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A B S T R AC T

The impact of biofi lms on reverse osmosis (RO) membrane performance loss was studied using 
a two-dimensional mathematical model that couples fl uid dynamics, salt and substrate mass 
transport and biofi lm development. Decline in the permeate fl ux was simulated at different salt 
concentrations in the feed assuming: (i) the same feed pressure and (ii) pressures adjusted for 
constant initial fl ux. The pattern of biofi lm development in the spacer-fi lled membrane channel 
was similar for all cases. Numerical results indicated that the detrimental effect of a biofi lm 
is more pronounced for higher salinity of the feed, effect mainly due to the biofi lm-enhanced 
concentration polarization. When pressure is increased to compensate for the osmotic pres-
sure created by higher salt in feed, the local fl ux under the biofi lm strongly deteriorates while 
a slight fl ux enhancement is observed in biofi lm-free areas. Parametric variation within com-
monly measured range of biofi lm permeability did not affect strongly the fl ux. Smaller effective 
diffusion coeffi cients of salt in the biofi lm slightly decreased the permeate fl ux.
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1. Introduction

Biofouling has been reported as a serious problem 
for reverse osmosis (RO) systems treating brackish 
water and seawater [1], drinking water [2] and waste-
water [3]. Experimental studies have suggested several 
ways through which biofi lms can impact the mem-
brane device performance: by introducing an additional 
hydraulic resistance [4], by increasing the feed chan-
nel pressure drop [2], and by enhancing concentra-
tion polarization [3]. A numerical model including all 
these effects was recently developed by Radu et al. [5]. 
We aim in this work at evaluating the relative impor-
tance of feed salinity and biofi lm formation on the mem-

brane device performance, by using the computational 
approach from [5].

Although biofouling seems to be a general prob-
lem for all RO membrane plants, the impact of biofi lms 
may not be the same for different water compositions 
(i.e., salt content). The effect of feed salinity on membrane 
performance in the absence of any fouling mechanism was 
addressed in previous modeling studies (numerical [6–8] 
and analytical [9]). A recent review on the impact of salinity 
on membrane bioreactor performance has summarized 
several aspects associated to high salinity [10]. In general, 
a signifi cant fl ux decline is expected when increasing feed 
salinity (and maintaining a constant TMP) [11].

A systematic computational study for the effect of 
salinity in RO systems with biofouling is still lacking. 
Therefore, the objectives of this work are: (i) to investi-
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gate the impact of biofi lms on membrane performance 
loss for different feed water salinities and (ii) to analyze 
the model sensitivity to biofi lm hydraulic permeability 
and diffusion coeffi cient for salt inside the biofi lm.

2. Model description

The numerical model couples liquid fl ow in lami-
nar regime with mass transport of solutes plus biofi lm 
development, in the feed spacer channel with two per-
meable membranes. We use the model described in 
detail in [5], thus only the main features will be sum-
marized here. To evaluate the impact of biofouling as a 
function of feed water quality, simulations with variable 
salinities were carried out. Two possible operational sce-
narios were considered: (i) devices operated at the same 
feed pressure; (ii) devices operated at different pressures 
so that the same fl ux is obtained in the biofi lm absence, 
for any feed salt content.

A two-dimensional geometry of the RO feed chan-
nel containing zigzag spacers is chosen for this study 
(Fig. 1), for reasons explained in [5]. Channel dimen-
sions are set according to practice [12]. The stationary 
laminar incompressible Navier-Stokes equations are 
used to calculate fl ow in the bulk liquid domain, for an 
average inlet velocity of 0.1 m/s (Rech ≈ 160 based on the 
hydraulic diameter of spacer fi lled fl ow channel [13]).
The biofi lm is assumed to be a porous medium, through 
which the fl ow is described by a Brinkman model. Mass 
transport is calculated for two soluble compounds: salt 
(NaCl) and substrate. The convection-diffusion equa-
tion is used to obtain the salt distribution in the liquid 
and biofi lm. For the substrate, beside convection and 
diffusion, consumption inside the biofi lm is also consid-
ered. The biofi lm development is based on the discrete 
biofi lm modeling framework previously developed [14]. 
Bacteria can (i) attach to the membrane, spacer and 
b iofi lm, (ii) grow as a function of available substrate and 
(iii) detach due to local shear stress determined by liq-
uid fl ow. The boundary conditions used for the fl ow and 
mass transport equations are listed in Table 1.

Most model parameters are identical to those pre-
sented in [5]. For the constant initial fl ux study, the 
pressure was set to 13.1, 15 and 16.9 bar for feed salt con-
centrations of 10, 40 and 70 mM respectively. For the con-
stant pressure study, the TMP was maintained at 15 bar 

for all salt concentrations. In the sensitivity study, feed 
salt concentrations were varied between 0 and 300 mM, 
the biofi lm permeability was 10−17 to 10−15 m2 and the salt 
diffusion coeffi cient in the biofi lm was from 50 to 100% 
of its value in water.

The biofi lm framework is implemented in Matlab 
and Java codes, coupled with fi nite-element solution of 
hydrodynamics and mass transport using a commercial 
solver (COMSOL 3.5a, Comsol Inc, Burlington, MA, 
www.comsol.com).

3. Results and discussion

3.1. Biofi lm development in time

The biofi lm develops in the spacer fi lled channel 
following the generally described trend [5,15]: initially 
small colonies are present on the membrane and spacer 
(Fig. 2, 3 d), these expand laterally (Fig. 2, 5 d) and will 
eventually merge into a layer (Fig. 2, 7 d). There is only 
little or no biofi lm in the regions opposite to the spacer 
elements because in these areas with high shear the cells 
will be detached. A quasi-steady state biofi lm thickness 
is obtained when biomass growth is balanced by detach-
ment due to shear stress (Fig. 2, 12–16 d; Fig. 3 A, B).

Table 1
Boundary conditions for fl ow and solutes mass transport 
(see also Fig. 1)

Location Flow Solute mass 
transport

Inlet Laminar velocity 
profi le 

Prescribed 
concentration 

Outlet Prescribed pressure No diffusion
Spacer surface Impermeable wall Impermeable wall
Biofi lm surface Flow continuity Flux continuity
Membrane Velocity (function 

of pressure and salt 
concentration)

Flux (function of 
fl ow velocity and 
concentration)

Fig. 1. Schematic description of model geometry used for 
simulations.

t=3days

t=5days

t=7days

t=12days

t=16days

Fig. 2. Biofi lm development in time (10 mM salt in inlet, 15 
bar TMP). The arrows indicate the velocity vector fi eld. The 
white circles represent the spacer and dark gray areas are 
the biofi lm.
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The shape of the biofi lm growth curve, in this 
model, is not affected by the salt concentration (Fig. 3 
A, B): exponential phase, linear substrate limited phase 
and quasi-steady state regime. We assumed the same 
growth parameters, independent of salt concentra-
tion, as if the microbial community forming the bio-
fi lm would be already adapted to certain salinity. 
When constant initial fl ux is set, the same amount of 
biomass develops in the channel independent of feed 
salt content (Fig. 3B). However, small differences in the 
amount of biomass in the system can be noticed in the 

substrate-limited phase when operating at constant 
pressure (TMP): there is slightly less biomass formed at 
higher salt concentrations (Fig. 3A). Two effects could 
contribute to these differences. First, higher salt con-
centration in feed determines higher osmotic pressure 
next to the membrane, which will reduce the permeate 
fl ow, and thus reduce substrate availability in the bio-
fi lm. Second, the reduced permeate fl ow decreases also 
the substrate concentration polarization, which could 
have boosted the biofi lm growth rate in the i nitial 
phase (shown in [5]).

Fig. 3. Compared biomass amount (A, B) and permeate fl ux (C, D) developed in time at different salt content of the feed 
(10, 40 and 70 mM). Left: constant operating pressure (p = 15 bar); Right: constant initial fl ux (J = 42 l/m2/h)
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3.2. Detrimental effect of biofouling function of feed salinity

As expected, when the pressure is maintained con-
stant, the initial fl ux (i.e., without biofi lm) obtained for 
water with low salt content is 49 l/m2/h, whereas for 
higher salt content it declines to 36 l/m2/h (Fig. 3C) due 
to the high osmotic pressure at the membrane which 
reduces the effective driving force. The local permeate 
fl ux on the membrane for different salt concentration 
is shown in Fig. 4A (continuous line). Once the biofi lm 
starts to develop, the fl ux will decline following the 
trend described experimentally [3] and theoretically 
[5,15]. Although there is only a small (~10%) difference 
in the total amount of biomass (Fig. 3A), the biofi lm 
developed when the module is fed with 70 mM salt 
has a more pronounced effect on the global permeate 
fl ux compared with that fed with 10 mM salt (Fig. 3C). 
The local permeate fl ux is drastically reduced (Fig. 4A, 
dashed line) due to the biofi lm enhanced concentra-
tion polarization effect. The importance of this effect 
has been emphasized in several previous experimental 
[3,16] and modeling studies [5].

When the feed pressure is adjusted so that the same 
initial fl ux can be obtained at higher salt concentration 
in feed, approximately the same amount of biomass in 
the channel causes 10% fl ux reduction in the module 
fed with low salinity water (10 mM) and 35% reduc-
tion when fed with the higher salinity water (70 mM) 
(Fig. 3D). In this case, in the biofi lm absence, the local 
permeate fl ux is decreased in the spacer region when 

increasing feed salinity (Fig. 4B), but it increases in other 
regions in the channel, so that the average fl ux is identi-
cal for all studied cases (Fig. 3D). When a biofi lm devel-
ops (mostly next to spacer fi laments), the reduction 
of local permeate fl ux is more pronounced for higher 
salinity of the feed. Membrane areas not covered by bio-
fi lm will still benefi t from the increased pressure. Our 
results therefore strongly indicate that the impact of bio-
fi lm may be different as a function of salt content in the 
feed stream. Between colonies (Fig. 5) salt convection is 
reduced compared to the bulk liquid. Interestingly, at 
the surface of certain colonies the salt transport is diffu-
sion dominated due to the fact that the liquid fl ow (and 
thus convective fl ux) preferred the path of minimum 
resistance, i.e., by-passing the colony.

3.3. Infl uence of effective diffusion coeffi cient of salt

To analyze the importance of effective diffusion coef-
fi cient for salt in the biofi lm on permeate fl ux, several 
simulations were performed for a given biofi lm structure 
(day 14, grown at 40 mM salt, 15 bar, Fig. 1). The diffusion 
coeffi cients for low molecular mass solutes (such as NaCl) 
within the biofi lm can be as low as 50% of those in bulk 
liquid [17]. Fig. 6A shows that the fl ux decline in the pres-
ence of the same biofi lm in the channel is only slightly (max. 
10%) decreased when assuming smaller diffusion coef-
fi cients for salt within the biofi lm. The biofi lm thickness,
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Fig. 4. Permeate velocity on the lower membrane. (A) con-
stant pressure; (B) constant initial fl ux. Continuous lines: 
case without biofi lm; dashed line: case with biofi lm at day 14.

Fig. 5. Relative contribution of convective to total fl ux of salt 
in a channel (70 mM salt in inlet, biofi lm at day 6). The gray 
scale represents the ratio of convective and total fl ux.

Fig. 6. Infl uence of (A) effective diffusion coeffi cient of salt in 
the biofi lm and of (B) biofi lm permeability, on the normal-
ized permeate fl ux (fl ux in the presence of a 14 d old biofi lm 
related to the fl ux in the biofi lm absence).
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 as a transport barrier, is more important than the reduction 
on salt diffusion coeffi cient in the biofi lm. A considerable 
fl ux reduction occurs compared to the case without bio-
fi lm (Fig. 6A) even at maximum diffusion coeffi cient in the 
biofi lm. The biofi lm simply enhances the CP by hindering 
the salt transport by convection in direction parallel to the 
membrane.

3.4. Infl uence of biofi lm hydraulic permeability

The importance of biofi lm permeability was evalu-
ated for different salt contents of the feed stream, given 
the same biofi lm structure (Fig. 1). Three values for 
biofi lm permeability in the range reported in literature 
[4,18] are evaluated. The effect of biofi lm permeability 
on fl ux decline can be estimated in the absence of salts, 
when there is no enhanced concentration polarization 
effect. Our model results show that there are no signifi -
cant differences (< 5%) in the permeate fl ux for biofi lm 
permeability between 10−15 and 10−16 m2 (Fig. 6B). An 
even lower permeability (10−17 m2) produced more sig-
nifi cant fl ux decline in the absence of salt (~15%). This 
could mean that the biofi lm in this case had a hydraulic 
resistance comparable to that of the membrane itself.

In spite of the observed differences in the fl ux 
obtained at very low (or no) salinity, for salt concentra-
tions above 10 mM the fl ux decline due to biofi lms is 
approximately the same indifferent of biofi lm perme-
ability. This happens because the increase in salt polar-
ization has a greater effect on the fl ux decline than the 
lower biofi lm permeability. Moreover, a higher biofi lm 
hydraulic resistance allows less convective fl ux salts 
towards the membrane, thus producing less CP. In con-
clusion, changing the biofi lm permeability within the 
commonly measured range does not have a sensible 
effect on the fl ux, especially when compared with the 
effect produced by the salt concentration of the feed.

4. Conclusions

A two-dimensional numerical model including fl uid 
fl ow, mass transport and biofi lm development was used 
to evaluate the impact of biofi lm upon plant perfor-
mance for different salt contents of the feed. The pattern 
of biofi lm development was not infl uenced by the salt 
concentration. The biomass amount is however slightly 
affected by the salt concentration when operating at the 
same pressure when changing the salt content in feed. 
When increasing the operational pressure to compensate 
for the salt increase (operation at the same initial fl ux), 
there are no differences in the amount of biomass devel-
oped in the channel. Model results indicate that, even 
when the biomass growth rate is not affected by salinity, 

the same biofi lm can cause more severe fl ux decline at 
70 mM compared to 10 mM salt content. Changing the 
biofi lm permeability within the commonly measured 
range does not affect much the fl ux. A smaller effective 
diffusion coeffi cient of salt in the biofi lm decreases the 
permeate fl ux. However, the existence of the biofi lm 
itself, hindering the cross-fl ow next to the membrane, 
is more important. Biofouling causes performance loss 
for all RO systems, but the extent of this loss depends of 
feed salinity.
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