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a b s t r a c t

The increasing amount of waste water and effluent from South Africa’s mining industry forms a growing problem,

which processing requires sustainable solutions in which both the water and the dissolved component can be re-

used. Eutectic freeze crystallisation (EFC) has been identified as a key technology that is not only energy efficient, but

also produces ice and salt products of high quality. Unlike reverse osmosis membrane systems, EFC can treat both

dilute and concentrated systems minimising waste water volumes. In this paper it is shown that freeze and eutectic

freeze crystallisation can be used for the processing of a reverse osmosis retentate stream containing 4% NaSO4 and

a number of impurities (F, Cl, K, Li, Mg, Ca, NO3 and NH4), producing both pure water and NaSO4·10H2O crystals.

The influence of the impurities on the eutectic point and on the crystal structure of mirabilite was investigated

using EFC technology investigated for a pure binary system, for a synthetic reverse osmosis retentate as well as for
a concentrated NaCl system. In addition, investigations into the recovery and purity of mirabilite for these streams

were conducted.

© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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ensures very high purity grades. It has been proven that this
. Introduction

he brine capacity of South Africa is increasing exponen-
ially due to the large quantities of waste water and effluent
eing produced by industry. The mining industry, in particu-

ar, is under enormous pressure to recycle and re-use water
n order to minimise the intake of fresh water from rivers and
rom water utility companies. As a result, much investigation
as been carried out into identifying cost-effective methods

or treatment and minimisation of this polluted water. How-
ver, low-cost treatment of large volumes of this water is not
traight forward and different approaches are being followed
y the various industries (Burger et al., 2003).

Salinity build-up is often a direct consequence of this drive
o save water through recycling and other water saving mea-
ures. Significant progress has been made during the past few
ears with improved desalination technologies in industry and
ining, reverse osmosis membrane technology proving the

ost effective. However, the recovery of water in this pro-

ess is limited and is only applicable to dilute streams due to
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the increased potential of fouling of the permeable membrane
once the treated solution reaches its mineral salt scaling lim-
its. Although the use of anti-scalants can suppress the mineral
salt precipitation to some extent (Rahardianto et al., 2007),
large volumes of retentate is still being produced.

Eutectic freeze crystallisation (EFC) has been identified as
a key technology in helping to overcome this limitation as
EFC can treat both dilute and concentrated aqueous waste
streams. The process involves the simultaneous crystallisa-
tion of both pure salt and ice from aqueous solutions at the
eutectic. By exploiting the density properties of the crystals
formed and the mother liquor, separation can be achieved. Ice
has a much lower density (<1 g/cm3) than the mother liquor
(1–1.2 g/cm3) which allows the ice to float to the top of the
reactor for removal, and salt crystals with densities ranging
from 1.2 to 1.7 g/m3 causes the salt to sink to the bottom of
the reactor to be recovered. Washing stages for both crystals
iversity of Cape Town, Cape Town, South Africa.
m (S.T. Reddy).
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technology has shown lower energy consumption than con-
ventional evaporative processes (van der Ham, 1999; Vaessen,

neers. Published by Elsevier B.V. All rights reserved.
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Presented in Fig. 2 (Thomsen, 2007) is the binary phase dia-
gram for the Na2SO4–water system. The diagram shows the
1154 chemical engineering research

2003; Genceli, 2008) as well as being applicable to a wide range
of aqueous streams of various concentrations.

The specific focus of this paper is to investigate the fea-
sibility of the use of EFC technology for a full recovery of
water and salt from hypersaline waste streams that have been
pre-treated using a reverse osmosis membrane unit for water
recovery. Firstly, the scaling limits of the RO membrane separa-
tions are examined to define the composition of the retentate
stream. Secondly, a preliminary study has been carried out to
determine the data for the phase diagram and the eutectic
points for mirabilite in a pure binary Na2SO4–water system
and subsequently a mixed salt brine stream. Finally, an inves-
tigation to determine the effect on the eutectic and recovery
and purity of mirabilite in concentrated NaCl brine is con-
ducted.

2. Experimental

2.1. Solution preparation

Weighed quantities of analytical grade (>99 wt%) salts were
dissolved in 10 L of ultra pure water (18 M�/cm) using an over-
head stirrer for 30 min to obtain a homogeneous solution. The
synthetic solutions (Table 1), based on an industrial brine, were
subsequently transferred to the crystalliser. The main focus of
these experiments was on the recovery and purity of sodium
sulphate; hence the remaining ions (F, Cl, K, Li, Mg, Ca, NO3

and NH4) in solution were treated as impurities in the system.

2.2. Experimental set-up and operation

A 12 L scraped cooled wall crystalliser (SCWC) was used for
conducting batch crystallisation experiments in which the
scraper speed was set to 20 rpm, which was sufficient for
good mixing. Cooling was achieved using a Lauda Kryomat
RUK90S cooling unit. Built-in LabviewTM software allowed for
the recording and capturing of temperature readings every
10 s using the ASL F250 precision thermometer connected to
a PT-100 temperature sensor with an accuracy of ±0.01 ◦C.
The sensors were placed at various points in the reactor to
record, the change in temperature of the reactant solution and
temperatures of the inlet and outlet streams of the coolant.
The flowrate of the coolant, Kryo 85TM, was kept constant at
1500 kg/h and a recycle stream, which also served as a sam-
pling outlet, was maintained at 72 kg/h.

The temperature of the cooling liquid was maintained at
−5 ◦C for experiments 1 and 2. These were unseeded experi-
ments. However, for experiment 3, the reactant solution was
cooled at a rate of 5 ◦C/h for 6 h; thereafter the coolant liq-
uid temperature was maintained at a constant temperature
of −25 ◦C until the system reached eutectic. This system was
seeded with 50 g ice seeds at various temperatures: −10 ◦C,
−15 ◦C and −19 ◦C.

2.3. Sampling and analysis

20 ml filtered samples were taken at 30 min intervals and anal-
ysed using ion chromatography (±2.5% error) to measure the
cations and anions in the mother liquor and the impurity
content of the salt crystals produced. The salt and ice were
isolated allowed to separate through gravitational separation

Micrographs of the ice and salt crystals were taken using the
Nikon Optiphot 200 microscope and the size was determined
visually using image analysis software, Image Pro Plus 5. The
Fig. 1 – Supersaturation of various salts from the reverse
osmosis retentate stream as a function of water recovery.

hydrate content of the salt crystals was determined via ther-
mal analysis using the Denver Instrument Company: Mark 2
Moisture Analyser to establish the hydrate number of the salt
crystals produced.

3. Results and discussion

3.1. Modelling studies showing water recovery using
OLI Analyser software

As mentioned previously, the recovery of water using the
reverse osmosis technology is limited by the precipitation
limits of the different salts. Fig. 1 shows the potential for
increased recovery of water by RO. The higher the water recov-
ery results in higher supersaturation of the different salts.
The supersaturation is defined here as the ionic activity prod-
uct (IAP) divided by its solubility product. The system can be
concentrated to the saturation point of Na2SO4 by recovering
water. As can be seen from Fig. 2, a water recovery of approx-
imately 20% can be achieved. Higher water recovery can only
be achieved by further treating the reverse osmosis retentate
(TDS ≈ 18,000 mg/L) using an alternative technique like eutec-
tic freeze crystallisation, in which both salt products and the
remaining water in the stream can be recovered.

3.2. Na2SO4–water phase diagram
Fig. 2 – Binary phase diagram for Na2SO4–water showing
regions of stable phases (Thomson, 2007).
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Table 1 – Table showing compositions of the synthetic experimental streams investigated.

Species Experiment

1 2 3
Na2SO4–H2Oa (mol/kg) Na2SO4–brinea (mol/kg) Na2SO4–NaCl–H2Oa (mol/kg)

Na2SO4 0.352 0.287 0.296
NaCl 0.0594 2.05
NH4

+ 0.0014
Li+ 0.0007
K+ 0.0004
Mg2+ 0.0001
Ca2+ 0.0116
F− 0.0004
NO3

− 0.0004
Remaining Cl− 0.0062
Remaining SO4

2− 0.0120
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150 min, a decrease in the concentration of the Na+ and SO4
2−
egions of stability for various hydrates of sodium sulphate
s a function of concentration and temperature. Sodium
ulphate exists in three hydrate forms: anhydrous Na2SO4

thenardite), Na2SO4·7H2O and Na2SO4·10H2O (mirabilite)
Lide, 2006). The transition point, where the stable crys-
alline form of sodium sulphate changes from thenardite to

irabilite, is at a concentration of approximately 33.13 wt%
nd 32.27 ◦C (Thomsen, 2007). The focus is on the lower tem-
erature region where mirabilite is the dominant crystalline
orm of the sodium sulphate.

Fig. 3 presents the temperature cooling profile of the 5 wt%
a2SO4–H2O reactant solution as a function of time. The

eported eutectic temperature and composition for a binary
a2SO4·10H2O (mirabilite) system is −1.2 ◦C and 3.8 wt%

Pronk, 2007; Vaessen, 2003; van der Ham, 1999; Gmelin, 1958;
arduhn and Manudhane, 1979; Marion and Farren, 1999). The
ystem reached supersaturation at a temperature of −0.96 ◦C
point A) where the first salt crystals were visibly. Upon fur-
her cooling, there was an increase in salt crystallisation,
esulting in the reactant solution decreasing in concentra-
ion until point B was reached where ice began to crystallise
ut simultaneously with the salt product at a temperature
f −2.27 ◦C. The release of the crystallisation enthalpy at the
ucleation point B resulted in the sudden rise of the reac-
ant temperature to −1.27 ◦C. After a short period of time
he temperature of the system gradually began to rise to
1.24 ◦C where it reached a plateau and the concentration
t the eutectic temperature was measured to be approxi-
ately 4 wt%. This is in good agreement with values reported
bove.

ig. 3 – Graph showing the temperature profile for a 5 wt%
a2SO4–H2O system cooled from ambient to eutectic.
3.3. Determining the eutectic for mirabilite from a
4 wt% Na2SO4 brine system

In light of the above results, a synthetic reverse osmosis
retentate with a 4 wt% Na2SO4 concentration containing the
following impurities (F, Cl, K, Li, Mg, Ca, NO3, NH4) was inves-
tigated to determine the effect on the eutectic point of the
system as well as to monitor crystal size and purity. The
coolant temperature was maintained at −5 ◦C. Fig. 4 gives the
temperature profile for the reactant solution for the above
system. Point C is the point where the first mirabilite crys-
tals were produced at 0.38 ◦C. This is significantly higher
than the temperature of the pure binary system. The pres-
ence of 0.06 m NaCl in the brine decreased the solubility
of the mirabilite ion by the common ion effect (Marliacy et
al., 2000), increasing the supersaturation of the solution and
hence resulting in the higher mirabilite nucleation tempera-
ture. The ice nucleation (point D) occurred at a temperature
of −2.75 ◦C and the system reached the eutectic at −2.22 ◦C,
which is also significantly lower than the pure binary sys-
tem. This shows that the presence of impurities (F, Cl, K,
Li, Mg, Ca, NO3 and NH4), even in low concentrations, have
a clear effect on the eutectic temperature by depressing
the freezing point of ice and, subsequently, the eutectic
point.

Fig. 5 shows the concentration of the different components
measured as a function of time for the synthetic hypersaline
mixed salt brine consisting of 4 wt% Na2SO4. Between 60 and
ions was noted, corresponding to the crystallisation phase

Fig. 4 – Graph showing the temperature profile for a 4 wt%
Na2SO4–brine system cooled down from ambient to
eutectic.
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Fig. 5 – Graph showing the change in concentration of the
different ions in solution for a 4 wt% Na2SO4–brine system
cooled down from ambient to eutectic.

Fig. 7 – Graph showing the theoretical recovery of mirabilite

sation of ice and Na2SO4·10H2O, however, the solubility limit
between the temperature jump at point C and D where only
Na2SO4·10H2O is crystallised. After 150 min, where both ice
and salt crystals are produced, the concentration of the Na+

and SO4
2− ions remained more or less constant, close to the

composition of the eutectic point, while the concentration
of the other remaining ions started to increase due to the
removal of water from solution in the form of ice and the salt
hydrate.

The mirabilite crystals presented in Fig. 6(b) do not show
any imperfections that could result in impurities being
incorporated into the crystal structure. The well faceted
crystals are prismatic and monoclinic in shape. The size
range was approximately 20–100 �m at 30 min after reach-
ing the eutectic point. After 150 min, the crystal sizes
ranged from 50 to 350 �m. The ice crystals produced ranged
from 100 to 450 �m and contained an impurity content
of <20 ppm after seven washing stages with super-cooled
water.

The Na2SO4·10H2O crystals were washed initially with a
saturated solution of sodium sulphate and then with ethanol
to remove any impurities. The crystals were analysed to
determine if there were any traces of impurities within
the crystal structure. The analysis showed that 100% pure
crystals were produced from the synthetic reverse osmosis
retentate stream. A thermal analysis was carried out on a
small amount of washed salt product (1.5 g) to determine
the hydrate number of the crystals. Mirabilite is unstable
and, with a melting point of 32.1 ◦C (Lide, 2006), it loses the
waters of crystallisation quickly. The analysis showed a loss of
mass of approximately 56% which corresponds to a 10 water

hydrate.

Fig. 6 – Micrographs of mirabilite crystals after 1� (a) and after 3�

crystal product after 3� {scale bar = 400 �m}.
with decreasing temperature.

3.4. Determining the recovery of mirabilite from a
4 wt% Na2SO4–20 wt% NaCl system

Due to the high concentration of NaCl, the system reached
supersaturation with regards to mirabilite crystallisation at
approximately 10.45 ◦C. However, the temperature “jump”
only occurred when the reactant solution reached 3.1 ◦C. It
is unknown at this time why this phenomenon occurred but
further investigations will be carried out.

The system was seeded with 50 g ice seeds at various tem-
peratures: −10 ◦C, −15 ◦C and −19 ◦C, however, only at −19 ◦C
was the system supersaturated for the ice seeds to create
nucleation. This is an extremely significant drop in the freez-
ing point of the water in the system. Upon further cooling,
the system reached a plateau at −21.22 ◦C, which is in good
agreement to the temperature reported by Marion and Farren
(1999) as the eutectic temperature for a Na2SO4–NaCl system.
The concentration of NaCl in this study is much lower than
that reported by Marion and Farren, and therefore explains
the lack of recovery of hydrohalite from the system.

Fig. 7 shows the recovery of mirabilite as a function of tem-
perature. After 270 min after nucleation, a 90% recovery of
mirabilite is seen at a temperature of −15 ◦C. This has great
implications for sequentially removing salts from the brine.

Fig. 8 shows the trend in the concentrations of the differ-
ent ions as the system is cooled to eutectic. The decrease
in the concentration of SO4

2− ions mimics the recovery of
the mirabilite already shown in Fig. 7. The increase in con-
centration of Cl− ions indicates that the system was being
concentrated with respect to NaCl·2H2O, due to the crystalli-
was never reached and no NaCl.2H2O crystals were produced.
This was further confirmed by a chemical analysis of the salt

(b) {scale bar = 300 �m}. Micrograph (c) represents the ice
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ig. 8 – Graph showing the concentration profile of the ions
n solution as a function of time.

rystals. The study revealed a recovery of >90% of sodium sul-
hate in the system as can be seen in Fig. 7 with mirabilite
rystal sizes ranging from 50 to 400 �m.

. Conclusions

The eutectic temperature and concentration of the binary
Na2SO4–water system studied was determined experimen-
tally to be −1.24 ◦C and approximately 4 wt%, which is in
good agreement with literature.
The presence of low concentrations of F, Cl, K, Li, Mg, Ca, NO3

and NH4 impurities in a Na2SO4–water system depresses
the eutectic point of Na2SO4·10H2O crystallisation from
−1.24 to −2.22 ◦C.
Using EFC, pure water crystals were obtained (<20 ppm
impurities) from a synthetic retentate stream after seven
washing steps.
Ice crystals produced ranged from 100 to 450 �m in size.
Very pure mirabilite crystals, without any detectable impu-
rities, were produced from a synthetic retentate stream as
well as a sodium sulphate stream containing 20 wt% NaCl
using a batch eutectic freeze process.
Salt crystal sizes ranged from 20 to 100 �m, after 30 min of
reaching the eutectic point, and 50–350 �m after 150 min for
the synthetic brine stream and between 50 and 400 �m from
the 20 wt% NaCl stream.
Thermal analysis revealed that the crystals produced were
mirabilite (Na2SO4·10H2O).
The presence of higher concentrations of NaCl lowers the
solubility of Na2SO4 by the common ion effect, but at the
same time gives rise to a strong depression on the freezing

point of water.
A recovery of >90% pure Na2SO4 crystals was obtained from
a concentrated NaCl stream prior to any sodium chloride
gn 8 8 ( 2 0 1 0 ) 1153–1157 1157

crystals being produced, this has great implications for pos-
sible sequential removal of salts from a brine.
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