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A B S T R A C T

Zero liquid discharge strategies for industrial wastewater treatment have become prominent in recent years.
When evaporative simultaneous crystallization is applied, knowledge about the particle crystallization me-
chanisms and morphology are important to ease solids downstream handling and for recovery of their valuable
components. In this work, batch simultaneous crystallization of sodium chloride (NaCl) and calcium sulphate
hemihydrate (CaSO4.0.5H2O) from aqueous solution was studied. It was found that CaSO4.0.5H2O is not an
effective substrate for NaCl heterogeneous nucleation, but agglomerates with NaCl particles instead.
CaSO4.0.5H2O particles on the surface of NaCl crystals sterically hamper agglomeration of NaCl particles with
each other and, for a sufficiently high CaSO4.0.5H2O seed load, cover the NaCl crystals so that NaCl super-
saturation rises, inducing NaCl primary nucleation. Simultaneous crystallization of CaSO4.0.5H2O and NaCl
yields a satisfactory product for downstream handling even for high CaSO4.0.5H2O content in the crystallizer.
However, seeding with CaSO4.0.5H2O is not recommended as it reduces the mean size and increases product size
dispersion. NaCl seeding may be considered if it is desirable to separate CaSO4.0.5H2O from NaCl downstream
the crystallizer by size classification, as it favors CaSO4.0.5H2O to build up in product sizes of 200 μm and below.

1. Introduction

The development of alternatives to overcome water scarcity in in-
dustry has been drawing attention over the last decades. In the past,
wastewater treatment aiming at the protection of water bodies from
industrial discharges was considered sufficient. With time, the concept
of treatment aiming at water reuse has become dominant, as it both
prevents brine disposal to the environment and accommodates water
needs. Among the latest efforts for industrial wastewater management,
the so-called zero liquid discharge strategies have become prominent
[1–3], in which brine disposal is avoided and only a small amount of
solid waste is generated. In principle, further treatment of the solids
would enable the economic recovery of at least some of their compo-
nents, further reducing the environmental impact of water use in in-
dustry.

Crystallization alternatives for wastewater treatment aiming at zero
liquid discharge are currently either available or in development, the
main options being evaporative crystallization, membrane assisted
crystallization and eutectic freeze crystallization [4–8]. Regardless of
the crystallization option, water is removed either as a vapor or as ice,

whereas the solids crystallize from an aqueous solution. Crystallization
of just one solute from a multicomponent solution is rather well known,
but simultaneous crystallization of two or more solids is much less
studied. Despite its potential, simultaneous crystallization is still
avoided in industrial crystallizers, as the product from such operation
often ends up in unexpected particle characteristics that might hinder
downstream operations. Besides, the particulate product from si-
multaneous crystallization is comprised of single particles of each
compound and mixed composition polycrystalline particles [9,10].
Mixed composition particles are difficult to purify and will probably
end up as solid waste. Therefore, research is needed to better under-
stand the morphological characteristics of the particles formed by si-
multaneous crystallization, both when the solid is considered a waste
and when it is desired to recover certain components of the solids of
economic interest.

It is convenient to classify the studies on simultaneous crystal-
lization according to the solubility of the salts, as moderately soluble
salts generate submillimetric particles, whereas slightly soluble salts
generate micrometric particles that are more difficult to handle and
prone to secondary processes such as polymorphic transformations and
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aging. Industrial effluents are typically mixtures of moderately and
slightly soluble compounds. There are several studies about simulta-
neous crystallization of poorly soluble salts. For instance, Zieba and
Nancollas [11] have studied the coprecipitation of CaCO3 and SrCO3
and reported the influence of ions and of solid surfaces of a single salt
on the kinetics and polymorph formation of the other salt. On the other
hand, research on the simultaneous crystallization of moderately so-
luble compounds is much less common. Simultaneous crystallization of
a salt and ice has been studied in eutectic freeze context. Ice has been
found to crystallize as a single compound that easily separates from
several salts by gravity [12–15], but a similar behavior is not expected
if ice is not one of the crystallizing compounds. Penha et al. [10,16]
have studied the elementary phenomena and the product character-
istics during simultaneous crystallization from a NaCl-KCl-H2O tertiary
system in an engineering context. They have found that single crystals
yield is favored with NaCl seeding at low supersaturations, i.e. low
evaporation rates, small seeds and high seed contents, whilst for KCl
seeding single component particles are preferentially formed under
high supersaturations, i.e. low seed surface areas (larger seeds in low
contents). The authors have concluded that the morphological char-
acteristics of the product may be tuned to yield streams of each com-
pound mainly formed by single component particles, suggesting the

feasibility of multicomponent crystallizers for both water and solid
reuse. Recently, we have studied the simultaneous crystallization of a
moderately and a slightly soluble compound, respectively sodium
chloride and calcium sulphate hemihydrate (CaSO4.0.5H2O) in an un-
seeded batch evaporative crystallizer [9]. This system was chosen be-
cause both compounds are commonly encountered in industrial was-
tewaters, their simultaneous crystallization being observed in
wastewater from an oil refinery [17]. In that contribution, we have
found that primary particles of both salts are formed by primary nu-
cleation and grow continuously throughout evaporation. After reaching
a certain size, some of the particles agglomerate, yielding a particulate
product of multimodal population density, with sizes ranging from 100
to 700 μm. In addition, a considerable amount of CaSO4.0.5H2O is in
the smaller size ranges. We have also found that low supersaturation
(attained under low evaporation rate) hinders agglomeration, yielding
a more uniformly sized product.

The solids concentration is an important parameter in crystal-
lization from solutions, as it largely determines the supersaturation,
which controls nucleation (primary and secondary), crystal growth and
agglomeration [18]. In simultaneous crystallization, the solids content
influences additional phenomena, such as heterogeneous nucleation of
one phase on the surface of the other one and agglomeration of the
compounds with each other [10,16]. In evaporative simultaneous
crystallization, the concentration of each solid phase is related to its
concentration in the wastewater and its solubility. For the Ca-
SO4.0.5H2O-NaCl system, the latter is more abundant but there is a
range of concentrations of interest. Besides, in industrial configuration
the solids contents may be tuned to optimize the particulate mor-
phology, e.g. by seeding in batch processes and by the hydrodynamic
design of the crystallizer. In this paper, we extend out previous study to
consider the effect of the concentrations of the two solid compounds,
CaSO4.0.5H2O and NaCl, on elementary phenomena of crystallization
and on the particulate product morphology, since these are key para-
meters to ease solid-liquid separation and to recover valuable compo-
nents of the wastewater.

2. Methods

Crystallization experiments were conducted by the evaporative
method in batch mode in a 0.6 L crystallizer with the NaCl-CaSO4-H2O
ternary system, seeded either with CaSO4.0.5H2O alone or with both
CaSO4.0.5H2O and NaCl. The experimental setup is described in detail
in our previous work [9]. The procedure is described below.

Table 1
Conditions for CaSO4.0.5H2O seeding experiments.

Experiment Initial Solution (mol/kg H2O) Seed load (g/kgsolution)

NaCl CaSO4.0.5H2O CaSO4.0.5H2O

E1 – Blank 6.725 0.0349 0
E2 6.725 0.0349 1.4
E3 6.725 0.0349 7.0
E4 6.725 0.0349 14

Table 2
Conditions for simultaneous CaSO4.0.5H2O and NaCl seeding experiments.

Experiment Initial Solution (mol/kg H2O) Seed load (g/kgsolution)

NaCl CaSO4.0.5H2O NaCl CaSO4.0.5H2O

E5 6.691 0.0349 19 –
E6 6.691 0.0349 19 7.0
E7 6.691 0.0349 19 14
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Fig. 1. Diffractogram (A) and a SEM image (B) of CaSO4.0.5H2O seeds.
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2.1. CaSO4.0.5H2O seeding experiments

Experiment E1 was conducted as a blank, that is, unseeded. In ex-
periments E2, E3 and E4, the amount of seeds added was varied as
shown in Table 1.

The initial solution was undersaturated with respect to both salts at
105 °C (slightly below the boiling point of 106 °C) to assure full

dissolution of the solid reactants. The desired amount of CaSO4.0.5H2O
seeds was added (see Table 1) and the suspension was stirred for 15min
for separation of possible particle aggregates. Substantial seeds dis-
solution is unlikely to occur given the known slow dissolution rates of
calcium sulphate hydrates and other slightly soluble salts [19–22].
Seeds dissolution was not substantial as suggested by visual observation
of a constant turbidity of the suspension. Thereafter, the temperature of
the crystallizer jacket was adjusted to yield the desired evaporation
rate. The experiment was conducted until 50% of initial amount of
water evaporated. Slurry samples were pippeted after evaporation of
5% and 50% of the initial amount of water, the first one after formation
of NaCl particles (visually observed) and the latter at end of the batch.
The samples were vacuum filtered, washed with anhydrous ethanol and
dried at 50 °C for 12 h.

2.2. Simultaneous CaSO4.0.5H2O and NaCl seeding experiments

Three experiments (E5, E6 and E7) were conducted in the presence
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Fig. 2. Diffractogram (A) and a SEM image (B) of NaCl seeds.
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Fig. 3. PSD for experiments with different loads of CaSO4.0.5H2O seed: no seed (E1), 1.4 (E2), 7.0 (E3) and 14 g / kgsolution (E4) (primary axis). PSD of seeds
(secondary axis).

Table 3
Seed load and product characteristics.

Experiment Seed load (g/
kgsolution)

Dominant size
(μm)

Mass-based
mean size
(L4,3) (μm)

Coefficient of
variation (C.V.)
(%)

E1 (blank) – 612 561 8
E2 1.4 596 482 18
E3 7.0 596 426 25
E4 14.0 591 337 38
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of different loads of CaSO4.0.5H2O and a single load of NaCl seeds as
shown in Table 2. Experiment E5 was conducted as a blank, that is, only
with NaCl seeds.

As before, the initial solution was undersaturated with respect to
NaCl and CaSO4.0.5H2O at 100 °C. The initial NaCl solution con-
centration was chosen to yield partial dissolution of the NaCl seeds as
explained next. NaCl seeds were added and the suspension was heated
to 105 °C, just below the boiling temperature, and kept under stirring
for 1 h for NaCl seeds “healing”. The “healing” procedure was aimed at
the dissolution of a small amount of the NaCl seeds in order to remove
any remaining fines and fragments adhered to the crystal surfaces, as
well as to allow reconstruction of the corners and correction of irre-
gularities on the crystals. Thereafter, CaSO4.0.5H2O seeds were added
and the suspension was stirred for 15min to allow separation of pos-
sible particle aggregates.

The experiments were conducted until the removal of 30% of the
initial water mass. Samples were taken after evaporation of 5% of the
initial amount of water and at end of the batches.

2.3. Seeds preparation

CaSO4.0.5H2O seeds were synthesized as described by Feldmann
[23]. Initially, 1 L of 4mol.L−1 CaCl2.2H2O was added to a vertical

cylindrical jacketed glass crystallizer. The solution was heated to 80 °C
and kept under stirring for 1 h. Within 4 h, 500mL of 6.4mol.L−1

H2SO4 were added using a peristaltic pump (GILSON MINIPULS® 3).
Thereafter the slurry was allowed to equilibrate under the same stirring
and temperature for 2 h. The product was vacuum filtered and washed
with 3 L of boiling distilled water and subsequently with 0.5 L of iso-
propanol at room temperature. The product was allowed to dry at 50 °C
overnight. Afterwards, the particles were separated by sieving during
one hour. Seeds with mean size of 41.5 μm obtained by sieving were
used.

NaCl seeds were obtained by sieving analytical grade salt in the size
ranges of interest with Tyler series sieves as before. Seeds with mean
size of 231 μm were used.

2.4. Particle characterization

Particle shapes were characterized by optical microscopy
(Olympus® BX60F-3) and scanning electron microscopy (SEM, JEOL
JSM-7401F) and the morphology's of the crystalline lattices were de-
termined by X-ray diffraction (Rigaku Miniflex®). Products chemical
composition in terms of calcium content were determined by ICP-OES
(Spectro Arcos). The characterization protocol is better described in our
previous work [9].

Fig. 4. SEM views of the product from unseeded batch (a) and from batches seeded with CaSO4.0.5H2O seed loads (in g/kgsolution) of 1.4 (b), 7 (c) and 14 (d),
respectively, experiments E1, E2, E3 and E4. Magnifications as indicated at the bottom of the figures.
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Particle size distributions were determined as mass-based popula-
tion densities by sieving. The mean particle size was described with the
mass-weighed size (L4,3) and the width of the distribution with the
coefficient of variation (CV) defined from L16, L50 and L84, the cumu-
lative characteristic sizes of 16, 50 and 84% of the sample in mass, as
shown below.

=CV L L
L

100. ( )
2.

84 16

50 (1)

3. Results and discussion

3.1. Seeds characterization

Comparison of the x-ray diffractogram of the calcium sulphate seeds
shown in Fig. 1A with the reference pattern [24] shows that they are
comprised of CaSO4.0.5H2O. In addition, the SEM image at Fig. 1B
reveals that the primary particles are elongated, which is a character-
istic habit of CaSO4.0.5H2O crystals [25,26].

Fig. 2A shows the x-ray diffractogram of NaCl seeds, which

corresponds to the reference pattern from literature for halite [27].
NaCl seeds observed by SEM in Fig. 2B are predominantly single crys-
tals of cubic habit.

3.2. Main crystallization events

The initial solution is undersaturated with respect to both NaCl and
CaSO4.0.5H2O. In an unseeded batch, water evaporates until the me-
tastable limit of NaCl is reached, triggering primary nucleation and
subsequent crystal growth of NaCl from the ternary solution.
CaSO4.0.5H2O primary nucleation starts later in the batch, possibly
influenced by solid NaCl, after the eutonic condition is reached, i.e. the
solution in the ternary system is supersaturated with respect to salts of
both solutes [28]. Thereafter the solution composition is invariant and
both solids continue to form, with possible interaction between solid
phases. A mass balance for such a process has been presented in detail
in our previous publication [9]. In a CaSO4.0.5H2O seeded batch, the
CaSO4.0.5H2O particles are present before NaCl saturation, so more
possibilities arise for solid-solid interactions. Although the solution is
undersaturated with respect to CaSO4.0.5H2O during part of the batch,

Fig. 5. SEM of the particles for experiments with different loads of CaSO4.0.5H2O seed: E1 (a), E2 (b), E3 (c) and E4 (d).
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CaSO4.0.5H2O seeds do not dissolve readily because of their low solu-
bility. For the batches seeded with both salts, NaCl and CaSO4.0.5H2O,
solid-solid interactions are expected from the start of the batch. The
nature of the solution-solid and solid-solid interactions is the object of
this contribution.

3.3. Effect of CaSO4.0.5H2O seeding

The PSDs of the product and of the CaSO4.0.5H2O seeds are shown
in Fig. 3, mean values and size dispersions (CVs) are given in Table 3.
The products PSDs display dominant sizes of about 600 μm. For the
unseeded condition (experiment E1) population densities for sizes
below 400 μm are unimportant, whereas in the presence of seeds (ex-
periments E2, E3 and E4) the density of particles smaller than 400 μm is
also significant. Consequently, CaSO4.0.5H2O seeds yields products
with smaller mass-based mean sizes and higher size dispersions (higher
CV values), in comparison with the unseeded condition.

For the highest CaSO4.0.5H2O seed loads (E3 and E4), the PSD also
displays a small peak in the 60–120 μm size range. It is likely that it

corresponds somehow to CaSO4.0.5H2O seeds, which were originally
42 μm in size (Fig. 3). As CaSO4.0.5H2O crystals, due to their low so-
lubility, are unlikely to grow more than a few microns in size by a
molecular mechanism, the 60–120 μm peak is probably constituted by
CaSO4.0.5H2O seeds after agglomeration with larger NaCl particles.
This issue will be further considered later.

SEM views of the products are shown in Fig. 4. Energy dispersive
spectrometry examination (not shown) has confirmed our earlier find-
ings [9] that the acicular crystals correspond to hemihydrate and cubic
crystals are sodium chloride. The product is a mixture of small, inter-
mediate, and large particles. The small particles display the acicular
habit characteristic of CaSO4.0.5H2O. Their proportion increases with
the CaSO4.0.5H2O seed load. Their presence implies that they are in-
effective or do not act as a heterogeneous centers for NaCl primary
nucleation (otherwise the NaCl heterogeneous nuclei would engulf
them upon growth), as already concluded in our previous work [9].
Particles of intermediate size are mainly primary particles of cubic
habit, whereas the large particles are either single cubic crystals or
agglomerates of these cubic crystals. Given the cubic symmetry of the

Fig. 6. SEM views of the surfaces of samples with 5% of evaporation extension for the experiments carried out with different CaSO4.0.5H2O seed loads: E2 (a), E3 (b)
e E4 (c).
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halite crystal lattice, it may be concluded that the intermediate and the
large sized particles are either single crystals or agglomerates of NaCl.
As the CaSO4.0.5H2O seeds load increases (E3 and E4), the proportion

of agglomerates in the large size range decreases and the proportion of
intermediate sized single crystals becomes more significant, suggesting
that CaSO4.0.5H2O seeding hampers NaCl agglomeration. This phe-
nomenon is consistent with the product PSDs (Fig. 3), which shows that
more seeds results in a larger population density in the intermediate
size range.

In order to understand the effect of the CaSO4.0.5H2O seeds on NaCl
crystallization, it is instructive to consider the particles surfaces in more
detail, as Fig. 5 shows. Small needlelike CaSO4.0.5H2O particles are
attached to the surface of NaCl crystals, forming agglomerates. The
same behaviour has been observed before for unseeded NaCl – Ca-
SO4.0.5H2O simultaneous crystallization [9]. It is hypothesized that
these tiny CaSO4.0.5H2O particles on the surface of NaCl crystals me-
chanically inhibits the agglomeration between crystals of NaCl. This
effect is more prominent as the seed load increases because the amount
of CaSO4.0.5H2O crystals on the NaCl surfaces also increases.

As the NaCl crystal growth rate is higher than the growth rate of
calcium sulphate [25,29], CaSO4.0.5H2O particles on the NaCl surface
are engulfed by the growing NaCl crystal and eventually incorporated
into it. The SEM views of Fig. 6 shows partly “buried” particles. They
increase in importance as the CaSO4.0.5H2O seed load increases.

Optical microscopies of the particulate products are shown in Fig. 7.
The overall appearance of the particles is consistent with the SEM views
shown in Fig. 4: the product is comprised of small CaSO4.0.5H2O nee-
dles, intermediate sized single NaCl particles and large agglomerates,
with the proportion of agglomerates decreasing and the size dispersion
increasing with increasing CaSO4.0.5H2O seed load. Fig. 8 shows a
single particle with higher magnification. Abundant fluid inclusions are

Fig. 7. Optical microscopy images for the experiments carried out with different loads of CaSO4.0.5H2O seeds: E1 (a), E2 (b), E3 (c) e E4 (d).

Fig. 8. Optical microscopy of a single particle showing abundant fluid inclu-
sions.
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Fig. 9. SEM of the samples with 5% of evaporation extension water evaporated for the experiments carried out with different CaSO4.0.5H2O seed loads: E2 (a), E3 (b)
e E4 (c).

Fig. 10. CaSO4.0.5H2O content in the solid product versus particle size for different CaSO4.0.5H2O seed loads: E1, E2, E3 e E4. The horizontal lines represent the
mean CaSO4.0.5H2O content of the product.
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observed. Inclusions appear as rounded droplets within the crystals or
as dark areas when they are small or abundant. Fig. 7 shows that such
fluid inclusions develop in all conditions investigated and are more
prominent for higher seed loads. The development of such fluid inclu-
sions may be understood by inspection of NaCl particles surfaces after
5% of evaporation extension, as shown in Fig. 9. The NaCl crystals
display “hopper” habit, which is characterized by a cavity in the center
of the crystal faces. Besides, the hopper steps become more irregular as
the seed load increases. The hopper habit is known to promote the
formation of fluid inclusions upon further crystal growth [9,30]. Rough
crystal surfaces are also known to promote fluid inclusions [18,30,31].
It is suggested that CaSO4.0.5H2O particles adhered to the growing
NaCl surfaces affects the fluid flow field around the crystals, leading to
instabilities in the growing NaCl surfaces.

The CaSO4.0.5H2O concentration in each particle size range is
shown in Fig. 10. Below 200 μm, the highest CaSO4.0.5H2O con-
centrations are observed. The concentration decays exponentially with
size up to 400 μm, assuming a constant value above 400 μm. Besides,
the CaSO4.0.5H2O concentration in the product for all size ranges in-
creases with the CaSO4.0.5H2O seed load, corroborating the SEM ob-
servations. Thus, even though CaSO4.0.5H2O develops in sizes< 30
μm, it is present in the whole size range of the product, which is con-
sistent with the hypothesis of agglomeration between small Ca-
SO4.0.5H2O primary particles and NaCl.

The “amount of CaSO4.0.5H2O” is presented is Fig. 11. This variable
represents the distribution of the amount of CaSO4.0.5H2O with the
product size, and was calculated based on the multiplication of the
CaSO4.0.5H2O content and the product mass for each size fraction,
normalized for a total CaSO4.0.5H2O amount of CaSO4.0.5H2O of unity.
It shows that CaSO4.0.5H2O is found in all size ranges. Closer inspection
in the figure shows that the product fraction> 400 μm contains about
30% of the CaSO4.0.5H2O for high seed load conditions (E3 and E4),
but as much as roughly 70% of the CaSO4.0.5H2O for low seed load
experiments (E1 and E2). This product fraction displays a Ca-
SO4.0.5H2O content lower than the mean (see Fig. 10) and corresponds
to the primary peak of the PSD (Fig. 3).

3.4. Effect of CaSO4.0.5H2O and NaCl seeding

In NaCl-seeded experiments, as the CaSO4.0.5H2O seed load in-
creases, a shoulder appears on the left size of the main peak of the PSD,
with particle sizes about 400 μm, which eventually becomes a sec-
ondary peak for the highest seed load (Fig. 12a). Consequently, the
dominant size decreases and the size dispersion increases, as shown in
Table 4. A similar behavior was already observed for the NaCl-unseeded
experiments, although there the PSDs were bimodal.

The NaCl seeds PSD (Fig. 12b) is not observed in the product PSD,
suggesting that NaCl undergoes extensive growth and agglomeration.
However, for the CaSO4.0.5H2O seeded experiments a population
density peak was observed in the smallest size range, which is likely
derived from agglomeration of CaSO4.0.5H2O seeds with NaCl particles.
This feature had already been observed for the NaCl-unseeded experi-
ments.

SEM views of the NaCl-seeded products are shown in Fig. 13. Par-
ticles formed without CaSO4.0.5H2O seeds (E5) are mainly agglomer-
ates formed by two or three primary crystals of NaCl, whereas Ca-
SO4.0.5H2O particles are not observed. As the amount of CaSO4.0.5H2O
seeds increases, NaCl single crystals also appear in increasing amount
next to the agglomerates, whereas CaSO4.0.5H2O appears partly as
isolated crystals and partly attached to the surface of NaCl particles, as
was already observed with NaCl-unseeded experiments.

Sieved fractions of the product with mean sizes of 390 and 550 μm
were further investigated by SEM (Fig. 14) and optical microscopy
(Fig. 15). It was found that the larger particles are mainly agglomerates
formed by two or three primary NaCl crystals, whereas the smaller ones
are mainly single crystals. It is likely that these single crystals are
mainly seed particles after molecular crystal growth, as a simple cal-
culation shows, considering a seeded batch crystallization in which
crystal growth is the only elementary process. The product size is cal-
culated with the following Eq. [18]:

= +L L m
mprod seed

seed

33
(2)

Fig. 11. Cumulative amount of CaSO4.0.5H2O produced versus particle size for different CaSO4.0.5H2O seed loads (E1, E2, E3 and E4, respectively).

G.P. Zago, et al. Desalination 474 (2020) 114180

9



where Lseed and Lprod are the seed and product mean sizes, Δm and mseed
are the crystallized and seed masses. The so calculated product size is
approximately 400 μm which is similar to the secondary peak of 390 μm

observed in the PSD's.
The product particles formed under the highest seed load (E7) are

partly smaller than the grown seeds of 390 μm (Fig. 12a), suggesting
that NaCl nucleation takes place during the batch. It is likely that, be-
cause of CaSO4.0.5H2O agglomeration upon NaCl crystals, the NaCl
surface available for crystal growth is reduced, causing a sufficiently
high supersaturation for primary nucleation to occur. For low Ca-
SO4.0.5H2O seed load or CaSO4.0.5H2O – unseeded experiments such
nucleation is less evident from the PSDs. SEM views of NaCl crystals
with surfaces increasingly covered with CaSO4.0.5H2O at increasing
CaSO4.0.5H2O seed loads are shown in Fig. 16.

CaSO4.0.5H2O distribution with particle size in these NaCl-seeded
experiments is qualitatively similar to the NaCl-unseeded cases shown

Fig. 12. Product PSD's (a) for experiments with NaCl seeds only (E5 – blank, 19 g/kgsolution) and seeded with both NaCl (19 g/kgsolution) and different loads of
CaSO4.0.5H2O, E6 (7 g/kgsolution) and E7 (14 g/kgsolution) (b) PSD's of CaSO4.0.5H2O seeds (primary axis) and NaCl seeds (secondary axis).

Table 4
Product characteristics.

Experiment Dominant size (μm) Mass-based mean particle size (L4,3)
(μm)

CV (%)

E5 524 463 18
E6 515 437 20
E7 421 344 32
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before, as Figs. 17 and 18 show. However, for NaCl-seeding Ca-
SO4.0.5H2O segregation with particle size is more pronounced, parti-
cularly for high CaSO4.0.5H2O seed load, as the product size frac-
tion>400 μm has a lower CaSO4.0.5H2O content of 1.5% (mean value
of E6 and E7) in comparison with 2.6% (mean value of E3 and E4) for
NaCl-unseeded conditions. Besides, the amount of CaSO4.0.5H2O in this
size range is only 12%, against 19% under NaCl-unseeded conditions
(mean of E6 and E7 and mean of E3 and E4, respectively).

SEM views of the CaSO4.0.5H2O – rich end of the PSD is shown in
Fig. 19. For the experiment unseeded in CaSO4.0.5H2O only NaCl
particles are observed, whereas for the CaSO4.0.5H2O seed load of 7 g/
kg single crystals of CaSO4.0.5H2O needles are prevalent over NaCl
particles, whereas for 14 g/kg CaSO4.0.5H2O seeds only CaSO4.0.5H2O
particles are present.

3.5. Potential for application in desalination processes

In simultaneous crystallization of aqueous effluents aiming at zero
liquid discharge, it is desirable to obtain large particles and a small size

dispersion to facilitate downstream processes such as filtration or cen-
trifugation. In our previous work [9] about unseeded simultaneous
crystallization, we have established that, even though CaSO4.0.5H2O
particles develop in the micrometric size range, the product of si-
multaneous crystallization with NaCl is submillimetric. We have also
concluded that a product of narrow size distribution is favored at a low
evaporation rate of 0,002min−1. In this work, we have increased the
amount of CaSO4.0.5H2O and NaCl in the system by seeding. The cor-
responding product is submillimetric as before. Besides, high con-
centrations of CaSO4.0.5H2O seeds (7 and 14 g/kg) yield smaller and
more polydispersed particles because CaSO4.0.5H2O crystals attach to
the surface of NaCl crystals inhibiting agglomeration and sometimes
promoting NaCl primary nucleation. Seeding with NaCl favors a mod-
erately lower amount of CaSO4.0.5H2O in the> 400 μm size range,
which constitutes most of the yield. One concludes that simultaneous
crystallization of CaSO4.0.5H2O – NaCl, irrespective of CaSO4.0.5H2O
content, yields a product that is satisfactory for downstream handling.
However, seeding with CaSO4.0.5H2O is not recommended at it reduces
the mean size and increases the size dispersion of the product. NaCl

Fig. 13. SEM images for the experiment carried out with NaCl seeds (a) and in the absence of CaSO4.0.5H2O seeds - E5; (b) - and the experiments carried out with
NaCl seeds and with CaSO4.0.5H2O seed loads of 7 g/kgprod (b) – E6 – e 14 g/kgprod (c) – E7.
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Fig. 14. SEM images of the product of the 390 and 550 μm fraction for the experiment carried out with NaCl seeds and in the absence of hemihydrate (a) - E5 - seeds
and the experiments carried out with NaCl seeds and with hemihydrate seed loads of 7 g/kgprod (b) – E6 – e 14 g/kgprod – E7.
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seeding may be considered if it is desirable to separate CaSO4.0.5H2O
from NaCl downstream the crystallizer by size classification.

4. Conclusions

The main elementary processes of seeded batch simultaneous crys-
tallization of sodium chloride and calcium sulphate hemihydrate
(CaSO4.0.5H2O) from aqueous solution at 106 °C are CaSO4.0.5H2O
crystal growth, NaCl crystal growth, and agglomeration of NaCl parti-
cles with each other and with CaSO4.0.5H2O particles. In the presence
of CaSO4.0.5H2O seeds only, NaCl nucleates primarily in solution, not
upon CaSO4.0.5H2O particles. CaSO4.0.5H2O particles adhere to the
surface of NaCl crystals and sterically hamper agglomeration of NaCl
particles with each other. Besides, such CaSO4.0.5H2O particles partly
cover NaCl crystal surfaces, reducing the area available for NaCl crystal
growth and causing the supersaturation with respect to NaCl to in-
crease. For a sufficiently high CaSO4.0.5H2O seed load, primary nu-
cleation of NaCl takes place during the batch. The above phenomena
explain the morphological features of the particulate product sum-
marized next.

The particulate product is comprised of single CaSO4.0.5H2O crystals

in the micrometric size range and particles in the submillimetric size
range. The latter are either NaCl single crystals or agglomerates of NaCl
composed of a few primary NaCl particles, with CaSO4.0.5H2O crystals
either attached to their surface or engulfed by the NaCl crystals.
CaSO4.0.5H2O is distributed throughout all size ranges of the PSD due to
its agglomeration with NaCl particles, with higher CaSO4.0.5H2O con-
centrations in the smallest sizes. CaSO4.0.5H2O seeding favors the for-
mation of smaller and more polydispersed particles. Both CaSO4.0.5H2O
and NaCl seeding favor a product with CaSO4.0.5H2O mainly in the
smaller sized particles of the PSD.

If applied to aqueous effluents aiming at zero liquid discharge, si-
multaneous crystallization of CaSO4.0.5H2O and NaCl yields a product
that is satisfactory for downstream handling even for high
CaSO4.0.5H2O content in the crystallizer. However, seeding with
CaSO4.0.5H2O is not recommended at it reduces the mean size and
increases the size dispersion of the product. NaCl seeding may be
considered if it is desirable to separate CaSO4.0.5H2O from NaCl
downstream the crystallizer by size classification, as it favors
CaSO4.0.5H2O to end up in smaller size fractions of the product.
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Fig. 15. Optical microscopy images for the experiment carried out with NaCl seeds and in the absence of CaSO4.0.5H2O seeds (a) - E5 - and the experiments carried
out with NaCl seeds and with CaSO4.0.5H2O seed loads of 7 g/kgprod (b) – E6 – e 14 g/kgprod – E7.
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Fig. 16. SEM views of the surface of the product of the experiment carried out with NaCl seeds and in the absence of CaSO4.0.5H2O seeds (a) - E5 - and the
experiments carried out with NaCl seeds and CaSO4.0.5H2O seed loads of 7 g/kgprod (b) – E6 – e 14 g/kgprod – E7.

Fig. 17. CaSO4.0.5H2O content in the solid product versus particle size for the blank - E5 - and the experiments carried out with NaCl seeds and with CaSO4.0.5H2O
seed loads of 7 g/kgprod – E6 – e 14 g/kgprod – E7. The horizontal lines represent the mean CaSO4.0.5H2O content of the product.
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Fig. 18. Cumulative amount of CaSO4.0.5H2O produced versus particle size for the blank - E5 - and the experiments carried out with NaCl seeds and with
CaSO4.0.5H2O seed loads of 7 g/kgprod – E6 – e 14 g/kgprod – E7.

Fig. 19. SEM views of the product particles in the size range of 58 to 83 μm (a) for the blank - E5 - and the experiments with NaCl seeds and CaSO4.0.5H2O seed loads
of 7 g / kgprod (b) - E6 - and 14 g / kgprod (c) - E7.
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