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ABSTRACT

The development of reliable criteria for determining the onset of scaling on desalination
membranes is of high practical value. A novel approach to systematically investigate incipi-
ent membrane crystallization and scale-particle evolution was recently reported by this labo-
ratory, involving modeling-relevant phenomena during membrane desalination and
experiments, in well-controlled pressure cells operating in dead-end mode with no agita-
tion. However, parallel studies have shown that flow conditions equivalent to those prevail-
ing in real desalination membrane modules are obtained in pressure cells with agitation.
Therefore, this work aims to employ the aforementioned approach to the more realistic case
of membrane CaCO3 scaling in dead-end desalination with agitation. Detailed data regard-
ing incipient CaCO3 scaling of desalination membranes were obtained, by analyzing scan-
ning electron microscopy (SEM) images, for small bulk supersaturation ratios S = 1 to 4 and
short filtration times (~30–90 min). Mean shear stresses at the membrane surface were simi-
lar to those prevailing in desalination modules. The data show that concentration polariza-
tion due to salt rejection strongly affects scale-particle growth rate, insignificantly
influencing particle-number surface density. There is no evidence of a significant induction
period in the nucleation and growth of scale-particles on the membrane surface. The initial
CaCO3 deposit flux, in mg/(m2min), exhibits a strong dependence on membrane surface
supersaturation. Experimental data on the supersaturation-dependent scale evolution
appear to significantly differ from predictions based on classical concepts of heterogeneous
nucleation and growth, thus indicating that non-conventional nucleation is the dominant
mechanism of the membrane-scale development.
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1. Introduction

Maximization of clean water recovery in mem-
brane plants is pursued worldwide due to the dimin-
ishing water resources [1–3]. The percentage of clean
water recovery in membrane desalination and water
treatment processes essentially depends on the con-
centration and type of salts (dissolved in the feed
water) and, in particular, on the sparingly soluble
ones. The latter, beyond a certain limit of permeate
recovery, tend to precipitate on the membrane due to
supersaturation, with negative impact on plant perfor-
mance. This problem of membrane “scaling” is partic-
ularly acute in the case of treating low salinity waters
with dissolved scale-forming cations (including Ca,
Mg, Sr, and Ba) as well as various anionic species
(usually carbonate, sulfate, and phosphate) [1,4]. Cal-
cium carbonate, which is dealt with in this study, is a
commonly encountered membrane-scale compound.

In practice, the limits to permeate water recovery
imposed by membrane scaling can be extended some-
what by the use of anti-scalants [5]; for instance,
membrane manufacturers [6] recommend an upper
limit on the Langelier saturation index (LSI) of a desa-
lination plant concentrate (i.e. LSI < 1.8), which corre-
sponds to a rather low supersaturation index SI for
calcite (SI < ~2) with the use of anti-scalants. However,
the latter are generally undesirable for economic and
environmental reasons, and efforts are made to reduce
their use. At present, a great deal of empiricism is
involved in determining the degree of allowable per-
meate recovery (in essence, the degree of concentrate
supersaturation in the membrane plant) usually in
combination with the use of a certain dosage of anti-
scalants. Progress in satisfactorily addressing this diffi-
cult problem, at the practical level, depends to a large
extent on understanding the onset of scale formation
on the membrane surface under conditions of water
desalination.

Despite the very extensive literature on precipita-
tion of sparingly soluble salts in the fluid bulk [7–10]
and on various substrates [5,11–14], there are signifi-
cant gaps (at both experimental and theoretical level)
in our understanding of incipient crystalline scale for-
mation on solid surfaces [15] and, in particular, on
semi-permeable membranes during water desalination.
From the experimental standpoint, at the allowable in
desalination plants quite low bulk supersaturation
ratio S of the aforementioned salts, there is uncertainty
on whether an “induction period” of membrane scal-
ing exists [16], as well as on how, and at which rate,
the scale-particles initially develop (or deposit) and
then grow on a “clean” desalination membrane. Most
of the work on desalination membrane scaling has

been carried out at relatively high supersaturations
and/or for experimentation times beyond the initial
phase of crystal generation, deposition, and growth on
a virgin membrane surface [17–19]. These relatively
long experimentation times in literature studies are
essentially dictated by the scale detection and mea-
surement techniques used. Moreover, the induction
time is usually determined by measurements of either
bulk fluid properties (i.e. fluid turbidity, conductivity,
and Ca2+ concentration) or process parameters (e.g.
flux decline) [17–20], which lack the required sensitiv-
ity [16] to observe the initially sparsely distributed
micron-size scale particles on the membrane. At the
theoretical level, our ability to predict true incipient
scaling under realistic conditions is mainly hampered
by two factors; i.e. (a) the multiple ionic species
composition of natural feed waters, introducing uncer-
tainty in equilibria calculations and (b) the compli-
cated flow field within the spiral-wound membrane
(SWM) modules of RO plants where spacers are
inserted to separate the membranes and to create fluid
passages. An approach to address the former problem
[21] involves the use of an appropriate modeling
framework in connection with available advanced
equilibria computational codes. On the latter problem,
significant progress has been made in recent years
[22,23] in simulating the complicated flow field within
the narrow passages of SWM modules. A detailed
description has been obtained of the flow field and of
mass transfer to the membrane surface within this
complicated geometry as well as correlations for the
pressure drop and mass transfer coefficient, which are
essential for spatially detailed simulation of SWM per-
formance at steady state [24] and for the more
demanding spatiotemporal evolution of fouling [25]
and scaling [26] in membrane modules.

The approach taken by the authors to investigate
incipient membrane scaling involves detailed experi-
mental work (employing scanning electron micros-
copy—SEM), at small fluid supersaturation and of
relatively short duration, aiming at determining quan-
titatively the scale-particle development, as well as
theoretical modeling to interpret the data by account-
ing for the temporal and spatial scale evolution. As a
first step to implement this approach, the simple flow
field of dead-end filtration with no agitation was
employed [21] and experimental data on incipient
CaCO3 membrane scaling were obtained; furthermore,
a modeling framework was developed, whereby the
theoretically determined evolution of rejected species
concentration at the membrane surface was coupled
with a detailed kinetic model (also involving popula-
tion balances) for predicting nucleation and particle
growth on the membrane. Valuable insights were
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obtained from this effort, indicating that incipient scal-
ing at small bulk supersaturations is controlled by the
fluid permeation. To proceed with the determination
of nucleation/crystallization parameters, (for a partic-
ular physicochemical system) one needs detailed
experimental data under well-controlled conditions.
The dead-end high pressure filtration cell with agitation
(very extensively used in membrane filtration
research) is considered appropriate for this task; in
fact, recent research [27] shows that it can provide a
flow field with lateral convective currents which are
equivalent to those prevailing in the real desalination
(SWM) elements even though the flow structure is dif-
ferent in the two cases. Moreover, tests with the filtra-
tion cell under agitation are more convenient and less
time-consuming than those in cross-flow desalination
systems, for detailed experimental observations and
determination of model parameters; such data are use-
ful to validate and/or improve currently used theoret-
ical models. However, it should be stressed that the
more laborious cross-flow tests are still needed to
obtain more realistic data on incipient membrane scal-
ing [16] for comparison with the dead-end cell results.
In view of the aforementioned state of the art, the
scope of this work is to study experimentally incipient
crystallization of calcium carbonate on desalination
membranes, under well-controlled conditions of small
initial supersaturations, in a dead-end cell with fluid
agitation.

2. Equipment, materials and methods

Experiments to investigate incipient crystallization
on desalination membranes were conducted, in dead-
end filtration mode with agitation, using an experi-
mental set-up, comprising three high-pressure stirred
cells. For systematic data collection, these cells were
operated simultaneously, under identical experimental
conditions (with the exception of filtration time or stir-
ring rate), as described in detail elsewhere [21,28]. The
effective membrane area in each stirred cell was
9.1 cm2. High-pressure nitrogen was used to control
the applied pressure, in the range of 150–200 psi
[~1,000 to ~1,380 kPa]. In the stirred test cell, contain-
ing the synthetic feed solution, milli-Q water was con-
tinuously supplied from a second pressure vessel to
compensate for the permeate removal; thus, the chem-
ical composition of the feed water inside the test cell
remained essentially constant during the desalination
test period, irrespective of the permeate withdrawal,
which was generally small. The temperature was
maintained constant in the tests. The majority of
experiments was performed under a constant stirring
rate of 250 rpm, while some tests were conducted

under various stirring rates (60, 90 or 250 rpm) in
order to assess the effect of flow shear stress on cal-
cium carbonate crystal deposition on the membrane
surface. The 250 rpm stirring rate was selected because
it was recently shown [27] that it leads to a space-
average shear stress at the membrane surface roughly
equal to that prevailing in spacer-filled channels of
SWM modules at usual cross-flow velocity ~15 cm/s.
The permeate flux was determined by measuring the
permeate mass through an electronic balance (PL602-S
Mettler-Toledo AG, Switzerland), which was con-
nected to a computer for data acquisition. A low-pres-
sure reverse osmosis, thin film composite polyamide
membrane (CPA2, Hydranautics, USA), was employed
in this study. Membrane coupons in appropriate
dimensions were cut from a commercial SWM ele-
ment. After rinsing with distilled water, the coupons
were stored in an aqueous solution of 0.75% Na2S2O5

(sodium meta-bisulfite) and kept in a refrigerator.
The description for preparation of the synthetic

solutions used in these tests and the experimental pro-
tocol can be found elsewhere [21]. The feed solution
was well characterized, prior to filtration tests, by
measuring pH, conductivity, and calcium concentra-
tion via a laboratory multi-parameter meter (inoLab
750 pH/ION/Cond multilab, WTW, Germany); tur-
bidity was measured by a portable turbidimeter (HF
Scientific Inc., DRT-15CE, USA). Additional measure-
ments, including concentration of total dissolved
solids (TDS) and total alkalinity, were performed on
feed water [29]. The supersaturation ratio of feed solu-
tion was determined by a thermodynamic ion-associa-
tion model (PHREEQC computer program, version
2.15.07) implementing the extension of the Debye–
Hückel theory [30]. For these calculations, for low
ionic strength solutions, the most complete literature
database (minteq.v4.dat) available at present was
employed [31], while for high ionic strength solutions
the pitzer.dat database was used.

After the membrane preparation and compaction
[21], the pressurized auxiliary vessel was filled with
approx. 700 mL milli-Q water, whereas the pressure
test cell was filled completely with approx. 300 mL
synthetic feed water; the latter was fully characterized
regarding physical properties and supersaturation
ratio [21]. It should be pointed out that efforts were
made to eliminate or minimize the free air volume
above the aqueous solution (by totally filling the cell)
in order to keep constant the solution pH during the
filtration period [32].

The disk-type membrane coupons, after the termi-
nation of dead-end tests, were dried and prepared for
SEM (SEM, JSM-6300 scanning electron microscope,
JEOL Ltd., Japan) observations [21]. Additionally, in
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some tests, the feed water and retentate solutions were
filtered through a 0.2 μm mixed cellulose ester mem-
brane. These filters were also prepared for SEM obser-
vations in order to determine the characteristics of
calcium carbonate crystals existing (if any) in the bulk
feed solution. Representative SEM images were
retained for further processing. Qualitative chemical
information about the precipitates on the membrane
surface was obtained by the X-ray spectrometer unit
(EDS, LINK ISIS, OXFORD) connected to the SEM sys-
tem. For each test condition, usually 2–7 SEM pictures
were processed with the “Image J” (v.1.43n, 2010) spe-
cial software [33], a public domain Java image pro-
cessing and analysis program, freely downloadable
from Internet.

Table 1 summarizes the experimental conditions
employed for investigating incipient CaCO3 crystalli-
zation on the reverse osmosis membrane. The bulk
supersaturation ratio S of the precipitate, regarding
calcite, which was found to be the dominant crystal-
line phase, is defined as follows:

S ¼
ðaCa2þÞðaCO2�

3
Þ

KSP

" #1=2

(1)

where the quantities in parentheses are the activities
of calcium and carbonate ions, respectively, computed
by the PHREEQC code (version 2.15.07) [30]. The
value of KSP was also obtained through that software.
The supersaturation index SI, alternatively employed
in some publications, is defined as:

SI ¼ 2 � log S (2)

To determine the concentration of each ionic species
(Ca2+, HCO3

−, Cl−, Na+) right at the membrane surface
(cw), and subsequently their activities through the
PHREEQC software, the following equation is
employed for each ion:

½cw=cb� ¼ ð1� RÞ þ R � expðvw=kmÞ (3)

where cb, R and vw are the known bulk species con-
centration, ion rejection (assuming R = 1 for complete
salt rejection), and permeate flux, respectively. From
measurements of mass transfer coefficients in the same
type of stirred dead-end filtration cell [27], the follow-
ing correlation was obtained:

Sh ¼ 0:49 � Re0:55 � Sc0:33 (4)

Here, Sh is the Sherwood number Sh ¼ Km�DH
D

� �
, where

km is the average mass transfer coefficient (m/s), DH

is the hydraulic diameter, which for the case of stirred
dead-end cell is equal to the radius r of active mem-
brane surface, D is the diffusion coefficient of each
ion, Sc is the Schmidt number, defined as Sc ¼ v

D, and
v is the kinematic viscosity of the liquid. The Reynolds
number is given as Re ¼ x�r2

v , where ω is the angular
velocity (rad/s).

The values of bulk supersaturation ratio of calcium
carbonate, selected for these tests, were very near the
saturation limits, i.e. in the narrow range S = 1–4, in
order to investigate incipient crystallization phenom-
ena right at the membrane surface. It is considered
that the bulk supersaturation remained effectively constant
throughout the tests since the pH variation during
these tests was always less than 0.2 and the species
consumption for solids formation was negligible, esti-
mated by an overall mass balance. To examine nucle-
ation and particle growth by SEM, each set of tests
comprised of experiments with identical initial condi-
tions and different durations, thus allowing measure-
ment of crystallization parameters (mainly crystal
sizes and number surface densities) at three different
times; in most cases, a set of three such tests per
experiment are reported here (Table 1). Table 1 also
summarizes tests performed from 30 up to 120 min
but under various stirring rates to assess the effect of
flow shear stresses and mass transfer coefficient on
calcium carbonate crystallization on the membrane
surface. Finally, the permeate flux imposed in the
tests, which was essentially the driving force for mem-
brane surface crystallization, was within the range
~24–40 L/(m2h).

3. Experimental results

A summary of experimental results is provided in
Table 2, including calcium carbonate crystal parame-
ters, particle surface density, and initial deposit mass
flux (estimated by SEM image processing) as well as
pH and turbidity values measured for bulk solution
and retentate. Turbidity values for the bulk (retentate)
exhibit a significant gradual increase for the usual test
period extending from feed solution preparation up to
180 min thereafter. It should be pointed out that tests
with increased retentate turbidity are not taken into
account in the following data analysis. Turbidity is
likely due to homogeneous nucleation of calcium car-
bonate in the bulk, although one cannot exclude some
contribution of small particles detached from the
membrane surface. From the measured number con-
centration of feed bulk-particles in some tests (73D
and 78D, Table 2), it is concluded that this concentra-
tion is relatively small and (if all such particles
were deposited) would make insignificant direct
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contribution to the total scale-particle mass measured
on the membrane. Indeed, a fair estimate of the depo-
sition rate of bulk CaCO3 particles on the membrane
surface can be obtained using the approach described
elsewhere [16]. For a typical range of deposition coeffi-
cients kD= 10−5 to 10−3 cm/s (rather conservative for
order of magnitude calculations) and using the aver-
age value 0.10 mg/L for particle mass concentration in
the feed-fluid (data for tests no. 73D and 78D in
Table 2), one obtains bulk particle deposition fluxes on
the membrane 0.6 × 10−3 to 0.6 × 10−1 mg/(m2min),
respectively. It is concluded that these deposition
fluxes, for the observed particle sizes in the range
1–3 μm, are one to three orders of magnitude smaller
than the measured mean initial mass fluxes
[0.4–5.1 mg/(m2min), Table 2].

Estimates of bulk supersaturation ratio (Sb) and of
supersaturation ratio right at the membrane surface
(Sw) are also listed in Table 2. The supersaturation
ratios (with respect to calcite) right at the membrane
surface, Sw, are 7 to 56% greater than the correspond-
ing values determined for the bulk solution, depend-
ing on experimental conditions; the smaller shear
stresses lead to greater increase in surface supersatura-
tion ratio, compared to bulk supersaturation ratio, as
expected.

In Fig. 1, two typical crystal size distributions of
particles detected on the desalination (CPA2) mem-
brane surfaces are presented, from tests performed
under similar experimental condition (initial bulk
supersaturation ratio, S ~ 3.0, stirring rate, permeate

flux and ionic strength) but different filtration times
(30 and 60 min). From such distributions, the mean
(d50) as well as the d5 and d95 crystal sizes (listed in
Table 2) were determined. As one would expect, for a
longer filtration period, the distribution is shifted
toward larger crystal sizes. Considering the short fil-
tration period of these tests (30–60 min), these data
confirm that the incipient membrane-scaling process
evolves with time with practically no induction
period.

Fig. 2 depicts crystal size distributions from tests
conducted under almost identical experimental condi-
tions (regarding initial bulk supersaturation ratio Sb,
permeate flux, stirring rate), with the exception of the
ionic strength of the feed solution. Samples from the
desalination membrane obtained from the test with
the higher ionic strength exhibit a very narrow crystal
size distribution characterized by smaller particle
diameters compared to deposited calcium carbonate
particles corresponding to smaller ionic strength solu-
tion. Moreover, particles of different morphology, as
depicted in SEM images in Fig. 3, were observed in
the test with the feed solution of the higher ionic
strength. Indeed, for a 60 min filtration period, parti-
cles of irregular shape were observed on the mem-
brane from tests with the high ionic strength solution
compared to rhombohedral calcite crystals corre-
sponding to solution with the lower ionic strength,
even though the supersaturation ratio was somewhat
smaller in the latter case. It should also be pointed out
that the ratio of calcium activity to carbonate ions
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Fig. 1. Crystal size distributions from tests of different
filtration duration; Sw~ 3.45, test duration 30 (test no. 54D)
and 90 min (test no. 55D).
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activity for the high ionic strength solution is seven
times greater than that calculated for the low ionic
strength solution. Consequently, it is assumed that this
difference in crystal habit is due to the different back-
ground electrolyte solution (NaCl) concentration that
may interfere with the process of crystal growth on
the membrane surface; it is also noted that similar
observations are reported [34–36] on the effect of
calcium to carbonate activity ratio on crystal growth.

The measured particle number distributions
(Table 2) are converted to a mean initial CaCO3 mass
flux (in mg/(m2min)), computed over the test period,

which is a parameter of theoretical and practical
significance. These data are plotted in Fig. 4 vs. wall
supersaturation ratio, Sw. It is interesting that, despite
the scatter, these data display a rather strong depen-
dence of calcium carbonate mass flux on surface
supersaturation, Sw. A similar trend was also observed
in CaCO3 scaling experiments recently performed in
continuous cross-flow filtration mode [16], in a narrow
spacer-filled channel simulating conditions prevailing
in SWM modules.

Fig. 5(a) depicts data for the size distribution of
particles detected in the feed solution sample, which
was collected 30 min after the solution preparation;
these data characterize the size of particles developing
during this period. In the same figure, data are pre-
sented for the size distribution of particles observed in
a retentate solution sample, which was collected from
the stirred cell when the scaling experiment was ter-
minated (data from test no. 78D with Sw 3.61). In this
particular test, particle size distributions for feed solu-
tion and retentate are very similar (apart from some
larger crystals detected in the feed water sample),
implying that bulk particle growth occurs at a very
small rate during the filtration period. Fig. 5(b)
includes data for size distribution of particles
observed on the membrane surface after the same fil-
tration test (78D). It is important to note that particles
on the membrane surface are quite larger than parti-
cles observed in the retentate solution for the same
time period. This is evidence that the conditions at the
membrane surface are more favorable for crystal
growth than those in the bulk. These particles are
either formed (as nuclei) right on the membrane
surface, and subsequently grow, or originate from
small particles existing in the bulk that deposit on the
membrane surface, becoming surface particles, also
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x300 

Fig. 3. SEM images from desalination membrane surface after filtration of (a) high ionic strength (test no. 73D) and (b)
low ionic strength solution (test no. 78D).
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growing with time. It should be also noted that there
is satisfactory fitting of the distributions in Fig. 5 with
a typical log-normal-type expression.

There is evidence that (as expected) the effect of
stirring rate significantly affects the incipient crystalli-
zation process, through its direct effect on the concen-
tration boundary layer. Such evidence is presented in
Fig. 6, which depicts the size distributions of particles
detected on the membrane surfaces for two tests after
60 min filtration time. Specifically, by comparing test
nos. 70D and 71D (Tables 1 and 2), which were per-
formed under exactly the same experimental condi-
tions except for stirring rate (250 and 60 rpm,

respectively), calcium carbonate particles almost twice
as large are observed on the membrane surface from
the test with the smaller stirring rate; however, there
is a rather insignificant difference in particle-number
surface density. Consequently, higher initial deposit
mass flux (5.13 mg/(m2min)) was calculated for the
test with smaller stirring rate.

Regarding the effect of supersaturation ratio on
scale-particle size, upon inspection of the data in
Table 2 (e.g. tests 54D and 57D), it is observed that
there is no gradual increase in scale-particle size with
the supersaturation ratio, under the conditions tested
near saturation. Moreover, the surface particle number
density seems to be insensitive to supersaturation ratio
variations (mainly for the lower ratios S tested). At
this point, one should note that there is significant
scatter in the data due to experimental error, mainly
associated with the selection of membrane sample-
image size for statistical treatment. Indeed, to obtain a
representative number of particles (especially at the
smallest ratio S), a small image magnification is
required which results in relatively low image resolu-
tion, thus introducing errors in particle size determi-
nation. Consequently, the best approach would be to
obtain SEM images with the same magnification, for
all tests performed; however, this is constrained by
the particle size distribution on the membrane surface.

It is known that there are at least six different
phases of calcium carbonate: three anhydrous crystal-
line polymorphs (the most thermodynamically stable
calcite with the least Gibbs free energy, the metastable
aragonite and the unstable vaterite, which may also be
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formed under kinetic control reactions) [37] and three
hydrated forms (crystalline monohydrate (monohydro-
calcite), crystalline hexahydrate (ikaite, CaCO3·6H2O))
and an amorphous calcium carbonate hydrate [38].
Several SEM pictures of calcium carbonate poly-
morphs that have grown on the membrane, under var-
ious test conditions, are presented in Fig. 7. The
membrane surface supersaturation ratio Sw, the dura-
tion of each test and the stirring rate are also marked
therein. It should be noted that in these figures, two
magnifications were used for each test on purpose; i.e.
the higher magnification was necessary to examine the
morphology of a few crystals, whereas the smaller one
allowed the statistical analysis regarding crystal size
distribution.

Upon inspection of the SEM images and other data
obtained from these experiments, the following
additional observations can be made:

(1) One observes crystals of calcite, such as typi-
cal rhombohedral (also incomplete and stair-
case-like crystals in some cases as shown in
Fig. 7(h) and (n)) and spherical or hexagonal-
plate vaterite crystals (observed at high
supersaturation ratio after 180 min since feed
solution preparation) and their agglomerates.
For tests conducted under low supersaturari-
on ratio (S = 1.29), very few crystals of irregu-
lar shape were observed (Fig. 7(b)) after

30 min of filtration. It is assumed that these
irregular crystals are representative of a meta-
stable stage, whereby the initial amorphous
CaCO3 particles, while growing, tend to be
transformed to the stable regular crystals
observed at later times [7]. These irregular
crystals appear to have a shorter height com-
pared to their width, i.e. the contact angles
between these particles and the membrane
surface is low, providing an indication that
they almost completely adhere to the surface;
this shape indicates that heterogeneous nucle-
ation and growth processes right on the mem-
brane surface dominate at incipient scaling
(see also Ref. [15]).

(2) For tests with slightly supersaturated feed solu-
tions (Sw= 1.22–1.29, test nos. 51D–53D per-
formed under 250 rpm stirring rate, and Sw=
1.36–1.40, test nos. 65D–66D performed at the
lower stirring rates), very few crystals of cal-
cium carbonate were detected only in the
periphery of the circular membrane sector
examined under SEM. This fact may be
related to the relatively small shear stresses in
that membrane region [27], which are likely
associated with increased local concentration
polarization and supersaturation ratio, thus,
leading to a non-uniform scale deposition pat-
tern. It may be also added that under these

Table 1
Experimental conditions of dead-end filtration with agitation; supersaturation ratio Sb and index SI correspond to bulk
conditions

Test
ID

Filtration
time (min)

ΔP
(psi)

Stirring
rate
(rpm)

Flux
(L/m2 h) vw (μm/s)

[Ca2+]
(mg/L)

[HCO3
−]

(mg/L)
[CO3

2−]total
(mg/L)

Ionic
strength
(M)

Supersat.
ratio, Sb

Supersat.
index, SI

51D 30 200 250 40.0 11.1 1,005 384 774.0 0.10 1.02 0.02
52D 90 200 250 38.5 10.7 1,005 384 774.0 0.10 1.02 0.02
53D 180 200 250 39.0 10.8 990 345 694.2 0.10 0.95 −0.04
54D 30 150 250 26.7 7.4 991 656 777.6 0.10 2.95 0.94
55D 90 150 250 26.5 7.4 991 656 777.6 0.10 2.95 0.94
56D 180 150 250 28.0 7.8 1,050 659 787.2 0.10 2.95 0.94
57D 30 150 250 30.0 8.3 1,060 479 671.4 0.10 1.82 0.52
58D 90 150 250 30.5 8.5 1,060 479 671.4 0.10 1.82 0.52
59D 180 150 250 24.4 6.8 1,020 549 774.6 0.10 1.88 0.55
65D 30 150 90 27.0 7.5 923 418 813.6 0.10 1.06 0.05
66D 30 150 60 25.0 6.9 923 390 786.0 0.10 0.99 −0.01
70D 60 150 250 38.0 10.6 239 210 204.2 0.02 3.67 1.13
71D 60 150 60 33.5 9.3 239 210 204.2 0.02 3.67 1.13
72D 120 150 60 37.0 10.3 239 210 204.2 0.02 3.67 1.13
73D 60 150 250 26.0 7.2 907 647 733.2 0.10 3.09 0.98
76D 60 170 250 29.0 8.1 978 534 643.8 0.11 2.34 0.74
78D 60 165 250 23.5 6.5 249 204 200.1 0.02 3.39 1.06
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conditions, there is no evidence of significant
induction period for nucleation.

(3) For tests conducted with solutions at higher
supersaturation (test nos. 54D–59D, Sw= 2.16–
2.21 and 3.43–3.57, respectively), crystals of
calcium carbonate on the membrane were
detected in membrane samples from the first

30 min of filtration. These crystals were larger
and of more complicated shape. For the
longer duration tests (90 and 180 min, test
nos. 55D, 56D, 58D and 59D, respectively)
depicted in Fig. 7, the crystals are larger in
size and in much greater numbers, as one
would have expected. Finally, crystals

(x100)       (x1.000)

Test 51D    Sw: 1.29, t=30 min, stirring rate 250 rpm 

(x100)       (x1.800) 

Test 57D   Sw: 2.16, t=30 min, stirring rate 250 rpm  

(a) (b) 

(c) (d) 

(x100)       (x4.000) 

Test 59D   Sw: 2.21, t=180 min, stirring rate 250 rpm  

(x100)       (x6.000) 

Test 54D   Sw: 3.47, t=30 min, stirring rate 250 rpm 

(e) (f) 

(g) (h) 

Fig. 7. Incipient calcite growth on a RO membrane for various supersaturation ratios.
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observed on the membrane surface from test
no. 73D, where feed solution of higher ionic
strength and calcium and bicarbonate concen-
trations were employed, compared to feed
solution of test no. 78D, were smaller and
with a very narrow size distribution (see also
Fig. 2).

4. Discussion of the results

Measurements of bulk particle numbers revealed
that their concentration was too small to have a
significant direct contribution to the surface mass
evolution. Additionally, by employing experimental
data obtained at the end of the tests and performing a

(x100)       (x2.000) 

Test 55D   Sw: 3.43, t=90 min, stirring rate 250 rpm  

(i) (j) 

(x200)       (x1.000) 

Test 56D   Sw: 3.55, t=180 min, stirring rate 250 rpm  

(x200)       (x4.000) 

Test 70D  Sw: 4.52, t=60 min, stirring rate 250 rpm  

(x200)       (x4.000) 

Test 71D  Sw: 5.50, t=60 min, stirring rate 60 rpm  

(k) (l) 

(m) (n) 

(o) (p) 

Fig. 7. (Continued).
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global mass balance, it was found that in all cases the
experiments were actually carried out under constant
active species concentration in time and the
scale-development process did not influence the con-
centration polarization. This implies that the situation
in stirred cell desalination is quite different compared
to that of no agitation (i.e. lack of lateral convection)
where the wall supersaturation tends to increase to
rather high values, with subsequent reduction due to
ionic species consumed by fast precipitation [21].
However, the stirred cell precipitation conditions are
similar to those prevailing in desalination SWM mod-
ules where the precipitation rate is relatively small
and has no influence on the species concentration pro-
file [16]. In the stirred cell, the mass transfer coefficient
is generally a weak function of the radial coordinate
[27]; however, for the relatively small levels of concen-
tration polarization, of the present experiments,
radially-averaged quantities can be employed.

According to the classical nucleation theory, the
surface nucleation rate J (units: #/m2/s) is a function
of the local supersaturation of the form
J ¼ A expð�B=ln2ðSwÞÞ, where A and B are dimension-
less parameters dependent on the scale and substrate
material [39]. The volumetric particle growth rate G
(units: m3/s) is a function of the local supersaturation
and of the particle volume x; i.e. G = kg(Sw)xα where kg
has units m3−3α/s. The exponent α is 1/3 for diffusion-
dominated growth and 2/3 for reaction-dominated
growth [39]. Denoting N as the surface particles num-
ber density (#/m2) and M as the scale volume per unit
surface (m3/m2), the following equations can be
derived for their evolution:

dN

dt
¼ J (5)

dM

dt
¼ Jxc þNkg

M

N

� �a

(6)

where t is the time and xc is the nucleus size. Typi-
cally, the nucleus diameter is much less than a
micrometer [39]; thus, taking into account the particle
diameters measured in the present work, the first term
of the right-hand side of Eq. (6) can be safely ignored.
The solution of the simplified system for an initially
clean membrane leads to:

N ¼ Jt (7)

M ¼ k1=ð1�aÞ
g J

1� a
2� a

� �1=ð1�aÞ
tð2�aÞ=ð1�aÞ (8)

The average particle diameter d is proportional to
(M/N)1/3 and thus to t1/(3−3α). The slow growth rates
of the present experiments suggest that the dominant
growth mode is the reaction so α = 2/3 (exponent for
surface reaction growth rate) and d ∝ t. The foregoing
mathematical analysis of the model dependencies
reveals that, for constant bulk species concentration
and insignificant bulk particle deposition, the surface
particle number and their average diameter should
increase approx. linearly with time. However, the
experimentally determined evolution of these parame-
ters with time, for the same or similar conditions, does
not appear to be in agreement with theory, exhibiting
a weaker dependence in most cases. Another discrep-
ancy appears to arise regarding the dependence of the
nucleation rate on supersaturation ratio. Indeed,
Table 2 shows that the surface particle number density
for the case of bulk supersaturation 2.95 (test 54/55D)
appears to be similar to that for supersaturation 1.02
(test 51/52D), whereas the theory predicts a strong
supersaturation dependence. It should be noted that a
similar discrepancy between theory and experiment
has been also observed [16] in the case of CaCO3 pre-
cipitation in cross-flow test sections simulating SWM
module operation. The situation is different in the
absence of stirring where the developing high values
of supersaturation at the membrane surface lead to
better agreement between theory and experiments
[21].

Possible reasons of the discrepancy between theory
and experiments in the system studied are outlined
here. The nucleation theory has been tested in the past
by employing integral quantities (and using always
adjustable constants). It should be noted, however,
that the development of advanced experimental tech-
niques permits the acquisition of detailed data (in the
temporal and spatial sense); attempts to simulta-
neously fit such data reveal the shortcomings of the
classical theory, as recently noted by Chen et al. [40].
Furthermore, it will be recalled that the precipitation
theory has been developed for large supersaturation
conditions; indeed, the condition of large supersatura-
tion is included in the definition of precipitation [39].
Therefore, the existing theory may be inappropriate
for describing incipient precipitation under the condi-
tions of small supersaturation associated with the cor-
responding small nucleation rates of the present
experiments. It will be added that questions about the
validity of the classical nucleation theory for precipita-
tion of calcium carbonate have been recently raised in
the literature [41,42].

Another aspect in the development of conventional
models of membrane scaling (outlined above) needs
attention; specifically, a basic premise in the
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development of such models is that the entire mem-
brane surface is uniform and has the same affinity for
nucleation. However, it seems that this may not be the
case. Indeed, there may be a distribution of affinities
(or a distribution of local surface energies) that can
explain the nonlinear time dependence of the mea-
sured particle number. Such a distribution of nucle-
ation-site affinity has theoretical support in the
literature [43]. There is also experimental evidence
regarding the membrane surface spatial non-unifor-
mity (obtained in this laboratory [28]), which is mani-
fested in the non-uniform permeate flux and salt
rejection. Therefore, it appears that there is scope for
pursuing the development of a new particle nucleation
model capable of describing successfully the temporal
evolution of surface particles on desalination
membranes.

5. Concluding remarks

Experiments were performed in the dead-end
filtration mode with agitation, which is a relatively
convenient way to obtain experimental data under
conditions equivalent to those prevailing in cross-flow
membrane modules. Detailed data regarding incipient
calcium carbonate scaling of reverse osmosis desalina-
tion membranes were obtained, using analysis of SEM
images, in a narrow range of bulk supersaturation
ratio S = 1 to ~4 and short times (~30–90 min) since
solution preparation. The main results of these
experiments are summarized as follows:

(1) Data from size distributions of particles
dispersed in feed and retentate solutions as
well as of scale-particles on the desalination
membrane surface provide evidence that cal-
cium carbonate scale-particles are either
formed (as nuclei) right on the membrane sur-
face (and subsequently grow) or originate
from small particles existing, at low concentra-
tions, in the bulk that deposit on the mem-
brane surface, becoming surface particles, also
growing with time.

(2) The increasing surface particle sizes, mea-
sured at different times (i.e. 30 and 60 min)
since membrane contact with the slightly
supersaturated solution, provide evidence that
an evolving scale-particle growth process
takes place with practically no induction
period.

(3) Particles of calcium carbonate observed on the
membrane surfaces were of various forms

such as typical calcite rhombohedral (also
incomplete and staircase-like crystals in some
cases) as well as spherical or hexagonal-plate
vaterite crystals (observed at the higher super-
saturation ratio) and their agglomerates. The
latter are indicative of the early stages of crys-
tallization before the stable form of calcite
totally dominates.

(4) The initial CaCO3 deposit mass flux, in
mg/(m2min), computed over the short test
period, which is a parameter of theoretical
and practical significance, exhibits a rather
strong dependence on membrane surface
supersaturation Sw.

(5) The imposed shear stress through stirring
significantly affects the scale-particle growth,
as expected. Much larger calcium carbonate
particles (and mass deposition rates) were
observed on the membrane surface in tests
with reduced stirring rate, all other experi-
mental conditions being the same; however,
such influence on the particle-number surface
density appeared to be insignificant.

(6) The results of analysis of supersaturation ratio
effects on scale-particle size and their number
density on the membrane surface, based on
the classical heterogeneous nucleation/growth
theory, is at variance with the experimental
results, indicating that possibly a non-classical
type of nucleation mechanism prevails in
membrane-scale formation.
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[38] P. López-Arce, L.S. Gómez-Villalba, S. Martı́nez-
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