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A B S T R A C T   

Fouling is the main hurdle for all membrane-based systems treating water with high fouling propensity. A novel 
imaging approach was applied in a forward osmosis (FO) system with spacers to follow in-situ and real-time 
deposition of fluorescent beads as bacteria proxy on the membrane using large-field high-resolution epifluor-
escence microscopy. For the first time, this study quantifies the impact of crossflow velocity (1.3 or 13 cm s-1) 
and permeate water flux (6 or 30 L m-2 h-1) on spatiotemporal patterns of initial cake layer formation (4 h). The 
total amount of deposited particles on the membrane increased by 84 fold as the ratio of permeate water flux 
over crossflow velocity, D, was raised by 54 fold. Spatial distribution of particles was more homogenous at higher 
D ratio, while particle accumulation rates decreased by 50% over 4 h. Distribution of local velocities of particle 
flow paths elucidated the observed spatial deposition patterns. These new quantitative results highlight that the 
ratio of permeate water flux over crossflow velocity impacts all aspects of particle deposition and may aid in 
designing new spacer geometries. We also suggest that appropriate hydrodynamic conditions may be a viable 
tool to postpone the onset of fouling in new and cleaned membrane modules.   

1. Introduction 

Alternative water sources, such as recycled wastewater, are gaining 
importance due to the growing pressure on natural freshwater sources. A 
viable avenue for advanced wastewater treatment is forward osmosis 
(FO), which is driven by an osmotic pressure gradient [1]. Application of 
FO provides advantages compared to pressure driven membrane sys-
tems, including reduced system complexity and lower fouling pro-
pensity [2,3]. Microbial fouling (hereafter termed biofouling) is a major 
challenge in membrane processes, especially for wastewater reclama-
tion [3,4]. Secondary wastewater often contains high concentrations of 
biodegradable substances and microbes that expedite biofilm formation 
in membrane modules. 

FO technology applies spiral wound modules with high packing 
density. These modules comprise membrane sheets that are wound 
around a central tube and are separated by channel spacers, which often 

have a net-type geometry [5]. Apart from forming a channel for the feed 
and draw solutions, spacers also promote turbulence at the membrane 
surface to minimize the negative effects of concentration polarization 
[6]. Unfortunately, feed spacers are also linked to the detrimental phe-
nomena of biofilm accumulation and biofouling development [7,8]. 
However, application of a thicker feed spacer (1.2 mm vs. 0.7 mm) 
improved FO performance in terms of permeate water flux decline, 
despite the same biomass accumulation [8]. Although most biofouling 
studies examine mature biofilm after several days of continuous oper-
ation [2,8,9], the initial stage of the formation process may be the most 
promising starting point for biofouling mitigation. 

Biofilm formation commences with the deposition of organic matter 
and bacterial cells on the membrane [10,11]. Despite the fact that 
deposited cells may initiate reproduction after few minutes, the foulant 
cake will develop as a mono-layer until the first biofilm-like micro--
colonies establish after few hours [10,11]. During this initial stage of 
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biofilm formation a variety of factors may influence deposition within 
the membrane channel. Crossflow velocity and permeate water flux are 
especially important, since both determine the forces that control the 
path of inert particles or bacterial cells towards the membrane [12,13]. 
Lift forces generated by crossflow shear carry bacteria away from the 
membrane surface, hence reducing deposition. Differently, permeate 
water flux induces a velocity vector component perpendicular to the 
crossflow and towards the membrane surface, thus enhancing deposi-
tion and diminishing re-suspension into the bulk [13,14]. Previous 
studies have investigated the impact of crossflow and permeate water 
flux on deposition of particles to determine critical flux or quantify 
particle detachment by rinsing [13,15]. However, flow conditions in the 
membrane channel are further influenced by feed spacers and deposi-
tion patterns change as distinct spacer configurations and hydrody-
namics are applied [16,17]. Impact of spacer configurations and 
hydrodynamic conditions on deposition were mostly tested in pressure 
driven systems and compared qualitatively, without quantification of 
deposited particles, spatial distribution or temporal dynamics. Yet, 
quantification of deposition in time and space can provide vital infor-
mation on areas prone to fouling and may lead to new approaches for 
fouling mitigation. 

In this study, the initial deposition (single particles to a monolayer) 
of fluorescent beads (1 μm) as bacteria proxy in an FO membrane 
channel with spacers was investigated quantitatively using new particle 
detection and tracking approaches. Experiment duration was set to 4 h 
in order to focus on the initial stages of cake formation. Deposition was 
captured in-situ and in real-ftime and compared between different 
operating conditions, namely two crossflow velocities (1.3 cm s-1 or 13 
cm s-1) and two permeate water fluxes (6 L m-2 h-1 or 30 L m-2 h-1). 
Temporal development of particle deposition was examined in 30 s in-
tervals and spatial patterns were analyzed statistically. Flow paths of 
slowly moving particles close to the membrane surface were captured 
via particle tracking to elucidate the deposition patterns. The results 
highlight the importance of applying optimal combinations of crossflow 
and permeate water flux to minimize foulant deposition. 

2. Materials and methods 

2.1. Experimental FO system 

A microscope-equipped bench-scale FO system was operated in a 
closed loop mode for 4 h deposition experiments (Fig. 1A, S1). In-situ and 
real-time observation was facilitated by a specially designed 3D printed 
crossflow cell (Shapeways, USA) that comprised a microscope slide as a 
viewing window on the feed side (Fig. 1B). Both crossflow cell and 
experimental system are described in detail in our recent publication 
[18] and the supporting information. 

2.2. FO membrane and spacer 

A commercial thin-film composite FO membrane (FOMEM-0415, 
Porifera, USA) was used, with a contact angle of ~70� on the active 
layer. The membrane area inside the flow cell was 7.9 � 3.7 cm2 and the 
thickness of the applied spacer (17 mils ¼ 0.43 mm, Conwed®, USA) 
determined the channel height on feed and draw side. The spacer had a 
diamond-shaped pattern, comprising two layers of slightly hydrophobic 
polypropylene filaments (contact angle of ~94�). Additional informa-
tion on the FO membrane is provided in the supporting information. 

2.3. Experimental procedure 

After inserting membrane and spacers into the crossflow cell, the 
system was run overnight with double distilled water (DDW) to remove 
all air bubbles. The experiment was initiated by adding artificial sterile 
wastewater stock solution to the feed reservoir (2 L). At the same time, 
the draw reservoir was supplemented with 5 M NaCl stock solution to 
reach a total volume of 8 L with the required concentration (up to 1 M) 
for the desired permeate water flux and draw conductivity was 
measured (Eutech Instruments, Thermo Scientific, USA, Table S1). A 
large draw solution volume (8 L) was used to minimize the dilution ef-
fect due to cumulative permeate water flux. After 10 to 20 min of sta-
bilization the feed solution was spiked with fluorescent beads (1 μm, 
FluoSpheres®, Molecular Probes, USA), which are hydrophilic, nega-
tively charged and neutrally buoyant (1.05 g mL-1) [19]. Image acqui-
sition was started directly following foulant addition and feed 

Fig. 1. Schematic of the bench-scale FO system comprising the custom-made 3D printed membrane crossflow cell (A). The crossflow cell was equipped with a 
viewing window and placed under an epifluorescence microscope for continuous observation (B). Summary of the four combinations of high or low crossflow (HC or 
LC) and high or low permeate water flux (HP or LP) (C). 
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subsamples were taken every 60 min to measure beads concentration in 
an Attune NxT flow cytometer (life technologies, Fig. S2). Additional 
information on experimental procedure, wastewater composition, beads 
characteristics and concentration as well as flow cytometry can be found 
in the supporting information. 

Four independent sets of experiments were conducted over 4 h with 
different combinations of permeate water flux and crossflow velocity 
(Fig. 1C). Crossflow was set to either 13 cm s-1 (high crossflow, HC) or 
1.3 cm s-1 (low crossflow, LC), while permeate water flux was either 30 
� 4.6 L m-2 h-1 (high permeate water flux, HP) or 6.4 � 0.8 L m-2 h-1 (low 
permeate water flux, LP). High crossflow and high permeate water flux 
(HC-HP) were chosen to mimic the operation of full scale spiral wound 
FO membrane modules [8,20]. The Reynolds number under this con-
dition was approximately 70, as calculated according to Schock and 
Miquel 1987 [21] with equation S1 in the supporting information. As a 
comparison, low crossflow velocity (LC) and low permeate water flux 
(LP) were reached by lowering crossflow and draw solution concentra-
tion, respectively, by one magnitude (Table S1), resulting in a Reynolds 
number of ca. 7. The tenfold reduction was selected to ensure measur-
able differences in particle deposition as well as cover a wide range of 
operating conditions. 

2.4. Image acquisition 

Images were obtained using the software ZEN 2.6 (Zeiss, Germany) 
to control an epifluorescence microscope (Axio Zoom, V16, Zeiss, Ger-
many) equipped with a PanNeoFluar objective and an Axiocam 506 
mono camera. The orange fluorescence of the beads was detected with a 
Rhodamine filter (ex. 546/12 nm, beam splitter 560 nm, em. 607/80 
nm). A spacer element in the middle of the flow cell was chosen for 
image acquisition in order to eliminate possible effects on deposition 
from in- and outlet as well as channel walls [16,20]. The area of the 
spacer element (approx. 1.5 � 1.5 mm2) was captured at 20x magnifi-
cation with the focus on the membrane surface (<40 μm). Binning was 
set at 2 to reduce noise, resulting in images of 512 x 512 pixels with a 
pixel size of 4.95 � 4.95 μm2. Images were taken every 30 s over the 
experiment duration of 4 h with an exposure time of 100 ms. Addi-
tionally, movies of 15 s duration at 30 frames s-1 with an exposure time 
of 25 ms were taken at the beginning of the experiments for particle 
tracking. 

2.5. Image analysis 

For each experiment (three for each condition) the membrane area 

within the imaged spacer element was analyzed and the area covered by 
spacer filaments and beyond was omitted (Fig. 3A). The enclosed 
membrane area was split into nine regions for further analysis of particle 
distribution (Fig. 3A). This image analysis procedure for quantification 
of deposition over time via particle detection and counting, as well as 
the procedure for particle tracking are described in detail in our previous 
publication [18]. Briefly, recorded movies were exported from ZEN as 
sequences of single-frame images and analyzed in MATLAB® (The 
MathworksTM, Inc.). First, the background was subtracted from each 
frame and a threshold was applied. In the resulting binary image, 
patches of interconnected pixels were identified and the number of 
particles contained in each patch was determined based on the patch’s 
area (5 pixels per particle). For particle tracking, particles were detected 
in the current frame and assigned to particles in the previous frame via 
the Euclidian distance between them as well as the movement of the 
particle in prior frames. 

2.6. Statistical analysis 

The Excel add-in XLSTAT (Addinsoft, USA) was used for statistical 
analyses. Time series of the number of deposited particles were pro-
cessed with exponential smoothing to reduce artifacts due to variations 
in overall intensity between subsequent images. Statistically significant 
differences were determined at a significance level of p < 0.05 using 
analysis of variance (ANOVA) and post hoc multiple comparison method 
of Newman-Keul’s (SNK). Correlations were tested with Pearson’s cor-
relation test at the same significance level of p < 0.05. 

3. Results and discussion 

3.1. Quantifying the impact of crossflow velocity and permeate water flux 
on initial deposition of particles 

Deposition experiments were conducted over 4 h under four hydro-
dynamic conditions: high crossflow velocity with high or low permeate 
water flux (HC-HP; HC-LP) as well as low crossflow velocity with high or 
low permeate water flux (LC-HP; LC-LP) (Fig. 1C). Deposited particles 
(DP) were determined as the number of beads that accumulated on the 
membrane surface over the course of each experiment. Following 4 h of 
continuous operation, the total number of particles that deposited on the 
membrane within one spacer element was significantly different be-
tween all four hydrodynamic conditions (Figs. 2A and 4A t ¼ 4 h). The 
highest number of deposited particles (3112 � 155 beads mm-2) was 
observed under LC-HP condition, while the lowest number (37 � 10 

Fig. 2. Total amount of deposited particles (DP) on the membrane surface after 4 h under four hydrodynamic conditions (A): high crossflow (HC) with low or high 
permeate water flux (LP and HP, respectively), as well as low crossflow (LC) with low or high permeate water flux. ANOVA analysis at a significance level of p < 0.05 
resulted in significantly different numbers of deposited particles under all hydrodynamic conditions (a–d). The change in deposited particles as calculated by 
subtraction (Δ) and division (δ) between high and low permeate water flux was determined under low (B) and high (C) crossflow conditions. Similarly, the same 
calculations were done for the transition from low to high crossflow velocity under high (D) and low (E) permeate water flux. Deposited particles at different ratios of 
permeate water flux over crossflow velocity, D, 0.5 h and 4 h after foulant addition (F). 
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beads mm-2) was two magnitudes less under HC-LP condition. Although 
significantly different, the number of particles deposited on the mem-
brane surface under HC-HP (349 � 69 beads mm-2) was only slightly 
lower than under LC-LP condition (503 � 8 beads mm-2). 

The impact of modifying crossflow velocity and permeate water flux 
on particle deposition during the initial stage of fouling formation (4 h) 
was compared using the difference (Δ; HP – LP and LC – HC) and ratio (δ; 
HP : LP and LC : HC) in deposited particles between hydrodynamic 
conditions (Fig. 2B – E). The increment in permeate water flux by 5 fold 
from LP to HP increased deposition by 2610 beads mm-2 under LC 
conditions (ΔLC ¼ [DPHP – DPLP]LC, Fig. 2B) and by only 304 beads mm-2 

under HC conditions (ΔHC ¼ [DPHP – DPLP]HC, Fig. 2C). However, this 
corresponded to a 6 fold rise in deposition at LC (δLC ¼ [DPHP : DPLP]LC, 
Fig. 2B), but 9 fold at HC (δHC ¼ [DPHP : DPLP]HC, Fig. 2C). Lowering 
crossflow velocity from HC to LC by 10 fold raised the amount of 
deposited particles by 2771 beads mm-2 under HP conditions (ΔHP ¼

[DPLC – DPHC]HP, Fig. 2D), while the increase was 466 beads mm-2 under 
LP conditions (ΔLP ¼ [DPLC – DPHC]LP, Fig. 2E). Thus, reducing crossflow 
velocity enhanced the amount of deposited particles by 9 fold under HP 
conditions (δHP ¼ [DPLC : DPHC]HP, Fig. 2D) and by 14 fold at LP (δLP ¼

[DPLC : DPHC]LP, Fig. 2E). Although higher ratios were obtained for the 
comparisons comprising HC-LP condition (Fig. 2C and E), the absolute 
change in the amount of foulant was much higher when hydrodynamic 
conditions were modified to LC-HP (Fig. 2B and D). Considering that the 
effect of the foulant layer on concentration polarization and membrane 
performance is determined by the total amount of foulant on the 
membrane, changing permeate water flux from LP to HP under LC 
conditions had the most relevant impact during this initial fouling stage. 

Further, the effect of hydrodynamic conditions on deposition was 
analyzed by the correlation between the number of particles on the 
membrane surface and the ratio of permeate water flux over crossflow 
velocity, D (Fig. 2F). A significant positive correlation was found be-
tween deposited particles and D after 0.5 h of constant operation (R2 ¼

0.97, Pearson’s r ¼ 0.98, p < 0.001) and after every subsequent half 
hour until 4 h (R2 ¼ 0.99, Pearson’s r ¼ 0.98, p < 0.001, Fig. 2F). 
Overall, the amount of deposited particles after 4 h was 84 fold higher 
under LC-HP than HC-LP condition, while ratio D was raised by 54 fold. 
The gap in number of deposited particles between the different ratios D, 
namely the four hydrodynamic conditions, increased over time. Conse-
quently, the linear coefficient of the correlation rose from 7.2 x 105 

beads mm-2 (t ¼ 0.5 h) to 43 x 105 beads mm-2 (t ¼ 4 h, Fig. 2F). A 
similar ratio of permeate water flux to crossflow velocity was also 
defined by Shankararaman and Wiesner 1992, with inclusion of particle 
size (0.05 μm to 10 μm, equation S2) [22]. This ratio increases with 
permeate water flux (5 x 10-3 to 6 x 10-2 cm s-1), but decreases with rising 
crossflow velocity (30 to 100 cm s-1). It was suggested that the drag force 
of permeate water flux is dominating over the lift force induced by 
crossflow when that ratio is ≫ 1. Values obtained from the modified 
ratio were much greater than one for all four hydrodynamic conditions 
tested here and they were higher by far under LC conditions (Table S2). 

These new quantitative comparisons attest to the importance of hy-
drodynamic conditions regarding the extent of particle deposition. The 
tested hydrodynamic conditions differed in crossflow velocity and 
permeate water flux, which are both directly related to the forces that 
act on particles in the membrane channel. Crossflow promotes shear at 
the membrane surface, which counteracts deposition via lift forces, 
while permeate water flux creates a drag force that carries particles 
towards the membrane surface and enhances deposition [12,16,18,23, 
24]. Therefore, the ratio between lift and drag forces determines 
whether particles move towards the membrane surface [22,25], which is 
a critical factor in the initial stage of fouling formation. This connection 
was confirmed by the strong correlation between the amount of 
deposited particles and the ratio of permeate water flux over crossflow 
velocity, D (Fig. 2F). Specifically for inert particles, the derived corre-
lation may provide an approximate prediction of particle deposition at 
other hydrodynamic conditions. On the other hand, lower predictability 

according to ratio D could be expected for bacteria, since the additional 
factor of growth is relevant and not comprised in the correlation. 

Both live and inert particles have previously been observed to follow 
similar trends than were quantified in this study [13,17,26]. The num-
ber of particles that deposit on a surface can be lowered by raising the 
crossflow velocity, while higher permeate water flux will result in the 
opposite effect [13,16,17,26]. However, spacers were only included 
partially in one FO study [26] and deposition was mostly compared 
qualitatively [16,17]. Deposition of 3 μm latex beads was found to be 
negligible in FO at a crossflow velocity of 9 cm s-1 up to a critical 
permeate water flux of 28 L m-2 h-1 [26] or was unaffected by a rise in 
permeate water flux (0 or 35 L m-2 h-1) at a higher crossflow velocity (14 
cm s-1) in a pressure-driven system [16]. Smaller particles are less 
affected by lift forces when compared to particles with a larger diameter 
[22]. Hence, particle deposition was more likely to occur in our study (1 
μm) than in the study of Radu et al. [16] (3 μm) under similar hydro-
dynamic conditions. These differences clearly demonstrate the impor-
tance and need for exact quantification of deposition for the detailed 
comparison between operating conditions, foulant concentration and 
characteristics, including particle size, density, surface properties and 
type (i.e. live/inert). 

In addition to transport of particles from the bulk to the liquid- 
membrane interface, particle deposition comprises a second phase, 
namely the attachment (reversible and irreversible) to the membrane 
surface. Attachment relies mainly on interfacial forces between particles 
and membrane surface, including long-range interactions of electro-
static repulsion. Electrostatic repulsion of charged particles, such as the 
negatively charged beads used here, decreases with higher feed solution 
ionic strength and can thus enhance attachment [14,25]. Calculation of 
reverse solute flux (Table S3) indicated a rise in bulk feed concentration 
by up to 10% after 4 h operation at HP, which is insufficient to signifi-
cantly impact electrostatic repulsion [25]. However, since ionic strength 
at the membrane surface is determined by concentration polarization, 
which depends on mass transfer in the channel, hydrodynamic condi-
tions also impact this aspect of particle deposition [16,22,26]. Ionic 
strength at the feed membrane surface was estimated to be similar at 
both HC conditions due to strong mixing (Table S3) [27]. Yet, higher 
reverse salt flux caused nearly 5 fold higher ionic strength at the 
membrane surface under LC-HP condition than under LC-LP, which 
could have diminished electrostatic repulsion [25]. Therefore, it is 
possible that the deposition at LC-HP condition was not only enhanced 
by the high ratio of permeate water flux over crossflow velocity, but was 
further expedited by lower electrostatic repulsion. Insights into the 
mechanisms that influence initial deposition might have severe impli-
cations when considering spacer filled channels, since permeate water 
flux and crossflow velocity vary in space and time. 

3.2. Where? Resolving the spatial patterns of particle deposition within a 
spacer element 

The spatial deposition patterns that developed under the four hy-
drodynamic conditions were quantified by dividing the area within the 
spacer element into nine regions, defined according to cardinal di-
rections (Fig. 3A). The crossflow was directed from West to East and 
spacer filaments I and III (South-West and North-East direction) were in 
contact with the glass, while filaments II and IV (North-West and South- 
East direction) were in contact with the membrane surface (Fig. 3B and 
C). 

Each combination of crossflow velocity and permeate water flux 
resulted in a significantly different spatial distribution pattern of 
deposited particles after 4 h of constant operation (Fig. 3D – K). Under 
HC-LP condition, only a narrow area upstream of spacer filament III 
contained deposited particles (Fig. 3D). The area containing particles 
expanded as permeate water flux was increased to HC-HP condition. 
Hence, the deposition front, namely the border between the covered and 
free area, shifted to the middle of the spacer element (dashed line, 

A. Bogler et al.                                                                                                                                                                                                                                  



Journal of Membrane Science 604 (2020) 118055

5

Fig. 3E). The deposition front crossed the middle of the spacer element at 
LC-LP, leaving only a narrow area with few deposited particles down-
stream of filament I (i.e. between the filament and the deposition front, 
Fig. 3F). Finally, the whole membrane area within the spacer element 
was covered by deposited particles under LC-HP condition (Fig. 3G). 

It is likely, that the deposition front indicates which areal percentage 
of the spacer element was affected by the rise in shear rates due to spacer 
filament I [28]. Local flow velocities were previously shown to increase 
due to a reduction in channel height, leading to higher shear rates [23, 
29,30], created here by the constricted space between filament I and the 
membrane surface. Under HC-LP condition, the acceleration of flow due 
to filament I reached the next filament III and minimized deposition 
within nearly the whole area of the spacer element (> 85%). Contrarily, 
the higher permeate water flux redirected the flow towards the mem-
brane surface at HC-HP, enhanced drag forces and lowered flow velocity 
sufficiently for deposition to occur up to more than the middle of the 
spacer element (32%). The reduction in crossflow at LC-LP further 
diminished the area of accelerated flow (10%) and moved the deposition 
front closer to filament I. Finally at LC-HP, deposition commenced 
directly downstream of this filament, since the flow acceleration due to 
the restriction in channel height was insufficient to prevent deposition at 
any area within the spacer element. 

Concurrently to the location of the deposition front, the number of 
particles deposited in the dissected regions was expressed in percent of 
the total number of particles within the spacer element and compared 
using statistical analysis (ANOVA, p < 0.05, Fig. 3H – K). Quantification 
of the deposited particles separated between the nine regions allowed 
derivation of the “homogeneity” of the spatial distribution. Homogeneity 
was calculated as the ratio between the percentage of the regions with 
the highest and lowest amount of deposited particles. Values of homo-
geneity close to 1 can be considered as homogeneous, while values 
above 10 will be referred to as heterogeneous. Thus, spatial distribution 
was homogeneous under LC-HP condition with a ratio of 1.25 between 

the two regions with the highest (South) and lowest (East) amount of 
deposited particles. However, the amount of deposited particles was still 
significantly higher in the South (12.5%) and lower in the East (10%) as 
compared to the other regions. Contrastingly, the East had the highest 
accumulation under both HC conditions and the distribution was het-
erogeneous with ratios of 28 at HC-HP and 19 at HC-LP. The highest 
accumulation in the East (24%) spread into the adjacent Southeast and 
Northeast regions under HC-HP condition, where the Southwest held 
less than 1% of the total deposition. Similarly, under LC-LP condition the 
Southwest (6%) also had the lowest deposition, followed by the South 
and West regions, but the distribution was more homogenous (2.2). 

Spatial deposition patterns as quantified above have only been 
described qualitatively for comparison of different spacer configurations 
[16,17]. A clear edge of deposition, namely a sharp transition between 
areas with and without deposited particles, was previously observed in 
experiments with the same spacer orientation of a 45� angle between 
filaments and crossflow direction [17]. However, the edge was oriented 
in the opposite direction: parallel to spacer filaments II and IV, which are 
in contact with the membrane, instead of filaments I and III (Fig. 3A) 
[17]. Under similar operating conditions as HC-HP, distinctive patches 
with deposited particles were previously observed, that coincide 
partially with areas of high deposition quantified here (Fig. 3E and I) 
[16]. It was suggested that deposition upstream of filament crossings 
was caused by sudden changes in flow direction and velocity reduction 
due to the complete obstruction of the channel [16,28], which corre-
sponds to the high deposition in East and Southeast regions (Fig. 3E and 
I). Further deposition patches correlated with sections of thinner fila-
ment diameter [16]. However, this effect only caused a small accumu-
lation of particles very close to filament II in the Northeast region 
(Fig. 3E), since the spacer used in this study had nearly straight 
filaments. 

Taken all of the above, this study quantitatively determined for the 
first time, how the ratio between permeate water flux and crossflow 

Fig. 3. Top view of a spacer element with the 
separation into nine regions and definition of the 
four spacer filaments (I-IV, A). Three- 
dimensional view of a spacer element with 
schematic illustration of the suggested flow paths 
(B). Side view of the spacer element with sche-
matic indication of the suggested flow velocities 
based on [23,29,30] (C). Spatial distribution of 
deposited particles after 4 h at the four hydro-
dynamic conditions: high crossflow with low 
permeate water flux (HC-LP, D and H), high 
crossflow with high permeate water flux (HC-HP, 
E and I), low crossflow with low permeate water 
flux (LC-LP, F and J) and low crossflow with high 
permeate water flux (LC-HP, G and K). Micro-
scope images were taken at a magnification of 
20x and show particles in red (D–G). Deposited 
particles in each region are indicated in absolute 
numbers by the color scale as well as given in 
percent of deposited particles in the whole 
element (H – K). ANOVA analysis at a signifi-
cance level of p < 0.05 revealed regions that had 
a significantly lower (�) or higher (*) number of 
deposited particles. (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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velocity affects spatial deposition patterns (Fig. 3D – K). Additionally, 
differences between these results and previous studies [16,17,25] 
highlight that spacer geometry as well as particle size and density affect 
spatial distribution of deposition. These factors determine which of the 
forces (i.e. drag or lift) are relevant at which location under a specific 
combination of crossflow velocity and permeate water flux. Thus, 
crossflow velocity and permeate water flux are decisive for the homo-
geneity of particle deposition in space and if local disturbances created 
by the spacer filaments concentrate particles in specific areas. Therefore, 
spacer modifications need to be tested at a range of hydrodynamic 
conditions to determine their effectiveness across the whole membrane 
module. 

3.3. When? Specifying the dynamic development in particle deposition 
under different hydrodynamic conditions 

The membrane surface within a spacer element was imaged every 30 
s during 4 h, allowing dynamic quantification of particle deposition. The 
cumulative deposition is given by the number of particles detected on 
the membrane surface at each time point. Initial particle deposition 
commenced immediately upon the addition of beads into the feed so-
lution under all hydrodynamic conditions and continued steadily 
(Fig. 4A). After only 30 min of FO operation the amount of deposited 
particles at LC-HP was significantly higher (> 4 fold) than at the other 
hydrodynamic conditions. After 1 h the number of deposited particles at 
HC-LP was much lower (> 18 fold) than the other conditions, followed 
by complete differentiation between all four hydrodynamic conditions 
after 2 h (Fig. 4A). Total deposition over time developed with a linear 
positive trend under all hydrodynamic conditions (R2 > 0.92, Pearson’s 
r > 0.992, p < 0.001, Fig. 4A). 

Concurrently, the particle accumulation rate, defined here as the 
change in number of particles on the membrane over one time interval, 
was determined during the initial stage of fouling formation (Fig. 4B). 
Specifically, the accumulation rate resulted from the sum of particles 
depositing and detaching from the membrane surface within one spacer 
element. A “negative accumulation rate” is defined, when more particles 
were detached than deposited in one time interval. Our results indicated 
that accumulation rates decreased significantly (50%) from the first to 
the fourth hour under all conditions, except HC-LP (Fig. 4B). Contrarily, 
the accumulation rate nearly doubled over the duration of the experi-
ments under HC-LP condition. 

Steady flow conditions and constant concentration of particulate 
foulants in the feed solution (Fig. S3) led to a linear trend of cumulative 
deposition over time. The slope, namely the average accumulation rate, 
was significantly different between hydrodynamic conditions during all 
4 h. Specifically, the extreme accumulation rate in the first hour under 
LC-HP condition (13 � 5.0 beads mm-2 min-1, 81 fold higher than HC-LP) 
led to significantly higher numbers of deposited particles after only 30 

min. Accumulation rates under HC-HP (1.5 � 1.46 beads mm-2 min-1) 
and LC-LP (2.2 � 1.30 beads mm-2 min-1) conditions were similar (10 
and 13 fold higher than HC-LP, respectively), thus the two conditions 
required more time (2 h) to become significantly different in the number 
of deposited particles. Time intervals with negative accumulation rates 
(i.e. detachment events) occurred under all hydrodynamic conditions, 
except for LC-HP. Deposited particles were therefore less likely to detach 
again under this condition as compared to HC-LP, where ~20% of time 
intervals showed negative accumulation rates. It is surmised here that 
higher permeation drag as well as lower electrostatic repulsion, due to 
stronger concentration polarization [12], hindered particle detachment 
from the membrane and re-suspension to the bulk under LC-HP condi-
tion, while more particles were reversibly attached under HC-LP 
condition. 

Accumulation rates varied significantly from the first to the last hour 
under all hydrodynamic conditions. The decrease in accumulation rate 
may be due to the fact that fouling layers generally acquire a steady state 
after a certain time of constant operation [14]. Steady state of a fouling 
layer is defined as the condition in which the forces moving particles 
towards and away from the membrane are in equilibrium. Therefore, the 
same amount of foulant is deposited and removed during each time 
interval, such that the total amount on the membrane remains constant. 
Although steady state was not yet reached in our experiments, a 
continued decline in accumulation rate could be expected until the total 
amount of deposited particles reaches a plateau, the value of which is 
determined by hydrodynamic conditions and physical properties. As 
fouling progresses, permeation drag lessens due to cake enhanced con-
centration polarization until it is in balance with crossflow lift forces. 
Although this mechanism can contribute to reaching the steady state, it 
was unlikely relevant here, since the foulant cake was a monolayer of 
beads with very little impact on concentration polarization [17]. 

However, the foulant cake may contribute a different mechanism, 
since already deposited particles can influence the probability of depo-
sition for subsequent particles. On the one hand, shear-induced diffusion 
due to particle-particle interactions can reduce the probability of 
approaching particles to deposit [14,31]. Thus, accumulation rates 
declined as more particles were already accumulated on the membrane 
surface. On the other hand, single deposited particles can alter local flow 
conditions and cause approaching particles to deposit [14]. This 
mechanism may be especially relevant in the first moments of fouling 
and during operation at HC-LP condition, where only low numbers of 
particles have yet deposited. We suggest that the higher accumulation 
rate measured at the end of HC-LP experiments could have been the 
result of an augmented number of particles on the membrane affecting 
the local flow field around them, while particle-particle repulsion was 
not yet influential due to the low surface coverage. Over longer time (>
4 h), it is likely that the amount of particles on the membrane would rise 
to a level where shear-induced diffusion will become relevant also at 

Fig. 4. Amount of deposited particles (DP) 
over time (A) and accumulation rates (B) at 
the four hydrodynamic conditions: high 
crossflow with low permeate water flux (HC- 
LP), high crossflow with high permeate 
water flux (HC-HP), low crossflow with low 
permeate water flux (LC-LP) and low cross-
flow with high permeate water flux (LC-HP). 
DP at LC-HP is shown on the right y-axis as 
indicated by the red color (A). Small letters 
(a–d) indicate statistically significant differ-
ences obtained via ANOVA analysis with p 
< 0.05: between hydrodynamic conditions 
at one point in time (A) or between hours 
under the same hydrodynamic condition (B). 
(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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HC-LP condition, thus leading to a subsequent decrease in accumulation 
rate that did not yet occur here. 

Additionally to the above analysis of accumulation rates within the 
whole spacer element, cumulative deposition was also determined 
separately for each region, as shown for those with the highest and 
lowest deposition as well as the center (C) of the spacer element (Fig. 5). 
The center was most similar to the region with the lowest deposition 
under HC conditions (Fig. 5A and B), while it was nearly the same as the 
one with the highest deposition under LC-LP condition (North, Fig. 5C) 
and in between the regions of highest and lowest deposition under LC- 
HP (Fig. 5D). According to the standard deviations from the averages 
(shaded areas in Fig. 5), the amount of particles within a region was 
more variable at HC than at LC conditions. Variability was especially 
high in regions with the highest amount of deposited particles under 
each hydrodynamic condition (e.g. East at HC, Fig. 5A and B). 
Contrarily, the final spatial distribution between regions in one spacer 
element observed after 4 h, was already established after ca. 2 h in HC 
experiments, and took ca. 3 h to manifest at LC conditions. 

Both the distinct heterogeneity in the amount of deposited particles 
between regions (Figs. 3 and 5) as well as the different time points for 
establishment of final distribution patterns can be explained by analysis 
of regional accumulation rates. The pronounced heterogeneity resulted 
from a greater range of accumulation rates under HC conditions. The 
range was greatest under HC-LP with the lowest accumulation rate of 
0.005 beads mm-2 min-1 in the Northwest region and the highest rate of 
0.804 beads mm-2 min-1 in the East (160 fold more). Concomitantly, the 
smallest range was observed under LC-HP with accumulation rates 
ranging from 6 beads mm-2 min-1 to 18 beads mm-2 min-1 (3 fold). The 
greater difference in accumulation rates and accordingly in the number 
of deposited particles between regions (Fig. 5) also accelerated the 
establishment of the significant differences between regions at HC, 
compared to the similar accumulation rates at LC. This detailed analysis 

of accumulation rates over time within the whole spacer element as well 
as in the separate regions shows that development of the foulant cake is 
both dependent on time and hydrodynamic conditions. Such insights 
may help in determining the required duration of mitigation studies and 
the optimal time point for initiation of cleaning procedures in opera-
tional FO membrane systems. 

3.4. Why? Elucidating the effects of crossflow velocity and permeate 
water flux on particle flow paths close to the membrane surface 

In this study, spacer filaments formed a 45� angle with the overall 
crossflow direction (left to right, Fig. 6). Beads were captured for par-
ticle tracking between the membrane surface and up to 40 μm into the 
bulk. Flow fields were calculated from at least 120 particle tracks for 
each hydrodynamic condition. It is surmised here that the flow fields 
obtained from particle tracks represent the flow of the fluid parallel to 
the membrane surface, since neutrally buoyant particles (1.05 g mL-1) 
are assumed to follow the fluid flow [22]. Average velocity of all particle 
tracks decreased in the order: HC-LP (1941 μm s-1) > HC-HP (1021 μm 
s-1) > LC-LP (619 μm s-1) > LC-HP (410 μm s-1). The maximum particle 
velocity was approximately twice higher than the average velocity at LP 
conditions, while it was three times higher at HP conditions (Fig. 6). 

Differences in average velocity between experiments with the same 
crossflow velocity but different permeate water flux indicated that the 
latter incurred a significant change in particle velocities close to the 
membrane surface. Higher permeate water flux increases particle con-
centration at the membrane surface, where crossflow velocities are 
lowered due to the laminar velocity profile [24,25,32]. When more 
particles are moving at a lower velocity, the average is reduced 
compared to the maximum velocity. This effect was apparent from the 
higher ratio between maximum and average velocity at HP versus LP 
conditions. Lower particle velocities (17 μm s-1) closer to the membrane 
surface (0 – 7 μm, Fig. S4) were further confirmed when particle tracks 
were obtained at higher magnification (60x) [18]. On the other hand, 

Fig. 5. Deposition of beads over time in the region with the highest (red) and 
lowest (blue) deposition as well as the center region (C, black). Deposition of 
beads was analyzed at the four hydrodynamic conditions: high crossflow with 
low permeate water flux (HC-LP, A), high crossflow with high permeate water 
flux (HC-HP, B), low crossflow with low permeate water flux (LC-LP, C) and low 
crossflow with high permeate water flux (LC-HP, D). Note the different scaling 
of the y-axes. Deposition was quantified at 30 s intervals and is shown as the 
average of three experiments with the shaded area representing one standard 
deviation. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. Particle flow paths obtained at the four hydrodynamic conditions: high 
crossflow with low permeate water flux (HC-LP, A), high crossflow with high 
permeate water flux (HC-HP, B), low crossflow with low permeate water flux 
(LC-LP, C) and low crossflow with high permeate water flux (LC-HP, D). Arrows 
indicate the flow direction, while the color scale represents the flow velocity. 
Flow paths were calculated from at least 120 particle tracks for each condition. 
(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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particle velocities were measured at greater distances from the mem-
brane surface in similar particle imaging velocimetry studies (30 – 70 
μm) [20,28,33] compared to this study (0 – 40 μm). This difference may 
explain the higher velocities (few cm s-1) as compared to the study 
presented here (few mm s-1). However, it is likely that the absence of 
permeate water flux was an additional reason for higher particle ve-
locities [20,28]. These results highlight that permeate water flux must 
be accounted for in particle deposition studies using membrane-based 
systems, even though it is magnitudes lower than operational cross-
flow velocities [16,17,23,32]. 

Higher velocities parallel to the membrane surface can decrease 
deposition by augmenting the shear rate at the membrane surface [12]. 
In the obtained results, average velocity was inverse to the total amount 
of deposited particles (Fig. 2A), confirming that the effect of velocity on 
the shear rate was decisive for deposition. The highest amount of 
deposited particles (LC-HP) was 84 fold higher than the lowest (HC-LP), 
while the average velocity rose by 6 fold from LC-HP to HC-LP. There-
fore, particle velocity parallel to the membrane surface had an addi-
tional effect on total particle deposition in combination with the ratio of 
permeate water flux over crossflow velocity, which was 54 fold higher. 

Furthermore, accordance between the spatial distribution of the flow 
velocity (Fig. 6) and the spatial deposition patterns (Fig. 3) provides an 
additional indication on the effect of flow velocity and shear on particle 
deposition. Under HC-LP condition, reduction in particle velocities close 
to filament III and along filament IV (Fig. 6A) lead to particle deposition 
in Northeast and East regions (Fig. 3H). At HC-HP condition velocities 
were highest close to filament I (particle entrance into the spacer 
element, Fig. 6B), resulting in minimal deposition in these regions 
(Fig. 3I). Additionally, the local increase in particle velocity in the North 
was likely the cause for the lower deposition compared to the adjacent 
regions. Most particles were slower (< 800 μm s-1) under LC conditions 
than at HC (< 2400 μm s-1). Accordingly, velocity field and spatial 
distribution of particle deposition were more homogenous (Fig. 6C and 
D, 3J and K). At LC-LP, high particle velocities close to filament I 
(Fig. 6C) agree well with lower deposition in the West, Southwest and 
South regions (Fig. 3J). Most discrepancies between distribution of ve-
locity and deposition were found under LC-HP condition. Although the 
lowest velocities were observed along filament III (Fig. 6D), these re-
gions accounted for the least deposition (Fig. 3K). Yet, higher local ve-
locities in the West and center corresponded to lower deposition as 
compared to adjacent regions. 

Distribution of deposited particles between regions may further be 
influenced by the local flow direction, which determines if more parti-
cles are transported into or out of a region. Generally, particles entered 
the spacer element by passing under filament I in a perpendicular di-
rection and left the spacer underneath filament III. Under HC-LP con-
dition, the flow field diverged (Fig. 6A), which was also observed in 
previous studies at similar crossflow velocities (0.10 m s-1 and 0.16 m s- 

1) [20,28,33]. In contrast, under HC-HP condition the flow field was 
very uniform (Fig. 6B). All particle paths showed gradual alignment 
with the overall flow direction. Only some particles were found to enter 
the spacer element underneath filament II in contact with the mem-
brane, which indicates a gap between filament and membrane. We 
surmise that the higher permeate water flux led some particles toward 
the membrane surface, that then passed underneath the spacer filament. 
Under LC-LP condition, only particles moving in close proximity (< 300 
μm) to the spacer filaments II and IV continued in the same direction 
after entering the element, namely parallel to these filaments (Fig. 6C). 
In the rest of the enclosed area, particles were oriented in the overall 
crossflow direction (West to East). Especially close to filament IV (< 210 
μm), the tendency of particles to flow parallel to filaments was further 
reduced when permeate water flux was raised from LC-LP to LC-HP (see 
magnification in Fig. 6C and D). 

Following the detailed description above, particles moved mainly 
parallel to the spacer filaments at HC conditions, while the majority was 
aligned with the overall crossflow direction at LC conditions. The 

growing influence of the overall crossflow direction on local flow di-
rection with decreasing crossflow velocity has previously been observed 
in pressure driven membrane systems [33]. Due to this alignment with 
the overall crossflow direction under LC conditions, a tendency for 
particles to be transported away from filament II and towards filament 
IV could be expected. However, higher deposition in the South, South-
east and East regions as compared to the West, Northwest and North 
occurred under HC conditions, where the flow paths were less aligned 
(Figs. 3 and 6). We surmise that high permeate water flux (30 L m2 h-1) 
has a decisive impact on the deposition when cross flow is low (1.3 cm 
s-1) with minimal compatibility to the flow paths during these initial 
stages of cake formation. Accordingly, the spatial distribution of parti-
cles within a spacer element is mainly the result of particle velocity and 
not local flow directions. 

4. Conclusions and implications for fouling mitigation 

This study provides the first detailed quantitative analyses of the 
effects imposed by crossflow velocity and permeate water flux on the 
spatiotemporal patterns of particle deposition during the initial stage of 
fouling formation in a spacer filled FO channel. The ratio of permeate 
water flux over crossflow velocity, D, was increased by 54 fold between 
the investigated hydrodynamic conditions (Fig. 7) and directly impacted 
particle deposition as a driving variable via permeation drag and lift 
forces. Significant differences were quantified between hydrodynamic 
conditions in terms of total particle deposition, spatial distribution, 
accumulation rates and particle flow paths. 

The total number of deposited particles within a spacer element rose 
up to 84 fold when the driving variable of ratio D was augmented 
(Fig. 7). Changing hydrodynamic conditions was also estimated to raise 
salt concentration at the membrane surface by approximately 5 fold 
(Fig. 7), which may have enhanced deposition further via reduced 
electrostatic repulsion. Additionally, dissection of the spacer element 
into regions allowed assessment of where particles deposited: High 
crossflow conditions concentrated most particles upstream of filament 
crossings (> 15 fold), while the distribution was homogenous under low 
crossflow conditions (< 3 fold, Fig. 7). When particles deposited, was 
unraveled by imaging at 30 s intervals. A 50% decline in accumulation 
rates was computed, except for a 100% increase under high crossflow 
velocity with low permeate water flux (Fig. 7). Overall, lower crossflow 
velocity and higher permeate water flux diminished particle velocities at 
the membrane surface by nearly 5 fold (Fig. 7), thus increasing proba-
bility of attachment. The reduction in local flow velocities explained 
why particles accumulated in the East region at high crossflow veloc-
ities, in contrast to the homogenous distribution at low crossflow 
velocities. 

This study provided the first quantitative description on how cross-
flow velocity and permeate water flux impact spatiotemporal patterns in 
the initial stage of fouling formation, which are critical for newly 
installed and freshly cleaned membrane modules. As few hours are 
required for live bacteria to establish irreversible attachment to the 
membrane surface, the focus on the initial stage of fouling layer for-
mation may also allow extrapolation of our results to biofilm formation 
and biofouling development. Moreover, investigation of deposition of 
additional particle types, sizes, densities and surface characteristics on 
other surfaces including commercial or modified membranes and 
spacers could generalize the obtained insights to a wider range of fou-
lants and operating conditions. The complex composition of wastewater 
also warrants investigation of particle deposition in the presence of 
compounds, which may cause additional fouling mechanisms (e.g., 
scaling and organic fouling) or various chemical interactions with the 
particles. 

Our results showed, that optimization of hydrodynamic conditions 
may be a viable approach to postpone fouling onset. However, improved 
system efficiency needs to outweigh the additional pumping costs or 
membrane area that are required at higher crossflow velocities and 
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lower permeate water flux, respectively. Further, it is important to note 
that crossflow velocity and permeate water flux vary over the length of 
an operational spiral wound module due to the concentration of feed 
water and dilution of the draw solution. We stress that fouling mitiga-
tion approaches should be tested to ensure effectiveness under a range of 
hydrodynamic operating conditions, and with different particle types 
(live/inert) and sizes (nano-micro scale). Detailed spatial analysis 
developed in this study can provide starting points for the development 
of modified spacer geometries for fouling mitigation, while temporal 
patterns can indicate the optimal time point for initiation of cleaning 
procedures. 
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