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The reutilization of the by-products from the calcination of natural magnesite for environmental solutions is
conditioned by the availability of MgO, CaO and other compounds. In order to overcome their great heterogene-
ity, an exhaustive chemical and physical characterization is necessary in order to assess their potential applica-
tions. In this study, the acid neutralization capacity (ANC) test was used to categorize three types of by-
products (LG-MgO, LG-D and LG-F), which mainly differed according to source ore and processing conditions.
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Keywords:
Y The experimental data concerning the leaching of Mg?*, Ca?*, Fe?* and SO~ was corroborated with geochem-

ical predictions using the modelling software Visual MINTEQ. Likewise, the main solubility-controlling mineral
phases were also identified. According to the results, there is a buffer capacity within the pH 8-10 range, mainly
dominated by the neutralization of MgO/Mg(OH)2, equilibrium with a small contribution from the carbonate
content at lower pH values. The release of sulphates showed a non-pH dependency attributed to the solubility
of CaSO4 and elemental sulphur present in petcoke. For dust materials, leaching of Fe was minimal above pH 6
owing to the insoluble nature of the Fe203/Fe304 pair. Accordingly, the by-products labeled as LG-D and LG-F
are better suited for stabilizing solid wastes or wastewater that are acid while LG-MgO is more appropriate for
alkaline residues such as contaminated soils. In both cases, a suitable pH range in which pH-dependent heavy
metals and metalloids show minimum solubility can be obtained. The use of these by-products guarantees an
environmentally friendly alkali reservoir for the long-term stabilization of heavy metals and metalloids at a
very competitive price as a substitute for the widely used lime.
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1. Introduction for calcination. Both the temperature of calcination and the time of

residence are important for conditioning the quality of the MgO and

Magnesium oxide (MgO) is one of the most important raw materials
used in the refractory industry (Salomao et al., 2007). It is predominant-
ly produced by the calcination of natural magnesite (MgCO3) (Birchal
et al., 2000; Demir et al., 2003; Zhu et al., 2013). During this thermal
process, several by-products rich in magnesium are generated. In
order to promote environmental sustainability and enhance the exploi-
tation of these by-products, the three R's strategy (Reduce, Reuse and
Recycle) should be promoted as an integral part of every industrial
philosophy. The need to recover resources is not only related to benefits
to the environment but also to the maintenance of natural resources. In
this regard, the reuse of industrial by-products in environmental solu-
tions by replacing other industrial products not only addresses issues
of sustainability but also of greater environmental benefits.

After extraction from ore, the natural mineral is taken to classifiers
and collectors for sieving, and the selected minerals are fed to the kiln
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thus its potential applications (Zhu et al., 2013). The so-called caustic
magnesia is obtained at low temperature ranges (1200 °C) and shows
high reactivity, while the dead-burnt magnesia is obtained at tempera-
ture ranges close to 1600 °C, and is less reactive than caustic magnesia
because of the effect of sinterization on its crystalline structure. Regard-
less of the calcination conditions, the combustion gases generated at the
outlet of the kiln are taken into the air pollution control system,
consisting of fabric filters and cyclones, where a large proportion of
the solid particles and flue-dustisretained. These components combine
to form cyclone dust (CD), which is considered the bulkiest by-product
obtained at the end of the calcination process. It is characterized for
being a mixture of magnesium and calcium oxides as well as different
proportions of dolomite, siliceous materials and other impurities
that affect its alkaline behaviour and reutilization potential. CD is
more widely known as Low-Grade MgO (LG-MgO). Its great heteroge-
neity complicates the post-treatment and without any reclamation,
it is stored in the open. After 6-8 months, the natural spontaneous
process of weathering hydrates LG-MgO to Low-Grade Mg(OH):
(LG-Mg(OH)»).
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The reutilization of by-products from the calcination of natural
magnesite is mainly conditioned by the availability of MgO, CaO, and
other compounds. The main differences among these by-products are
chiefly a function of both the raw materials and the thermal processes
involved in their production, which condition their chemical and
physical characteristics.

1.1. Reutilization routes of MgO by-products

With the aim of ensuring sustainable and beneficial use, previous
studies carried out by our research group have highlighted the potential
for reutilization of these low-grade magnesium (hydr)oxides in many
applications despite their great heterogeneity. Fernandez et al. (1999)
described a method to obtain basic magnesium carbonates by means
of the carbonation of LG-MgO slurries with the aim of using them as
an additive for pigments and papermaking or as a flame retardant in
polymers. In the same way, the use of LG-Mg(OH): has been tested
with very promising results as a flame retardant filler in polymers and
as aggregates in the formulation of fire-protecting mortars (Fernandez
et al., 2009; Formosa et al.,2011).
In the environmental field, it is known that the leaching of heavy
metals and some metalloids is strongly dependent on pH (Van
Herreweghe et al., 2002). In this context, MgO acts as a buffering
agent within the pH 9-11 range, minimizing heavy metal solubility
and avoiding the re-dissolution that occurs when using only lime
(Garcia et al., 2004). In this context, and more precisely in landfill
management, the use of different types of dolomitic limes with varying
amounts of MgO equivalents has proved to be effective in the stabiliza-
tion of electric arc furnace (EAF) dust as an alternative to the use of lime
and/or ordinary Portland cement (Cubukcuoglu and Ouki, 2012;
Fernandez et al., 2003). In this regard, remediation of heavy metal
contaminated soils is currently an important worldwide issue that is
of great concern to many communities and municipalities (Garcia
et al., 2004; Peng et al., 2009; Yao et al., 2012). The use of magnesium
(hydr)oxide by-products guarantees an alkali reservoir for the long-
term stabilization of heavy metals and metalloids at a very competitive
price. Garcia et al. (2004) reported that contaminated soil stabilized

with LG-MgO shows, independently of the quantity of stabilizer
employed, a pH close to 9.2. Moreover, a reduction greater than 80% of
the metals and metalloids released is feasible when applying this by-
product. Another study carried out by the authors focused on the poten-
tial leaching of toxic trace elements from MgO by-products during their
reutilization: even at very acidic conditions, the majority of toxic species
(As, Pb, Zn, Cr, Cu, Ti, Mn, Co and Ni) hardly dissolve and their concen-
tration valuesremained underregulatory limits (Chimenosetal.,2012).

The buffering pH range is controlled by the solubility of the magne-

sium hydroxide. In this respect, an alternative to the natural spontane-
ous process for obtaining LG-Mg(OH): was assessed by the authors
using different hydration agents (del Valle-Zermeiio et al., 2012). The
results reported by the authors showed that much shorter hydration
times are possible and therefore, anindustrial alternative to the sponta-
neous process could satisfy an increasing demand for magnesium
hydroxide.

Low-grade magnesium (hydr)oxides have also been found to
be suitable and economically feasible for use in remediation and/or
wastewater treatment. Thereby, permeable reactive barriers using
MgO as afiller were tested for removing heavy metals from contaminat-
ed ground (Cortina et al., 2003; Navarro et al., 2006; Rétting et al.,
2006). Moreover, magnesium oxide as a source of magnesium has
been used as a reagent to remove and recover ammonium and/or phos-
phates from wastewater; these precipitate in the form of struvite
(MgNH4PO.1 - 6H20), bobierrite (Mgs(PO4)s - 8H20) or newberyite
(MgHPO4.3H:0) in the presence of magnesium (Chimenos et al.,
2003, 2006). On the other hand, chemically bonded phosphate ceramics
(CBPCs) are well suited for hazardous waste encapsulation because
solidification occurs at low temperatures and within a wide pH range

(Rao et al,, 2000). CBPCs are mainly fabricated from an acid—base reac-
tion between calcined MgO and monopotassium phosphate (KH>PO.)
in solution to form a hard and dense magnesium potassium phosphate
hydrate (MgKPO,6H20) ceramic. The use of a highly pure MgO
requires prior calcination at 1300 °C (Jeong and Wagh, 2003). This
significantly increases the cost of the raw materials, complicating its
potential use as a substitute for ordinary Portland cement for encapsu-
lation. However, the use of MgO-containing by-products as raw
materials for CBPC formulation could reduce production costs while
improving mechanical properties (Formosa et al., 2012).

1.2. Reuse of MgO by-products as stabilizing agents

Theeffectivenessof LG-MgO as a stabilizingagentin heavily polluted
soils or as a reagent in wastewater treatment, as well as other potential
environmental applications, is a function of its reactivity and, mainly, its
behaviour across the whole pH range (Ho et al., 2012). The reactivity of
MgO is usually measured using the citric acid test, in which the time
needed for the magnesium sample to neutralize the citric acid solution
is measured (Strydom et al., 2005). It is also directly related to its specif-
ic surface area and particle size distribution (Demir et al., 2006). The
acid-base properties of solid wastes have been found to considerably
influence the leaching of solid wastes by changing the pH environment
(Gonzélez-Ntnez et al., 2012; Yan et al., 2000). The pH environment of
the system can be defined by the buffering capacity, which is usually
measured by means of the acid neutralization capacity (ANC) test
(CEN 14997). This standardized test determines the ability of any mate-
rial to maintain a stable pH range as acid is added. The ANC test is a
measure of the acidity of a solution and it is almost linearly related to
alkalinity and non-linearly related to pH (Férstner and Haase, 1998;
Neal et al., 1999).

Against the above background, the main objective of this study was
to characterize the main by-products obtained from the calcination of
natural magnesite in order to determine the boundaries of reutilization

in the environmental field taking into consideration the materials'
heterogeneity. For this purpose, their chemical and mineralogical
composition as well as various physical properties were characterized.
Likewise, the ANC test was used as a tool to predict their effectiveness
as neutralization agents in acid effluents and their buffering capacity
in, for example, the amendment of highly contaminated soils or the sta-
bilization of solid wastes, as this can give sufficient information about
the release of metals in certain pH conditions. Moreover, this capacity
factor is significant for predicting the potentially reactive amount of
waste in neutralizing reactions (Cappuyns et al., 2004; Yan et al.,
2000). The experimental results were further compared to geochemical
modelling predictions using Visual MINTEQ, which is based on the
code originally built for MINTEQA2 (Allison and Brown, 1991). This
geochemical modelling software allows the assessment of the transport
and precipitation of heavy metals as well as adsorption equilibriums
(Shi et al., 2013; Wagner and Kaupenjohann, 2014; Yu et al., 2014). It
is also used for leaching predictions and for calculating the composition

of the leachates in equilibrium with potential solubility-controlling
minerals (Houben et al., 2012; Jung et al., 2012; Meima and Comans,
1997, 1999; Sjostedt et al., 2013). Thus the mineral phases controlling
the leaching in the pH range of interest for each by-product were
identified by comparing theoretical modelling with experimental data.

The use of these by-products addresses two issues: on one hand, it
becomes possible to reuse a by-product that follows the path towards

sustainability and on the other hand, an environmental solution is
attained by means of an environmentally friendly agent.

2. Materials and methods
Three by-products were considered, differing mainly in their particle

size and Mg/Ca content. Selected samples of around 25 kg each were
supplied by Magnesitas Navarras S.A., located in Navarra (Spain).



Their origins can be described as follows. Once the ore is extracted
from the natural deposits and beneficiated to increase the content of
magnesite by reducing the occurrence of calcite and dolomite, it is fed
into two rotary kilns at 1200 °C and 1600 °C for calcination, to obtain
caustic and sintered magnesia, respectively. The gases generated from
these two kilns are taken into an air pollution control system where
fly particles are collected in fabric filters. The collected dust material is
classified as LG-MgO and was the first by-product under consideration.
The second by-product was from other natural ores enriched in
dolomite — CaMg(CO3)2 — the corresponding dust material being
catalogued as Low-Grade Dolomite (LG-D). The third by-product was
the finest fraction (smaller than 500 um) of the caustic calcined magne-
site (LG-F) collected at the outlet of the kiln after sieving. For chemical
and physical characterization, a representative subsample (about
5 kg) of each by-product was obtained by quartering each of the initial
samples to a 1/16 split.

Nitric acid (65%) and citric acid were provided by Scharlau Chemie
S.A. (Spain). Deionized water with conductivity lower than 5 uSrem—1
was used in all tests.

2.1. Physical and chemical characterization

The representative subsamples were analysed by X-Ray fluores-
cence (XRF) using a Philips PW2400 X-ray sequential spectrophotome-
ter to elucidate major and minor elements. Moreover, the crystalline
phases were determined by X-Ray Diffraction (XRD) in a Bragg—
Brentano Siemens D-500 powder diffractometer with CuKa radiation.
Physical properties were described by means of the Particle Size Distri-
bution (PSD)usinga Beckman Coulter LS 13 3201aser analyser,andthe
specific surface by the BET single point method using a Micrometrics
Tristar 3000 porosimeter. A Zwek Optical Microscope was used for
imaging. A TA Instruments SDT Q600 Simultaneous TG-DSC was used
to perform the Thermogravimetic Analyses (TA) from 50 °C to 1000 °C

at 10 °C min-!in an inert atmosphere.

2.2. Citric acid test

This test was performed in order to evaluate MgO reactivity. The
citric acid activity test was designed to determine the reactivity of
MgO by acidneutralization using phenolphthalein as anindicator. The
magnesia activity time is the time elapsed between the addition of
acid and the formation of a reddish colour (Shand, 2006). Acid neutral-
ization values of less than 60 s are used to define highly reactive (soft-
burnt) MgO. Medium reactive MgO gives a measure between 180 and
300 s, while a low reactivity MgO (hard-burnt) and a dead-burnt MgO
give values greater than 600 s and 900 s respectively (Strydom et al.,
2005).

2.3. Acid neutralization capacity

As previously mentioned, the ANC test (CEN 14997) allows determi-
nation of the buffering capacity to maintain a stable pH range as acid is
added. The protocol can be divided into two parts. The first part is a
preliminary stage in which the selected by-product is subjected to
consecutive and ordered acid additions, in order to obtain a curve of
pH versus hydronium (H30+) per mass of solid. This phase began by
placing representative samples and bringing them into contact with
ten times the weight of water under continuous stirring for 24 h. During
this period, different volumes of HNOs (65 wt.%) were added in order to
gradually decrease pH to 4. Any abrupt drop in pH can be overtaken by
diluting the acid. The final values of HsO+ per mass of solid added were
calculated taking into account both the volume and the concentration of
acid added during the whole experiment. Subsequently, the quantity of
acid required to achieve a specific pH was estimated by extrapolating
the necessary HsO* per mass of solid to reach the desired pH value
(hereinafter referred to as thepre-established value).

The second part of the test was carried out by placing 30 g of solid in
contact with 0.3 L of deionized water under continuous stirring. After
15 min, the natural pH of the solid was measured and the quantity of
acid required to reach the pre-established value was added afterwards.
The pH was measured at specific times: 0.25, 4, 44 and 48 h. The period
between 44 and 48 h was used to adjust the required pH by adding
more acid. After 48 h the corresponding eluates were passed through
0.45 pm polypropylene membrane filters, acidified by adding a few
drops of HNOs and preserved in a fridge at 4 °C for subsequent analysis
of the concentration of selected metals and sulphates. The correct
execution of the second part of the test entailed several restrictions
that can be summarized as follows: 1) the liquid-to-solid (L/S) ratio
must never exceed 11 at the end of the experiment; ii) the supplemen-
tary acid additions between 44 and 48 h must be taken into account for
the aforementioned final L/S; and iii) deviation with respect to the pre-
established value must be kept under 0.3 pH units. The concentration
of metals was determined by inductively coupled argon plasma optic
spectrometry (ICP-OES), and that of sulphates by spectrophotometry.

2.4. Geochemical modelling and leaching predictions

In order to compare leaching experimental data from the ANC test
with geochemical modelling predictions, the Visual MINTEQ software
(v. 3.0/3.1) was used. Unlike other studies, in which the total concentra-
tion of inorganic elements measured in the leachates is the main input
information (Meima and Comans, 1997, 1999; Meima et al., 1999;
Merrikhpour and Jalali, 2013; Ohno et al., 2014; Shi et al., 2013;
Wagner and Kaupenjohann, 2014; Yu et al., 2014), the chemical charac-
terization of the mineral phases in each by-product was used for model-
ling as follows: (i) input files were the total concentration of each
known mineral phase (whenever possible) for each by-product as a
finite solid phase in a multi-problem model by sweeping pH in the
whole range of studys (ii) the theoretical concentration of the significant
aqueous species was compared to experimental leaching data; and (iii)
the potential solubility-controlling minerals were selected on the basis
of the saturation indices that approached zero (—1 b SI b +1). Model-
ling predictions are presented together with experimental data for
major species (Ca2+, Mg2+, Fe2+ and SO%-) in a graph of log concentra-
tion versus pH. The mineral phases that according to the software are
most likely to control solubility are also presented in the graph. In
order to improve the fit of experimental data with the theoretical
predictions, the input files defined in (i) were modified by changing
the mineral phase of a given element (e.g. Fe or S) or by adding surface
complexation reactions or adsorptionisotherms.

3. Results and discussion
3.1. By-product characterization

The main chemical composition obtained by XRF analysis is shown
in Table 1. As it can be seen, magnesium was the main element in the
three by-products, with an average content of 68.1, 41.5 and 78.7 wt.%
for LG-MgO, LG-D and LG-F, respectively. The calcium content
was also important, especially in LG-D, with an average content of

Table 1
By-products chemical composition determined by XRF analysis.

LG-MgO (%) LG-D (%) LG-F (%)

MgO 68.1 415 78.7
Ca0 8.9 22.1 9.9

S0; 8.1 8.3 2.1
Fe20s 2.6 3.5 2.9

Si0s 1.5 0.7 2.8

K20 1.5 0.4 -

LOI 8.7 23.1 3.6




22.1 wt.%. This was the expected value, owing to the natural ore of ori-
gin. Other impurities such as silica and iron were uniformly present in
dust materials (LG-MgO and LG-F). It is also worth mentioning the aver-
age sulphur content of 8 wt.% in both dust materials but significantly
lower levels (~2 wt.%) in LG-F, the origin of which is mainly attributed
to the petroleum coke used as fuel for calcination in the kilns, as previ-
ously reported by Formosa et al. (2011). Loss on ignition (LOI) differed
substantially among the three by-products as a consequence of the
durationofcalcination. Dustmaterialshadspentlesstimeinsidethecal-
cination kiln and therefore a larger proportion of carbonates remained
uncalcined.

Thecorresponding X-Ray Diffraction patterns are presentedin Fig. 1.
As it is shown, magnesium was mainly present as periclase (crystalline
MgO) in all by-products, although its presence as uncalcined dolomite
was significant in LG-D and to a lesser extent in LG-MgO. The main
forms of calcium occurrence in both dust materials were dolomite and
anhydrite with small proportionsof CaCOs. Calciumin LG-F was mainly
present as CaO. The phases of iron were not identified in the XRD
patterns due to their low levels and hence its form of occurrence had
to be predicted by geochemical modelling. This will be addressed in
the next section.

With respect to physical properties (Table 2), LG-MgO and LG-D
presented the largest specific surface (BET) and therefore greatest
reactivity (Demir et al., 2006), with a largely irregular particle size dis-
tribution, as seen in the three images taken with an optical microscope
(Fig.2).Inthisaspect, LG-MgO possessed the smallest particlesize, with
a mean size of 23.1 pm. Not all the magnesium content can actively
influence the ANC as some mineral phases remained inactive. In order
to quantify all phases in each by-product the aforementioned results
were used together with results from the thermal decomposition of
the three raw by-products (Fig. 3). The mass loss steps can be ascribed
to moisture and water of crystallization loss (below 200 °C), Mg(OH).
decomposition to MgO (from 200 to 450 °C), MgCOs decomposition to
MgO and CO; (between 450 and 625 °C), CaMg(COs)» decomposition
to MgO, Ca0 and COs (between 625 and 750 °C) and CaCO3 decomposi-
tion to Ca0 and CO2 (up to 1000 °C). The decomposition of MgSO4and
CaS0y at around 1100 and 1200 °C, respectively, was only observed
for LG-D (TA not shown). The mass loss percentages for each reaction
of decomposition were used to fully characterize each by-product
according to a previous study carried out by the authors (del Valle-
Zermeiio et al., 2012). These results are presented in Table 3. As
shown, periclase was the main form of occurrence. The presence of
MgCOs and CaCOs was also noted, particularly in LG-MgO, with the
total calcium content present in the carbonate form. Dolomite —

Table 2
Particle size distribution (PSD) and specific surface (BET) of the three by-products. Note: dx
denote the X percentage of particles with a size below the indicated.

PSD (pm)

LG-MgO LGD LGF
dio 2.0 2.9 154
das 6.2 10.1 55.2
dso 16.6 28.2 125.3
dzs 32.6 55.0 205.1
dos 65.5 107.9 339.0
Mean , 23.1 37.5 1414
BET(m -g ) 4.6 6.6 2.6

CaMg(COs): — was the main form of occurrence in LG-D, whose ore of
origin is enriched in this compound. The presence of MgSO4s and
CaSO4in this by-product was alsonotable. LG-F contained the highest
amount of MgO (76.7%) and a CaO content similar to LG-MgO. The
high levels of MgO can again be attributed to the long residence time in-
side the calcination kiln alongside the product itself, avoiding any
mixing with combustion gases. Likewise, the time and temperature of
the calcination process dramatically affect the reactivity of the MgO
formed, where reactivity refers to hydration into Mg(OH): by exposure
to water and moisture (Aphane et al., 2009; Strydom et al., 2005). In this
context, Yan et al. (2000) reported that the hydration of mineral phases
is important for neutralizing processes. Therefore, a relationship be-
tween reactivity, time of calcination and neutralizing capacity can be
inferred for the three by-products.

As an initial approach the citric acid test was performed in order to
evaluate the reactivity of the three by-products. The citric acid activity
test showed neutralization times greater than 900 s for both LG-D and
LG-F and times greater than 810 s for LG-MgO. According to these
values, LG-D and LG-F should be termed “dead-burned” magnesia and
LG-MgO as “hard-burnt” magnesia. It should be noted that this test
was designed to categorize highly pure magnesia, and therefore the
content of Ca0 in each by-product, as well as the presence of other alkalis,
could also have influenced the neutralization of the added acid, resulting
in even higher reactivity. Therefore, the reactivity of the magnesia would
be expected to be even lower than that predicted by the citric acid test, as
in the case of LG-MgO. This drawback can be overcome by measuring the
ANC. This low reactivity allows the use of these highly rich magnesium
oxide by-products without previous calcination, e.g. in the formulation
of CBPC, where the fast acid-base reaction should be controlled in order
to obtain acementitious material (Formosa et al., 2012).

m CasSO,

A CaQ

1% Si0,

+ MoO

® CaMg(CO;),
A CaCO,
oMgCO,

LG-F

Fig. 1. X-ray pattern of the by-products: LG-MgO, LG-D and LG-F.



Fig. 2. Optical microscope images of the three by-products.

3.2. Acid neutralization capacity

3.2.1. Neutralization curve

Fig. 4 shows the neutralization curve (pH vs HsO+vper kg of raw
material) obtained from the preliminary part of the test for the three
by-products. The natural pH of LG-F and LG-D was close to 12 and
controlled by the solubility of the calcium phases, as discussed below.

100

Unlike these two by-products, the starting pH of LG-MgO was close to
10.5. As shown, the acid consumption of LG-F was considerably greater,
especially in the linear range between the natural pH and pH 8, at
which point a gradual drop was observed. This fall was also observed
for LG-MgO and LG-D atthesame pH. Inthese two lattercases, alinear
range was also observed although it was shorter than for LG-F, especial-
ly in the case of LG-D. The linear section around 9.5 is reported to be

—_—
—
N /
\\\ LG-F
‘\\\
N
90 \ N\
. \
SN
~NoN
/ N
S LG-MgO T
S \ ~.
£ 80- \ N
g \ N
= \ p—
-‘-‘w\\
~\
AN
70 / S
LG-D ——
60 T T T T T T T T T T T T T T
0 200 400 600 800 1000

Temperature (°C)

Universal V4.7A TA Instruments

Fig. 3. TG curves of thermal decomposition of LG-MgO, LG-D and LG-F up to 1000 °C in an inert atmosphere.



Table 3
Major mineral phases characterization of the by-products from XRF, XRD and TAresults.

LG-MgO (%) LG-D (%) LG-F (%)

Mg(OH): 4.2 3.9 3.4
MgCOs 17.2 11.1 -
CaMg(CO3); 6.3 33.6 1.7
CaCOs 15.1 10.1 0.7
MgSO4 - 4.6 -

MgO 50.1 23.5 76.7
CaO - 5.9 8.6
CaSO04 1.7 3.7 -

Rest 5.6 4.6 11.1

mainly controlled by the equilibrium solubility of Mg(OH)z and there-
fore by the reactivity of MgO (Chimenos et al., 2003). As a consequence,
the major linear response of LG-F can be attributed to its higher MgO
content and also to Mg(OH): from hydration reactions, resulting in a
large neutralizing capacity in the relatively high pH range (Yan et al.,
2000). The hydration reactions easily reach equilibrium and slow
down neutralizing reaction rates. Once these two phases are consumed,
the bulferipg capacity dopjcted byihs desoending j‘géf—l?ﬁgfn‘?ﬂfé
et al., 2000). In this respect, it should be emphasized that carbonates
are critical buffering minerals in the neutralizing of solid wastes that
are characteristic of non-linear behaviour (Kiil et al., 1998; Yan, 1998).
Takinginto account the low content of magnesium or calcium carbonate
in LG-F (see Table 3), the slow decline in pH from 8 to 4 can be attribut-
ed, to a certain extent, to the low reactivity of the MgO content, as
previously stated in association with the high temperature and time of
calcination to which this by-product was subjected. According to the
above, LG-D and LG-F may be used to stabilize slightly acid solid waste
or wastewater while LG-MgO is more appropriate for residues that
are slightly alkaline. In both cases, an excess of these products used as
stabilizing agents allows one to obtain a suitable pH range in which
pH-dependent heavy metals and metalloids show minimum solubility
(Garcia et al., 2004). In the next section, the abovementioned results
are corroborated by comparing them with geochemical predictions.

3.2.2. Correlation between experimental data and theoretical modelling

Fig. 5 shows the experimental concentration release (log mgkg—1)

and the modelling predictions of Mg, Ca, SO#- and Fe for LG-MgO as a
function of pH. The predicted values were relatively consistent with

the experimental data, especially for Mg, Ca and SQ2-. The geochemical
modelling confirmed that brucite was the mineral phase controlling

magnesium in the 8-10.5 pH range. As pH fell below 8, its leaching be-
came non pH-dependent and was mainly controlled by magnesite
(pH N 5.5) and then by dolomite (pH N 4). As for Ca, calcite was identi-
fied as the main solubility-controlling mineral in highly alkaline condi-
tions (pH N 9.5), while dolomite was more important in the rest of the
pH range. The release of sulphates was entirely controlled by gypsum
throughout the pH range. In the case of Fe, finding a good correspon-
dence between the experimental data and the values predicted by the
geochemical modelling required assumptions about the many possible
mineral phases that this metal might form (e.g. Fe20s, Fes04, FeO,
etc.), as none could be detected by XRD analysis. The initial assumptions
considered one phase only and then different combinations were tested.
The best fit was attained by considering Fe(OH); as the main iron phase
in the solid, with goethite and magnesioferrite suggested as the main
solubility-controlling phases for pH values above 5.5, and ferrihydrate
for more acidic conditions (pH = 4-5.5). This was corroborated by
XRD analysis (not shown) of the solids resulting from the ANC test, as
the dissolution of the major phases allowed identification of the minor
SRR o i RIS R CORERO AT (AL IAASD SRR
the software. Some iron hydroxides that had not yet completely
dissolved were also detected in the solid. The same conclusion can be
drawn from the XRD pattern of the solid at pH 6.5, in which
magnesioferrite was identified together with hematite and magnetite.

The corresponding results for LG-D are shown in Fig. 6. Again, good
correspondence between both types of data was observed for the
alkalineelementsand sulphatesin solution. The mineral phasescontrol-
ling magnesium and calcium solubility were the same asin the LG-MgO
case, with an additional influence of CaSO4on calcium solubility at pH
values under 9. Sulphate release was higher than in LG-MgO and its
solubility was mainly controlled by CaSO4and additionally by elemental
sulphur, whose source is most likely the petcoke. The Fe mineral phase
was again attributed to Fe(OH)s, whose potential solubility-controlling
minerals at very acidic pH values (pH b 5) were both Fe(OH)s and
ferrihydrite, while Fe(OH): was responsible at pH values over 5.

The fit between experimental data and modelling predictions for
LG-F (Fig. 7) was again very high for Mg and Ca. The control of magne-
sium leachingby brucite was more pronounced. Asin LG-MgO, an addi-
tional effect of calcite on calcium solubility was suggested by the model,
although in the 5-10 pH range. The release of sulphates was much
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Fig. 4. pH as a function of acid consumption (Hz0* kg—1) for the three by-products (¢ LG-F, o LG-MgO, A LG-D).
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Fig. 5. Concentration release of Mg, Ca, SO%~ and Fe (log mgrkg—1) as a function of pH for LG-MgO: correlation between experimental data (m) and geochemical modelling predictions (o).

lower than that of the other two by-products and the suggested
solubility-controlling mineral was gypsum. In thisrespect, CaSOswas
not detected in LG-F during characterization and therefore sulphate
release might be attributed to sulphur petcoke species not included in
the model. Although the XRF analysis showed a small amount of Fe in
LG-F (not detectable by XRD), the analysis of the eluates showed
that leaching of iron was close to the detection limit, indicating the
insolubility of its bearing phase in this by-product. Hence, obtaining
experimental leaching data for Fe was not feasible and neither was
comparison with geochemical predictions. However, as before, the
decrease in pH allowed the major phases to dissolve and therefore
improved the identification of minor phases by XRD analysis. The
results (not shown) indicated that the final solid at pH 4 is basically a
mixture of SiOs, Fes04 and Fe20s. Both Fe-bearing phases were detect-
able at pH values under 8. Thus, these three mineral phases are not
soluble, supportingtheresultsobtained fromthe analysisoftheeluates.

3.2.3. Leaching percentage and reutilization potential

Taking into account the total content and the maximum concentra-
tion of each metal released, it is possible to calculate the leaching
percentage (% L) and the metal availability as a function of pH.

Magnesium release was the highest for all by-products, with maxi-
mum values of 460.4, 276.5 and 187.5 gikg—1 at a pH = 4 for LG-F,
LG-MgO and LG-D, respectively. Thesevaluesrepresent 96.6, 75.4 and
67.7% L. Hence, almost all the magnesium content is available for
leaching in the case of LG-F. In the case of LG-D, other lessreactive
magnesium phases (e.g. MgCOs or CaMg(CO3)2) limited its buffering
capacity. A common behaviour of intense Mg leaching was observed
in the pH 8-10 range for the three by-products (Figs. 5 to 7), coinciding
with the linear response mentioned above (Fig. 4). This can be attribut-

ed to the rapid consumption of OH-from the MgO/Mg(OH); system.
However, while magnesium release remained constant for LG-D and

LG-MgO at pHs lower than 8, the leaching of magnesium increased
slightly for LG-F. A higher degree of sinterization for LG-F might be
responsible for the slow magnesium release below pH 8, which also
slowed down the decline in pH in this interval (see Fig. 4).

Calcium release varies widely consistent with its multiple modes of
occurrence (Izquierdoet al., 2011). For LG-D maximumrelease occurred
from pH 11.5 to 9, with a maximum concentration of 76—85 gkg—1
released by the end of the test (L % = 54.5). The corresponding maxi-
mum concentration released from LG-F and LG-MgO was 53.6 and
455 gkg—1 (L% = 64.4 and L % = 71.6) respectively. According to the
geochemical predictions, the sharp lixiviationrelease of Ca2*canbe
attributed to CaCO3 and CaMg(COs)s, with additional influence from
CaSO0:in the case of LG-D. Thus, while the release of Ca2+ from LG-F
was relatively constant across the whole pH range because the content
of both carbonated phases was negligible, the contribution of these
phases to the buffering capacity of LG-MgO was significant, being the
only two contributing phases. However, for the LLG-D by-product, the
increase in Ca2* release continued until pH 4, revealing that CaCOs
and CaMg(CO3)s, the levels of which are significant in LG-D, were
subsequently the main controlling phases.

Theresults of Fe lixiviation from LG-MgO and LG-D showed that the
release of this metal remained virtually unchanged until a pH of 5 was
reached, at which point substantial release was observed for both mate-
rials. Thelowsolubility of Fe mineral phases assured its immobilization
and stability at pH values over 5. Unlike the oxides contained in
sediments or in natural soils, the iron oxides in these by-products
are sintered at high temperatures and, consequently, had very low
solubility (Chimenos et al., 2012). Unlike calcium and magnesium, the
% L was very low, at 5.8 and 1.1 for LG-MgO and LG-D, respectively.
The difference between these two by-products can be attributed to
the presence of a more stable Fe phase (most probably Fe(OH)s or
ferrihydrate, according to Visual MINTEQ). It is at very acidic conditions
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(pH = 4) thatthe majority of Feisleached. Therefore, the use of these
by-products at a pH range above 6 guarantees an alkali reservoir
(Ca2* and Mg?*) without Feleaching.

The release of sulphates was higher in LG-D than in the other
two by-products and showed a maximum concentration release
(43.3 gkg—1) at pH 6, equivalent to approximately 17.4% L. Unlike
LG-D,leachingofsulphatesin LG-MgO was pH-dependent and intense
leaching was observed in the 11-6 pH range (an average of 21.5gkg—1)
witha%Lof8.8%,lowerthanthatfor LG-D.Asmentionedabove, the dif-
ferencesbetweentheleachingprofileof LG-MgOandLG-Dindicatethat
the source of sulphur in each by-product might differ. On the one hand,
LG-D contained significant amounts of MgSOsand CaSO4and therefore
its maximum leaching reflected their solubility in the 8-10 pH range.
This was supported by geochemical modelling, which also suggested
elemental sulphur as the solubility-controlling species. On the other
hand, the lower CaSO, content in LG-MgO alludes to the fact that ele-
mental sulphur bonded to organic ligands (not predicted by geochemi-
cal modelling) is the most probable source of sulphates from LG-MgO,
hence the different leaching behaviour in response to pH. The leaching
of sulphatesfrom LG-Fwaslowerthanthatfromthe dustmaterialsand
the % L was 100%. The release of sulphates can mainly be attributed to
the use of petcoke as a fossil fuel in the calcination of natural magnesite.
During the industrial process, some of the petcoke sulphur produces
sulphur dioxide (SO2) during combustion and reacts by means of direct
sulphation with magnesium and/or calcium oxides, forming magne-
sium and calcium sulphates, respectively. If the temperature or the
residence time inside the furnace is lower than those required for
decomposition, both types of sulphates remain in the solid phase. More-
over, therestofthe unreacted petcoke sulphur couldremainin the solid
particles as well.

In order to describe the role that the phases of LG-F play in ANC,
Figs. 8 and 9 show the TGA curves of the resulting solid at each final
pH of the leaching experiments. Fig. 8 shows the corresponding curves

from natural to pH 8. For better comprehension of the decomposition
curves, this figure was divided into two. The reduced image in the
lower left corner of the figure represents a magnified picture of curves
atpH 12, 11.5, 11, 10.5, 10 and 9.5, which remained very close to each
other. Hydrationof CaO and MgO took place at alkaline pH values, espe-
cially from pH 12 to 9.5, as seen in the decomposition curves of
Mg(OH)2 and Ca(OH); at temperatures under 500 °C. As mentioned
above, the linear response at pH N 9 can be attributed to the solubility
equilibrium of Mg(OH)2/MgO and at a higher pH to Ca(OH)2/CaO. At
pH values under 9.5, the hydroxide phases dissolved as a consequence
of the acid additions, and the corresponding decomposition curves of
MgCOs (500-600 °C) and CaMg(COs): started to disappear, indicating
the buffering role that this pair played at pH b 9. The mass loss steps
observed for pH 8.5 and 8 at temperatures less than 300 °C can be attrib-
uted to moisture loss and water of crystallization, which formed in a
different manner as the availability of major cations varied. In this
respect, Fig. 9 shows the corresponding curves for pH 7.5 to 4. The
zone of the superimposed curves at temperatures under 300 °C can
again be attributed to water crystallization. The mass loss between
300 and 400 °C observed for all curves can be attributed to the decom-
position of Mg(OH)» with the absence of any other major phase.

4. Conclusions

The reuse of by-products from the calcination of natural magnesite is
conditioned by the availability of MgO, CaO and the leaching of the main
impurities: Fe and S. In this study, three types of by-products were
assessed (LG-MgO, LG-D, and LG-F). The alkali reservoir, which is
mainly dependent on the availability of Mg and Ca, was assessed by
the acid neutralization capacity (ANC) test. The release of Fe and SO2-
was also evaluated in order to environmentally delimit the reutilization
of these by-products. The experimental data obtained from the ANC test
was compared to geochemical predictions using the software Visual
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Fig. 8. Decomposition curves (mass loss percentage vs. temperature) of LG-F as a function of pH (from natural pH to 8).
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Fig. 9. Decomposition curves (mass loss percentage vs. temperature) of LG-F as a function of pH (from pH 8 to 4).

MINTEQ. Unlike in other studies, the modelling approach was basedon
each solid's chemical characterization, with trial and error used to fit the
model in the case of Fe, as the bearing phases in the raw by-products
were not detectable by XRD analysis. The experimental data from all
by-products fitted well with the geochemical predictions. Buffer capac-
ity is directly related to the content of MgO, with an additional contribu-
tion from other alkaline phases (e.g. CaCOs and CaSQ4) present in the
by-products. In this sense, linear behaviour was observed within
the 810 pH range, mainly dominated by the neutralization of
MgO/Mg(OH); equilibrium with a small contribution at lower pH
values from the carbonates contained within the by-products. The re-
lease of sulphates showed non-pH dependency and was higher in the
dust materials than LG-F, being attributed to the solubility of CaSO4
and elemental sulphur presentin petcoke. For dust materials, leaching
of Fe was minimal below pH 4 and under the detection limit for LG-F,
owing to the insoluble nature of the Fe203/Fe304 pair. Accordingly, the
by-products labeled as LG-D and LG-F are better suited for stabilizing
solid wastes or wastewater that are acid while LG-MgO is more appro-
priate for alkaline residues such as contaminated soils. The use of these
by-products guarantees an environmentally friendly alkali reservoir for
the long-term stabilization of heavy metals and metalloids at a very
competitive price as a substitute for the widely used lime.
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