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ABSTRACT

Precipitation as ettringite (Ca,Al(SO,),(OH),,-26H,0O) is an effective method for sulphate removal
from mine water. The addition of calcium hydroxide and aluminium to sulphate-containing mine
water in stoichiometric amounts induces an increase in pH to approximately 12.5, leading to the
precipitation of ettringite. Typically, aluminium salts are used as the source of aluminium; how-
ever, in this research, an electrochemical dosage of aluminium was used, and the results were com-
pared with the results of chemical ettringite precipitation as well as the results of computational
simulations of sulphate removal. The mine water sulphate concentration was reduced 99.0% and
98.6% from the initial 1,060 + 20 mg L™ using a current density of 28 mA cm™ in electrochemical
aluminium dosing and chemical aluminium dosing, respectively, which was close to the theoreti-
cal 100% sulphate removal. When using the current density of 28 mA cm™ in the electrochemical
aluminium dosing, the recovered ettringite purity was 92.5%, which was almost the same as the
92.6% purity in the chemical aluminium dosing characterised with X-ray diffraction and Rietveld
analysis. The results indicate that the electrochemical dosing of aluminium could be an alternative to

aluminium salt application in ettringite precipitation.
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1. Introduction

Acid mine drainage is produced in both active mines
and following mine closure [1] and may contain over ten
thousand mg L™ of sulphate [2,3]. Sulphate has both direct
and indirect effects on aquatic ecosystems [4]. It causes
freshwater salinization, which is detrimental to freshwater
organisms that can tolerate only certain levels of water salin-
ity [5]. In addition, sulphate-rich mine discharge water can
result in the permanent stratification of the receiving lake,
which can then interfere with nutrient and oxygen trans-
fer within the lake [6,7]. Sulphate can also be microbially
reduced to sulphide via sulphate-reducing bacteria. Sulphide
causes toxicity via the formation of hydrogen sulphide [8].

* Corresponding author.

Sulphate removal technologies can be classified as
active or passive. Active technologies require the contin-
uous addition of chemicals as well as maintenance and
monitoring, whereas passive technologies utilise natural
water flow along with natural chemical and biological pro-
cesses [9]. Active methods for sulphate removal from mine
waters include precipitation (as gypsum, ettringite, or bar-
ite), adsorption (various materials have been studied, but
no commercial adsorbents are available yet), ion-exchange
(GYP-CIX and Sulf-IX processes), active biological treat-
ment processes (sulphidogenic bioreactors), and membrane
technologies [10]. Constructed or natural wetlands and
bioreactors are passive sulphate removal technologies [10].

Sulphate precipitation as ettringite [11-16] is a modifi-
cation of the high pH (>11) lime precipitation process [17].
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With precipitation as ettringite, it is possible to reach very
low residual sulphate concentrations—even below the
drinking water guidelines in Finland, which is 250 mg L™
[18-20]. The addition of calcium hydroxide and alumin-
ium to sulphate-containing mine water in stoichiometric
amounts induces an increase in pH to a value of approxi-
mately 12.5, leading to the precipitation of ettringite. The
purified water can be treated with CO, precipitating cal-
cite in order to lower the pH to below the discharge limits.
The ettringite sludges formed are voluminous; however,
denser sludges can be achieved by recycling some of the
sludge using a high-density sludge process [15]. Polymers
can be used to aid in the dewatering of formed sludge and
to improve the floc strength. Recycling ettringite sludge is
more cost-effective than recycling gypsum sludge, which is
formed in traditional mine water treatment, as aluminium
reagents are more expensive than lime. Formed ettringite
can be decomposed to regenerate aluminium or possibly
used as a sorbent for pollutants, such as arsenic [22].

In ettringite precipitation, calcium is typically dosed as
calcium oxide/calcium hydroxide, and aluminium is typi-
cally dosed as aluminium salt, such as sodium aluminate,
aluminium hydroxide, aluminium chloride, aluminium
nitrate, and polyaluminium chloride [15]. A patent exists
that describes a method in which sulphate-containing
water is first treated with lime in order to precipitate part
of sulphate as gypsum, which is then followed by electro-
coagulation using an aluminium or iron sacrificial anode
in order to precipitate the remaining sulphate as ettring-
ite, aluminium sulphate hydroxides, and/or iron-alumin-
ium sulphate hydroxides [21]. To our knowledge, there is no
published scientific research on sulphate removal that uses
aluminium dosing via electrochemical dissolution together
with chemical lime dosing, leading to high-purity ettringite
precipitation. We reported our preliminary results of elec-
trochemical aluminium dosage in ettringite precipitation
at a conference recently [22]. The aim of this research was
to evaluate ettringite precipitation using electrochemical
aluminium dosing together with calcium hydroxide dos-
ing by comparing the results with those of chemical alu-
minium dosing with calcium hydroxide dosing as well as
computational simulations of sulphate removal. Also, the
operational cost, as well as the purity and stability of the
ettringite solids formed using electrochemical and chemi-
cal aluminium dosing together with calcium hydroxide,
was investigated. Additionally, the kinetics of sulphate
removal using ettringite precipitation were studied.

2. Materials and methods
2.1. Mine water and chemicals

The mine effluent sample used in the precipitation
experiments was drainage water from an underground gold
mine with pH = 8. The drainage water had been treated with
ferric sulphate at the mine site and had been sampled after
pond settling. The initial mine water sulphate concentration
was 1,060 mg L. Analysis of the other components in the
different batches of the same mine water is presented in [23].
Hydrated lime (Ca(OH), SMA Mineral 93.8%) was used
in the precipitation experiments as a 20% slurry diluted

in deionized water. Sodium aluminate (Kemira FennoFloc
SA84, 35%-45% NaAlO,) was used as an aluminium source
in the chemical aluminium dosing experiments. Aluminium
type 6101 plates [24] were used as the aluminium source in
the electrochemical aluminium dosing.

2.2. Experiments using electrochemical aluminium dosing
together with calcium hydroxide

Electrochemical aluminium dosing experiments were
conducted using a 2 L reactor with a 1.6 L mine water
sample volume for each experiment. The experiments
were conducted at room temperature, but the temperature
increased during the operation, with 1 and 2 A currents
increasing to 30°C and 35°C, respectively. The temperature
decreased to room temperature when the power supply
was switched off. A schematic illustration of the system is
shown in Fig. 1a.

Both the anode and cathode were aluminium plates
type 6101 [24]. The electrodes were 1 cm-thick square plates
with an exposed electrode surface area of 70 cm?. The dis-
tance between the electrodes was 3 mm in the experiments.
The following half-cell reactions occurred at the anode
(Eq. (1)) and cathode (Eq. (2)) [25-27]:

Al(s)—> Al (aq) +3e” )
2H,0(1)+2e” - H,(g)+20H (aq) )

First, calcium hydroxide was dosed as slurry. After that
aluminium plates were inserted in water and the power
supply was switched on, calcium (from the calcium hydrox-
ide) and aluminium were dosed in stoichiometric amounts
to sulphate-containing mine water to achieve optimum
ettringite precipitation conditions (6:2:3 for Ca:Al:SO,).
The theoretical amount of dissolved aluminium was calcu-
lated from Eq. (3) [28], where m, is the theoretical amount
of dissolved aluminium (g cm™), M, is the molar weight of
aluminium (26.98 g mol™), I is the electric current (A cm™),
t is time (s), z is the number of electrons transferred in the
reaction (3), and F is the Faraday constant (96,485 C mol™).

_ M, It
m, F (3)

The power supply was operated in a constant cur-
rent mode with an applied current of 2 or 1 A for 40 or
80 min, respectively. The submerged plate surface area was
70 cm? and thus the resulting current densities were 28 or
14 mA cm?, respectively. The pH rose to approximately 12.5
with the calcium hydroxide dosing and stayed quite con-
stant in the electrochemical aluminium dosing experiments.
In electrocoagulation, the pH usually increases to approxi-
mately pH = 10 as the hydroxide ions are formed (Eq. (2)).
However, since the pH was raised to approximately 12.5
using calcium hydroxide, like in the chemical ettringite pre-
cipitation experiments, this effect was not observed. The sam-
ples were mixed at the rate of 50 rpm with magnetic stirring
for a total of 4 h, which was followed by settling. The samples
were filtrated 24 h after the start of the experiment.
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Fig. 1. Schematic illustration of the reactor used in the (a) electrochemical aluminium dosage experiments and (b) chemical

aluminium dosage experiments.

2.3. Experiments using chemical aluminium dosing
together with calcium hydroxide

A 2 L reactor with a paddle stirrer and stators was
used for the chemical precipitation experiments (Fig. 1b).
The mine water sample volume was 1.6 L for each exper-
iment, and the experiments were conducted at room tem-
perature. First, calcium hydroxide as slurry was added and,
after that, sodium aluminate was added to the mine water.
Calcium (from calcium hydroxide) and aluminium (from
sodium aluminate) were dosed in stoichiometric amounts
to sulphate-containing mine water to achieve optimum
ettringite precipitation conditions. The pH in the chem-
ical aluminium dosing experiments was approximately
12.5. The samples were mixed at the rate of 50 rpm using a
paddle stirrer for 4 h, which was followed by settling. The
samples were filtrated 24 h after the start of the experiment.

2.4. Leaching experiments

The stability of the precipitates formed via electro-
chemical and chemical ettringite precipitation was studied
by conducting leaching experiments. The leaching experi-
ments were conducted based on standard SFS-EN 12457-2
[29]. Deviating from the standard, the dried precipitates
were crushed and sieved to a particle size <1 mm instead
of <4 mm, and smaller sample size was used. Smaller parti-
cles have bigger surface areas. Thus, a reduction in the particle
size of the precipitant is expected to result in higher leaching.
2 g of each precipitate were weighed into 50 mL centrifuge
vials, and 20 ml of deionized water was added to each vial.
The vials were agitated at 300 rpm for 24 h in a reciprocal

shaker (POL-EKO LS 700). After shaking, the samples were
left to settle for 15 min. Each precipitate was tested in dupli-
cate, and the analysis results were given as an average.

2.5. Analytical methods

After settling, the water samples from the supernatant
were taken for Al, Ca, and S analysis. All effluent samples
were vacuum-filtered through 0.45 um cellulose nitrate
membrane filters (Sartorius) prior to Al, Ca, and S analy-
sis with ICP-OES. The pH was measured from the efflu-
ent samples using a HACH HQ40d portable meter. The
precipitates were filtered with Schleicher & Schuell black
ribbon filter paper via vacuum filtration. Then, they were
air-dried, weighed, crushed, sieved, and stored in a desicca-
tor. The dried samples were then analysed with the X'Pert
PRO X-ray Diffraction System produced by PANalytical
B.V. (The Netherlands). The measurements were per-
formed with Cu Ka (1.5406 A) at 40 mA and 45 kV in the
20 range of 5°-70° and with a scan speed of 0.0235° s
The analysis was conducted using the HighScore program
and the Rietveld method.

2.6. Calculations

Thermodynamic equilibrium calculations were per-
formed using the MINEQL+ version 5.0 software. MINEQL+
solves mass balance calculations via the Newton-Raphson
method using equilibrium constants from a thermodynamic
database. The database was extended with an ettringite
solubility constant (K = 107%*) obtained with modification
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from an experimentally determined equilibrium constant
by Myneni et al. [30], which is explained in more detail by
Tolonen et al. [19]. There is variation in the ettringite sol-
ubility product values reported in the literature, and the
value used in the calculations has an effect on the modelling
results. The initial sulphate, calcium, and aluminium concen-
trations as well as the temperature (25°C) used in the calcu-
lations were chosen to model the experimental conditions.
The kinetics of sulphate removal using ettringite pre-
cipitation were studied. The sulphate concentration during
this ettringite precipitation was as follows. The order of the
ettringite precipitation reaction with respect to sulphate con-
centration was determined. Rate law refers to the rate of a
reaction in terms of the concentrations of the chemical spe-
cies. The exponent denotes the order of the reaction. The rate
constant, k, is a proportionality constant that refers to the
reaction rate of the concentration of the reacting substances.
Egs. (4) and (5) show the first-order and second-order rate
laws. The solutions in Egs. (4) and (5) are given in Egs. (6)
and (7) [31]. Egs. (6) and (7) [31] were fitted to the experi-
mental data using nonlinear curve-fitting by OriginPro.
The fit of the first-order and second-order kinetic models
was evaluated based on the correlation coefficient (R?) values.

dc

sulphate
v=- dl; = kcsulphate (4)
dc-;ul hate
v=- d: = kC:ulphate (5)

Csulphate = COeikt (6)
1
Csulphate = 1 (7)
CU
where Coutphate is the concentration of sulphate, c, is the ini-

tial concentration of sulphate, k is the rate coefficient,
and ¢ is time.

The operating cost of electrochemical aluminium dosing
was compared with that of chemical aluminium dosing. In
the electrochemical aluminium dosing, the aluminium cost
was calculated from the price of a type 6101 aluminium
sheet. In the chemical aluminium dosing, the sodium alu-
minate price was used. For both, the lime price was used.
Other costs, such as shipping, installation, and maintenance
costs, as well as landfill disposal costs or the possible sales
of the formed ettringite precipitates were not included in the
cost comparison. The operating costs of ettringite precipita-
tion with electrochemical and chemical aluminium dosing
were calculated using Egs. (8) and (9), respectively [32].
lime ®)

ocC a-C +b-C

energy

electrochemical electrode +c- C

ocC =c-C,.+d-C

chemical lime sodium aluminate (9)

where a is the energy price (€ kWh™), C, is the energy
consumption (kWh m=), b is the electrode material price

(€ kg™), C,uoq is the electrode consumption (kg m™),
C is the lime price (€ kg™), C, . is the lime consumption
(kg), d is the sodium aluminate price (€ kg™'), and C_,
suminae 18 the sodium aluminate consumption. The energy
consumption (C,.) of the electrochemical aluminium

dissolution was calculated from Eq. (10) [32].

_urt (10)

energy \%

where U is the voltage (V), I is the current (A), ¢ is time (h),
and V is the mine water volume (m°).

3. Results and discussion
3.1. Modelling of ettringite precipitation

Ettringite precipitation as a function of pH is modelled
(Fig. 2). When the saturation index (SI) has a negative value,
the system is undersaturated with respect to the solid. When
the SI is zero, the system is in equilibrium with the solid.
When the SI has a positive value, the system is oversatu-
rated with respect to the solid. According to the thermo-
dynamic calculations, ettringite has a positive SI value and
is able to precipitate starting at pH > 10.5 (Fig. 2a). At pH
12.5, ettringite saturation is at its maximum value (Fig. 2a).
The calculations indicated that, at pH 12.5, all sulphate was
in the form of ettringite (Fig. 2b). The calculated results
are in line with the ettringite stability pH area 10.5-13 [33].

3.2. Kinetics of ettringite precipitation

The sulphate concentration was followed by taking
samples at specific times throughout the chemical ettring-
ite precipitation experiment and then measuring sulphate
concentration from the samples. Fig. 3 shows a curve of
the ettringite precipitation. Specifically, the ettringite pre-
cipitation is quite rapid, and the sulphate concentration
reaches equilibrium at only 30 min. However, in order
to form crystalline ettringite for the X-diffraction (XRD)
analysis, precipitation experiments with 4 h mixing fol-
lowed by overnight settling were conducted. Both the
first- and second-order kinetic models provided a good fit
of the experimental data with the correlation coefficients
R?=0.998 and R? = 0.990, respectively (Fig. 3). The fit of the
first-order kinetic model was slightly better, which indicates
that the ettringite precipitation reaction is first order with
respect to the sulphate concentration. The fit resulted in a
rate coefficient value of k = 0.00452 s!, which indicates the
amount of sulphate transformed into ettringite each second.

3.3. Sulphate removal from mine water

Both electrochemical and chemical aluminium dosing
reduced the sulphate concentration of the mine water from
the initial value of 1,060 + 20 mg L™ to below the drinking
water guideline in Finland (i.e., 250 mg L™). Residual sul-
phate concentrations were 10, 15, and 66 mg L with the
electrochemical aluminium dosage (2 A current), chemical
aluminium dosage, and electrochemical aluminium dosage
(1 A current), respectively. High sulphate removal values of
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Fig. 2. (a) Sulphate speciation and (b) saturation index of
ettringite as a function of pH.
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Fig. 3. Variation in the SO concentration during chemical
ettringite precipitation experiment. The solid line is the fit of
the first-order kinetic model and the dashed line the fit of the
second-order kinetic model (Egs. (6) and (7), respectively) to the
experimental data.

99.0%, 98.6%, and 93.8% were found for the electrochemical
aluminium dosage (2 A current), chemical aluminium dos-
age, and electrochemical aluminium dosage (1 A current),
respectively (Fig. 4). Sulphate removal close to the theoret-
ical 100% value modelled with MINEQL+, was obtained
using both chemical and electrochemical (2 A current)
aluminium dosing.

An increase in the applied electric current resulted in
an increase in sulphate removal as well as ettringite purity,

199
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©
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©
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Fig. 4. Sulphate removal from mine water using the electro-
chemical dosing (ED) and chemical dosing (CD) of alumin-
ium in ettringite precipitation. Error bars represent standard
deviation (n = 2).

even though the parameters were chosen so that the theo-
retical dissolved aluminium amount was the same across
both experiments. Kruk et al [34] reported a similar obser-
vation, with an increase in struvite purity and phosphate
removal with a higher current density in electrochemical
magnesium dosing during struvite precipitation. The dis-
solved aluminium amount was confirmed by weighing the
aluminium electrodes before and after the experiments.
Additionally, residual aluminium concentrations were less
than 1.5 mg L™ after treatment with the electrochemical alu-
minium dosage, and no aluminium-containing solid phases
were detected with XRD analysis from the precipitated sol-
ids. The residual calcium concentration was same as the
initial calcium concentration (approximately 300 mg L),
which indicated that all the added calcium reacted during
the ettringite precipitation.

3.4. Precipitate purity

Ettringite (ICDD 04-013-3691) and calcite (ICDD 04-066-
0867) peaks were identified from the XRD spectra of the
precipitates in the electrochemical aluminium dosage exper-
iments using 1 and 2 A electric currents as well as from
the chemical aluminium dosing experiments (Fig. 5). From
the XRD pattern, it is clear that all peaks matched well with
the standard ICDD file 04-013-3691 of ettringite. The peaks
also matched with the ICDD 04-066-0867 file of calcite.
The highest peak of calcite (1 0 4) at 20 of 29.4° overlapped
with the ettringite (-2 -1 4) peak. The other main peaks of
calcite overlapped with those of ettringite as well. For exam-
ple, calcite (1 1 3) overlapped with ettringite (-3 -1 5) at 20
of 39.4°, calcite (2 0 2) with ettringite (1 0 10) at 43.1°, calcite
(0 1 8) with ettringite (5 0 2) at 47.5°, and calcite (1 1 6) with
ettringite (5 0 3) at 48.5°. The amounts of ettringite and cal-
cite in the solid samples were determined with full-pattern
quantitative Rietveld analysis. The percentage amounts in
the precipitates of the electrochemical (1 A current), electro-
chemical (2 A current), and chemical ettringite precipitation
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Fig. 5. XRD spectra of precipitates from electrochemical and
chemical aluminium dosage experiments with mine water.
CD = chemical dosage, ED = electrochemical dosage.

experiments were 89.5%, 92.5%, and 92.6% ettringite and
10.5%, 7.5%, and 7.4% calcite, respectively. The purity of the
ettringite precipitates in the electrochemical and chemical
ettringite precipitation experiments was in the same region
as in previous chemical ettringite precipitation experiments
by Tolonen et al. [19].

3.5. Leaching experiments

Stability is important when considering the disposal or
even possible utilisation of the ettringite precipitate formed
from mine water treatment. During the leaching exper-
iments, some of the ettringite was found to decompose,
which was detected through the rise in the sulphate, cal-
cium, and aluminium concentrations in the water (Table 1).
The leached sulphate concentrations were compared with
the limits imposed by the Finnish government for waste
disposal to waste and hazardous waste landfills (decree
331/2013). The sulphate concentrations leached out of the
ettringite precipitates from the electrochemical and chem-
ical aluminium dosage experiments were below the limits
for waste disposal to waste landfills. However, as ettring-
ite stability was tested, only calcium, aluminium, and

E.-T. Nurmesniemi et al. / Desalination and Water Treatment 217 (2021) 195-202

sulphate were analysed from the water samples. In order
to verify the suitability of the ettringite precipitate for
disposal at a landfill, also As, Ba, Cd, Crtot, Cu, Hg, Mo,
Ni, Pb, Sb, Se, Zn, Cl, F, phenol index, dissolved oxygen
carbon, and total dissolved solids should be analysed.

3.6. Comparison of electrochemical and chemical
ettringite precipitation

In both the electrochemical and chemical aluminium
dosing experiments, low residual sulphate concentrations
close to the theoretical value were achieved. The produced
solids before dewatering were found to be less volumi-
nous in the electrochemical than in the chemical alumin-
ium dosing experiments. Also, the solids were found to
settle more quickly in the electrochemical rather than the
chemical aluminium dosing experiments, with settling
times of approximately 15 min and 1 h, respectively. This
could be due to the continuous aluminium dosage during
the electrochemical dissolution compared to the one-time
aluminium salt dosage. The continuous dosage can lead
to low supersaturation and the growth of larger, more eas-
ily settling crystals. Similarly, electrocoagulation is known
to form less voluminous solids than chemical coagulation
[35]. No significant difference was observed in the weight
of the dried ettringite precipitates between the electro-
chemical and chemical aluminium dosage experiments.

A preliminary cost comparison of mine water treat-
ment by ettringite precipitation using electrochemical alu-
minium dosing with 2 A current and the direct dosing of
NaAlO, was conducted, as they achieved the same degree
of sulphate removal and formed ettringite purity (Table 2).
The operation costs of mine water treatment via ettringite
precipitation with electrochemical and chemical alumin-
ium dosing were approximately 2.43 and 2.33 € m= respec-
tively. The cost of the ettringite produced was calculated by
dividing the operational cost of the mine water treatment
with the amount of ettringite produced in the treatment.
Thus, the cost of the ettringite produced was estimated
to be 0.42 € kg™ . .. and 0.40 € kg . . for the electro-
chemical dosing and chemical dosing, respectively. The
aluminium cost of the consumed aluminium electrode in
the ettringite precipitation was found to be cheaper than
the cost of the consumed sodium aluminate. Moreover, the
aluminium cost of the electrochemical ettringite precipi-
tation was calculated based on the consumed aluminium
electrode and did not take into account that usually all of
the electrode cannot be consumed. The calcium hydroxide
cost was the same in both the chemical and electrochemi-
cal ettringite precipitation. In the electrochemical ettringite
precipitation, the electric power cost for the dissolution of
the aluminium electrode added to the cost of the treatment.
Thus, the operational cost of ettringite precipitation with
the electrochemical dosing of aluminium from a sacrificial
aluminium anode was found to be more expensive than
that with sodium aluminate dosing. Even though the cost
of the ettringite precipitation with electrochemical alumin-
ium dosing was higher, the handling of the aluminium
as plates is easier compared to that of the aluminium as
salt. Also, when aluminium is dosed electrochemically and
not by using sodium aluminate salt, no sodium is added
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Table 1

201

Calcium, aluminium, and sulphate concentrations leached out of the ettringite precipitates from the electrochemical and chemical

aluminium dosage experiments with mine water

Sample Al (mg/kg) Ca (mg/kg) Sulphate (mg/kg)
ED 2A 57 6,915 18,243

ED 1A 188 6,815 17,120

CD 259 1,530 5,496

Limit for waste landfill 20,000

Limit for hazardous waste landfill 50,000

Concentrations are expressed as mg/kg of dry ettringite.
CD = chemical dosage; ED = electrochemical dosage.

Table 2

Comparison of ettringite precipitation results using electrochemical dosing (ED) and chemical aluminium dosing (CD)

Treatment Sulphate Purity of ettringite Cost Cost
removal (%) precipitate (%) (€ kg’lemmgim) €Em=>_ )

ED 2A 99.0 92.5 0.42 243

CD 98.6 92.6 0.40 2.33

CD = chemical dosage; ED = electrochemical dosage.

and thus no sodium is remained in the purified water.
The increase in the sodium concentration in water treated
with the chemical ettringite precipitation using sodium
aluminate as the aluminium source has been reported ear-
lier by Tolonen et al. [19]. Sodium remaining in the purified
water increases the conductivity of the water. This can be
problematic, as the amount of total dissolved solids, which,
in practice, is measured based on conductivity, can be
regulated in mine water discharge. Also, less voluminous
sludge formed in electrochemical ettringite precipitation is
beneficial. However, some operational problems, such as
mineral deposition on the electrodes, exist when using elec-
trochemical aluminium dosing. Polarity reversal during
operation as well as acid washing between experiments can
be used to remove mineral deposition. Even though, in this
research, the cost of electrochemical aluminium dosing was
slightly higher than the cost of aluminium salt, the energy
cost could be lowered by the further optimization of the
treatment process.

4. Conclusions

Electrochemical aluminium dissolution was found to
be one alternative to aluminium salt dosing in ettringite
precipitation, with a 99% sulphate removal efficiency from
an initial 1,060 + 20 mg L~ mine water sulphate concen-
tration using a 28 mA cm™ current density compared to
theoretical 100% and chemical 98.6% sulphate removal.
High-purity ettringite was formed during both electro-
chemical precipitation with a 28 mA ¢m™ current density
and chemical precipitation (92.5% and 92.6% respectively).
The main advantages of using an aluminium electrode as
the aluminium source compared to chemical aluminium
dosing are the ease of handling, more dense precipitate
formation, and quicker settling. Additionally, when dos-
ing aluminium electrochemically, only aluminium—and

no counterions (Na*)—are added to the water, as in the
case of aluminium salt dosing.

Acknowledgments

The authors would like to thank Ilkka Vesavaara for
ICP-OES analysis and Joost Caeyers, Pablo Hiller Vallina,
Samuel Domec, and Leonie Hennemeyer for their assistance
in conducting part of the laboratory experiments.

Symbols

—  Energy price, € kWh™'

Electrode material price, € kg™
—  Lime price, € kg™

—  Initial concentration of sulphate
—  Electrode consumption, kgm=
—  Energy consumption

—  Energy consumption, kWh m=
Lime consumption, kg

—  Sodium aluminate consumption
—  Concentration of sulphate

—  Sodium aluminate price, € kg
—  Faraday constant, 96,485 C mol™
—  Current, A

—  Electric current, A cm™

Rate coefficient

—  Molar weight of aluminium, 26.98 g mol™
Theoretical amount of dissolved
aluminium, g cm=

—  Time

—  Voltage, V

Mine water volume, m®

—  Number of electrons transferred in the
reaction

H 0 TR
|

electrode
energy
energy
lime

sodium aluminate

= NN 0000
|

sulphate

ngNHj
=
|

8
|

N<Q-
|
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