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ABSTRACT

This study evaluates with numerical simulations supported by experimental data the impact of
biofouling on membrane performance in a cross-flow forward osmosis (FO) system. The two-
dimensional numerical model couples liquid flow with solute transport in the FO feed and draw chan-
nels, in the FO membrane support layer and in the biofilm developed on one or both sides of the
membrane. The developed model was tested against experimental measurements at various osmotic
pressure differences and in batch operation without and with the presence of biofilm on the membrane
active layer. Numerical studies explored the effect of biofilm properties (thickness, hydraulic perme-
ability and porosity), biofilm membrane surface coverage, and biofilm location on salt external con-
centration polarization and on the permeation flux. The numerical simulations revealed that (i) when
biofouling occurs, external concentration polarization became important, (ii) the biofilm hydraulic
permeability and membrane surface coverage have the highest impact on water flux, and (iii) the biofilm
formed in the draw channel impacts the process performance more than when formed in the feed
channel. The proposed mathematical model helps to understand the impact of biofouling in FO mem-

brane systems and to develop possible strategies to reduce and control biofouling.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Forward osmosis (FO) is a membrane technology in rapid
development, based on the difference in osmotic pressure between
two liquids separated by a semi-permeable membrane, with a
range of possible water treatment applications. Compared to other
membrane filtration processes like reverse osmosis or nano-
filtration, in FO almost no external hydraulic pressure is required
for the process (Mulder, 1996). The driving force in FO is the os-
motic pressure difference, such that water is extracted from the low
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osmotic pressure solution, also referred to as feed water, into the
high osmotic pressure draw solution. Forward osmosis (FO) can
play a bridging role in the integration of upstream and downstream
water treatment processes, and could reduce energy consumption
of the entire desalination or water recovery and reuse processes
(Valladares Linares et al., 2014b). One of the main advantages of FO
compared to conventional membrane processes for desalination
and wastewater recovery (i.e. nanofiltration, NF, and reverse
osmosis, RO) is the limited amount of external energy required to
extract water from the feed solution (Valladares Linares et al.,
2014b).

Use of FO for water reclamation was demonstrated in applica-
tions like oil/gas wastewater (Hickenbottom et al., 2013), landfill
wastewater treatment and water recycling in space missions (Cath
et al., 2005; Holloway et al., 2007). Bench scale tests demonstrated
the potential of FO in municipal wastewater recovery combined
with seawater desalination processes (Valladares Linares et al.,
2013; Werner et al., 2013). Other studies evaluated the possibility
of using FO systems as a pretreatment in membrane desalination
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technologies for low-pressure desalination processes while simul-
taneously recovering water from a recycled feed solution (Achilli
et al., 2014; Boo et al., 2013; Hoover et al., 2011). For desalination
applications of FO, there are two possible approaches, direct and
indirect desalination. In a direct FO desalination processes fresh
water is directly extracted from seawater or brackish water by using
the high salinity water as feed solution and an osmotic reagent as
draw solution. An additional process is required for fresh water
recovery from the diluted draw solution (Li et al, 2013;
McCutcheon et al., 2005). A full-scale plant commissioned in
2012 is demonstrating the benefits and the viability of direct FO
desalination (Modern Water Inc, 2012). In indirect FO desalination,
the high salinity water is used as draw solution and an impaired
water such as secondary wastewater effluent is used as of feed
solution (Valladares Linares et al., 2013). The attractiveness of in-
direct FO desalination beside the low-cost draw solution (seawater
or brackish water) relies on the diluted draw solution which can be
used as feed water in a subsequent desalination process like reverse
osmosis, thus reducing the cost of the entire desalination process
(Yangali-Quintanilla et al., 2011).

However, as in other membrane filtration processes, FO also has
the potential of membrane fouling. In certain FO operation condi-
tions, the membrane can suffer from fouling on one side or on both
sides. During indirect FO desalination when both the feed (sec-
ondary wastewater effluent) and the draw (seawater) solutions
have fouling potential, deposition of unwanted material on the
membrane surface can occur. Similar to other membrane filtration
processes (e.g. reverse osmosis), accumulation and growth of mi-
croorganisms on the membrane surface is highly possible, leading
to biofouling (Shannon et al., 2008; Vrouwenvelder et al., 2008).
Only a few studies investigated the impact of biofouling on FO
systems (Valladares Linares et al., 2014a; Yoon et al., 2013; Zou
et al., 2013). Yoon et al. (2013) showed that the occurrence of
biofouling in FO is less severe regarding flux decline when
comparing to reverse osmosis. Zou et al. (2013) and Valladares
Linares et al. (2014) investigated the impact of different spacer
geometries in a cross-flow system on biofouling. Both studies
showed an increase in water flux with the spacer inserted in the
flow channel. Also noted was that the impact of the same amount of
biomass on flux decline was lower when using a thicker spacer
(Valladares Linares et al., 2014a). However, none of the FO mem-
brane fouling studies investigated the impact of biofouling on both
sides of the membrane simultaneously.

An important particularity of FO membrane filtration compared
to other membrane systems such as reverse osmosis and/or ultra-
filtration is a different occurrence of concentration polarization
(CP). In FO systems three kinds of CP are distinguished: concen-
trative and dilutive external concentration polarization (ECP) and
internal concentration polarization (ICP). The concentrative ECP
corresponds to that observed in reverse osmosis systems. Unlike in
RO systems, the dilutive ECP occurs in the draw solution side of the
membrane due to the permeate flux and ICP takes place in the
membrane porous support layer. It was shown that both external
concentration polarization effects reduce the process driving force
(i.e., the osmotic pressure difference), however their impact on
water flux is minor. The most important and process-limiting
concentration polarization was found to be the internal concen-
tration polarization (McCutcheon and Elimelech, 2006). Conse-
quently, the difference in driving force and its impact on the
filtration processes prevent the direct transplantation of research
results from different membrane systems, for example from NF and
RO to FO.

The novelty of is work consists in the evaluation of biofouling
effects on membrane performance in a cross-flow FO system with
numerical simulations, also supported by experimental studies. The

numerical model was used to study the impact of (i) biofilm
properties (thickness, hydraulic permeability, and porosity), biofilm
membrane surface coverage, and biofilm location (feed channel,
draw channel and both) on FO membrane performance, and (ii)
biofouling on external concentration polarization in different FO
operation conditions.

2. Materials and methods
2.1. Experimental setup

A lab-scale FO membrane system was used for the experimental
evaluation of permeation fluxes without and with biofilm devel-
opment on the membranes. Two peristaltic pumps (Cole-Parmer)
circulated in closed loop the feed and draw solutions at similar
cross-flow velocities (8.6 cm s™'). The pumps were connected to
two reservoirs with the same volume (1.25 L), one for the feed
solution and one for the draw solution. Each reservoir was placed
on a digital scale (Mettler Toledo) connected to a computer. The
water flux through the membrane was calculated from the change
in weight of the reservoirs. All experiments were performed at
20 °C.

Cellulose triacetate (HTI, Scottsdale, AZ) forward osmosis
membrane with a thickness of ~50 um was used for the experi-
ments. In all cases, the membrane active layer faced the feed so-
lution while the support layer was in contact with the draw
solution. This configuration was shown to be the most effective to
prevent membrane fouling (Mi and Elimelech, 2008; Wang et al,,
2010).

The membrane was placed into a custom-made flow cell from
poly (methyl methacrylate) (PMMA), with an active membrane
area of 20 cm? The flow cell was designed to allow operation
without and with the presence of spacer in the feed and draw
channels. The feed and draw channels height were the same and
could fit 46 mil (1168 mm) thick spacers. For the studies with
spacer, a 46 mil spacer produced by Hydration Technology Inno-
vation (HTI, Scottsdale, AZ) was used on both sides of the mem-
brane. A more detailed description of the flow cell can be found in
previous studies (Li et al., 2012).

For flux measurements at various osmotic pressure differences
sodium chloride (NaCl) solutions were prepared. The feed solution
salt concentration was kept constant at 0.58 kg m~> while the draw
solution concentration was varied from 5.8 kg m—> to 78.8 kg m .

The biofouling experiments were run in a repeated batch mode.
Each batch cycle was interrupted after 20 h of operation and the
feed and draw solutions were replaced by fresh solutions (salt
concentrations of 2 kg m~2 in feed and 40 kg m~3 in draw), then the
next cycle was started. To ensure biofilm formation in the feed
channel, a municipal secondary effluent (Al-Ruwais wastewater
treatment plant, Saudi Arabia) was used as feed solution for the first
20 h. The effluent characteristics were: chemical oxygen demand
(COD) 25 mg L™, total organic carbon (TOC) 4.84 mg L™, pH 71,
conductivity 2.33 mS cm™!, osmotic pressure 0.38 bar, total sus-
pended solids (TSS) 2.25 mg L~ and volatile suspended solids (VSS)
2.15 mg L~ The adenosine triphosphate (ATP) concentration of the
effluent was 215 pg mL~!, which corresponds to a bacterial cell
concentration of approx. 107 cells-mL~". For the subsequent five FO
filtration cycles, the feed solution was a synthetic municipal
wastewater as described in (Valladares Linares et al., 2014a, 2013),
initially with 360 mg COD-L~',115 mg TOC-L~! and pH 5.66. All the
chemicals were purchased from Sigma-Aldrich (Munich, Germany)
and had a purity grade higher than 99.5%. All solutions were pre-
pared with deionized (DI) ultra-pure water (Valladares Linares
et al.,, 20144, 2013).
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2.2. Model description

A two-dimensional mathematical model was developed to
investigate numerically the impact of biofouling on the perfor-
mance of forward osmosis processes. The model includes liquid
flow coupled with the mass transport of the solute (salt)
through the feed and draw channels, through the asymmetric
permeable membrane, and through a biofilm present on the FO
membrane.

2.2.1. Model geometry

Without biofilm, the model geometry included three domains:
feed and draw channels separated by a membrane support layer
(Fig. 1a), while the thin membrane active layer was assimilated
with a boundary in this model. The flow channel length (Lx) was
chosen tenfold smaller than the length of the flow cell used for the
experimental studies. This length was small enough to allow per-
forming computationally efficient numerical simulations, while
maintaining a size representative for the FO system (i.e., including
several spacer fibers). The heights of the two flow channels (Ly) and
membrane support layer thickness (Ls) were those used in the
experimental studies. When the biofilm was present, it constituted
a fourth planar domain with thickness Lg. Although not completely
realistic, the feed and draw channel spacer fibers were circular and
arranged in a zig-zag configuration mimicking a two-dimensional
axial slice in a three-dimensional flow channel (Fig. 1b). The
diameter (dy;) and distance between the spacer fibers (L) corre-
sponded with the 46 mil spacer geometry used for the experi-
mental studies (Table 1).

2.2.2. Fluid flow
The flow in the feed and draw channels was calculated from
steady-state laminar Navier-Stokes equations (eq. (1)):

p(u-V)u+ Vp = V-(nvu) (1)
vu=0
where u = (uy, uy) is the vector of local liquid velocity, p is the
pressure, p and 7 are the density and dynamic viscosity of the so-
lution at 293 K, respectively. The steady-state laminar flow
assumption is justified considering the low Re number used in the
experiments (Re = 80, calculated according to Schock and Miquel,
1987), as shown in Bucs et al. (2015).

The membrane support layer and biofilm domains were treated
as porous media and Brinkman flow was assumed according to

eq. (2):
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n _ g2
Ku+Vp7€V u 2)
V-u=0

where K and e are the permeability and porosity of membrane
support layer (Kws and es) and biofilm (K and ep).

The boundary conditions used are listed in Table 2. Fully
developed laminar flow profiles with average velocity u;, were
imposed at the feed and draw channel inlets, while the pressure
was set to zero at the outlet boundaries. No-slip conditions were
applied to the spacer surface and to the bottom and top boundaries
of the feed and draw channels, respectively. Flow continuity was
assumed between the support layer or biofilm surface and the draw
or feed channels. A flux of water Jyy was imposed on the membrane
active layer, proportional with the local osmotic pressure difference
(Am) and the permeability for water (A) (eq. (3) (Sagiv et al., 2014):

Jw= A(Trdraw - ered) =A-Arm (3)

The osmotic pressures in the draw and feed solution (7gqw and
Tfeeq) Were calculated from Van't Hoff eq. (4) (Mulder, 1996, p. 283):
m=2C-R-T (4)
function of local salt concentrations Cgraw and Creq at the mem-
brane surface, universal gas constant R and temperature T (Table 2).

2.2.3. Salt transport

Sodium chloride was assumed the only soluble compound
relevant for this model, transported by convection and diffusion in
both of the flow channels (eq. (5)).
DV2C —uvC =0 (5)
where D is the diffusion coefficient and C is the local salt concen-
tration. The salt diffusion coefficient was considered equal in the
feed and draw solutions (Dy), whereas lower values were taken in
the membrane support layer (Ds) and in the biofilm (Dg) domains
(Table 1).

In the inlet, the solutions contained salt with concentrations Cr
(feed channel) and Cp (draw channel). Typical no-diffusion condi-
tions applied at the outlet boundaries for both channels, while the
spacer surface, bottom and top boundaries were impermeable
walls. In FO processes, draw solute leaks through the membrane
into the feed side, as described by (Eq. (6), (Sagiv et al., 2014):

a
4 N 5 R 77N
{ ) { - \
LY N N/ N draw \_ /
2 membrane support layer \_ /
L( 2 R AR AR

Fig. 1. (a) lllustration of the forward osmosis (FO) model geometry. The model space is divided to three domains: feed and draw channels (blue color, with bold arrows indicating
the flow directions) and membrane support layer (woven grey). The membrane active layer (red line) is facing the feed channel side and it represents a boundary. When present, the
biofilm (yellow dotted zone) constitutes a fourth domain. The geometry dimensions are explained in Table 1. Numbers represent the different boundaries of the computational
domains, as explained in Table 2. (b) Spacer fibers are arranged in such a way to mimic an imaginary 2D plane along the red dashed line in a 3D flow channel. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Model parameters and experimental conditions.
Parameter Symbol Value Unit Source
Model geometry
channel length Ly 10 mm chosen
channel height Ly 117 mm 46 mil Filmtech™ spacer
membrane thickness Ls 50 pum Valladares Linares et al., 2014
spacer fiber thickness dy 0.58 mm Valladares Linares et al., 2014
spacer mesh size Ly 4.1 mm Valladares Linares et al., 2014
Experimental conditions
average inlet flow velocity Uin 8.6 Cms™! Valladares Linares et al., 2014
feed salt concentration inlet or initial (biofouling case) Cgg 2 kg m—3 Valladares Linares et al., 2014
draw salt concentration inlet or initial (biofouling case) Cpyg 40 kg m~3 Valladares Linares et al., 2014
initial solution volume in feed reservoir Veo 1.25 L Valladares Linares et al., 2014
initial solution volume in draw reservoir Vbo 1.25 L Valladares Linares et al., 2014
membrane area Am 20 Cm Valladares Linares et al., 2014
temperature T 293 K Valladares Linares et al., 2014
Water and solute properties
feed water density PF 999 kg m—3 Crittenden et al., 2012
draw solution density D 1020 kg m~3 McCutcheon and Elimelech, 2006
water viscosity n 103 Pas Crittenden et al., 2012
salt diffusion coefficient in water Dw 133 x10°° m?s! McCutcheon and Elimelech, 2006
salt diffusion coefficient in support layer Ds 0.18 x 107° m?s~! Calculated as Ly/Ks
Membrane properties
water permeability A 0.57 Lm~2h~!bar Phillip et al., 2010
solute permeability B 0.33 Lm2h! Phillip et al., 2010
membrane structural parameter S 360 pwm McCutcheon and Elimelech, 2006
salt resistivity of support layer Ks 27x10° sm McCutcheon and Elimelech, 2006
water permeability of support layer Kws 2x1071  M? Dreszer et al., 2013
support layer porosity e 0.3 Calculated as 7-Ls/S(chosen tortuosity T = 2)
Biofilm properties
Porosity ep 0.5 Radu et al., 2010
Permeability Kg 107 M2 Dreszer et al., 2013
salt diffusion coefficient in biofilm Dg 0.66 x 1072 m?s! Calculated as eg-Dw
biomass specific growth rate w 0.81 d-! fitted with 46 mil experimental data from Valladares Linares et al., 2014
initial biofilm thickness Lgo 5 um Chosen
maximum biofilm thickness Lgg 150 um Valladares Linares et al., 2014
biofilm thickness Lg 150 um Valladares Linares et al., 2014

Table 2
Boundary conditions for the FO model geometry presented in Fig. 1a.
Boundary no. Feed side Draw side
Fluid flow Salt transport Fluid flow Salt transport
1 Uy = Guin(]_.V/Ly)Y/Ly C= CF - -
u, =0
2 - - p=0 -n-DyvC =0
3 and spacer u=20 -n-DyvC =0 — -
4 uy=0 -n-J=Js ux=0 -nJ=-Js
uy = —Jw uy :.’W
5 and spacer - - u=20 -n-DyVvC =0
6 p=0 -n-DyvC=0 - —
7 - - uy = —6 uin(lfy/Ly).V/Ly C=0Cp
uy =0
first two cases, the biofilm of uniform thickness covered the whole
Js = B(Cdmw — Cfeed> (6) membrane area, while in the third case the patchy biofilm covered

whereB is the membrane permeability for salt, and Cyraw and Cpeeq
are the local salt concentrations in the draw and feed channels,
respectively. The flux of salt is in opposite direction to the water
flux.

2.2.4. Biofilm development

To study the impact of biofilms formed on the membrane on the
FO process performance, three cases were investigated: (i) a
continuous planar biofilm with thickness increasing in time (thus
roughly simulating biofilm growth); (ii) a continuous planar layer
with thickness constant in time; and (iii) a patchy biofilm formed
by microbial colonies of various size, but constant in time. In the

only 50% of the membrane, but had the same biofilm volume as in
the second case. By assuming, for simplicity, unlimited biomass
growth at constant specific rate u and constant biomass concen-
tration in the biofilm, the increase in biofilm thickness Lg in case (i)
is represented by eq. (7):

Lg = LBO exp(,ut) (7)

In all cases, the biofilm was represented as a computational
domain and flow continuity was applied at the moving biofilm-
liquid interface (Fig. 1).

Water and solute transport in biofilms are functions of the
biofilm properties and morphology. According to Darcy's law,
permeation flux through the biofilm, Jy, is function of the pressure
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drop over the biofilm, fluid viscosity, biofilm permeability and
thickness (eq. (8)) (Dreszer et al., 2013):

K
n-Lp
This means that also the hydraulic resistance, Rg defined by eq.

(9), is time dependent because the biofilm thickness can change in
time:

Jw =—-Ap (8)

Lp

RB:E

(9)

2.2.5. Model solution

The two-dimensional liquid flow and salt transport were solved
in COMSOL Multiphysics (v5.1, Comsol Inc., Burlington, MA), on a
triangular finite-element mesh with a maximum size of 5 um, using
a stationary solver. In case of biofilm growth, a moving mesh pro-
cedure was applied for the time-dependent biofilm-liquid interface,
while the liquid flow and salt transport were also solved in time.

2.2.6. Simulation of batch operation

To simulate the batch process, the model was extended to
include the feed solution concentration and draw solution dilution
in time, together with the change in feed and draw solution vol-
umes, Vrand Vp (eqs.(10)—(13)):

%: —JwAu; (10)
% = (JwCr +Js) IL‘\TI:[ (11)
T -t (12)
dstD =-(wCp +Js)'/‘\/—lg (13)

where Cr and Cp are the salt concentrations of feed and draw so-
lutions, and Ay, is the membrane area. The initial values are listed in
Table 1.

3. Results and discussion

The aim of this study was to evaluate the impact of biofilms on
the performance of FO processes. Although concentration polari-
zation is considered in the developed model, a detailed study of its
impact on process performance here is out of scope. First, a two-
dimensional model was developed for the FO without biofilm
presence and the results were compared with experimental data at
different osmotic pressures and in a batch operation. Second, the
model was extended to include biofilm development in the feed
channel and compared with experimental results. Third, the cali-
brated model was used to investigate the biofilm impact on con-
centration polarization, and the effects of biofilm properties (i.e.
thickness, roughness, porosity, and permeability) on the perfor-
mance of an FO process. Finally, the influence of biofilm location
(i.e., in draw channel, in feed channel or in both) was evaluated.

3.1. Evaluation of the forward osmosis model

To evaluate the proposed numerical model, simulations were
compared with experimental measurements. In total three sets of

flux measurements were performed: (i) at different osmotic pres-
sures, (ii) in batch operation to record the flux decline due to so-
lution dilution in time and (iii) with biofilm growth under batch
operation.

3.1.1. Water flux increase with increasing osmotic pressure

Water flux was experimentally measured at various salt con-
centrations in the feed and draw solutions. For these experimental
measurements, no spacer was used in the flow cell and the con-
ditions were set to minimize the possibility of biofilm formation.
Consequently, no spacer and no biofilm were considered in this
model version. The feed solution salt concentration (NaCl) was kept
at 0.58 kg m~> for all the experimental measurements and the
concentration in the draw solution was varied from 5.8 kg m~> up
to 78.8 kg m 2 in steps of 14.6 kg m~>. The experimental setup was
operated in batch mode, 1 h for each salt concentration, and the
average flux in that hour was calculated.

Membrane parameters for the numerical simulations, such as,
membrane water permeability (A = 0.44 L m~2 h~! bar), membrane
solute permeability (B = 0.26 L m2 h™!) were taken from Phillip
et al., 2010. The salt diffusion coefficient in the support layer (Ds),
support layer water, and solute permeability (Kys, Ks), were also
taken from literature (Dreszer et al., 2013; McCutcheon and
Elimelech, 2006) (Table 1). To evaluate the model and the applied
parameters, the flux was calculated at the same solute concentra-
tions in the feed and draw solutions as used in the experiments.
Comparing the calculated and measured flux increase with
increasing osmotic pressure confirmed that, in this case, the model
describes the process accurately without further parameter fitting
(Fig. 2).

3.1.2. Flux decline in batch experiments

In a batch FO process, the water flux decreases in time because
the draw solution gets diluted, while the feed solution becomes
more concentrated in salt. To further test the model in dynamic
conditions, the flux decline in a batch process was first experi-
mentally measured. The batch experiment was performed by

12
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Fig. 2. Experimentally measured (blue circles) and calculated with the developed
numerical model (red line) water flux at different osmotic pressure differences,
without the presence of spacer or biofilms. Model parameters are presented in Table 1.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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recirculating 1.25 L of feed and draw solutions through the flow
channels with spacers for a period of 1200 min (20 h).

For the whole batch period, the model predicts a linear flux
decline similar to the experimental results (Fig. 3a). As described by
the model eqs. (8)—(11), the flux decline depends on the experi-
mental conditions and membrane properties. For these studies, the
20 cm? membrane coupons were cut out from a larger sheet
membrane, showing differences in permeability. For FO mem-
branes, a relatively high standard deviation (>30%) in membrane
properties is possible, as shown by Phillip et al. (2010). While the
experimental conditions were set, the values for membrane prop-
erties in the numerical model had to be adjusted to describe the
measurements (values from Table 1). In this way, membrane water
permeability and the membrane solute permeability were
increased by 30 percent in the numerical model compared with the
values used in the previous osmotic pressure simulations. By
increasing the membrane water permeability, A, not only that a
higher flux is achieved, but the draw solution is also diluted faster,
which results in a more rapid flux decline (Fig. 3a). Higher mem-
brane solute permeability, B, also increases the dilution rate of the
draw solution, but we found that the water flux decline is more
sensitive to the membrane water permeability.

These results were further used to provide consistent initial
values and calibrated membrane parameter values for the FO
simulations with biofilm.

3.1.3. Flux decline in repeated batch studies with biofilm formation
Repeated batch experiments were performed under conditions
favorable for biofilm development in the feed channel (with
spacers). For the draw channel, conditions were kept to avoid
biofilm development (i.e., no inoculation and no substrate). Flux
through the membrane, as a performance parameter for the FO
process, was monitored during the experimental period. In each
cycle, the water flux declined not only because of dilution of the
draw solution but also due to biofilm formation. After each cycle
(1200 min) the solutions were replaced by fresh solutions, but the
biofilm built up in each cycle remained and increasingly affected
the flux (Fig. 3b). As the biomass accumulated in the system, the
rate of the flux decline within one cycle increased (i.e. steeper flux-
time slopes). The faster water flux decline for the later cycles can be
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explained by the increased resistance of the developed biofilm
(Valladares Linares et al., 2015).

Biofilm properties (such as thickness, permeability, porosity and
growth rate) may vary as the biofilm develops. Simulations of the
repeated batch experiment were run with simple exponential
biofilm growth in the feed channel. This ideal scenario for biofilm
growth is probably not realistic for long-term biofilm development,
but it proves to be representative for the initial phase of biofilm
formation when the nutrients are still in excess (Vrouwenvelder
et al., 2009). In the numerical model the biomass growth rate (p)
and the initial biofilm thickness (Lgp) were set such that the
maximum biofilm thickness (Lgg) reached at the end of the five
cycles was 150 pm, similarly to the thickness measured by
Valladares Linares et al. (2014). To keep the model simple the
biofilm porosity (eg) was kept constant, while the water perme-
ability of the biofilm (Kg) had to be decreased with the biofilm age.
However, for a real biofilm these parameters (thickness, porosity
and water permeability) are changing simultaneously with the
biofilm age. For the first two cycles, Kz = 10~'® m?, while for last
three cycles a smaller value of 1077 m? was used in the model to
represent the flux measurements (Dreszer et al., 2013; Martin et al.,
2014).

In these conditions, the comparison of measured flux decline
with the model results shows that the model can describe well the
impact of biofilms on the FO process performance (Fig. 3b).

3.2. Biofilm effect on FO performance

The biofilm impact on concentration polarization and the effects
of biofilm properties and biofilm location on the performance of an
FO process were further evaluated with the calibrated model only,
no experimental studies were performed.

3.2.1. Impact of biofilm on water flux and concentration
polarization

The effect of spacer presence on water flux was first investigated
in a clean FO system. With spacers on both sides of the membrane,
a small flux variation was observed along the membrane
(015 L m~2 h™1), while without spacer the flux increased
continuously towards the end of the flow channel because of the
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Fig. 3. (a) Measured (blue circles) and calculated (red line) water flux decline over time due to the dilution of draw solution in batch operation, with spacers but without biofilms.
(b) Combined impact of dilution and biofilm formation on flux in forward osmosis system operated in repeated batch mode, measured (blue circles) and model (red lines). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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counter flow operation (Fig. 4a, blue lines). The average water flux
was only one percent higher with spacer than without. Visualiza-
tion of the 2-D solute concentration distribution confirms that the
presence of spacer has a small influence on the concentration po-
larization: the maximum solute concentration at the membrane
was 2.35 kg m~3 (in isolated spots only) compared with an inlet
concentration of 2 kg m~> (Fig. 4b). The role of the spacers is to keep
the membrane sheets apart and, by enhancing fluid mixing, to
reduce concentration polarization at the membrane surface. While
in reverse osmosis feed spacers are needed to reduce concentration
polarization close to the membrane surface (Radu et al., 2010;
Subramani et al., 2006), it is known that in FO processes the con-
centration polarization at the membrane surface (external con-
centration polarization, ECP) does not significantly affect the water
flux (Qin et al., 2010; Tan and Ng, 2008).

The water flux limiting factor in FO processes is the internal
concentration polarization (ICP) within the membrane support
layer (Gray et al., 2006; McCutcheon and Elimelech, 2006). How-
ever, the water flux considerably decreased (~20 percent) when a
continuous biofilm on the feed side of the membrane was included

S.S. Bucs et al. / Water Research 106 (2016) 86—97

in the model. Although the water flux profile along the membrane
is similar to the flux profile without biofilm, a sharp flux decrease at
the spacer fibers close to the membrane was observed (Fig. 4a,
dashed red line). The sharp flux decrease, corresponding to high
ECP, is the result of the 150 um (Lg) thick biofilm that completely
fills up the space between the membrane and spacer fibers close to
the membrane (Fig. 4c).

As shown in Fig. 5, the presence of spacer and the ECP became
important in the presence of biofilms. The osmotic pressure dif-
ference (the driving force of the FO process) decreased with 18
percent (an effective A7 = 11.7 bar, compared with 14.3 bar) in the
case when the spacer fibers are far from the membrane (Fig. 5a) and
with 50 percent (an effective A7 = 7.2 bar, compared with 14.2 bar)
when the fibers are close to the membrane and, thus, in contact
with the biofilm (Fig. 5b). The biofilm leads to increased ECP
because it drastically limits the convective transport and creates a
diffusion-dominated mass transfer layer. This is also reflected in the
almost linear concentration profiles in the biofilm and support
layer (Fig. 5). At higher water fluxes, the increased contribution of
convection may lead to nonlinear concentration profiles in the
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support layer, as reported in earlier studies (Su and Chung, 2011;
Suh and Lee, 2013).

In the lab-scale as well as in a full-scale FO system the spacer is
in full contact with the membrane surface at several locations. In
these locations, the membrane is “shaded”, and no water perme-
ation is possible. Areas next to the spacer fibers close to the
membrane are favorable locations for biofilm formation (Aratjo
et al., 2012; Baker et al, 1995; Vrouwenvelder et al, 2009).
Furthermore, ECP increases in the biofilm presence and, in the case
of a thick and dense biofilm, may even become the limiting factor
for the water flux. Similar effects were reported for reverse osmosis
systems (Chong et al., 2008; Radu et al., 2010).

3.2.2. Effect of biofilm properties
As the biofilm develops on the membrane surface, it becomes part
of the separation process. Water and solute transport in biofilms are

functions of the biofilm hydraulic permeability Kz and porosity ep.
To simulate the impact of biofilms on the FO processes perfor-
mance, several biofilm parameters had to be defined. However,
experimentally measured biofilm hydraulic resistance or perme-
ability values are scarce in the literature (Dreszer et al., 2013;
Martin et al., 2014; McDonogh et al., 1994). The reported values
for biofilm hydraulic permeability vary between 107> — 10718 m?
and most of these were measured for biofilms developed in reverse
osmosis or microfiltration systems. To evaluate how the hydraulic
permeability influences the permeate production in an FO process,
parametric sensitivity simulations were performed with increasing
biofilm thickness at various biofilm hydraulic permeability (Fig. 6a).
Results showed significant flux decline even for a relatively thin
biofilm (Lg = 5 pm) when the biofilm hydraulic permeability was
Kz = 10~'® m? (Fig. 6a, continuous red line). However, a compact
biofilm with such a low permeability is unlikely to form in FO
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Fig. 6. Calculated flux decline at different biofilm thickness on the membrane feed side, with spacers in the flow channels. (a) Effect of different biofilm permeability (Kp, in m2). (b)
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systems due to the relatively low water flux and pressure. On the
other hand, high hydraulic permeability values such as 10> and
107'® m? had an insignificant impact on flux even with thick
(>100 pm) biofilms. Therefore, for the simulations with biofilm
development compared with the experimental data, previously
presented, the Kz was set to 10~'® m? for thin biofilm (first two
cycles) and changed to 10~!7 m? as the biofilm got thicker. For the
rest of the simulations, the hydraulic permeability was kept con-
stant at 10~ m?, in line with values reported by Martin et al.
(2014).

Beside hydraulic permeability, the biofilm porosity also affects
the permeation flux. Porosity can be defined as the volume fraction
of the water phase in the biofilm. In general, as a result of spatial
distributions of microbial species, biotic and abiotic components,
porosity (along with other biofilm parameters) changes with bio-
film age and thickness (Zhang and Bishop, 1994). The impact on flux
of different biofilm porosities was evaluated (Fig. 6b). Limited in-
formation can be found in the literature about biofilm porosity,
with values generally varying from 0.2 to 0.9 (Lewandowski, 2000;
Picioreanu et al., 2009; Radu et al., 2010; Zhang and Bishop, 1994).

Simulations with various porosity and biofilm thickness showed
that porosity significantly affects the flux only below values of 0.5,
which are usually obtained under fast flow conditions with high
erosion and detachment rates. In addition, biofilm maturation can
also lead to dense cell layers especially in the deeper part of the
biofilm, by this decreasing the biofilm porosity. Moreover, another
effect of biofilm porosity is related to the decrease of effective salt
diffusion coefficient with decreasing porosity, which leads to
enhanced concentration polarization and thus less water flux.

The aim of these simulations was to understand how each
parameter individually affects the water flux. Nevertheless, all
three biofilm parameters (permeability, porosity and thickness) are
linked and, in real biofilm systems, all change simultaneously in
time. It was shown that in FO (where no applied hydraulic pressure
is present) the biofilms tend to grow thicker and more porous and
patchy, therefore with less hydraulic resistance (Kwan et al., 2015).
This is contrary to what was observed for biofilms formed under
applied hydraulic pressure in RO systems (Kwan et al., 2015; Xie
et al., 2015). Clearly, measurements obtained in FO conditions are
needed to reveal how the biofilm parameters change in time and to
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supply the numerical models with realistic parameter values.

3.2.3. Biofilm roughness and membrane surface coverage

In general, an average biofilm thickness is reported in the
literature, with no or little information regarding the biofilm dis-
tribution along the membrane, due to the difficulty to evaluate the
local biofilm thickness under operating conditions. Measurements
with dyes coloring the liquid phase in a flow channel (e.g., rhoda-
mine) can give a rough estimate of the average biofilm thickness
(Prest et al., 2012; Staal et al., 2011). With other imaging techniques
such as optical coherence tomography (OCT) and confocal laser
scanning microscopy (CLSM) the local biofilm thickness can be
accurately measured but only on small areas (Dreszer et al., 2013;
Valladares Linares et al., 2015; West et al., 2015). Therefore, to
evaluate the impact of membrane coverage with biofilm on the FO
flux, numerical simulations were performed with the same amount
of biofilm in the feed channel (i.e., same biovolume or average
thickness) but with different membrane coverage (i.e., different
biofilm roughness and membrane coverage).

Two biofilm types were evaluated with the numerical model. A
continuous, constant thickness biofilm covering the whole mem-
brane surface, and a patchy, irregular biofilm covering only 50

no biofilm biofilm on feed side

300 um

percent of the total membrane area. Fig. 7a shows the flux profile
along the membrane without biofilm and with irregular and
continuous biofilm layers. Relative to the flux obtained in the clean
channel, the continuous biofilm yielded 20 percent flux decrease. In
the case of the patchy biofilm, the flux decrease depends on the
local biofilm thickness. Maximum flux is obtained on the mem-
brane areas not covered by biomass, whereas the flux strongly
declines under the biomass colonies which lead to more concen-
tration polarization. The biofilm enhanced concentration polariza-
tion (BECP) was also observed in the RO process, both
experimentally and explained by numerical simulations (Chong
et al., 2008; Herzberg and Elimelech, 2007; Radu et al., 2012,
2010). The average water flux over the whole membrane area was
with 7 percent lower for the continuous foulant layer than for the
patchy biofilm (6 L m~2-h~! compared with 6.4 L m—2-h~"). This
effect has been observed also in ultrafiltration (UF) by Martin et al.,
2014. Their study concluded that the fouling layer resistance de-
pends not only on the thickness or volume of the fouling layer, but
also on its spatial distribution. Namely, for two spatial distributions
with the same mean thickness, it was found that the more het-
erogeneous distribution will have the higher permeate flux (Martin
et al, 2014). Our results confirm that the membrane surface

biofilm on draw side biofilm on both sides
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Fig. 9. Calculated salt concentration fields without biofilm and with biofilm on the feed, draw and on both sides of the membrane. The white circles are the spacer fibers in the flow
channels, the continuous white line represents the biofilm surface and the white dash-dot line is the membrane active layer. The largest external concentration polarization is
induced by the biofilm presence on the draw side of the membrane. Note the different color scales for salt concentration in feed (2-12 kg m~3) and in draw solution

(15—40 kg m~3).
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coverage by biofilm is indeed an important parameter to be
measured and reported, besides the overall biofilm volume or
thickness. However, for FO membranes the impact of biofilm
resistance is less pronounced than in UF because the membrane
resistance in FO is the dominant one, while UF membranes have a
lower hydraulic resistance than the biofilm. Typically micro-
filtration (MF) and UF membranes resistance are between 10! m~!
to 10"® m~!, while nanofiltration (NF), RO are 107 m™! to
10~ m~! (Dreszer et al., 2013), compared with the biofilm resis-
tance in this study which was between 1071 and 10" m™.

3.2.4. Impact of biofilm location on flux

During indirect water desalination, high salinity water is used as
draw solution and impaired-quality water source such as waste-
water effluent or urban storm water runoff is used as feed solution
(Valladares Linares et al., 2014b). Seawater and brackish water have
a high potential as draw solutions in indirect FO processes. In such a
case, fouling can occur on both feed and draw sides of the mem-
brane. To evaluate the impact of fouling on the different membrane
sides, simulations were run with continuous biofilm layers (i) only
on the feed side, (ii) only on the draw side and (iii) on both sides of
the membrane.

In general fouling develops faster on the membrane support
layer as it was shown by Mi and Elimelech (2008) and Wang et al.
(2010). In our study, the membrane support layer is in contact with
the draw solution. However, in this model case the biofilm devel-
opment was not considered: only the impact on membrane per-
formance of the same amount of biomass on the different
membrane sides was evaluated (a constant biofilm thickness of
150 pm). A lower water flux resulted when the biofilm was only on
the draw side of the membrane, compared with the biofilm on the
feed side (6.5 L m 2 h~'vs.5.9L m 2 h~}, respectively) (Fig. 8). This
is caused by the higher ECP in the draw channel when a biofilm is
present compared with the feed channel (Fig. 9). Since the draw
solution has a significantly higher solute concentration compared
to the feed solution, the impact of dilutive ECP in the presence of
biofilm is higher. As expected, the highest flux decline was obtained
when biofilms of 150 pm thickness were present on both sides of
the membrane (Fig. 8).

Based on the simulation results it can be concluded that fouling
on the draw side of the membrane has a higher impact on the FO
process performance than on the feed side. Foulant deposition on
the membrane draw side is possible in indirect desalination with
FO when seawater or brackish water is used as draw solution
(Valladares Linares et al., 2014b). Since the experiments in FO
systems mainly focused on fouling accumulation on the membrane
feed side (Mi and Elimelech, 2010; Valladares Linares et al., 2014a,
2014b; Wang et al,, 2010), experimental studies are needed to
further investigate the impact of biofilm formation in the draw side
of the FO membrane.

4. Conclusions

The experimental and computational evaluation of biofilm for-
mation in forward osmosis (FO) processes led to the following
conclusions:

- Two-dimensional numerical simulations combining fluid flow
with salt transport describe well the experimental FO flux
measurements at (i) various osmotic pressure differences and
(ii) in batch operation with and without biofilm on the mem-
brane active layer.

- The presence of a biofilm on the membrane significantly affects
the external concentration polarization and can become the
limiting factor for water permeation in FO systems.

- Unlike in RO systems, the same amount of biomass leads to
more water flux decline when the biofilm develops on the draw
side of the FO membrane compared to the biofilm formed on the
feed side, due to higher concentration polarization induced by
foulant layer in the draw channel.

Not only biofilm properties such as hydraulic permeability and
mean thickness, but also the biofilm porosity and spatial het-
erogeneity must be considered when evaluating biofouling ef-
fects on the performance of membrane-based separation
systems. Since FO biofilms tend to grow thicker, and more
porous than in RO, measurements obtained in FO conditions are
needed to reveal how the biofilm parameters change in time
and to supply the numerical models with realistic parameter
values.
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