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a b s t r a c t
The development of calcium carbonate scale on the surface of a reverse osmosis membrane under 
continuously increasing scaling propensity conditions obtained by recycling the concentrate back to 
the feed tank in the presence of antiscalants is presented. The work combines experimental results 
and modeling based on computational fluid dynamics simulation. The model accounts for two dis-
tinct flux decline regimes: one due to continuously increasing osmotic pressure, which resulting 
from permeate withdrawal, and the other due to scale-mass growth. These two regimes are sepa-
rated by the onset of scaling (OS), indicated by the observed sharp permeate flux decline. The exper-
imental data were well replicated, revealing the water recovery fraction at the OS and the permeate 
flux profile as a function of the water recovery. The model fit the experimental data well, yielding a 
pair of adjustable parameters: the deposition rate coefficient and the water recovery fraction at the 
onset of scaling. With these two adjustable parameters, the model provides concentration profiles 
of calcium in the bulk solution and on the membrane surface. The model also provides the mem-
brane surface coverage fraction. Overall, the model provides a quantitative approach for simulating 
scale development and determining the onset of scaling under different desalination conditions.
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1. Introduction

Membrane scaling of sparingly soluble salts such as cal-
cium carbonate, calcium sulfate, and silica is an inherent 
process of desalination. Mineral scaling reduces the perme-
ate flux, increases operational cost, and shortens the mem-
brane’s lifespan [1–4]. The economic impact of scaling on 
desalination processes requires understanding of its sources, 
causes, effects, and control methods. From this aspect, to 
minimize the costs, it is necessary to maximize the pro-
duction time until the onset of scaling. This goal motivates 
decades of experimental and theoretical research into scaling 
mechanisms and their impact on the onset of scaling (OS). A 
key issue in reverse osmosis (RO) membrane scaling is the 
adequacy and reliability of available methods for assessing 

feedwater scaling propensity, selecting and optimizing scal-
ing control schemes, and monitoring membrane scale-forma-
tion during plant operation [5].

When the solubility limits of sparingly soluble salts are 
exceeded, a scale layer tends to precipitate on the mem-
brane. The precipitation occurs with salt nuclei formed 
directly on the membrane surface or in the bulk solution. 
On the membrane surface, nuclei grow with increasing 
concentration polarization (CP) and the related supersatu-
ration [5–7].

The key mechanisms and factors governing membrane 
scaling include membrane properties such as surface rough-
ness, charge, and functionality, as well as feed water qual-
ity parameters like pH, temperature, and ionic strength. 
High crossflow hydrodynamics can minimize the CP of 
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scale-inducing ions adjacent to the membrane surface and, 
thus, reducing surface nucleation. Feed flow and perme-
ation flux significantly impact nucleation, nuclei attachment 
and detachment due to shear forces, and surface crystal 
growth. To optimize operational conditions and mem-
brane system configurations, an understanding of nucle-
ation kinetics, including induction time and flux decline, is 
important [2,3,8].

Real-time surface imaging based on the detection of 
micron-sized crystals by analytical empirical techniques 
such as Raman microscopy, scanning electron microscopy, 
and optical imaging, is used for monitoring membrane 
scaling. A detailed description of these methods is given by 
Karabelas et al. [5]. It should be realized that pressure vessels 
are characterized by uneven flux, which makes some tail-end 
membranes more susceptible to scaling than others [9]. In 
addition, the small particles conveyed by the feed stream had 
no impact on the total deposit mass flux [10].

There are several methods employed to mitigate scal-
ing in industrial systems, including removing scaling spe-
cies from the feed, adjusting the feed pH, and extending the 
effective solubility limits of scaling salts by the dosage of 
antiscalants. In the latter, the mechanisms that contribute to 
scale suppression are crystal distortion and surface charge 
effects that hamper adhesion of the scale deposit onto a flow 
surface. The quantitative aspects of the inhibition mecha-
nisms are lacking, and the effects of operating parameters 
on inhibition effectiveness are largely unpredictable and 
require experimentation. One methods for determining the 
relative effectiveness of antiscalant is the concentrate recycle 
technique. In this technique, permeate is withdrawn from 
the system and the concentrate is recycled back to the feed 
tank, leading to continuous concentration of the recycling 
solution [11–13]. In this technique, the upper scaling thresh-
old limit, that is, the concentration level at which the super-
saturation level reached by the concentrate triggers an imme-
diate precipitation, is detected by a rapid drop in membrane 
flux permeability. The advantages of this technique are that 
it can be undertaken at a relatively short experimental time, 
lasting only a few hours, and that the system operates under 
hydrodynamic conditions simulating the Reynolds num-
ber and geometry of the industrial module. The residence 
time of the concentrate in the RO module is much shorter 
than that prevailing in the concentrate recycle tests; hence, 
it is conceivable that a long residence time might acceler-
ate nucleation processes and enhance scaling tendencies. 
Nonetheless, tests comparing permeability declines in once-
through and concentrate recycle systems yielded similar 
results [14,15].

Two-dimensional (2D) and three-dimensional (3D) mod-
els have been developed to simulate flows in RO modules 
using computational fluid dynamics (CFD) tools. These 
simulations mainly focus on the flow behavior of the feed 
spacers [9]. Models developed to evaluate scaling rely on 
empirical correlation of the scale-mass deposition rate and 
the supersaturation ratio [16], and theories of crystallization 
and resistance-in-series [8]. Others use the lattice Boltzmann 
method, coupled with the measurement of supersaturation 
near the membrane, to predict the concentration polariza-
tion and scaling growth on the membrane surface at a single 
crystal level [17]. A two-dimensional mathematical model 

integrating fluid flow and solute mass transport with a parti-
cle-based approach for crystal nucleation and growth enables 
the description of the permeate flux decline or increase of 
the transmembrane pressure [18]. A method for evaluating 
the induction time of gypsum scaling, based in CFD simu-
lations was recently proposed [10]. The gypsum scaling of 
each RO element in a full-size six-element pressure vessel 
treating coal mine water was simulated and predicted using 
a 3D numerical model. Parametric simulations were used to 
enable the prediction of gypsum scaling under various oper-
ating conditions, including feed pressure, flow rate, feed 
total dissolved solids (TDS) concentrations, and calcium sul-
fate concentrations [19].

Much research effort has been put into understanding 
the mechanism of scale formation and its mitigation. These 
efforts have led to the development of experimental and 
theoretical methods aimed at maximizing desalinated water 
production and scale mitigation. The objective of this study 
was to develop a 2D-CFD model to simulate calcium carbon-
ate scaling of RO membranes under conditions of continu-
ously increasing scaling propensity. The model relies on the 
results of pilot-scale RO concentrate recycling experiments.

2. Experimental set-up

2.1. Experimental system

Experiments were carried out with a spiral-wound 
Filmtec SW30-2521 membrane (area of 1.19 m2) at a feed 
water temperature of 28°C–30°C. The concentrate recy-
cle technique was used, in which the permeate stream was 
withdrawn from the system and the concentrate solution 
was recycled back to the feed tank (Fig. 1). The concentrate 
flow rate in all runs was kept constant at 500 L/h. Permeate 
withdrawal leads to a gradual increase in the concentration 
of the feed water, simulating the changes along the mem-
branes in a real system. The concentration effect induces a 
continuous increase in the scaling potential in the system. 
A maximum limiting water recovery fraction characterizing 
the antiscalant (AS) performance was detected by a rapid 
drop in the membrane permeability (i.e., permeate flux) 
[11,12]. A feed solution volume of 200 L was used in order 
to provide an adequate inventory of scaling material in the 
feed solution. This ensures that there is sufficient scaling 
material to clog the membrane to a degree that can be conve-
niently detected by permeability decline measurements.

At the beginning of each experiment, the membrane per-
meability was determined by deionized water tests to ensure 
that the membrane was undamaged by previous experi-
ments. At the termination of each experiment, the mem-
brane was cleaned with citric acid (2% wt.). All experiments 
were conducted at least in duplicates.

2.2. Feed water and AS

Experiments were conducted using synthetic solutions 
simulating brackish water fed to a desalination plant in 
southern Israel which requires CaCO3 scale control. The solu-
tion was prepared by dissolving NaCl, CaCl2∙2H2O, NaHCO3, 
MgCl2∙6H2O, MgSO4∙7H2O, and Na2O3Si∙5H2O salts in 200 L 
of deionized water. The solution pH was adjusted to 7.1–7.2 
by bubbling CO2 into the feed solution. Table 1 displays the 
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composition of this solution and Table 2 lists the polycar-
boxylate AS tested.

The supersaturation index (SI) is defined by the satura-
tion ratio presented in Eq. (1). Assuming 100% rejection, the 
SI of calcite in the bulk solution (SIb) was calculated using 
Visual MINTEQ V. 3.1. The SI of calcite is presented as this 
is the major crystal form of calcium carbonate formed on 
RO membranes. This is due to its high thermodynamic sta-
bility and low solubility [20]. The highest SI is maintained 
on the membrane surface (denoted as SIm) due to the con-
centration polarization effect. The calcite supersaturation 
level on the membrane surface is given by Eq. (2).

SI
Ca CO

sp
b K
�
� � �� �� �2

3
2

 (1)

where Ksp is the solubility product of calcite.
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where CP is the concentration polarization [Eq. (3)] cal-
culated by the ratio between the solute concentrations at 
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where Jv is the permeate flux and kD is the mass transfer coef-
ficient [Eq. (4)] [21].
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where ΔP is the hydraulic pressure differential across the 
membrane and πb is the osmotic pressure of the bulk solution.

Experimental determination of the CP at the concentrate 
flow rate of 500 L/h and inlet pressures of 20 and 30 bar (net 
driving pressures (NDP) of 19.0 and 28.5 bar, respectively) 
maintained in all tests yielded values of CP = 1.20 and 1.42, 
respectively. The concentrations of calcium ions was deter-
mined using EDTA titrimetric method (Standard Methods 
2340C) [22].

3. Model development

For the model development and for simulation of the 
experimental results, COMSOL 5.2a software was used. 
The solution flow was simulated by the stationary laminar 
flow module. Solute concentration in the feed solution was 
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Fig. 1. Schematics of the concentrate recycle system two-dimensional computational fluid dynamics model. The feed solution enters 
the space of thickness h between two reverse osmosis membranes. The permeate exits the system and the concentrate is recycled 
back to the feed tank.

Table 1
Composition of feed solution

Species mg/L

Ca2+ 105
Mg2+ 80
Na+ 365
SO4

2– 90
HCO3

– 405
Cl– 650
SiO2 27
TDS 1,810
pH 7.1–7.2

Table 2
Inhibition grading of the tested polycarboxylate AS according 
to the manufacturer

Antiscalant CaCO3 inhibition

AS-B Excellent
AS-C Excellent
AS-D Good
AS-E Good
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simulated by the time-dependent convection and diffusion 
module, taking into account the continuous increase of the 
feed concentration, Cf(t), due to the permeate withdrawal 
(Fig. 1). The CaCO3 scaling on the membrane surface was 
simulated by the time-dependent surface reaction module. 
The coupling of the three modules was done as follows: 
(i) the velocity field derived by the flow module was used 
as an input to the convection and diffusion module; (ii) the 
concentration on the membrane surface (Cm), derived by the 
convection and diffusion module, was used as an input to the 
surface reaction module for simulating the scaling surface 
coverage q. Input constants, based on the experimental con-
ditions, are listed in Table 3. The data sets differ by the con-
centration of the antiscalants (0, 2 and 4 mg/L) and applied 
pressure (20 and 30 bar).

The solution flow rate Qf enters the space between the 
two membranes of the flow module at pressure p and 
leaves the concentrate side at p–1. The permeate flux Jv and 
permeate flow rate Qp is given by Eqs. (5) and (6).

J L pv p� �� �� ��  (5)

Q J Ap v m� �� �1 �  (6)

where Lp is the membrane permeability (m/s·Pa); ΔP is the 
hydraulic pressure differential across the membrane (Pa); Δπ 
is the osmotic pressure differential across the membrane (Pa); 
the bulk concentration Cb(x,t) at the membrane surface, pro-
vided by the convection and diffusion module, varies with 
x along the membrane and with the operation time t(p(Cp)) 
was neglected relative to p(Cb); Am is the membrane area; 
q is the scaling coverage fraction.

The convection part of the module is the velocity field 
developed by the flow module. The concentrate recycling 
technique yields a continuous increase of the feed concen-
tration Cf(j) with the recovery fraction [Eq. (7)] due to the 
permeate withdrawal and recycle of the concentrate back 
to the feed tank.
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where j is the water recovery fraction V0 is the initial solu-
tion volume in the feed tank (L), and Vp is the permeate 
volume withdrawn from the system (L).

Since the inlet concentration in the COMSOL software is 
time-dependent, the experimental j should also be time-de-
pendent. With the measured permeate flow rate Qp(j) 
Eq. (8) provides required conversion of j to t.
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Deposition and removal of scalants on and off the mem-
brane surface, respectively, result in a net CaCO3 scaling 
flux Fsc (mol/m2∙s). The net scaling flux exits the bulk to the 
membrane surface as follows:

F r r r k C r k
C
Ca d a a m d d

s
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where ra and rd are the scale deposition and removal rates, 
respectively (mol/m2∙s), ka is the deposition rate coefficient 
(m/s); kd is removal rate coefficient (mol/m2∙s); Cm is the con-
centration at the membrane surface (mol/m3), Cs is the scale 
surface concentration (mol/m2), and Csm is the maximum 
surface concentration (mol/m2).

The surface coverage fraction q(t) was derived by solv-
ing the surface reaction module for the initial value q(0) = 0. 
The maximum surface concentration Csm = 5 × 10–4 mol/
m2 was determined by fitting Eq. (6) to the experimental 
Qp. The adjustable parameter ka was extracted by fitting 
the CFD model to the experimental data of the permeate 
flux vs. time.

The main assumption underlying the model is that there 
are two distinct flux decline regimes induced by the perme-
ate withdrawal, one due to the osmotic pressure increase 
in a concentrating solution and the other due to scale-mass 
growth. These regimes, which are separated by the onset 
of scaling, are well manifested by the real membrane per-
meability (Section 4.2 – Membrane scaling). The decrease 
in flux prior to the onset of scaling is primarily caused by 
an increase in osmotic pressure. Beyond the onset of scal-
ing, scale-mass growth is the dominant cause of permeate 
flux decline. For t < τos (i.e., time of onset of scaling), it is 
assumed that there is a constant balance between CaCO3 
particles deposition and dissociation. For t > τos, the effect of 
dissociation diminishes dramatically in comparison to scale-
mass growth. These considerations are expressed mathemat-
ically for kd in Eq. (10). The scaling rate coefficient (ka) and the 
time of onset of scaling (τos) are adjustable parameters of the 
model for each data set.
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4. Results

4.1. Bulk precipitation

Control experiments consisted of runs performed with-
out antiscalant dosage to provide a reference to the scaling 

Table 3
Constants used as inputs for the computational fluid dynamics 
simulations

Parameter Value Description

Am 1.19 m2 Membrane area
AS 2 or 4 mg/L Antiscalant concentration
Cf(0) = C0 105 mg/L Initial concentration of 

Ca2+ (Table 1)
DCa 1.31 ´ 10–9 m2/s Diffusion coefficient of 

Ca2+ in the solution
h 0.66 mm Spacer thickness
L 432 mm Membrane length
P 20 or 30 bar Applied pressure
Qf 540 L/h Feed flow rate
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propensity of the tested solution. Fig. 2 displays the observed 
changes in the various scale-indicating parameters, including 
turbidity, pH, calcium concentration, and permeate flux, for 
duplicate experiments denoted by the run number C1 and 
C2. As seen in Fig. 2, very good agreement was obtained 
between the duplicate experiments.

Cumulative evidence from the experimental data indi-
cated that the onset of scaling occurred at a water recov-
ery fraction close to 0.65. Precipitation occurred in the bulk 
solution, as evident by a sharp increase in the feed solution 
turbidity to a value above 100 NTU (Fig. 2a). This observa-
tion was supported by a sharp decrease in the feed solution 
pH (Fig. 2b), and by the calcium analysis (Fig. 2c), which 
revealed a deviation between the measured and theoretical 
concentrations, based on the concentration factor and rejec-
tion of the membrane. The permeate flux decline (Fig. 2d) is 
attributed mainly to the increased osmotic pressure, yet it 
is possible that CaCO3 particles formed in the bulk solution 
precipitated on the membrane hence, affected the perme-
ate flux. Bulk precipitation of CaCO3 was also obtained for 
AS-D and AD-E at a dosage of 2 mg/L (data not shown).

4.2. Membrane scaling

Typical results of the permeate flux decline and mem-
brane permeability are displayed Fig. 3. As explained ear-
lier, the decline in permeate flux is caused by both scale 
precipitation and an increase in osmotic pressure due to the 
concentration of the feed solution caused by the permeate 
withdrawal and recycling of the concentrate. Therefore, a 
continuous decline of the permeate flux is obtained as the 
water recovery fraction is increased. The flux decline can be 
divided into two parts, transitioning at the onset of scaling 
as indicated by the red circle in Fig. 3a. The first part, up 

to a water recovery fraction of 0.75, corresponds to a slow 
permeate flux decline predominantly controlled by the 
increased osmotic pressure. In the second part, j > 0.75, a 
sharp decline is observed, which can be attributed to the 
growth of the scale mass (Fig. 3a).

The pure effect of scaling can be obtained by obstruct-
ing the effect of osmotic pressure. Hence, scaling is detected 
from the “real” membrane permeability Lp, given by Eq. (11). 
A decline in the real permeability is detected when a suffi-
cient membrane area is obstructed by a scale deposit. In the 
absence of sufficient scale deposition, Lp = Lp0 at increasing 
water recovery fractions, where Lp0 denotes the intrinsic 
membrane permeability of a clean, un-scaled membrane, as 
seen in Fig. 3b. Therefore, the observed onset of scaling is 
determined by the last measured point before the sharp per-
meability decline, j = 0.8, marked with an arrow in Fig. 3b.
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where, πm is the osmotic pressure on the membrane sur-
face which can be evaluated from the solution bulk osmotic 
pressure πb, and the CP level.

4.3. Replicability of the experimental results

In this section, the replicability of four experiments con-
ducted at an NDP of 28.5 bar with a dosage of 4 mg/L of 
AS-E, denoted AS-E RR1 through RR4 in Table 4 are quan-
tified. The repeatability of the permeate flux and membrane 
permeability is illustrated in Fig. 4. As seen, the reproducibil-
ity of both parameters was very good, with an error ≤3.5% 
and 2.8% for the permeate flux and membrane permeability, 
respectively.
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Fig. 2. Observed changes in (a) turbidity, (b) pH, (c) calcium concentration, and (d) permeate flux as a function of the water recovery 
fraction (without dosage of AS).
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It is important to note that the experimental onset of scal-
ing was determined based on the degree of membrane clog-
ging detected by permeate flux decline measurements. Thus 
the slope in Fig. 4 reflects the growth of the CaCO3 layer on 
the membrane surface. In the scaling process, initially nano-
sized nuclei are formed once supersaturation conditions are 
attained, after which they grow into crystals of microme-
ter size, that cover the membrane surface. The growth rate 
of this scale depends mainly on solution supersaturation, 

temperature, and Reynolds number. therefore, differences 
in the permeate flux decline/membrane permeability are 
expected.

4.4. Model fitting to the experimental results

Fitting the CFD model to the experimental data enables 
the simulation of the distribution of calcium concentration in 
the bulk and on the membrane surface over time and space 
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Table 4
Deposition rate coefficients, water recovery fraction, surface coverage, and saturation indices at the onset of CaCO3 scaling 
with a dosage of antiscalants

AS AS dosage 
(mg/L)

NDP (bar) ka (nm/s) jos q@0.9 jos SIb SIm

@onset of scaling

AS-B 2 19.0 4.0 0.814 0.0679 2.52 3.65
AS-C 2 19.0 4.0 0.829 0.0082 2.58 3.73
AS-D R1 4 19.0 13.0 0.822 0.0261 2.55 3.69
AS-D R2 4 19.0 16.0 0.870 0.0320 2.74 3.97
AS-D R3 4 19.0 14.0 0.814 0.0256 2.52 3.65
AS-E R1 4 19.0 6.0 0.761 0.0223 2.32 3.35
AS-E R2 4 19.0 8.7 0.748 0.0175 2.27 3.28
AS-E RR1 2 28.5 8.7 0.769 0.0175 2.35 4.73
AS-E RR2 2 28.5 7.9 0.725 0.0169 2.18 4.40
AS-E RR3 2 28.5 7.6 0.733 0.0144 2.21 4.46
AS-E RR4 2 28.5 9.0 0.725 0.0198 2.18 4.40
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between the two symmetric membranes (Fig. 1) to follow the 
scale development. Each experiment provided the calcium 
feed concentration Cf and the permeate flow rate Qp(j) as a 
function of the water recovery j. Two of the COMSOL mod-
ules, namely convection and diffusion, and surface reaction, 
are time-dependent. Therefore, as explained in Section 3 – 
Model development, Qp(j) was converted to Qp(t) according 
to Eq. (8), to obtain j(t) and Cf(j(t)) or Cf(t). The resulting 
Cf(t) was then used as the feed concentration as feed concen-
tration for the model.

A fit of the model to an experimental data set was 
obtained by adjusting the deposition rate constant, ka 
[Eq. (10)], and the water recovery fraction at the onset of scal-
ing, jos. Typical fits of the model to the experimental data 
are shown in Fig. 5, with the onset of scaling indicated by 
arrows. As seen in Fig. 5, a good fit between the model and 
the experimental data was obtained, validating the model 
at different dosages of antiscalants and applied pressures.

The ka, jos, surface coverage (q) at 0.9 jos, and satura-
tion indices (SIb and SIm) at the onset of scaling are listed 
in Table 4. The derived values of ka ranged between 4 and 
16 nm/s. Higher values were obtained for 4 mg/L of anti-
scalant and a net driving pressure of 28.5 bar as compared 

to 2 mg/L and 19 bar, respectively. The difference between 
the ka values of replicated experiments ranged from 10.6% for 
AS-D to 6.2 and 7.2% for AS-E at 19.0 and 28.5 bars, respec-
tively. The differences are due to the deviation in the slope 
after the onset of scaling.

An average value of jos = 0.830±0.023 water recovery frac-
tion was obtained at a NDP of 19.0 bar, with AS-B and AS-C 
at a dosage of 2 mg/L and AS-D at a dosage of 4 mg/L. AS-E 
exhibited less efficient inhibitory performance, obtaining a 
10% lower water recovery fraction of 0.745 ± 0.019 at a dosage 
of 4 mg/L and net driving pressures of 19.0 and 28.5 bar.

The degree of the scale coverage is controlled by the num-
ber of surface crystals nucleating on the membrane surface 
and their growth rate [23]. As seen in Table 4 the membrane 
surface coverage at 0.9 jos ranges between 0.8 and 3.2% of 
the membrane surface. The coverage was calculated at 0.9 jos 
of the onset of scaling, to avoid the possible effect of the 
sharp decrease in the permeate flux at the onset of scaling. 
It should be noted that jos may be used as a reference point 
to determine practical desalination water recovery before 
scaling affects the permeate flux.

Another performance indicator evaluated from the tests 
was the CaCO3 supersaturation level in the bulk solution and 
on the membrane surface at the onset of scaling. As seen in 
Table 4, the SIb levels at the onset of scaling differ slightly, 
exhibiting a mean value of SIb = 2.40 ± 0.188. As the SIm is 
dependent on the concentration polarization [Eq. (2)], val-
ues of 3.62 ± 0.228 and 4.50 ± 0.157 were obtained for NDP 
of 19.0 and 28.5 bars, respectively. The close proximity of 
the values, within 6.3% error, obtained for the different anti-
scalants (NDP = 19 bar) confirms that the main criterion for 
the onset of scaling is the supersaturation level reached, 
and that an increase in antiscalant dosage only slightly aug-
ments the scaling limits.

4.5. Spatial and temporal distribution of calcium bulk 
concentration

Color maps of the distribution of bulk calcium concentra-
tion along the membrane and as a function of the water recov-
ery fraction are displayed in Fig. 6. Similar to once-through 

Fig. 6. Color maps of the concentration distribution of calcium (a) half-symmetric two-dimensional bulk flow area of one of the 
two symmetric membranes as a function of the membrane length; j = 0.77 was chosen for more colorful illustration and (b) distri-
bution of half-symmetric calcium concentrations as a function of water recovery fraction at membrane exit. For both (a) and (b) the 
vertical axis is the half spacer thickness δ/2.
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and AS-E (4 mg/L, 28.5 bar).
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reverse osmosis, in the concentrate recycle technique, the 
bulk calcium concentration gradually increases along the 
length of the membrane (Fig. 6a). The concentration is low-
est at the entrance of the membrane and gradually increases 
towards the downstream end. concentration polarization 
results in a higher concentration near the membrane surface. 
As expected, the bulk calcium concentration increases with 
the water recovery fraction (Fig. 6b).

4.6. Distribution of the membrane surface concentration

Despite the approach to real-time analysis of mineral 
scale formation on reverse osmosis membranes [24], the 
model presented herein enables the derivation of the concen-
tration of the solute at the membrane surface (Cm) and the 
buildup of the membrane surface coverage fraction (q). The 
good fit of the model to the experimental data yielded values 
of Cm and q as displayed in Fig. 7. As seen in the Fig. 7, Cm 
increases continuously with both the water recovery fraction 
and along the membrane. Due ro concentration polariza-
tion Cm > Cf(j) at the membrane surface. At x = 0, Cm = Cf(j). 
Following the onset of scaling, Cm increases sharply (j > 0.8).

4.7. Membrane surface coverage

The net scaling is determined by the mass balance 
between two simultaneous and opposing transport pro-
cesses: deposition to and removal from the membrane 
surface [10]. When the deposition rate is greater than the 
removal rate, membrane scaling occurs. Fig. 8 displays the 

development of membrane surface coverage as a function 
of the normalized solute concentration at the membrane 
surface (Cm/C0) and as a function of the water recovery 
fraction. The Cm values in Fig. 8 were normalized to the ini-
tial concentration C0 to better reflect the trends. As seen in 
Fig. 8a, the membrane coverage fraction q increases linearly 
with Cm/C0 > 1.4 for AS-B and 1.6 for AS-E until it reaches 
the onset of scaling (Cm,os). The onset of scaling clearly dis-
tinguishes between the predominant CaCO3 removal from 
the membrane surface and the dominant deposition on 
it, as described by Eq. (10). Beyond the onset of scaling, a 
sharp increase in surface coverage is observed, resulting 
in a sharp flux decline [8]. The competition between depo-
sition and removal rates results in small net scaling with 
a membrane surface coverage q of 1% or Cs = 5 × 10–6 mol/
m2 for Cm lower than Cm,os. Beyond the onset of scaling, the 
q increases sharply, indicating CaCO3 scale-mass growth. 
Similar trends in the surface coverage as a function of the 
water recovery fraction are shown in Fig. 8b. Since Fig. 8a 
and 8b represent the overall effects of the operating condi-
tion, water quality, and antiscalant dosages, they can be used 
to determine the best conditions to achieve the highest water 
recovery fraction without reaching the onset of scaling.

5. Concluding remarks

A CFD model was developed to analyze the effect of 
continuously increasing CaCO3 scaling potential on the scal-
ing of RO membranes. The model couples flow convection 
and diffusion modules with the surface reaction module 
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of COMSOL 5.2a software. It accounts for two flux decline 
regimes: a slow flux decline up to the onset of scaling caused 
by continuous osmotic pressure increase, and a sharp flux 
decline beyond the onset of scaling caused by scale-mass 
growth.

The onset of scaling was experimentally determined by 
the permeate flux decline, which showed excellent replica-
bility. The model was fit to the experimental results to yield a 
pair of parameters: the deposition rate and the water recov-
ery fraction at the onset of scaling. With these two adjustable 
parameters, the model generates concentration profiles of 
calcium in the bulk solution and on the membrane surface 
as a function of the water recovery fraction and along the 
membrane length.

The model also provided the membrane surface coverage 
fraction, which increases with Cm up to the onset of scaling. 
At this point, it was in the order of 0.01, with the scale sur-
face concentration of around 5 × 10–6 mol/m2. The saturation 
indices at the onset of scaling, at a given NDP, were in close 
proximity for all antiscalants tested. This confirms that the 
main criterion for the onset of scaling is the level of super-
saturation reached.

Overall, the model presented in this paper enables to 
simulate the bulk and membrane solute concentrations for a 
given system as well as the CaCO3 scale development on the 
membrane under various desalination conditions. Therefore, 
it can be used to aid in selecting operating conditions and 
antiscalant dosage to achieve maximum water recovery 
without reaching the onset of scaling.
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