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Abstract: A laboratory method was designed and verified that allows for the testing of alkaline,
magnesite-based reactive materials for permeable reactive barriers (PRBs) to remove heavy metals
from contaminated groundwater. It was found that caustic calcined magnesia (CCM) with high
reactivity and low solubility to remove Cu2+, Zn2+, Ni2+, and Mn2+ cations from mixed aqueous
solutions can be prepared by calcination at a suitable temperature and residence time. Regarding the
solubility of both the reactive material itself and the precipitates formed, the CCM should contain
just a limited content of lime. One way is the calcination of a ferroan magnesite at temperatures
above 1000 ◦C. However, the decrease in pH is accompanied by lower efficiency, attributed to the
solid-phase reactions of free lime. A different way is the calcination of magnesite under the conditions
when CaCO3 is not thermally decomposed. The virtually complete removal of the heavy metals
from the model solution was achieved using the CCM characterised by the fraction of carbonates
decomposed of approximately 80% and with the highest specific surface area. CCM calcined at
higher temperatures could also be used, but this would be associated with higher consumption of
crude magnesite. Under the conditions considered in the present work, the product obtained by the
calcination at 750 ◦C for 3 h appeared to be optimal. The full heavy metal removal was observed in
this case using less magnesite, and, moreover, at a lower temperature (resulting, therefore, in a lower
consumption of energy for the calcination and material handling).

Keywords: groundwater; heavy metal; precipitation; caustic calcined magnesia (CCM); permeable
reactive barrier (PRB)

1. Introduction

Groundwater is the main source of drinking water worldwide [1,2]. However, there
are numerous sites all over the world characterised by groundwater contaminated with
organic and/or inorganic compounds, including toxic metals. Groundwater contamination
with heavy metals as a consequence of mining, refining, and industrial operations, such as
galvanic processing [3], scrubbing of the flue gases in power plants [4], leather tanning [5],
improper waste disposal, or accidents in the production of chemicals, represents an impor-
tant challenge for the authorities responsible for the environmental protection [6,7].

Although some heavy metals, such as copper (Cu), manganese (Mn), and zinc (Zn), are
essential for living organisms at specific concentrations, significant amounts can result in
shortness of breath, central nervous system disorders, reproductive failure, gastrointestinal
problems, and several types of cancers [8–12]. The assimilation of high concentrations of
Mn is reported to cause brain malfunction and lead to neurotic disorders [13]. The presence
and accumulation of nickel has a toxic or carcinogenic effect on living organisms [14].
Significant amounts of Zn can affect infertility, kidney, and CNS disorders, while overdoses
of Cu cause depression and lung cancer [15,16].
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In order to reduce the contents of heavy metals in contaminated groundwater, exten-
sive research has been carried out during the last decades to develop efficient and low-cost
remediation methods. The conventional solution to this problem considers treatment
plants where groundwater is pumped to the land surface and treated using the controlled
addition of chemicals, and then redisposed [17]. These “active” techniques, referred to as
“pump-and-treat”, require an equipment, maintenance, and supply of energy, carry the risk
of exposure to contamination, are unable to remove contaminants adsorbed to the soil [1],
and may be impracticable at abandoned sites [18]. An alternative method that is being
used increasingly—especially in those areas where the heavy metals are slowly leached
from a source [19]—is a permeable reactive barrier (PRB) [4]. In principle, a PRB is a depth
filter employing an appropriate granular sparingly soluble reactive material capable of
removing the pollutants from the contaminated groundwater as the stream of groundwater
passes the PRB [17]. This “passive” treatment system is able to improve water quality by
means of precipitation, sorption, or microbial degradation [2,20] using mostly gravitational
gradients, practically without any requirements for energy [18].

The most widespread method used to treat acidic metalliferous groundwater is neu-
tralisation (or pH control) [6]. It is well known that the solubility of many cations of metals
is reduced in a range of neutral to slightly basic pH, while the solubility can increase in
either very acidic or very basic solutions [6,21,22]. Since the minimum solubility of various
metals generally occurs at different pH values, the optimum pH for a given contaminated
groundwater treatment, which depends on its chemical composition [6], requires a careful
control [5,6,23–25]. The minimal solubility of the hydroxides of the majority of metals is
reached at a pH between 9.5 and 10.0 [7]. To neutralise an acidic contaminated groundwater,
raise its pH, and reach the threshold, the water is brought into contact with an appropriate
sparingly soluble alkaline material. It is necessary to guarantee that the optimal pH will be
maintained in the barrier during the whole period of its performance [23].

Removing metals via hydroxide precipitation has several advantages: (i) the technol-
ogy is well-established, simple, and relatively inexpensive; (ii) the ability to achieve the
regulatory effluent limits for several metals has been proven; and (iii) non-metal pollutants,
such as soaps and fluorides, can be removed [24]. The formation of hydroxides is mostly
accompanied by coprecipitation and/or adsorption and gives a mixed precipitate [7,26].

Due to their availability and low cost, limestone [27,28] and lime [2,3,6,24,27] are, in
general, the most commonly employed alkaline reactive materials. However, there are
certain limitations associated with their use in the PRBs. If, for example, the precipitation of
certain metals requires a pH of 8 to 10, limestone is not effective as it only raises the pH to
around 8 [6,29]. Moreover, carbon dioxide formed during the limestone dissolution buffers
the reactions and makes it difficult to raise the pH even above 6 or 7 [18,30]; although this
pH allows for the precipitation of the hydroxides of trivalent metals (Fe3+, Al3+, Cr3+), it is
not high enough for divalent metal hydroxides to be formed (Fe2+, Zn2+, Mn2+, Cu2+, Pb2+,
Ni2+, Co2+, and Cd2+) [18,31–34]. In contrast, both lime and portlandite are unsuitable for
passive treatment [31]. They have high solubility as compared to limestone and can raise the
pH up to 12–12.5 [2,31,32], which makes some precipitates more soluble [5,24]. Moreover,
the use of these substrates results in excessive sludge production and poor settling [27],
and the treated, highly alkaline water might thus be harmful to the environment.

An alternative to lime or portlandite is magnesium oxide (MgO), especially in the form
of the caustic calcined magnesia (CCM), MgO-rich material obtained by the calcination
of natural magnesite (MgCO3) [33]. In relation to the PRBs, CCM is reported to have the
following advantages as compared to lime:

• Mg(OH)2 is much less soluble than Ca(OH)2 in aqueous solutions (KS,Mg(OH)2 = 1 × 10−11;
KS,Ca(OH)2 = 4 × 10−6); it is, therefore, an attractive alternative reagent for passive
remediation systems [18].

• Upon contact with water, MgO hydrates to form Mg(OH)2, which buffers aqueous
solutions’ pH between 8.0–10.5 [18,32,33,35]. In this pH range, the solubility of most
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metal hydroxides is very low, so divalent metals cations, such as Zn2+, Cd2+, Ni2+, or
Co2+, can be removed by precipitation [18,33,35,36].

• MgO has been used for the immobilization of not only the cations of heavy metals
but also anionic species, such as borate [26] and fluoride [37], and a strong chemical
afinity to arsenic has also been observed [38].

• The residual sludge volume is much lower, mainly due to the elimination of the gyp-
sum formation from sulphate-rich effluents [7,36]; it is easier to be dewatered [24,36]
and is less hazardous and, therefore, cheaper to handle [31,32].

The removal of heavy metals from (acidic) aqueous effluents by MgO has been inten-
sively studied by previous authors using synthetic, high-purity (99%) MgO [5,26,37,38],
bulk CCM (coarse or fine-grained) [31,32,39,40], or a mixture of a fine-grained CCM and
coarse inert matrix (e.g., wood shavings or gravel), so-called dispersed alkaline substrate
(DAS) [18,31,33,35,41,42]. The substrates were examined using both laboratory (batch or
column) tests [5,18,26,31–33,37–41] and field experiments [35,41,42].

The aim of the present work was to design a laboratory method that allows for:
(a) testing the reactivity of natural magnesite-based reactive materials for the PRBs;
(b) defining the conditions for magnesite calcination when the reactive material (CCM)

with the optimal reactivity for the removal of the selected heavy metals (Cu2+, Zn2+, Ni2+,
and Mn2+) from contaminated water is obtained.

Though the calcination temperature of pure synthetic MgCO3 has been found to
affect the extent of the MgO hydration [26,37] as well as the immobilization mechanism of
borate [26] and fluoride [37], no publications have been published that comprehensively
report on how to prepare the MgO from magnesite with the optimal reactivity for the
removal of the monitored pollutants.

2. Materials and Methods
2.1. Materials

Bulk breunneritic magnesite concentrate with particle sizes up to 2 mm, supplied
by the company SMZ (Jelšava, Slovakia), was used in the present study. For the labo-
ratory tests, raw magnesite with grain size ranging from 80 to 250 µm was obtained by
grinding and dry-screening. The content of the main elements in the input (uncalcined)
magnesite sample was determined in an external certified chemical laboratory EKOLAB
(https://www.ekolab.sk/certificates (accessed on 22 May 2003)) using atomic absorption
spectrometry (AAS, contrAA® 700 Analytik Jena, Jena, Germany). The results of chemical
analysis are shown in Table 1.

Table 1. Chemical composition of the raw (uncalcined) magnesite.

Element Mg Fe Ca Si Al Loss on Ignition (L.O.I.)

Weight % 25.1 3.0 2.3 0.14 0.10 50.2

2.2. Calcination of Magnesite

First, to find the calcination temperature, thermal decomposition of uncalcined raw
magnesite was studied by simultaneous differential thermal analysis and thermogravi-
metric analysis in air atmosphere (DTA/TGA, NETZSCH STA 449 F3 Jupiter, NETZSCH-
Gerätebau GmbH, Selb, Germany), and by high-temperature X-ray powder diffraction
analysis in high-temperature chamber using CoKα radiation (X’Pert PRO XL XRD System
from PANalytical, Malvern, UK) as well.

Then, the samples of caustic calcined magnesia (CCM) for the batch reactivity tests
were prepared as follows: uncalcined raw magnesite was placed in a quartz crucible with a
lid and inserted in a laboratory electric high-temperature chamber oven (NETZSCH Model
417, NETZSCH-Gerätebau GmbH, Selb, Germany) where the sample was heated at a pre-
defined temperature (between 550 ◦C and 1400 ◦C) for a selected time (10–240 min) under
static air atmosphere and then cooled down naturally to room temperature in closed oven.

https://www.ekolab.sk/certificates
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After calcination, the weight of each sample was measured to calculate the weight loss. The
calcined products were stored in a vacuum desiccator prior to their use in experiments.

The samples of uncalcined and calcined magnesite were characterised by X-ray pow-
der diffraction by Bragg-Bretano Θ—2Θ geometry (XRD, Rigaku, MiniFlex 600 diffrac-
tometer, Akishima, Japan) using CuKα radiation at 40 kV and 15 mA at a step of 0.01◦ and
speed of 2◦ min−1 specified by PDXL2, ver. 2.6.1.2 software with the Powder Diffraction
File (PDF-2, ver. 2.1502, Newtown Square, PA, USA) databases from International Centre
for Diffraction Data (ICDD). Measurements of the specific surface area were performed
using the N2-adsorption B.E.T. method (NOVA 1000 Quantachrome Instrument, Boynton
Beach, FL, USA).

2.3. Batch Precipitation Tests

The reactivity of prepared CCM was tested using its reaction with a model mixed
aqueous solution of Cu2+, Zn2+, Ni2+, and Mn2+ at 25 ◦C. The initial concentration of each
cation in the used model mixed solution was approx. 50 mg/L, and the initial pH was
5.1. The model mixed solution was prepared by dissolving the sulphates of Cu2+, Zn2+,
Ni2+, and Mn2+ (special grade, Sigma-Aldrich, St. Louis, MO, USA) in distilled water. In
each test, a defined amount (0.2 g) of prepared CCM was added to 40 mL of the model
solution (liquid:solid ratio = 200:1) in a plastic bottle and horizontally shaken on a rotary
shaker at 50 min−1 and 25 ◦C for 2 h. (In preliminary experiments, it was observed that
the equilibrium was achieved within 10 to 90 min under the conditions used). Then, the
slurry was filtered (Munktell Filtrak (Quant.) Grade: 389; 84 g/m2; 8–12 µm pore size),
and the final pH was measured in the filtrate by a pH meter (HI4222, Hanna Instruments,
Nusfalau, Romania) by ORP electrode (HI3131B, Hanna Instruments, Nusfalau, Romania).
The initial concentrations of metal ions in the model mixed solution and the residual
concentrations of dissolved metal ions in the filtrate were verified and determined by
inductively coupled plasma-atomic emission spectrometry (ICP-OES, Thermo Scientific
iCAP 6000 DUO, Thermofisher Scientific, Cambridge, UK). The single element solution
standards (1000 ppm in HNO3, Fisher Scientific UK, Leics, UK) for calibration were used.
The efficiency of individual metals removal (Ei) was calculated using Equation (1):

Ei =
ci,0 − ci,r

ci,0
(1)

where ci,0 is the initial concentration (mg/L) and ci,r is the final concentration (mg/L) of
each cation i = Cu2+, Ni2+, Mn2+, and Zn2+ in the model mixed solution. The results are
presented as the average of three repeated measurements.

3. Results and Discussion

The major mineral phases identified in the raw magnesite sample by the X-ray powder
diffraction method (Figure 1) were: magnesite (00-008-0479 PDF-2 card), ferroan variety of
magnesite (00-036-0383 PDF-2 card) representing the solid solution of magnesite (MgCO3)
and siderite (FeCO3) and characterised by the formula (Mg,Fe)CO3, where the Mg:Fe
atomic ratio ranged from 90:10 to 70:30, and dolomite (00-036-0426 PDF-2 card). The minor
phases were calcite (00-004-0636 PDF-2 card) and enstatite (00-002-0520 PDF-2 card).

3.1. Thermal Decomposition of Magnesite

The results of the thermal analysis (Figure 2) showed that the thermal decomposition
of the magnesite started at 440 ◦C, and the maximum endothermic effect (corresponding to
the maximum rate of the thermal decomposition of the magnesite mineral) was observed
at 660 ◦C. The second endothermic effect contains two hidden peaks with an onset at
697 ◦C, indicated by the subsequent thermal decomposition of the dolomitic part of the
crude magnesite. The total observed weight loss due to the release of the carbon dioxide
was 50.2 wt.%.
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Figure 2. Results of thermal analysis illustrating the thermal decomposition of magnesite and
dolomite during heating the raw magnesite.

The influence of the calcination temperature between 400 and 1200 ◦C on the phase
composition and crystallinity is illustrated in Figure 3. Between 600 and 800 ◦C, the phases
of magnesite and dolomite originally present gradually disappeared, and the structure of
the calcined sample appeared to be highly disordered. Starting from 600 ◦C, the XRD count
from the magnesite got progressively lower and practically disappeared at 800 ◦C. The
dolomitic part of the raw magnesite decomposed at temperatures above 700 ◦C, and no
dolomite could actually be identified at 800 ◦C. At temperatures above 700 ◦C, new phases
(mainly periclase, MgO) occurred.
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created (frame “b”).).

The DTA, TGA, and XRD analyses suggest that the samples should be calcined at
temperatures between 600 and 900 ◦C to produce a reactive form of magnesia.

The effect of the calcination temperature (from 550 ◦C to 1000 ◦C) and time (from
10 min to 4 h) on the thermal decomposition of the carbonates present in the crude (uncal-
cined) magnesite are illustrated in Figure 4.
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The fraction of the carbonates thermally decomposed, Xt, was calculated for each
calcined sample using the following relationship (Equation (2)):

Xt =
100
w0

· m0 − mt

m0
(2)
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where m0 is the weight of the sample before calcination (equal to 40 g), mt is the weight of
the sample after calcination, and w0 is the total content of the carbon dioxide chemically
bonded in the form of carbonates in the original (uncalcined) magnesite rock (represented
by the L.O.I. and equal to 50.2 wt.%).

Two horizontal lines in Figure 4 represent the two limits, which are as follows: the
dashed line (MgO-M) = the thermal decomposition of the magnesite was completed
and the decomposition of the MgCO3 from the dolomitic part just started; the full line
(MgO-D) = the thermal decomposition of the MgCO3 from the dolomitic part was com-
pleted and the decomposition of the CaCO3 just started.

Figure 4 shows that, at a temperature of 550 ◦C, the fraction of the carbonates thermally
decomposed, Xt, reached 13% after 4 h. At temperatures above 900 ◦C, the carbonates were
almost completely decomposed within 1 h.

3.2. Removal of Heavy Metals by Precipitation Using the CCM

The influence of the calcination temperature and time on the efficiency (Ei) of the
Cu2+, Zn2+, Ni2+, and Mn2+ removal from the model mixed solution by the addition of
a sample of the prepared CCM as a precipitating agent is illustrated in Figure 5a–d. The
accuracy of the measurements expressed as %RSD ranged from 0.2% to 0.8% depending on
the wavelengths of the selected emission lines.
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A comparison of the graphs in Figure 5a–d suggests that the behaviours of Zn, Ni, and
Mn were very similar, but quite different from that of Cu. After an addition of the CCM,
the copper was completely precipitated (Figure 5a) with the exception of the three cases
where the magnesite had not been thermally activated enough due to the low calcination
temperature and/or short calcination time (samples 550 ◦C for 1 h, 700 ◦C for 10 min, and
750 ◦C for 10 min). In contrast, the efficiency of the removal of the Zn, Ni, and Mn first
grew with the calcination temperature and time and reached approximately 100% at a
calcination temperature of 800 ◦C to 1000 ◦C and sufficiently long calcination time (from
20 min at 1000 ◦C up to 3 h at 800 ◦C), and then decreased at temperatures above 1100 ◦C
(Figure 5b–d).

The comparison of the results in Figure 5 shows that the most reactive material, which
would achieve a comprehensive removal of all the monitored metals, can be prepared by
calcination at temperatures above 800 ◦C. These results are in good agreement with the
final pH values (measured in the filtrate at the end of each test) that are shown in Figure 6.
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The highest final values of the pH in Figure 6 correlate very well with the maximum
values of the efficiency of the individual metal removal, Ei, in Figure 5b–d. However,
the highest observed final values of the pH (up to 11.5) cannot be attributed to Mg(OH)2,
which buffers aqueous solutions to a pH between 8.0–10.5 [18,32,33,35]. It can, therefore,
be assumed that these high pH values are due to the presence of free lime, which is formed
in the samples calcined above 800 ◦C as a product of the thermal decomposition of the
dolomite and/or calcite originally present in the raw magnesite used.

To be able to explain the changes in the reactivity of the CCM prepared, a compre-
hensive analysis of the changes taking place in the raw magnesite during the calcination
is needed.

The results of the phase analysis (Figure 7a) showed that, at a temperature of 900 ◦C,
the free lime is formed as a product of the thermal decomposition of the dolomite and/or
calcite originally present in the used raw magnesite. In addition, from the diffractograms
shown in Figure 7a, it can be seen that the calcination at very high temperatures (above
1000 ◦C) results in the solid-phase reaction of the free lime (CaO) and the formation
of dicalcium ferrite (2CaO·Fe2O3), as illustrated by the graph in Figure 7b, while the
XRD counts from the CaO (200) were getting progressively lower with an increase in the
calcination temperature; those from the 2CaO·Fe2O3 (141) were simultaneously increased.
The conversion of the CaO to 2CaO·Fe2O3 explains the gradual decrease in the reactivity
of the products calcined at temperatures above 1000 ◦C (Figure 5b–d).
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The CCM intended for use as a reactive material in the PRB should contain just a
limited content of CaO in the form of lime. This limit is determined by the demands
on a proper performance of the PRB. The presence of the lime in the CCM can become
significant, especially when raw magnesite with a higher CaO content is used. Although
calcination at temperatures up to 1000 ◦C leads to a seemingly higher efficiency of heavy
metal removal (Figure 5), this effect is at the expense of the benefits resulting from the low
solubility of MgO. The presence of the lime results in high pH values (pH up to 12–12.5)
that make some precipitates more soluble [5,24]. Moreover, highly alkaline water might be
harmful to the environment.

One way to reduce the lime content in the CCM is the calcination of the magnesite at
very high temperatures; at temperatures above 1000 ◦C, a decrease in the pH values was
observed (Figure 6), accompanied by lower efficiency (Figure 5), which may be attributed
to the solid-phase reaction of the free lime (CaO) and the formation of dicalcium ferrite
(2CaO·Fe2O3) (Figure 7a,b).

A different way to avoid overly high lime content in the CCM is the calcination of the
magnesite under the conditions when CaCO3 is not thermally decomposed. The graph
in Figure 8 shows the removal efficiencies of the individual metals (shown in Figure 5)
depending on the amount of crude magnesite that has to be calcined to treat 1 m3 of
contaminated water with the same composition as the model solution used. Maintaining
the same conditions (the composition of the liquid and solid phase, l:s ratio = 200:1) as
used in the laboratory tests, 5 kg of calcined magnesite would be necessary to treat 1 m3 of
the model solution used. The mass of crude magnesite to produce 5 kg of the CCM under
the given calcination temperature and time was calculated using Equation (3):

mcrude magnesite =
500 kg

100 − 0.502Xt
(3)

From Figure 8, it can be seen that the efficiency of the removal of the individual metals by
the addition of the calcined magnesite decreased in the order Cu >> Zn > Ni > Mn. This find-
ing is in accordance with the fact that a hydroxide with a lower value of the solubility product
is preferably precipitated. The values of the solubility products of the hydroxides of the moni-
tored metals decrease in the following order: Cu(OH)2 < Zn(OH)2 < Ni(OH)2 < Mn(OH)2.
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and time. (Experimental conditions: Total heavy metal concentration at the beginning of each
precipitation test = 3.33 mol m−3; l:s ratio = 200:1. Dotted curve = regression curve).

From the course of the dependences Ei = fi(mmagnesite) in Figure 8 (and Equation (3):
the higher Xt, the higher mcrude magnesite), it follows that Ei was initially increased with an
increase in Xt of the added calcined magnesite: the practically complete precipitation of the
copper occurred already after the addition of the CCM characterised by Xt of approximately
8%, while the efficiency Ei of Zn, Ni, and Mn was first growing rapidly with increasing
Xt, then the rise of Ei was slowed down. At mcrude magnesite = 8.3 kg (Xt = 79%), Ei reached
the maximum (characterised by the step-wise increase in Ei). When the conversion Xt
was assigned to the corresponding value of the specific surface area shown in Figure 9, it
was found that the maximum efficiency Ei was achieved by the addition of the CCM with
the largest specific surface area. This limit is marked in Figure 8 with a full vertical line
(SA,MAX). (The specific surface area reached the maximum of 112 m2·g−1 at the calcination
temperature of 750 ◦C and time 30 min, where Xt = 79%). Then, until the MgCO3 in the
raw magnesite was completely decomposed (this limit is marked with the dashed vertical
line (MgO-M) in both Figures 4 and 8), the efficiency Ei remained almost constant and close
to its maximum value. At last, despite the increasing content of the MgO, EZn was very
slowly getting higher, while the efficiencies for Ni and Mn were decreasing at the same
time. The drop in the efficiency is likely to be caused by: (i) the recrystallisation of the
periclase and (ii) the loss of the reactive MgO due to its solid-phase reaction with the Fe2O3
to produce magnesium ferrite (MgO·Fe2O3) (Figure 7a).

The above results show that the virtually complete removal of the heavy metals
from the model solution can be achieved with the addition of CCM characterised by the
fraction of carbonates decomposed Xt = 79% and the highest specific surface area. Under
the conditions of this work, the magnesite was calcined at 750 ◦C for 3 h. Magnesite
calcined at higher temperatures could also be used, but this would be associated with
the higher consumption of the crude magnesite to prepare the same amount of the CCM.
Approximately 8.3 kg of crude magnesite calcined at 750 ◦C for 3 h, but up to 10.0 kg of
magnesite calcined at 1000 ◦C for 20 min would be consumed to prepare 5 kg of CCM to
remove the heavy metals from 1 m3 of the model solution. The higher specific consumption
of crude magnesite brings increased handling and heating costs, and the higher degree
of carbonate decomposition (Xt) increases the calcination costs (thermal decomposition).
The product obtained by calcination at 750 ◦C for 3 h, therefore, appears to be optimal:
it is enough to decompose only 80% of the MgCO3 present in the magnesite at a lower
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temperature (therefore, less energy is needed for calcination), and the same amount of
heavy metals can be precipitated by adding 1 t of this material as by adding 1 t of the CCM
obtained at higher temperatures.
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It is assumed that the removal of heavy metals from aqueous solutions by the addition
of CCM is based on precipitation, according to the overall chemical equation:

MgO(s) + H2O(l) + Me2+(aq.) = Mg2+(aq.) + Me(OH)2(s), (4)

eventually,
CaO(s) + H2O(l) + Me2+(aq.) = Ca2+(aq.) + Me(OH)2(s). (5)

This assumption is based on the fact that, at the end of each test, the Mg2+ and
Ca2+ contents in the final solution were also determined. The results showed that the
Mg2+ + Ca2+ contents corresponded within the experimental error to the total amount of
heavy metals removed from the solution during the test. This conclusion differs from the
findings of Sasaki et al. [26,37], who used the reactive MgO obtained by the calcination
of pure (synthetic) MgCO3 as a reactive material for the removal of fluoride and borate.
Sasaki et al. [26,37] found that the efficiency did not depend on a specific surface but the
critical factor was the basicity per unit surface area, which was gradually getting higher in
the range of the calcination temperature between 600 ◦C and 1100 ◦C. The reason(s) for
this difference may be:

(a) the differences in the nature of the starting materials used: natural magnesite was
used in this work;

(b) the differences between the products of calcination: the calcined magnesite pre-
pared and used in this work was characterised by a high internal surface to external
surface ratio;

(c) the different mechanism of the heavy metals removal: while adsorption was
identified in the work of Sasaki et al. [17,28], precipitation prevailed in the present work,
which was proved by high contents of Mg2+ + Ca2+ cations in the final solutions when the
reaction (phase contact) was stopped.

4. Conclusions

The caustic calcined magnesia (CCM) can be applied as an alkaline reactive material
in permeable reactive barriers (PRBs) with dispersed alkaline substrate, designed for the
removal of heavy metals from contaminated groundwater. There are two crucial properties
that characterise an appropriate CCM for this application: high reactivity and low solubility.
The present work reports on how the tailor-made CCM for use in the PRBs can be prepared
by the thermal activation of the natural magnesite. It was found out that the CCM with
the required reactivity for the removal of the Cu2+, Zn2+, Ni2+, and Mn2+ cations from a
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model mixed aqueous solution can be obtained by a suitable adjustment of the calcination
temperature and time.

Regarding the solubility, the CCM should contain just a limited content of CaO in the
form of lime, which is produced by the thermal decomposition of CaCO3. This limit is
determined by the demands on a proper performance of the PRB. Although the calcination
at temperatures up to 1000 ◦C practically results in full heavy metal removal, this effect
is at the expense of the benefits resulting from the low solubility of MgO. The presence
of lime results in high pH values (pH up to 12–12.5) that make some precipitates more
soluble. Moreover, highly alkaline purified water might be harmful to the environment.

One way to reduce the lime content in the CCM is the calcination of magnesite at very
high temperatures. At the temperatures above 1000 ◦C, a decrease in the pH values was
observed. However, the decrease in pH was accompanied by lower efficiency, attributed to
the solid-phase reaction of free lime (CaO) to form the dicalcium ferrite (2CaO·Fe2O3).

A different way to avoid high lime content in the CCM is the calcination of magnesite
under the conditions when CaCO3 is not thermally decomposed. The results have shown
that the virtually complete removal of the heavy metals from the model solution was
achieved using the CCM characterised by the fraction of the carbonates decomposed
Xt = 79% and the highest specific surface area. Under the conditions of this work, the
magnesite was calcined at 750 ◦C for 3 h. Magnesite calcined at higher temperatures
could also be used, but this would be associated with a higher consumption of crude
magnesite to prepare the same amount of the CCM. The higher specific consumption of
crude magnesite brings increased handling and heating costs, and the higher degree of
carbonate decomposition increases the calcination costs (thermal decomposition).

Whether to choose the operation conditions for the calcination when the calcium
carbonate is also decomposed or not depends on the composition of the magnesite used
and the overall cost of the CCM production. However, to verify the designed laboratory
method for testing the reactivity of the CCM-based reactive materials for the PRBs, the
product obtained by calcination at 750 ◦C for 3 h appeared to be optimal. Adding 1 t of this
material allowed for the same amount of heavy metals precipitated as adding 1 t of the
CCM obtained at higher temperatures. At the same time, it was enough to decompose only
80% of the MgCO3 present in the magnesite at a lower temperature (resulting in a lower
consumption of energy for the calcination and material handling).
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Abbreviations

CCM caustic calcined magnesia
PRB permeable reactive barrier
HM heavy metals

DAS
dispersed alkaline substrate, i.e., mixture of a fine-grained caustic calcined magnesia and
coarse inert matrix (e.g., wood shavings or gravel)

Ei efficiency of individual heavy metals removal from solution (%)
Xt fraction of carbonates thermally decomposed during the raw magnesite heating (%)
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