly, the concentration of the draw solution (8 L) was 
adjusted to approximately 1 M NaCl with a 5 M stock solution to reach a 
permeate water flux of 27 � 2.9 L m� 2 h� 1, which is within the range of 
permeate water flux in operational FO systems [43,44]. The solutions 
were allowed to mix for approximately 15 min before fluorescent beads 
or B. subtilis were added to the feed wastewater. Image acquisition was 
initiated directly after foulant addition. Feed subsamples were taken 
every 60 min for analysis of foulant concentration with an Attune NxT 
flow cytometer (life technologies, Thermo Fisher Scientific, USA, 
Fig. S6). Flow paths and deposition patterns were imaged in three in-
dividual experiments for each foulant. Additional details on wastewater 
composition, beads, and bacterial abundance, as well as the flow 
cytometry analysis, are given in the supporting information. 

2.6. Image acquisition 

Images were obtained via the program ZEN 2.6 (Zeiss, Germany) and 
an epifluorescent microscope (Axio Zoom, V16, Zeiss, Germany) 
equipped with a PanNeoFluar objective and an Axiocam 506 mono 
camera. Detailed description of the microscope properties and image 
acquisition can be found in the supporting information (Table S1). Im-
ages of one spacer element (~1.5 � 1.5 mm2) were captured every 30 s 
for deposition over time (4 h) at 20� magnification and with the focus 
on the membrane surface (<40 μm). Movies of 30 s duration were taken 
at the beginning of each experiment for particle tracking with a 
magnification of 60�, which reduced the focus depth (<7 μm) as well as 
the field of view and necessitated imaging of five locations within the 
spacer element (Fig. S7). 

2.7. Image analysis: particle detection and tracking 

Recorded movies were exported from ZEN as sequences of single- 
frame images and analyzed in MATLAB® (The Mathworks™, Inc.). 
The diamond-shaped membrane area enclosed by one spacer element 
was analyzed with the procedure depicted in Fig. 2, while the area lying 
beneath spacer filaments and outside of the observed spacer element 
was omitted. A detailed explanation of the image analysis procedure and 
validation (Fig. S8) can be found in the supporting information. 

2.8. Statistical analysis 

All statistical analyses were performed with the Excel add-in XLSTAT 
(Addinsoft, USA). As a first step for the analysis of particle deposition, 
exponential smoothing was performed on the time series to reduce ar-
tifacts in particle numbers due to flickering. Statistically significant 
differences were determined with the analysis of variance (ANOVA) at a 
significance level of p < 0.05 and post hoc multiple comparison methods 
of Tukey HSD, Fisher LSD, and Newman-Keul’s (SNK). 

3. Results and discussion 

3.1. Spatiotemporally resolved quantification of deposition and flow 
paths by high resolution, large-field fluorescence microscopy 

Fluorescence microscopy with a high resolution and a large field of 
view was used to quantify foulant deposition as well as to determine 
flow paths in this study. Resolving single particles in fluorescence mi-
croscopy is not directly related to the magnification, but is rather a 
function of the light emitted from the excited particles. This approach 
enables capturing two-dimensional information of a whole spacer 
element in one image, while still distinguishing between single particles 
with a diameter even smaller than 1 μm. Due to the black background 
given by the non-fluorescent membrane, quantification of deposition by 
detecting single fluorescent particles is simpler compared to conven-
tional bright-field microscopy. Image series with arbitrary time intervals 
can thus be analyzed efficiently. However, particles need to be fluores-
cent, and quantification is limited to the initial stages of cake formation, 
as multiple layers cannot be distinguished. Over time, when complex 
multilayers form, other techniques including confocal laser scanning 
microscopy (CLSM) and optical coherence tomography (OCT) come into 
play, as both can resolve the foulant cake in three dimensions. However, 
CLSM is limited regarding the size of the field of view, as well as frame 
rate to values that only allow tracking at very low crossflow velocities 
[36] compared to 2D fluorescence microscopy. On the other hand, OCT 
is more applicable at the mesoscale, namely capturing larger biofilms 
(10 – 1000 μm) [17,45] over longer durations than 4 h [16–18], and can 
therefore not be used to image the initial stage of biofilm formation or 
track the movement of single cells. 

Calculation of flow paths with particle tracking was obtained in this 
study with the same setup, while quantifying foulant deposition. This 
simplifies the investigation of the cake effects on the flow path within 
the ongoing experiment using the different foulants. Particle imaging 
velocimetry (PIV) is similar to particle tracking and a well-established 
method. Although used in a few membrane studies to quantify fluid 
flows in spacer filled channels, PIV requires high frame rates as well as 
high particle concentrations, which would impede simultaneous depo-
sition quantification [25,46,47]. Similarly, other methods for flow 
quantification would require expensive additional setups that are unable 
to simultaneously capture deposition [48–50]. Following the above, 
using large-field fluorescent microscopy enables concomitant determi-
nation of foulant deposition and flow paths with high resolution over 
time and space as well as efficient analysis. 
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3.2. Flow paths and particle velocities near the membrane surface during 
initial cake formation 

Crossflow direction and spacer geometry determine the paths that 
particles follow through a feed channel [25,51]. Particles with a similar 
density as water (e.g. beads and bacteria) are assumed to move with the 

surrounding fluid and can thus give insights into the velocity and di-
rection of the fluid flow [19,20]. Similar to industrial membrane mod-
ules, spacer orientation in this study formed a 45� angle between the 
flow direction and spacer filaments (Fig. 3 A). In this configuration, 
filaments I and III are in contact with the glass, while II and IV are in 
contact with the membrane. Due to the irregular shape of the spacer 

Fig. 2. Image analysis procedure used to determine 
particle deposition and flow paths, with example 
images for each step. The original image (A) was 
preprocessed by background subtraction, intensity 
rescaling (B), and thresholding (C). The membrane 
area within the spacer element was separated into 9 
regions, named according to the cardinal directions 
(C). Beads and bacteria were counted by first iden-
tifying independent clusters of high intensity (D). 
Then the number of particles contained in each 
cluster was calculated by assuming that one particle 
is represented by five pixels (E). Flow paths were 
obtained by assigning particles of the current frame 
to tracks from the previous frames (F).   

Fig. 3. Schematic illustration of the spacer configu-
ration depicting the spacer filaments in contact with 
the glass (I, III) and in contact with the membrane 
(II, IV) (A). Direction and velocity of flow paths at 
the membrane surface within the area of one spacer 
element, derived from beads (B), and B. subtilis (C). 
Crossflow direction in the flow cell was kept con-
stant from left to right. Arrows show the flow di-
rection of the particles, while color coding indicates 
the velocity. Black circles highlight differences be-
tween beads and bacteria. Data was compiled out of 
three independent experiments for each foulant. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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filaments, the contact with the membrane surface is not complete and 
gaps can occur [52,53]. 

Our results indicate that during the initial stages of cake formation, 
flow velocities close to the membrane surface (< 7 μm) were similar for 
beads and bacteria, reaching up to 17 μm s� 1 (Fig. 3 B and C). In addi-
tion, flow paths of beads and bacteria had a similar flow direction (Fig. 3 
B and C). Particles in the center of the spacer element were strongly 
influenced by the general crossflow, hence aligned with that overall 
direction. Previous studies have observed a similar alignment in flow 
fields obtained from particle image velocimetry using beads in spacer 
filled channels [25,51,54]. However, we deduce that the general flow 
direction was more dominant in this study since the applied crossflow 
velocity was lower (1 cm s� 1) than previously tested in the literature 
(7 cm s� 1) [25,51,54]. 

Although the general flow direction of beads and bacteria was 
similar, one important difference was observed in proximity to the 
spacer filaments in contact with the membrane (II and IV, Fig. 3 A). 
Bacteria and beads entered and left the spacer element by crossing under 
spacer filaments I and III in a perpendicular direction (Fig. 3 A and C). 
Additionally, flow paths obtained from beads also showed passage of 
beads underneath the filaments in contact with the membrane (II and IV, 
Fig. 3 A and B), confirming the presence of gaps between membrane and 
spacer filaments. Differently, spacer filaments in contact with the 
membrane formed a barrier to the flow of cells, since flow paths of 
bacteria in their proximity were parallel to the filament orientation 
(Fig. 3 C). Thus, beads closest to the membrane (< 7 μm) were able to 
pass underneath the filaments in contact with the membrane, while 
bacteria could not pass. This important difference suggests that the gap 
beneath the spacer filaments was immediately (< 5 min) clogged by the 
bacteria depositing from the feed solution. Only few bacteria cells that 
deposited on the membrane and attached beneath the filament may 
have been enough to congest the constricted space between spacer 
filament and membrane. We suggest that differently than the beads, the 
elongated shape (0.8 μm � 5 μm) of B. subtilis and extracellular poly-
meric substances (EPS) secreted by the cells had a critical impact on the 
initial clogging of the spacer element. Although the flow paths are 
mainly determined by the crossflow and spacer configuration, our re-
sults show that from the earliest stages of cake formation distinct dif-
ferences are apparent between the flow paths of beads and bacteria. 
These differences can potentially affect the subsequent distribution of 
deposition and foulant accumulation. Yet, higher crossflow velocities (>
10 cm s� 1), which are used in full scale modules, may postpone the 

obstruction of the gap between membrane and spacer filaments due to 
higher shear at the membrane surface, thus reducing the differences 
between flow paths of beads and bacteria. 

3.3. Spatiotemporal deposition patterns during the first and critical stages 
of cake formation 

Quantification of deposition patterns during the initial stages of cake 
formation pointed to significant differences between beads and bacteria 
(Fig. 4). Our results indicate that the total amount of cells deposited on 
the membrane surface (8.4 � 1.2 � 103 cells mm� 2) was nearly 3 fold 
higher than beads (3.1 � 0.2 � 103 beads mm� 2) after 4 h of deposition. 
However, normalizing the final number of particles on the membrane 
surface to its initial concentration in the feed solution indicates that 
accumulation of bacteria was 20 times lower than that of the beads. 
Although differences in surface properties can strongly impact attach-
ment efficiency, surface characteristics of the chosen beads and B. subtilis 
were similar (i.e. hydrophilic and negatively charged) [12,40,55]. 
Hence, we suggest that the initial attachment of B. subtilis was often 
reversed due to bacterial motility (Supporting information movie), thus 
reducing the accumulation of bacteria compared to the inert beads. 
Measured velocities of the flow field next to the membrane surface as 
obtained from the movement of particles were low (< 17 μm s� 1, Fig. 3 
B). It should be noted that these velocities are well within the range of 
the propulsion of bacterial flagella (< 100 μm s� 1) and could thus be 
overcome by bacterial motility [10,56]. However, we suggest that bac-
terial motility may become too small to impact the deposition patterns 
as crossflow velocities are increased. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.memsci.2019.117619 

Starting with the inoculation of the feed solution, imaging of the 
membrane every 30 s facilitated the observation of differences in the 
deposition dynamics of beads and bacteria. Beads were deposited 
immediately after inoculation, while limited deposition of bacteria 
occurred during the first 2 h after inoculation on the unobstructed 
membrane area enclosed by the spacer element (Fig. 4 B and E). Analysis 
of the deposition rate indicated that beads followed a nearly linear slope 
(Fig. 4 B, R2 > 0.98), while bacterial deposition increased exponentially 
(Fig. 4 E, R2 > 0.97). We propose that the different trends were inde-
pendent from the initial foulant concentration of the beads and bacteria. 
The linear deposition rate of the beads resulted from a constant con-
centration in the feed solution (Figs. S9 and S10), while the exponential 

Fig. 4. Deposition of fluorescent beads and B. subtilis 
in FO experiments. The microscope images depict 
the deposition at the end of an experiment with 
beads in red (A) and B. subtilis in green (D). Depo-
sition over time is shown for regions with highest 
(South-S in panel C, Southeast-SE in panel F) and 
lowest amount (East-E in panel C, Southwest-SW in 
panel F). The width of the shaded area is given by 
two standard deviations. Inserts in panels B and E 
indicate the denomination of the regions inside the 
spacer element according to the cardinal directions. 
Deposition in space was analyzed by calculating the 
partitioning between regions as the percentage of the 
total amount. Statistical analysis with ANOVA at a 
significance level of p < 0.05 resulted in two groups 
(a, b), which are represented by colors and are 
significantly different from each other (B and E). 
Data was collected and compared from three inde-
pendent experiments for each foulant. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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deposition rate of bacteria was due to bacterial growth in the feed so-
lution (Figs. S9 and S10) and proliferation of bacteria on the membrane 
surface. An increase in bacteria concentration in the feed leads to an 
increase in cells transported towards the membrane surface, thus 
increasing deposition. However, the increase in bacteria concentration 
in the feed solution between 2 h and 4 h of the experiment was 5 fold, 
while the bacteria count on the membrane increased by 40 fold. Hence, 
we deduce that bacterial proliferation on the membrane surface had a 
greater impact on the amount of bacteria attached to the membrane than 
higher deposition rates. Therefore, we surmise that bacterial growth on 
the membrane and spacer surface is another key factor that differs be-
tween inert beads and live bacteria, especially for wastewater with high 
concentrations of nutrients and carbon sources. 

Partitioning between regions within the spacer element displayed a 
significantly higher accumulation of beads in the South (S), while the 
East (E) showed the lowest deposition (Fig. 4 C). The ratio between these 
regions (S/E) resulted in a value of 1.25. Bacteria were deposited mostly 
in the Southeast (SE) and East (E) (Fig. 4 F), and in contrast to beads, the 
Southwest (SW) had the lowest deposition for bacteria (SE/SW ¼ 1.66). 
According to the ratio between the regions with the highest and lowest 
amount, deposition within a spacer element was more homogenous for 
beads than bacteria. 

The deposition pattern of the beads (Fig. 4 A and C) suggests that the 
decelerating flow downstream of the spacer filaments in contact with the 
glass (I, Fig. 3 A) enhanced deposition. Concomitantly, acceleration 
upstream of these filaments reduced deposition (III, Fig. 3 A). Previous 
studies pointed to a link between overall crossflow velocities and the 
deposition patterns in a spacer element [14,25,51]. Our results indicate 
that compared to a crossflow velocity of 7 cm s� 1 [14], the lower 
crossflow velocities (1 cm s� 1) led to a deceleration of the flow with the 
entrained particles closer to the spacer filaments I and III after foulants 
passed under it. We suggest that a decrease in local velocities resulted in 
lower shear stress on the membrane, therefore deposition may move 
closer to the spacer filament. 

Differently than beads, bacteria displayed a deposition minimum 
downstream of spacer filament I (Fig. 4 D and F). Irreversible attachment 
of bacteria on membrane and spacer surface is followed by the secretion 
of EPS and cell growth. Accumulation of EPS leads to significant 
blockage of feed solution flow, for example, in the gap between filament 
II or IV and the membrane. This blockage was already observed within 
the first minutes after inoculation via movies that determined bacteria 
flow paths (Fig. 3 C). Although very few bacteria deposited during the 
first 2 h, faster accumulation may have occurred underneath spacer 
filaments II and IV, which was excluded from the analyzed area. Addi-
tionally, very few bacteria and EPS could have been enough to clog this 
narrow gap (< 7 μm). Since the overall flow rate was kept constant 
throughout the experiment, there was an increase in local velocities in 
the unobstructed areas, which led to less deposition downstream of 
spacer filament I. Thus, the presence of EPS may have significantly 
influenced the spatial deposition pattern by changing the flow paths of 
bacteria compared to the inert beads. We suggest that these changes in 
flow velocities and direction during the early stages of biofilm formation 
would be more prominent than for beads due to the high proliferation 
rates of deposited bacteria. 

3.4. Impact of beads and bacteria characteristics on deposition patterns 
during the early stages of cake formation 

Here we provide a detailed comparison of the deposition patterns 
and flow paths of bacteria and beads during the initial stages of cake 
formation in a FO system with spacers under enhanced fouling condi-
tions. The direction of flow paths obtained from inert beads and 
B. subtilis cells at the membrane surface during these early accumulation 
stages were highly similar. Hence, we surmise that the flow paths gained 
from beads provide a reliable approximation for the movement of bac-
teria (with similar size and shape) passing through a spacer element in a 

FO feed channel. However, our results also demonstrated important 
differences: (i) Passage of bacteria underneath the spacer filaments in 
contact with the membrane was impeded, while beads often passed 
freely (Fig. 3). These different flow paths may have contributed to the 
clear differences in spatiotemporal deposition of beads and bacteria 
(Fig. 4). (ii) Bacteria are living particles compared to inert beads, thus 
change the deposition patterns due to growth in the feed solution as well 
as on the surfaces of membranes and spacers. We deduce that during the 
initial stages of biofilm formation the proliferation of bacteria on the 
membrane surface would have a greater effect on biofouling develop-
ment than physical deposition. (iii) Finally, velocities of flow fields near 
membranes and spacer surfaces are in the magnitude of motile bacteria. 
Hence, deposition patterns may also be impacted by the ability of bac-
teria to swim independently and actively detach from the surface. 

Following the above, we surmise that the deposition of inert beads 
was mostly dictated by the flow regime, while the ability of bacterial 
cells to grow and move altered their deposition patterns. However, it 
should be noted that deposition patterns and quantities of inert beads as 
well as bacteria are likely to change under different operating condi-
tions. Specifically, we suggest that future studies will use this method-
ological approach to study higher crossflow velocities and permeate 
water fluxes that are currently used in full scale facilities. It is possible 
that under these conditions bacteria may not be able to overcome the 
physical forces and act more similarly to inert beads. Additionally, this 
approach allows the investigation of other factors that may enhance or 
reduce the differences between beads and live bacteria, such as initial 
foulant concentrations, nutrient availability or bacterial motility. 
Nonetheless, the new imaging approach that was developed in this study 
and the corresponding results provide new insights on the biophysical 
aspects that control the early stages of cake formation. These initial 
stages are relevant in newly operated membrane modules or following 
cleaning of membrane systems with spacers and critical to the devel-
opment of fouling. In addition, we surmise that the gained knowledge 
could be applicable to design new membrane surfaces and spacer shapes 
that minimize and delay fouling formation. 
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