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ABSTRACT: Osmotic membrane distillation−crystallization
is proposed in this study to recover sodium carbonate,
potassium nitrate, and sodium sulfate from synthetic industrial
solutions leading to valorization of the salts of wastewater
coming from gas treatment (flue gases containing CO2, SO2,
or NOx) or from brines. The technical viability of the process
is discussed in terms of transmembrane fluxes, mass transfer
coefficients, and the crystal purity. The effect of concen-
trations of the feed and osmotic solution, flow rates, and
presence of impurities (traces of different salts) was
determined as well. The osmotic concentration was the main parameter affecting the transmembrane flux. The concentration
of the three salts in the feed had a slight influence, and no effect could be observed by the study of flow rates. Constant mass
transfer coefficients were obtained. Two membrane contactors in series were connected to increase the membrane area in order
to technically validate one of the main advantages of this kind of technology: the linear and easy scale-up. Super high-purity
crystals were produced: Na2CO3·10H2O, Na2SO4·10H2O, and KNO3 free-of-impurity crystals (no Cl− and salt traces trapped),
ready to be reused in the industry, if desired. No cocrystallization was observed, which is a remarkable difference with
conventional crystallization systems (evaporators), a partial amorphous structure is detected by X-ray diffraction, and fairly pure,
large crystals were obtained.

1. INTRODUCTION

Brines and salty wastewater may strongly affect the environ-
ment if its disposal is not properly carried out. The presence of
inorganic soluble salts in water causes osmotic stress for
aquatic life at the cellular level, which impacts, for example, the
growth of micro-organisms.1 Besides, high concentrations of
inorganic nutrients, such as phosphates, nitrates, or sulfates,
may lead to a dangerous phenomenon called eutrophication,
characterized by an unusual growth of plants and algae, with
important consequences on the composition, structure, and
dynamics of the ecosystem. If this happens, the load of organic
matter (typically of a single species of algae) may cause the
intoxication of fauna, and the turbidity will prevent light from
penetrating to the bottom of the ecosystem, and therefore,
oxygen production becomes limited.2 Furthermore, turbidity in
water (e.g., caused by high concentrations of calcium
carbonate) is frequently used as a quality indicator to assess
its compatibility in applications where aquatic organisms exist
and even may cause a constraint on predator−prey interactions
in those environments.3

Current brine and salty wastewater treatments, such as ion
exchange4,5 or membrane filtration by means of reverse
osmosis6 or nanofiltration,7 are mainly focused on water
reuse by eliminating the inorganic salts. A step forward in this
objective is a zero discharge process8 in which the residual
stream is separated into two currents: the solvent and the salt

to be reused. Salts recovered from wastewater can be used in
multiple industrial applications (fertilizers, detergents, ce-
ramics, cement, metallurgical, or petrochemical industry),
and its valorization may suppose not only the compliance of
legal eco-requirements but also the possibility to produce and
sell inorganic salts competing with traditional processes.9

Salty wastewater often has heterogeneous compositions with
a predominant component, such as the residual streams
coming for the treatment of flue gases with alkaline solvents. In
the case of CO2 capture, the flue gas usually contains other
compounds, such as SO2 or NOx. The reaction of these gases
with NaOH may produce, therefore, carbonates10 and smaller
amounts of sulfates11 or nitrates.12 If the objective is the
capture of SO2 or NOx instead of CO2, the reaction with
NaOH will produce aqueous solutions with a high amount of
sulfates or nitrates, respectively. For instance, SO2 is widely
emitted in the production of sulfuric acid and nonferrous
metals,13 and the NOx is the main compound in the emissions
of the manufacture of sodium nitrite.12 Besides the gas
treatment, residual aqueous solutions can directly come from
industrial wastewater to be recovered, such as the sodium
sulfate streams in Solvay production.14 Therefore, the
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predominant compound in the inorganic mixture to be
valorized may vary depending on the origin of the stream
(kind of process and industry, with or without pretreatment,
etc.).
In this context, conventional crystallization using evapo-

rators or crystallizers to separate and/or purify crystalline solid
products has been the most extended technology. However,
major disadvantages are the large amount of energy needed
and the unknowns still existing about the crystallization
kinetics, the effect of additives, and the modeling and
prediction of polymorphs mechanism.15 Crystallization has
experienced a technological evolution from the conventional
operation to a high-efficiency process. Currently, the interest in
membrane crystallization is exponentially growingmore than
a third of the research publications on crystallization processes
is now focused on membrane distillation and membrane
crystallization.16 This technique aims at reaching the
production or the recovery of crystals by means of membrane
technology, concretely membrane contactors. Easy scale-up
and low energy consumption are two of the main advantages of
this technology.17 Membrane distillation−crystallization works
properly at room temperature, although residual energy could
be used to enhance the transmembrane flux, typically running
with temperatures lower than 50 °C.18 On the other hand,
conventional evaporators involve the use of high temperatures
to heat the crystallizing solutions and to vaporize the solvent;
in conventional crystallizers, solutions are cooled to decreased
the solubility of the solute.
Crystal purity is also influenced by the fluid-dynamics of the

process. Scaling-up conventional equipment, such as batch
stirred tanks, usually involves a change in the hydrodynamics
of the system. An important shear stress and limitations in
working under continuous mode have been identified.17 On
the contrary, membrane crystallization usually works in a
laminar regime independently of the scale, and, therefore, good
crystalline structures can be obtained. Besides, the high
porosity of the membrane and the large membrane surface
can favor crystal nucleation. Membrane distillation−crystal-
lization is a novel technology that can lead to high-purity
crystals.19

Membrane distillation is commonly used to perform
crystallization.20,21 It is typically used for concentrating
solutions, but if the process continues up to the saturation,
the solute will precipitate in a crystalline way. Membrane
contactors are the common device in which membrane
distillation−crystallization is performed. Here, a nondispersive
contact is produced thanks to the membrane, which acts as a
separation barrier (without providing selectivity) between two
phases. The hydrophobic character of the porous membrane
allows the contact between both phases without mixing and
minimizing membrane wetting. If a highly concentrated
(osmotic) solution is used at the permeate side, the process
is known as osmotic membrane distillation. The difference of
water activity at both sides of the membrane leads to a driving
force that causes the water transfer. Water permeates thus from
the feed through the membrane due to the gradient of partial
pressures between both sides. If water permeation continues
over time until the supersaturation of the feed solution,
crystallization will then occur. Besides, the membrane provides
an excellent support for heterogeneous nucleation, easier than
the homogeneous one.18 Previous works have shown the
potential of this technology for sodium carbonate and sodium

sulfate crystallization in the context of capture of CO2 and SO2
from flue gases.22−25

In this work, a rigorous study of synthetic salt aqueous
solutions of Na2CO3, Na2SO4, and KNO3 has been performed
using osmotic membrane distillation−crystallization aiming to
crystallize the salts. The influence of concentrations, flow rates,
and impurities were studied in order to demonstrate the
potential of this technique to recover valuable salts from
wastewater.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Na2CO3 (anhydrous, AnalaRNormapur, 99.5%),

Na2SO4 (anhydrous, AnalaRNormapur, 99.5%), and KNO3 (anhy-
drous, AnalaRNormapur, 99.5%) were used to prepare the synthetic
wastewater coming from industrial production. NaCl (anhydrous,
AnalaRNormapur, 99.5%) was used to prepare the osmotic solution
that generates the driving force. Deionized water (18.2 MΩ cm−1)
was used to prepare all solutions.

2.2. Experimental Methodology. The osmotic membrane
distillation−crystallization setup used in this work is shown in Figure
1. Both feed and osmotic streams run in counter-current mode in the

hollow fiber membrane contactor (2.5 × 8 Extra-Flow ModuleLiqui-
Cel, Membrana GmbH, Germany). The characteristics of the
membrane contactor are shown in Table 1.

This specific contactor was selected due to (i) the material
polypropylenewhich allows the mass transfer without any kind of
reaction with the inorganic media at both sides of the membrane; (ii)

Figure 1. Osmotic membrane distillation−crystallization setup: (a)
one contactor, (b) two contactors in series. A, feed solution; B,
osmotic solution; C, membrane contactor; D, pumps; P; pressure
control system; E, reservoir for crystal growth.

Table 1. Characteristics of the Hollow Fiber Contactor

parameters data from manufacturer

module configuration hollow fibers
membrane/potting material polypropylene/polyethylene
fiber i.d./o.d. (μm) 240/300
wall thickness (μm) 40
effective pore size (μm) 0.04
porosity (%) 40
effective fiber length (m) 0.16
effective membrane surface area (m2) 1.4
number of fibers 10200
burst strength (bar) 27
contact angle (deg) 112
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the hydrophobicity of the membrane, which should prevent the
aqueous phases from penetrating into the pores; (iii) the large area
per volume; (iv) the opportunity to work in cocurrent or counter-
current mode and easily placing the contactors in series; (i) the
possibility to compare the results with previous works where a smaller
contactor but the same membrane characteristics were used. The
selected configuration (hollow fibers) leads to a very compact system
with a specific surface area of 1077 m2/m3, approximately, and a large
porosity (40%), which favors the heterogeneous crystallization, easier
than the homogeneous one.
In Figure 1a, the feed solution (i.e., aqueous solution of pure

Na2CO3, Na2SO4, KNO3, or mixtures) was pumped to the membrane
through the lumen side (inside of the hollow fibers) of the membrane.
Clogging is a critical issue in membrane crystallization that has to be
controlled since it would lead to operating problems or even
membrane damage. Introducing the feed solution in the lumen side
seems the best option since the mass transfer resistance is typically
smaller than that produced in the shell side. Thus, local super-
saturation could be minimized. Meanwhile, the osmotic stream
(NaCl) circulated in counter-current mode through the shell side
(outside of the hollow fibers). Both streams, the feed and the osmotic
streams, were recirculated to their respective reservoirs. The influence
of concentrations of the feed and osmotic solutions as well as the flow
rates on the transmembrane flux was studied. A second experimental
setup consisting of two membrane contactors placed in series was
used in order to increase the membrane area (Figure 1b). The outlet
of the first membrane contactor is the feed of the second one; the
outlet of the second contactor is sent to a reservoir to allow the
growth of the crystals. The overnatant liquid is recycled to the fist
reservoir. Regarding the osmotic side, two different solutions were
used, one for each membrane contactor. Table 2 shows the
experimental conditions for both systems. It is particularly important
to measure and control the pressure at the inlet of the membrane
contactor (“P” in Figure 1) to prevent blockage by scaling.
The transmembrane flux (J, m3 m−2 s−1) was calculated according

to eq 1, by means of experimentally weighting of the feed reservoir
over time.
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where Vp (m3) is the volume of water permeated from the feed
solution to the osmotic solution; A (m2) is the membrane area, ρwater
(kg m−3) is the density of water; wf (kg) is the weight of the reservoir
containing the feed solution at time ti (s).
The transmembrane flux is affected by the driving force; this is the

partial pressure and water activities of both feed and osmotic solution.
In order to eliminate the effect of the driving force, the overall mass
transfer coefficient, Kov (m Pa−1 s−1) is calculated as follows:22,23

= * − *K
J

p a p a( )ov
f f p p (2)

This coefficient allows evaluating the real membrane perform-
ance.26 In eq 2, J is the experimental water flux calculated with eq 1,
and a (−) and p* (Pa) represent the water activity27 and the vapor
pressure of the feed (f) and the osmotic (p) side, respectively. The
vapor pressure is directly related with the salt concentration of the
solution. Regarding the conditions of the NaCl, Na2CO3, Na2SO4,
and KNO3 solutions, the mole fraction of the solvent ranged from

0.92 to 0.94, 0.98 to 0.99, 0.97 to 0.99, and 0.96 to 0.99, respectively,
close to unity; i.e., the pure water vapor pressure. Therefore, it is
assumed the pure water vapor pressure for calculations leading to
simplify them.

Water activities for the four salts involved in the process are plotted
in Figure S1 (Supporting Information). The system ran at room
temperature (20 ± 1 °C).

2.3. Analytical Methods. 2.3.1. Total Water Fraction (TWF).
The content of water in the crystal was analyzed in order to know
which hydrate form is produced. This method starts taking the
crystals dried; i.e., the remaining water present on the crystals surface
coming from the filtration process is previously dried with a soft
tissue. Next, crystals are placed on a chamber for a period of 24 h and
finally introduced in an oven at 105 °C for 4 h leading to remove the
water contained in the structure.

The water fraction is then defined as a ratio given by the weight of
the empty platter (Wplatter), the weight of the platter with crystals
before the 24 h in the chamber (Winitial) and after the oven treatment
(W105°C;4h):

=
−
−

°w w

w w
TWF initial 105 C;4h

initial platter (3)

Table 3 shows the theoretical water fraction for the different forms
of each salt. The solubility curves for the three salts can be found in
Figures S2−S4 (Supporting Information).

2.3.2. Charpentier−Volhard’s Method. The composition of feed
solutions only have pure salts or a mixture of the salts. In osmotic
membrane distillation, water should only permeate from the feed side
to the osmotic side in vapor phase. However, if membrane wetting
takes place, some Cl− or Na+ ions coming from the osmotic NaCl
solution could cross the membrane to the feed. Previous research by
Luis et al. (2013)25 demonstrated that this phenomenon may occur.
Detecting those ions in solution is an indication of membrane wetting.

The Charpentier−Volhard’s method is typically used to determine
the amount of Cl−, and it has been used for characterizing both the
feed solution and the obtained crystals once the experiments had
finished. It is a back-titration method where all the Cl− precipitates as
AgCl by adding AgNO3 in excess according to reaction R1. Then,
precipitates are withdrawn from solution, and a second titration is
made to measure the amount of Ag+ employed by adding KSCN
(reaction R2). Finally, an indicator containing Fe3+ ends the method
when the solution becomes dark red (no more Ag+ ions present). The
number of moles of Cl− present is given by eq 4:

+ →+ −Ag Cl AgCl(aq) (aq) (s) (R1)

Table 2. Experimental Conditions Used in This Work for Membrane Characterization

feed solution osmotic solution

concentration (g L−1) flow rates (mL min−1) concentration (g L−1) flow rates (mL min−1)

one contactor (Na2CO3) 10−150 300 200−300 450
one contactor (Na2SO4) 20−170 300−400 200−300 300−811
one contactor (KNO3) 10−250 300−410 200−300 450−810
two contactors (Na2CO3) 150 300 300 450

Table 3. Theoretical Water Content for Different Crystals

crystal TWFtheoretical (wt %)

KNO3 0
Na2CO3 0
Na2CO3·H2O 14.53
Na2CO3·7H2O 54.33
Na2CO3·10H2O 62.96
Na2SO4 0
Na2SO4·7H2O 47.03
Na2SO4·10H2O 55.91
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Table 4. Composition of the Mixtures Crystallized

salt Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5 Mixture 6

Na2CO3 (wt %) 98.02 95.36 1.39 2.31 1.42 0.00
KNO3 (wt %) 1.98 1.93 96.75 2.21 98.58 2.26
Na2SO4 (wt %) 0.00 2.71 1.86 95.48 0.00 97.74

Figure 2. Transmembrane flux as a function of the feed concentration. Feed and NaCl flow rates are 300 and 450 mL min−1, respectively. Values
corresponding to 100 g L−1 Na2CO3 reprinted from Ruiz Salmoń et al., (2017).27 Room temperature.

Figure 3. Transmembrane flux as a function of the feed concentration: (top) Na2SO4 and (bottom) KNO3. Room temperature.
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+ →+ −Ag SCN AgSCN(aq) (aq) (s) (R2)

= −n n nCl AgNO KSCN3 (4)

where nAgNO3
is the number of moles of AgNO3 added before the

titration and nKSCN is the quantity of KSCN added during the
titration. To obtain the concentration of Cl− that was previously in
the solution, it is required to divide by the initial sample volume and
take into account the potential dilution factor.
2.3.3. X-ray Diffraction. X-ray diffraction allows identifying the

nature of the solid state. Here, the X-ray diffractometer produces an
image (diffractogram) which depends on the nature of the crystalline
phase.
A powder diffraction apparatus (Siemens D5000 equipped) was

used to analyze the crystals with CuKα radiation λ = 1.5418 Å. The
analyses were carried out at 40 kV and 40 mA, with a scan window of
2Θ value from 2 to 50°. The scan speed was 0.6 min−1, and the pitch
was 0.02°.
Clean samples of crystals were crushed and deposited on the wafer.

Then, the analysis was started. The analysis of the results consists of a
comparison of the spectra obtained for the crystals with the spectra
from the literature.
2.3.4. Microscopy Tests. Crystals were examined by means of

direct optical microscopy using a microscope Olympus AX70 Provis.
A calibration was required to clarify the link pixel/distance.

3. RESULTS AND DISCUSSION
Four main variables, i.e., the concentration of feed and osmotic
solutions, flow rates, impurities (traces of different salts, see
Table 4) in the feed and number of membrane contactors (one

or two in series), were studied to see their effect on the
transmembrane flux, the mass transfer coefficient, and the
crystallization process, according to the experimental con-
ditions indicated in Table 2.

3.1. Influence of the Concentrations and Flow Rates
on the Transmembrane Flux and Mass Transfer
Coefficient. The experimental system indicated in Figure 1a
was considered. Three inorganic salts, i.e., Na2CO3, Na2SO4,
KNO3, were used as feed simulating industrial wastewater.
Feed concentration oscillated from 20 to 170 g L−1, while
osmotic solution varied from 200 to 300 g L−1. The flow rates
of the feed and osmotic solutions varied from 150 to 400 mL
min−1 and from 300 to 810 mL min−1, respectively.
Figure 2 shows the transmembrane flux as a function of the

feed and osmotic solution concentration. The highest trans-
membrane flux is obtained when the highest concentration of
osmotic solution is used (i.e., 300 g L−1 NaCl). On the other
hand, the concentration of the feed solution has a slight effect
on the flux. Thus, it is the variation of the concentration of the
osmotic solution that led to a significant variation in the
transmembrane flux. This trend can be explained in terms of
the water activity. Figure S1 shows the values of water activity
for the studied salts while varying the salt concentration. The
water activity for NaCl varies significantly more with the
concentration than the other salts. In other words, the driving
force is more affected by a change in NaCl concentration than
with the other salts. This means that the concentration of the
osmotic solution has a large impact in the transmembrane flux.

Figure 4. Mass transfer coefficient as a function of the feed concentration: (top) Na2SO4 and (bottom) KNO3. Room temperature.
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Regarding the kind of salt in the feed solution, no significant
differences in transmembrane flux are observed (Figure 2).
The transmembrane flux obtained is very similar, independ-
ently to the salt in the feed solution: Na2CO3, KNO3, or
Na2SO3. Again, the values of water activity in the feed solution
are very similar for the concentration range studied for those
salts (see Supporting Information). It can be concluded that
the effect of feed concentration is negligible for the studied
salts. On the contrary, NaCl concentration in the osmotic
solution will have a large impact on the driving force and
therefore on the final transmembrane flux.
Figures 3 and 4 present the fluxes and mass transfer

coefficient against the concentrations of sodium sulfate and
potassium nitrate, respectively, for several experimental
conditions where feed concentration and both feed and
osmotic flow rates were studied. Two combinations of feed/
osmotic flow rates were employed: 300/450 and 400/810 mL
min−1 for both salts. Two main conclusions may be inferred
from the results: (1) the higher the osmotic concentration, the
higher the transmembrane flux; (2) the variation of the flow
rate hardly affects the final flux: the studied feed/osmotic
solution velocities did not show any effect on both the
transmembrane flux and the mass transfer coefficient of the
sodium sulfate.
Regarding potassium nitrate, a slow decrease on the flux was

observed when the feed concentration decreases. For the same
feed and osmotic concentration, no influence of the flow rate
was observed, with very similar results to those obtained with
sodium sulfate. This is due to the water activities addressed in
Figure S1 as previously stated, where the values for both salts
are practically equal until 200 g L−1.
Figure 4 displays the mass transfer coefficient for the same

cases studied in Figure 3. This coefficient is the main
parameter to evaluate the membrane performance since the
effect of the driving force is eliminated, as indicated by eq 2.
The constant value of the coefficients for all the experiments
made for Na2SO4 (4.77 × 10−11 ± 3.80 × 10−12 m s−1 Pa−1)
and KNO3 (4.96 × 10−11 ± 5.32 × 10−12 m s−1 Pa−1) reveals
that there were no phenomena of concentration polarization or
wetting affecting the mass transfer, which makes the process
less efficient than expected. Accordingly to eq 2, a constant
value of the coefficients is always expected because the flux and
the driving force are normally proportional. If this does not
happen, a poorer yield of the membrane contactor would be
produced, leading to a lower mass transfer coefficient. In this
work, the presence of polarization is thus not observed.
However, polarization was slightly noted in a previous work
using osmotic membrane distillation for sodium carbonate
crystallization with the same membrane contactor when feed
flow rates lower than 50 mL min−1 were applied.27 In that case,
lower values of mass transfer coefficients were obtained when
lower flow rates were used (3.89 × 10−11 ± 7.28 × 10−13 m s−1

Pa−1). It was also observed that the mass transfer coefficients
(3.98 × 10−11 ± 1.48 × 10−12 m s−1 Pa−1) slightly decreased
when the osmotic concentration passed from 100 g L−1 to 300
g L−1, but it could not be explained by polarization
phenomenon, and it was mentioned wetting of the pores as
the possible cause.
3.2. Increasing the Membrane Area: Two Membrane

Contactors in Series. The performance of two membrane
contactors in series (Figure 1b) was evaluated in terms of
transmembrane flux and overall mass transfer coefficient and
compared with the results using one contactor. Figure 5 shows

the comparison of transmembrane fluxes of the single setup
and the two membranes in series. Results indicate that using
two membrane contactors did not alter the normal trend of the
system. The same transmembrane flux was obtained. This
result validates one of the advantages of this kind of
technology: the linear and easy scale-up. In this sense, previous
works confirm this conclusion by comparing the mass transfer
coefficients of different sizes of membrane contactors:
minimodules22,23,25,28 and extramodules.27 In addition, the
order of magnitude of the coefficients rounded the 10−12−
10−10 for similar technologies and applications.17 Furthermore,
the large area per volume, 3−40 times larger than conventional
crystallization units,29 and the small energy consumption, 5−
36 times lower than traditional processes, such as multistage
flash distillation or multieffect distillation,17 make membrane
crystallization as a powerful competitor.
Using several modules in series instead of a larger contactor

with the same membrane surface presents the advantage of
using fresh osmotic solutions in each contactor with the
desired concentration. Thus, depending on the final require-
ments of the wastewater treatment (different levels of
concentration or crystallization), the driving forces can be
perfectly controlled during all the process. In the studied case,
the most logical configuration would be placing the highest
osmotic concentration at the very beginning of the setup
leading to remove the mayor part of water and, in the last
stages, using osmotic solutions with low concentrations in
order to avoid scaling in membranes.

3.3. Characteristics of Obtained Crystals. In addition to
the evaluation of the effect of the operating conditions on the
process performance, the characteristics of the crystals were
also studied: morphology and purity.

3.3.1. Crystal Purity. Membrane crystallization experiments
were made in the single setup using both pure solutions and
mixtures of two or three salts at room temperature. Initial feed
concentration of Na2CO3, Na2SO4, and KNO3 was 200, 175,
and 290 g L−1, independently of the presence of impurities.
These concentrations were chosen because they are close to
the saturation (the solubilities of Na2CO3, Na2SO4, and KNO3,
which are 216 g L−1, 192.3 g L−1, and 316 g L−1, respectively,
at normal temperature and pressure), and then, the time of the

Figure 5. Transmembrane flux as a function of the number of
membrane contactors. Na2CO3 concentration is 150 g L−1 and NaCl
concentration is 300 g L−1, feed and osmotic flow rates are 300 mL
min−1 and 450 mL min−1, respectively. Room temperature.
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experiments could be shorter. Composition of the mixtures are
collected in Table 4.
The crystal purity was analyzed following different methods.

First, total water content of the crystals was measured (Table
5) and compared with the theoretical values (Table 3). Thus,

water fraction calculation revealed that sodium carbonate
decahydrate (Na2CO3·10H2O) was obtained, which agrees
with the typical diagram phase concentration−temperature.30

Regarding the nitrates and sulfate, the applied operating
conditions allowed producing sodium sulfate decahydrate
(Na2SO4·10H2O) and potassium nitrate (KNO3) during the
experiments. Again, the binomial concentration−temperature
diagrams of the sulfate31 and the nitrate32 corroborate the
result. For the three salts, experimental total water fraction

(TWF) was slightly higher than the theoretical ones. This may
be because of the water uptake from the environment, leading
to values of 6.25% and 4.55% for the nitrate and the carbonate,
respectively.
Second, X-ray diffraction was carried out. The spectra of the

crystals were compared with references (Figure 6). It can be
seen that all peaks generated in the mixtures fit with the
literature case. Similar conclusions were previously obtained,
even with higher impurity concentrations at mother liquor22 or
in mixtures sodium carbonate-sodium sulfate.24 The coinci-
dence of the peaks reveals a high purity, even with the presence
of impurities in the crystallizing solution, and, apparently, no
cocrystallization occurred. This is due to the fact that
membrane crystallization allows pure crystal production thanks
to the low rate of evaporation and the low temperatures (room
temperature was used in all the research).22,33

A second analysis, the Charpentier−Volhard’s method, was
applied in both solutions and crystals, in order to see if
chloride ions passed from the permeate side to the feed
solution and contaminate it. Three kinds of samples were
studied (Table 6): pure solutions obtained using simple
crystallization by evaporization; pure solutions used in
membrane crystallization; and feed solutions with impurities.
The first group of samples, i.e., crystals from evaporization and,
therefore, without no contact with osmotic solution, were used
as reference. It was observed, as expected, that the liquid phase
was free of chlorides, and purity of the solute was 99.99%. In
the second group, i.e., solutions after membrane crystallization,
both liquid and rinsed crystals displayed a purity higher than

Table 5. Total Water Fraction Obtained for Pure Solutions
and Mixtures

crystal (+ impurities) TWFexperimental (wt %) according to eq 3

KNO3 6 ± 3
Na2CO3 67 ± 3
Na2SO4 59 ± 1.5
Na2CO3 (+ KNO3) 67 ± 4
Na2CO3 (+ KNO3 + Na2SO4) 66 ± 1
Na2SO4 (+ KNO3) 64 ± 4
Na2SO4 (+ KNO3 + Na2CO3) 59.1 ± 0.3
KNO3 (+ Na2CO3) 1 ± 1
KNO3 (Na2CO3 + Na2SO4) 6 ± 5

Figure 6. X-ray specters of salts. Green lines correspond to mixtures with two impurities; blue lines correspond to mixtures with one mixture and
red lines correspond to literature reference of pure salts.
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99%, but a small presence of chlorides was detected. This
indicates that a part of the osmotic solution got into the feed
solution, which is not desirable. In this case, minor wetting
occurs because Cl− is detected in the feed solution, which is an
undesired phenomenon, but there is not an important effect on
the normal process (transmembrane fluxes) and the final purity
of the crystal. It may be caused by the normal use of the
membrane contactor for several years.
Finally, solutions with impurities showed similar results than

the second group: pure crystals but solutions contaminated by
chlorides.
3.3.2. Crystal Morphology. In crystalline materials, atoms

are periodically arranged, but in amorphous materials atoms
are randomly arranged. Thus, X-ray light incises in a crystal
plane on atoms, then it scattered in a particular direction and
gives a high intensity narrow peaks. In the case of amorphous
materials, when X-ray light incises on atoms in a plane, it is
scattered in random directions due to the random orientation
of atoms, giving a broad peak or background hump.34

Regarding the spectra of Figure 6, the structure of the salt
reference (red patterns) is perfectly crystalline. On the other
hand, for the salts analyzed (green and blue patterns), smaller
and broad peaks can be appreciated and the presence of
amorphous structures is revealed.

The three salts obtained by membrane crystallization are
plotted in Figures 7, 8, and 9. Ordinary photo- and microscopy
pictures of crystals from pure solutions (a), with one impurity
(b) and with two impurities (c) are shown.
Pictures with subscript 1 in Figures 7−9 show that sodium

carbonate and sodium sulfate crystals formed rounded
agglomerates, while the small angled crystals of potassium
nitrate appeared compacted in aggregation form where softer
joins between the nuclei occur. Colorless crystals were
obtained, indicating the presence of water molecules inside,
as it has been previously stated.
Regarding the microscopy photos (suffix 2 in Figure 7−9),

the characteristic shape of the crystal unit incrusted inside the
whole agglomerates is indicated (pointed with arrows).
Hexagonal shapes can be found in Figures 7a2 and 8a2 while
the shape changes to the monoclinic and the triclinic shape
when it exists in the presence of impurities.22

Figure 10 displays the nitrate crystals at different moments
of the experimentation. Pictures 10a1 and 10a2 show the first
big nuclei obtained and 10b1 and 10b2 the crystal piece a few
hours after the process was finished. The difference of shape
and size can be clearly seen. Here, heterogeneous nucleation,
i.e., nuclei grow is assisted by suspended particles of a foreign
substance or by solid objects such as the wall of the
container,18 took place in the set up. Membrane surface and
the wall of the crystallizer used favored the heterogeneous
nucleation, which is easier than the homogeneous nucleation
(nuclei grow in the bulk solution). Primary nucleation took
place first (no seeds were used) with a slow growth of the
crystals up to reach a high supersaturation. Then, secondary
nucleation started: solute in solution contacted with the
surface of the initial nuclei. A rapid crystal grow was observed
in the secondary nucleation against the primary one.35 Again,
small amorphous crystal units can be seen inside the clusters.
Although membrane crystallization succeeded, it was found

that if no turbulences exist in the reservoir, larger sizes of
carbonates are easily produced (Figure 10b1). For this reason,
depending on the size that one is looking for, configuration
(size, shape, etc.) of the crystallizer must be taken into account.
Finally, the efflorescence phenomenon, i.e., total or super-

ficial conversion of a mass into powder caused by the loss of
water, is addressed in Figure 11. This phenomenon describes a
change of phase that occurs in both sulfate (Figure 11a) and
carbonate (Figure 11b). Here, the water of the decahydrate
sulfate and the decahydrate carbonate evaporates, and crystals
change into the monohydrate and anhydrous form. This was

Table 6. Amount of Cl− in Liquid and Crystals

Cl− (g L−1)

sample liquid
rinsed
crystals

feed solutions (crystallization by
evaporization)

KNO3 <0.005

Na2CO3 <0.005
Na2SO4 <0.005

feed solutions (membrane
cystallization)

KNO3 0.51 <0.01

Na2CO3 1.34 <0.01
Na2SO4 0.50 <0.01

feed with impurities (membrane
crystallization)

Na2CO3 + KNO3 1.43 <0.01

Na2CO3 + KNO3
+ Na2SO4

2.35 <0.01

Na2SO4 + KNO3 2.08 <0.01
Na2SO4 + KNO3
+ Na2CO3

1.55 <0.01

KNO3 + Na2CO3 0.84 <0.01
KNO3 + Na2CO3
+ Na2SO4

0.56 <0.01

Figure 7. Na2CO3 crystals without impurities (a), with KNO3 (b), and KNO3 and Na2SO4 (c) impurities. Normal (1) and microscopy pictures (2).
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previously observed.27 White surfaces (pointed with arrows)
can be seen in both ordinary photo (top high of each picture)
and the microscopy images. Efflorescence only takes place
when some heat (even the sunlight) radiates the crystal. Figure
11a1 was in the dark and Figure 11a2 was put behind a light.
Incipient efflorescence can be also seen in Figure 11b1 (small
white dots), and they become larger when the light time
increases. In terms of industrial application, this phenomenon
does not suppose a relevant problem if, for example, cement or
ceramic production is the final objective, because water
molecules inside the salts would not affect the process.

4. CONCLUSIONS
The crystallization of the inorganic salts (sodium sulfate,
potassium nitrate, and sodium carbonate) was technically
demonstrated using osmotic membrane distillation−crystal-
lization. It was found that transmembrane fluxes were very
influenced by the concentration of the osmotic solution (which
generates the driving force in this process) and were not
affected by the concentration of the feed side or the flow rate

Figure 8. Na2SO4 crystals without impurities (a), with KNO3 (b), and KNO3 and Na2CO3 (c) impurities. Normal (1) and microscopy pictures (2).

Figure 9. KNO3 crystals without impurities (a), with Na2CO3 (b), and Na2CO3 and Na2SO4 (c) impurities. Normal (1) and microscopy pictures
(2).

Figure 10. KNO3 crystals without impurities: (a) at the beginning of
the crystallization and (b) few hours later of finishing the experiment.
Normal (1) and microscopy pictures (2).

Figure 11. Na2SO4 without impurities (a) and Na2CO3 with
impurities (b) crystals. White points correspond to a different phase
of the crystals.
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variation at both sides of the membrane. Furthermore, mass
transfer coefficients were kept constant showing no problems
of polarization of wetting. Using two membrane contactors in
series kept the membrane performance.
Besides, potassium nitrate and decahydrate sodium carbo-

nate and decahydrate sulfate crystals were produced without
any effect of the impurities (small quantities of other salts in
pure solutions) or the presence of chloride anions.
Efflorescence phenomenon occurred when a soft heat source
radiated the carbonates and the sulfates obtained, and,
therefore, monohydrate and dehydrate forms of these crystals
appeared on the surface.
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