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Owing to the rise in population growth and demands for the current living standards, mineral and water re-
sources are depleting at the alarming rate. Also, the mineral-water-energy nexus raises a concern of high-quality
water and mineral production at low costs. Membrane distillation crystallization (MDC) has emerged as a
promising technology capable of simultaneous water and mineral recovery from wastewater or industrially
discharged brines. Herein, the MDC was evaluated for recovery of water and precious minerals from acid mine
drainage discharged from the mine tailings. High quality fresh water with 99.9 % salt rejection and permeate flux
of 2.32 kg:m™2h~! was recovered at 52 °C feed inlet temperature. Also, feed temperatures were varied to
determine their impact on mineral crystal morphology, size distribution and growth rate. Predominantly
recovered minerals were gypsum, manganese fluoride, potassium iron oxide, nickel oxide hydroxide, sodium
sulphate and dihydrogen sulphate. Orthorhombic crystal structure of mineral salts was attained at low feed inlet
temperature (34 °C). Higher feed inlet temperatures (i.e. 41° C and 52° C) promoted co-crystallization giving rise
to orthorhombic polymorph structures. Narrow crystal size distribution was reported at low water recovery
factor (initial growth) for all temperatures. However, the particle size distribution broadened as the recovery
factor increased. The crystal sizes ranged from 3.91 + 0.97 pym to 14.04 + 3.31. Remarkably, crystal growth rate
increased with an increase in feed inlet temperature. These findings open a research direction towards economic
recovery of mineral and water to supplement the existing shortages. With a myriad of crystals obtained from the
MDC process, an additional operational unit is required to selectively recover high economic minerals.

1. Introduction

In the current era, world’s demand for mineral resources increased
significantly to meet their consumption due to improved living stan-
dards and global surge of rising technologies [1]. Due to mounting
emphasis on renewable clean energy and use of electrical motor vehi-
cles, the competition for mineral resources is significantly over-
whelming the mining industry [2,3]. As a result, mining companies have
expanded the search for commodities beyond terrestrial regions to meet
the rising demands for minerals [4,5]. However, extraction of mineral
resources from industrial wastewater could be used to supplement the
existing shortages [6]. In doing so, discharge of high concentrated so-
lutions will be minimized to protect the environment from pollution. In
addition to mineral shortages, water scarcity and pollution has increased
enormously because of population growth, climate change, industrial
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development polluting the existing freshwater resources [7,8]. For
instance, mineral processing and hydrometallurgy generate aqueous
streams constituting high concentrated minerals [9]. Also, during min-
ing activities, sulphide minerals are disposed off in the mining tailings.
Upon leaching from the tailings and reacting with oxygen, the sulphides
generate acid mine drainage (AMD), thus considerably polluting the
surface and ground water [10,11]. This problem is no exception in South
Africa in regions dominated by mining activities [12]. Specifically, the
AMD has become a South African legacy problem since inception of
mining activities from the 20th Century. Since the closure of some mines
in Johannesburg, the AMD was automatically decanting into the West-
ern Basin, presenting an environmental catastrophe. Similarly, the
closed mines in Johannesburg central and East Rand were filling up with
a possible uncontrolled decantation into the environment. To develop
sustainable treatment processes, innovative measures addressing these
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pressing issues are required.

Membrane processes have been widely evaluated for extraction of
metals from ores and recovery of freshwater from concentrated solutions
[13,14]. For instance, Fonseka et al (2022) evaluated nanofiltration/
adsorption hybrid systems for recovery of freshwater and rare earth
elements (REE) from AMD [15]. The membrane process achieved high
water fluxes (15.5 + 0.2 L-m~2h™1), salt rejections (98 %) while
precious metal recovery (91 %) was achieved through adsorption pro-
cesses [15]. Another study reported a comprehensive wastewater valo-
rization towards recovery of copper minerals and freshwater, paying
attention to emerging membrane technologies [16]. The waste valori-
zation via selective membrane separation, membrane distillation crys-
tallization (MDC) and reverse electrodialysis (RED) was a Chile case
study due to high activities of copper mining. The reported findings
presented remediation of wastewater into reusable clean water and
copper mineral recovery, ensuring environmental protection and cir-
cular economy [16]. Also, treatment of reverse osmosis (RO) brines has
attracted research interests due to strict disposal regulations affecting
industry economics [17]. Similarly, mining of valuable mineral salts
from the brines offers potential economic advantage. Though the
extraction of brine dominating NaCl may not fall in line with economic
feasibility, mining of elements such as Mg, Ca, Li, Br, B, and K are
economically attractive [18,19]. To extract minerals from mine ores and
RO concentrates, electrodialysis (ED), eutectic freeze crystallization
(EFC), ion-exchange (IEX), and chemical processes have been widely
used [20,21]. Extraction is achieved through thermodynamic alterations
of the feed solutions. However, existing methods face economic and
process challenges with no exception to fouling/scaling [22,23].

Currently, the MDC has emerged as a promising technology capable
of extracting freshwater and minerals from high concentrated brines and
wastewater discharged from industrial processes [24,25]. The MDC is a
hybrid process involving membrane distillation integrated to a tradi-
tional crystallization, achieving controllable process performance [26].
Different from conventional crystallization processes, MDC controls rate
of solution supersaturation, particle nucleation and growth [27,28].
Therefore, high purity particles of uniform size distributions are ob-
tained. Also, high mineral extraction capacity with intensified process
separation is achieved. Interestingly, intensification of the process is
gearing towards efficient cleaner technology through utilization of solar
energy [29].

Recovery of minerals in MDC is achieved through supersaturation of
the feed solution while pure water passes through the membrane in
vapour state [29,30]. Due to recovery of minerals from the feed, the
MDC promotes zero-liquid discharge (ZLD), thus ensuring environ-
mental protection and circular economy [22,30]. Although MDC has
been successfully tested for recovery of various mineral salts including
sodium chloride, magnesium/ calcium salts, its evaluation towards
extraction of precious minerals from the mine tailing leachates and/or
AMD is rarely reported. In our previous study, the laboratory-scale
prepared polyvinylidene fluoride (PVDF) flat sheet membranes were
evaluated towards resource recovery via MDC [31]. The flat sheet
membranes presented various challenges including fouling, flux decay
and non-uniform size distribution of produced crystals. The current
study focused on treatment of AMD leaching from the mine tailings into
Fleurhof dam (Johannesburg, South Africa). Similarly, the mineral re-
covery from AMD using hollow fibre direct contact membrane distilla-
tion crystallization (HF-DCMDC) is reported for the first time.

2. Experimental procedure
2.1. Materials

The salts used to prepare the synthetic feed solutions were purchased
from Sigma Adrich (Germany). These salts include aluminium nitrate

(A1(NO3)3), sodium chloride (NaCl), calcium nitrate (Ca(NOs)5), cobalt
chloride (CoCly), sodium nitrate (NaNOs), zinc sulphate (ZnSOy), iron
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sulphate (FeSO4), magnesium sulphate (MgSO4), potassium sulphate
(K2S04), nickel sulphate (NiSO4), manganese sulphate (MnSO4), and
sodium fluoride (NaF). All chemicals were used as received. A com-
mercial polypropylene (PP) module consisting of 40 hollow fibre
membranes (length of 50 cm and surface area of 0.1 m?) was purchased
from Microdyn-Nadir (MDO20CP2N). The membrane has overall
porosity of 73 %, average pore size of 0.2 ym and thickness of 450 pm.
De-ionized water was prepared from our lab using Direct-Q® (Millipore)
system supplied by Merck Millipore (Denmark).

2.2. Membrane crystallization tests

Synthetic feed solution was prepared to mimic characteristics of
AMD water samples from mine tailings leachates discharged to Fleuhorf
Dam (South Africa). Table 1 presents mineral concentrations of syn-
thetic solutions used in the current study. To minimize duration of
crystal formation, the concentration was increased by a factor of 10
prior to MDC.

Test experiments were carried out in a crossflow HF-DCMDC set-up.
A synthetic AMD feed solution (2 L) was transferred into Schott Duran
bottle (feed tank)-equipped with a lid. The HF-DCMDC connected to the
feed and permeate tanks was run continuously until supersaturation of
the feed (Fig. 1). The system was operated using a countercurrent
configuration with crossflow velocity of 14.03 mL/sec for both feed and
permeate sides driven by a peristaltic pump (MasterFlex L/S). The
crossflow velocity was chosen on the basis of the reported literature
[32,33]. The temperature sensors were installed at the module inlet and
outlet of the feed and permeate. Three feed inlet temperatures were
evaluated to understand their impact on crystal formation. The
measured feed inlet temperatures were 35 °C, 41 °C, and 52 °C while the
feed outlet temperatures were 32 °C, 38 °C, and 36 °C. The measured
permeate inlet temperatures were 18 °C, 20 °C, and 29 °C while the
permeate outlet temperatures were 21 °C, 27 °C, and 33 °C. These inlet
and outlet temperatures were used to calculate average temperature
difference across the membrane interface following Egs. (1)-(3). The
water flux and salt rejection were calculated by measuring the weight
increase and conductivity of the permeate using balance (KERN EMS)
and conductivity meter (Mettler Toledo, F30-Standard) respectively.
Egs. (4) and (5) were used to calculate the permeated flux and salt
rejection respectively. The MDC process flow diagram is presented in
Fig. 1. The supersaturated retentate was transferred into a jacketed
crystallization reactor (Glass Chem crystallizer-equipped with BLDC
stirring motor) for separation of crystals and water residue. The crys-
tallization reactor was used to filter the excess water from the crystals
under constant mechanical stirring. To minimize membrane fouling, a
physical cleaning of the MDC system was carried out at the end of each
test feed temperature using deionized water. The water cross velocity
was circulated at rate higher than the MDC operating flow rate to ensure
removal of salts deposit on the surface of the membrane. The cleaning

Table 1
Composition of salts used in the study and their corresponding concentrations.

Salts Concentrations (mg/L) 10x concentrated (mg/L)
NaCl 4.84 48.40

NaNO3 4.63 46.30

MgSO, 4.32 43.20

K2S04 1.36 13.60
Ca(NO3), 0.86 8.60
Al(NO3)3 0.37 3.70

MnSO,4 0.37 3.70

FeSO4 0.10 1.00

CoCly 8.47 x 1077 8.47 x 107°
NaF 2.62 x 1077 2.62 x 10°°
ZnS0, 7.74 x 1078 7.74 x 1077
NiSO4 8.40 x 1078 8.40 x 1077
pH 4.80 5.20

H* 1.00 x 10~*8 1.00 x 10752
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Fig. 1. Schematic illustration of the MDC systems used for recovery of freshwater and mineral salts. The T(in), Trcour)» Tp¢in)» and Tpeour) represent feed inlet and outlet

temperatures and permeate inlet and outlet temperatures respectively.

process was carried out for 60 min.
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where J,R(%),dm, A, dt, ks and k, represent water flux, percentage salt
rejection, mass difference at time (t), membrane active surface area,
change in time, feed and permeate conductivity respectively.

2.3. Crystal characterization

Crystal nucleation and growth were monitored using an optical mi-
croscope (Zeiss Axiolab 5 equipped with an Axiocam 208 color). To
analyze the crystal formation and growth, 1 mL of the feed solution was
collected from the feed tank upon saturation and preserved in a warm
bath while carried to the optical microscope analysis. The crystal con-
taining solution was spread on a glass-plate and crystal images were
captured. The crystal-containing solution was sampled after every 20
min from the feed tank. An open-source software, namely ImageJ was
used to measure the size of crystals. To ensure a true reflection of par-
ticle size distribution, a minimum of 100 crystals were analyzed. The
crystal particle growth rate was calculated from a linearized plot of
particle size as a function of time [34]. The approach considered the
effective growth rate as the time derivative of the crystal size. Eq. (6)
was used to evaluate the crystal growth rate (Ge“). The G was esti-
mated from the slope of the linearized plot following Eq. (7) [34].

1dL

G =_-2Z= 6
2 dt ©®

dL = 2G dt @

where dL, dt, and G¥ were change in crystal length, growth time and
effective growth rate. Constant factor (1) accounts for particle growth
from crystal centre to two opposite directions.

Geochemical software PHREEQC (interactive-version 3.7.3) was
used to simulate salts precipitation from the AMD utilizing the ther-
modynamic database ANDRA/RWM - THERMOCHIMIE-TDB (www.
thermochimie-tdb.com). The concentration of the feed solution
(Table 1) was used as input parameters for PHREEQC, along with other
specifications including temperatures (34, 41, 52 °C), recovery factors
range of 0-80 % and pH 5. The pH value was fixed at 5 throughout all
the simulations. To ascertain the simulation and formation of crystal
structure, XRD analysis was carried out using powder x-ray diffraction
(PXRD, Bruker D2 Phaser Diffractometer equipped with a non-
monochromated Co-Ka source, A = 1.785 A).

3. Results and discussion
3.1. Effect of feed temperature on water flux and salt rejection

Obtained water flux was used to evaluate the performance of MDC at
different operating temperature (Fig. 2). The pure water and mineral-
ized water permeability is presented in Fig. 2a and b. The flux of pure
and mineralized water increased upon increase in feed temperature.
Fig. 2c shows a large deltaT at high feed temperature thus indicating the
high driving force. DeltaT representing MD process driving force
remained relatively constant with minimal variations. Initial deltaT at t,
were 13.6, 16.3 and 17.7 at 34 °C, 41 °C, and 52 °C respectively. The
final deltaT decreased slightly at 34 °C, 41 °C, markedly dropping to
13.1 and 15.1 respectively. These variations presented possible occur-
rence of temperature polarization (TP). The TP was induced by differ-
ences in feed temperature at the hollow fibre membrane to the
temperature of the bulk feed. However, 52 °C presented high resistance
to TP, technically due to improved temperature distribution between the
feed at the membrane interface and the bulk solution. The pure water
flux remained relatively stable for all temperatures. At the beginning of
the MDC process, the permeate flux of the pure water was lower than
that of the synthetic AMD. This discrepancy was associated with the heat
transfer through the membrane causing the temperature reduction in
the feed stream and increase in distillate temperature. According to
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Fig. 2. Evaluation of MDC process performance: (a) pure water flux, (b) mineralized water flux (c) temperature gradient (d) and permeate conductivity as a function

of time.

Gryta (2012), the heat transfer through the membrane is associated with
the heat conduction and latent heat influenced by the vapour flowing
through the membrane [35]. The specific heat capacity and/or the heat
transfer coefficient of fresh water is higher than that of salty water [36].
As a result, the latent heat transfer is faster in pure compared to
mineralized AMD, thus lowering the temperature difference across the
membrane leading to lower flux. Compared to pure water, the flux of the
AMD presented minimal variation with some degree of resistance to
change. The resistance of MD flux variation corresponds to low wetting
character of the membranes [37,38]. This property is key towards high
salt rejection. The flux of mineralized water increased from 0.80
L-m 2h7!, to 1.84 L-m 2h™! upon an increase in feed inlet tempera-
tures from 34 °C to 41 °C. Similarly, the flux Increased to 2.32
kg-m 2h~! at 52 °C. Water fluxes presented resistance to flux decay
with minimal decline until salts saturation and crystallization. Slight
decrease in permeate flux was attributed to accumulation of mineral
salts on the surface of the membrane, obstructing the movement of the
water vapour through the membrane pores (A process known as con-
centration polarization). Additionally, increasing the concentration of
salts in the feed solution reduced the vapour pressure of the retentate.
Dissolved salts reduce the water activity, thus lowering the free energy
of the water molecules. Technically, the mineral salts form hydrogen
bonds with the water molecules, thus requiring additional energy to
convert water into vapour [39]. Similar findings where increase in salt

concentration reduced the permeate flux in DCMD has been reported in
various studies [40-42]. Upon use of similar volume of feed solution, the
MD process reached highest water recovery at different time interval.
For instance, the highest water recovery of 2 L feed solution was attained
after 26 h, 12.3 h and 9.3 h at feed inlet temperatures of 34 °C, 41 °C and
52 °C respectively. The advantage of MDC over other desalination
technologies is the process resistance towards concentration polariza-
tion (CP) [43]. The permeate conductivity increased consistently upon
saturation of feed solution (Fig. 2d). However, the increase was minimal
indicating membrane resistance to wetting. The reported conductivity
corresponds to salts rejection >99.9 %.

3.2. Change in distillate flux as a function of recovery factor

The water flux and deltaT reported as a function of recovery factor at
various thermal conditions is presented in Fig. 3. DeltaT and flux
remained relatively stable with minimal decline caused by TP along the
module length. Similarly, low feed temperatures (technically at 34 °C)
presented significant deltaT and flux fluctuations. This was attributed to
poor heat distributions between the feed at the membrane interface and
the bulk of the feed. High flux fluctuations were reported at low water
recovery factors <40 %. At low recovery factors, the distribution of the
bulk temperature was inhomogeneous causing profound impact on flux
stability. Intense fluctuations were seen from deltaT of the lower feed
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Fig. 3. Water flux (a) and change in temperature across the membrane for three feed temperatures (b) as a function of recovery factor.

inlet temperature. Although deltaT remained relatively constant as a
function of recovery factor, the permeate flux decreased slightly. For
instance, initial flux was 0.8 L-m 2h7!, 1.8 L.m %h7!, and 2.3
L-m~2h"!, at 1 % recovery factor for 34 °C, 41 °C and 52 °C feed inlet
temperatures respectively. The highest recovery factors translated to a
flux decrease, affording 0.7 L-m’z-hfl, 1.2 L~m*2-h*1, and 1.9
L-m~2h7!, at feed temperatures of 34 °C, 41 °C and 52 °C respectively.
Recovery factors at these feed inlet temperatures were 83.4 %, 89.6 %
and 92.2 %. The decrease in permeate flux was attributed to vapour
pressure drop caused by concentration of the salts accumulating near the
membrane interface [44]. Technically, solute aggregates of the
concentrated feed deposited on membrane pores, causing flux decline.
According to Ali et al, (2015), the increase in solute concentration de-
creases the MD driving force due to suppression of the vapour pressure
[25]. Based on the recovery factors, 83.4 %, 89.6 % and 92.2 % of the
total feed solutions were recovered as per feed inlet temperatures (34,
41 and 52 °C) respectively. The unrecovered feed was influenced by the
dead volume remaining in the process connections including the tubing
and module.

3.3. PHREEQC solubility simulations and XRD analysis of the recovered
mineral salts

The PHREEQC solubility simulations and XRD analysis were carried
out to understand the crystal formation and crystallography of the
recovered mineral salts and results are presented in Fig. 4. Abundant
recovered salts included gypsum (CaSO,-2H,) as designated by the
JCPDS card values for planes (020), (021), and (041) at 26 = 11.58°,
20.72°, and 29.11° respectively. Based on the PHREEQC solubility
simulations, 10.3 kg of gypsum precipitated from 1 m? of the feed so-
lution at RF = 80 %. Also, JCPDS card values for planes (110) and (211)
at respective 20 = 23.41° and 50.27° corresponded to the characteristics
diffractions peaks of manganese fluoride (MnF2) while (200) and (112)
at respective 20 = 31.82° and 40.75° corresponded to diffractions peaks
of potassium iron oxide (KFeO3) and aluminium oxide hydroxide (Al1O
(OH)). Other traces of mineral salts were sodium sulphate (N2S,0¢),
cobalt chloride hydrate (CoCly-2H5), and dihydrogen sulphate (H2S207).
The trace precipitation of these compounds was justified by PHREEQC
solubility simulations at RF = 80 %. These include aluminium and iron
compounds at high trace levels and cobalt, nickel, aluminium, and low
trace levels. During saturation and precipitation, some salts underwent
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Fig. 4. Mineral salts at various feed temperatures; (a) The PHREEQC solubility simulations and (b) XRD patterns.
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metathesis reactions. These was seen as certain ionic compounds such as
MnSO4, and NaF exchanged ions formed MnFo and N3S20¢. The for-
mation of the salt’s replacement reaction was similar for all different
feed temperatures. The Crystallographic information presented the
dominant formation of monoclinic crystal structures of gypsum with a
C2/c space group. Nonetheless, trace compounds presented varying
crystal structures. For instance orthorhombic KFeO, and AlO(OH),
tetragonal MnFs and monoclinic CoCly-2H,. The crystallographic pa-
rameters supported the morphological structure of the crystal salts
presented in the microscopy analysis.

3.4. Morphology of crystal structures

The AMD is characterized by a wide composition of different mineral
salts. These salts crystallize in various forms of hydration and crystal
structures [45]. In MDC, crystal formation and growth are influenced by
rate of supersaturation. Salts are saturated upon exceeding their solu-
bility in water. Also, salts solubility is affected by process temperature.
Owing to their differences in water solubility, different salts crystallize
at different concentrations in solution [46]. In the current study, crystal
formation and growth were monitored using an optical microscope. The
crystals were formed through the arrangement of ions, atoms, or mol-
ecules in a characteristic pattern of a crystal structure, a process known
as nucleation. These small crystals form a suitable site for additional
deposition of other ions or atoms, a process known as crystal growth
[47]. Prior to nucleation, ions/atoms required the seeding sites to form
the nuclei. To some extent, Mullin (2001) defined a possible nucleation
taking place in the absence of the crystalline matter, giving rise to pri-
mary nucleation [48]. In MDC, the membrane acted as an interface
promoting nucleation upon supersaturation of the mineral salts [28].
Technically, sparingly soluble salts formed the nuclei and grew into
crystal, thus acting as sites for growth of large crystals. At initial growth
stage, single orthorhombic crystal structure was seen at lower feed inlet
temperature (i.e. 34 °C). Similarly, co-crystallization took place at
higher feed inlet temperatures (i.e. 41 and 52 °C) giving rise to ortho-
rhombic polymorph structures. High temperatures induced fast crystal
growth rate (Fig. 5d) giving rise to co-crystallization. During growth
propagation, minerals were dominated by monoclinic crystal structure

Initial growth

Propagation

Crystals at feed inlet temp = 34 °C  Crystals at feed inlet temp = 41 °C Crystals at feed inlet temp = 52 °C
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at low feed temperature (i.e. 34 and 41 °C). However, mixed monoclinic
and orthorhombic crystal structure were recorded at high feed inlet
temperature (i.e. 52 °C). At low temperatures, the crystals lost ortho-
rhombic structures at a faster rate, forming monoclinic crystal structure
[49]. Upon temperature alteration, the mineral salts underwent mag-
netic phase transition giving rise to mixed crystal structures at 52 °C.
However, further saturation of the feed solution at higher recovery
factors transformed orthorhombic structures to monoclinic structures
with different patterns of particle growth.

3.5. Effect of feed temperature on particle size distribution and growth
rate

Similar to other crystallization techniques, the MDC produces crystal
particles of different sizes depending on growth conditions. Based on the
specific mode of application, evaluation of crystal size distribution is
key. This is because the size distribution has an impact on the product
properties and processing requirements [50]. For instance, crystal of
different sizes and shape are characterized by different rates of disso-
lution in solution [51,52]. In this study, the crystal size distribution was
evaluated through analysis of microscopic images. The crystal particle
distribution was acquired from non-linear Lorentz model and presented
in Fig. 6. Narrow crystal size distribution was reported at low water
recovery factors (initial growth) for all feed temperatures. Specific range
of crystal size was 3.91 &+ 0.97-6.01 + 1.59 pm at 32-37 % recovery
factor (Table 2). The narrow size distribution was linked to the forma-
tion of similar types of mineral crystals. For instance, minerals of low
solubility form uniform crystal structures at low RF. However, the par-
ticle size distribution broadened as the recovery factor increased. Spe-
cific crystal sizes ranged from 10.59 + 4.01 to 16.86 =+ 5.89 at 42 %63
% recovery factors (Table 2). Notably, crystal structure is constrained by
internal geometry of the particles. However, in addition to external
temperature, crystal structure and growth rate were affected by pres-
ence of impurities. For instance, the AMD is characterized by concoction
of different mineral salts. Some mineral salts acted as an impurity to the
other, thus affecting the crystal growth rate [53]. During growth pat-
terns, the mineral salts were bound to each other, thus altering the
crystal faces. These alterations to growth patterns broadened the

Initial growth

Initial growth

.

Fig. 5. Microscopic images of the recovered minerals salts at 34 °C, 41 °C, and 52 °C feed temperatures.
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Fig. 6. Size distribution of particle growth at different feed temperatures (a) 34 °C, (b) 41 °C, (c) 52 °C, (d) linearized particle growth rate as function of time.

Table 2
Effect of feed temperature (34 °C, 41 °C, and 52 °C) on particle size growth at
different recovery factors.

Feed temperature

34°C 41 °C 52°C

Recovery Particle Recovery Particle Recovery Particle

Factor (%) size (um) factor (%) size (um) factor size (um)

32 3.91 + 35 4.22 + 37 6.01 +
0.97 1.37 1.59

35 5.51 + 41 7.17 £+ 43 5.90 +
0.94 1.94 0.76

37 7.03 + 45 8.29 + 50 9.37 +
2.39 2.52 2.45

40 8.91 + 49 10.74 + 56 11.21 +
3.78 3.70 3.65

42 10.59 + 55 13.40 + 63 14.04 +
4.01 4.25 3.31

44 16.86 + 69 13.85 + - -
5.89 4.10

distribution of particle sizes. However, broadening of size distribution
was reduced as the feed temperature increased. This was associated with
the high rate of crystal growth at high temperatures. For instance, the
crystal growth rate was 0.95 + 0.20 um-h™! at 34 °C. This increased to

1.42 + 0.16 pmh™! and 1.83 + 0.14 ym-h™! at 41 °C and 52 °C
respectively (Table 3). The increase in temperature increased the rate of
water recovery, thus increasing rate of supersaturation. As a result, the
crystal growth rate increased.

4. Conclusion

Herein, the MDC was evaluated towards simultaneous extraction of
precious minerals and high purity water from the AMD (water leachate
from mine tailings). Complementary water fluxes, specifically 2.3
L-m2h~!, and 99.9 % salt rejection were attained at the highest feed
inlet temperature (52.4 °C). The MDC produced various salts
(CaSOQ-ZHz, MnF,, KFGOZ, NiO(OH), N25206, COC12~2H2, and H25207)
with different sizes and crystal structures at different growth conditions.
At early stage of crystal growth, orthorhombic crystal structures were
recorded with sizes 3.91 + 0.97 um, 4.22 + 1.37 pm and 6.01 + 1.59 pm

Table 3

Crystal growth rate at different feed temperatures.
Temperature (°C) Crystal growth rate (um-h™!) R?
34 0.95 + 0.20 0.82
41 1.42 £0.16 0.94
52 1.83 £0.14 0.97
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at 34.6 °C, 41.5. °C and 52.4 °C feed inlet temperatures respectively.
Similarly, narrow crystal size distribution was recorded at early growth
stage. The crystal structures changed to monoclinic as the water re-
covery increased. Crystal size distribution broadened at higher water
recovery. Specifically, the crystal sizes ranged from 10.59 + 4.01 to
16.86 + 5.89 at 42-63 % recovery factors. The mineral salts co-
crystalized at higher feed inlet temperature 41.5 °C and 52.4 °C giving
rise to orthorhombic polymorph structures. Although size distribution
broadened at higher recovery factors, this was reduced as the feed inlet
temperature was increased. This reduction was linked to an increased
rate of crystal growth. For instance, crystal growth rates were 0.95 +
0.20 um-h ™!, 1.42 4+ 0.16 pm-h*and 1.83 = 0.14 ym-h ! at 34 °C, 41 °C
and 52 °C respectively. However, further saturation of the feed solution
at higher recovery factors transformed orthorhombic structures to
monoclinic structures with different patterns. This was evidenced by
crystallography parameters of the obtained crystal presenting mono-
clinic crystal structures of CaSO»-2H; and CoCly-2H,. However, ortho-
rhombic KFeO, and AIO(OH), tetragonal MnF, were recorded, though
their morphology was not recorded from the microscope due to their
precipitation in trace amounts. These reported findings will open
research directions towards improved MDC process performance and
ultimately pilot scale evaluation.
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