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The effect of calcination temperature during production of magnesium oxide-rich phases from MgCO3 on
the sorption of F~ ions in the aqueous phase has been investigated. Magnesium oxide-rich phases were
formed by calcination at over 873 K for 1 h. Higher calcination temperatures produced more crystalline
MgO with smaller specific surface area and provided larger values of the total basicity per unit surface
area. The higher calcination temperatures lead to slower F~ removal rate, and lower equilibrium F~
concentrations, when the equilibrium F~ concentrations are less than 1 mmol dm~3. Larger total basicity

Il\jfilgliﬁim oxides per unit surface area made the reactivity with F~ ions in aqueous phase more feasible, resultingin a greater
Fluoride degree of F~ sorption. For equilibrium F~ concentrations more than 1 mmoldm—3, lower calcination

temperatures favored the co-precipitation of F~ with Mg(OH),, probably leading to the formation of
Mg(OH),_xFx, and the achievement of larger sorption density. This is the first paper which describes
the relationship between the solid base characteristics obtained by CO,-TPD for MgO with different

Calcinations
Sorption isotherm
Temperature programmed desorption of

CO, calcination temperatures as a function of the reactivity of F~ sorption in the aqueous phase.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fluorine (F) is known as an essential element for animal min-
eralization of bones and the formation of dental enamel. However,
excess intake leads to physical disorders such as dental fluorosis,
stiffened and brittle bones and joints, deformation of knee and hip
bones and finally paralysis, making the person unable to walk or
stand [1,2].

Due to natural causes and/or anthropologic activities such as
intensively cultivated fields [3], the disposal of hazardous waters,
mining drainages, semi-conductor and glass industry drainages
and solid waters, sewage disposal and surface impoundments
[4], the contamination of groundwater with fluoride (F~) has
become clear, gradually leading to serious problems. The max-
imum contamination limits (MCLs) of F~ ions are regulated
to be less than 1mgL-! for drinking water and 10mgL-! for
industrial discharges by the WHO [5]. In Japan the MCLs for
F~ were established in 1998 to be 0.8mgL-! and 8.0mgL-!
for drinking water and industrial discharges, respectively [6].
The MCL values are not completely consistent among the US,
EU and Japan. This means that the regulation of F~ ions
is subtly influenced by protection of industrial activities as
well as the protection of human health and ecology in each
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country. The toxicity of F~ ions to humans is not yet fully under-
stood.

The conventional treatment for F~ is precipitation of CaF, by the
addition of lime followed by coagulation with alumina. Permeable
reactive barriers (PRBs) have been developed as in situ groundwa-
ter remediation for the removal of a variety of contaminants [7,8].
However, PRBs have not yet been used officially to remove F~ and
H3BO3 in groundwater, because cost-effective reactive materials
are yet to be found. The authors have recently reported the perfor-
mance of a PRB column including MgO for the removal of H3BO3
[9].

Several sorbents have been previously investigated to discover
effective defluorinating agents with reasonable cost: geomateri-
als such as activated alumina [10], activated carbon [11], lime
[12], magnesium-aluminium oxide [13,14], serpentine [15], lay-
ered double hydroxides (LDHs) [16-18], metallic oxide mixtures
of industrial wastes from Al manufacturing, which consist of 40%
quartz and 9% kaolin and trace amounts of metallic oxide and
sulfates [19], brick powder [20], hydrated cement [21], geomate-
rials from mining industries in which hematite and goethite are
included as major components [22] and attapulgite [23], which is
a hydrated magnesium aluminium silicate present in nature as a
fibrous clay mineral containing ribbons of a 2:1 structure. LDHs
might be promising materials as sorbents for anionic species, but
they are naturally less abundant.

In the present study, MgO produced by the calcination of mag-
nesite (MgCOs3), a natural mineral, at different temperatures is
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investigated as a simple model of sorbents for F~, because of its high
reactivity, wide availability and its high potential for development
into more complicated sorbents, such as multi-metallic oxides. The
relationship between the calcination temperatures of MgO with F~
sorption density will be discussed, along with a possible mecha-
nism.

2. Experimental

MgCO3 reagent (special grade, Sigma-Aldrich, St. Louis, MO,
US) was calcined to produce MgO-rich phases by heating at 873 K,
1037K, 1273 K and 1373 K for 1 h. The products are named as 873-
MgO, 1037-MgO0, 1273-MgO0 and 1373-MgO, respectively, and were
stored in a vacuum dessicator until use. They were characterized
by X-ray diffraction with CuKa, 40kV, 20mA (XRD, Multi Flex,
Rigaku, Akishima, Japan), scanning electron microscopy (SEM, VE-
9800, KEYENCE, Osaka, Japan) with 15KkV of accelerating voltage,
transmission electron microscopy (TEM, JEM-200CX, JEM-2000FX,
JEOL, Tokyo, Japan), measurement of the specific surface area using
the seven-point Ny-adsorption BET method (AUTOSORB-1, YUASA,
Osaka, Japan), and temperature programmed desorption curves
(TPD, BELCAT-B, BEL JAPAN Inc., Toyonaka, Japan), using CO; as a
probe gas. The CO,-TPD curves were measured with a temperature
ramp rate of 3.3 °C/min after degassing by heating the samples at
500°C, and analyzed using BELCAT Chem Master software Ver. 2.3.9
(BEL JAPAN Inc., Toyonaka, Japan) to evaluate the basicity and the
number of base sites of the calcined products, mainly consisting of
MgO.

The sorption of F~ ions on to the products calcined at different
temperatures was investigated at 298 K. 0.61-54.76 mmol dm—3 F~
solutions were prepared using NaF (special grade, Wako, Osaka,
Japan) at pH 6.41 £ 0.45. For the sorption experiments, 0.100 g of
calcined MgO-rich phase sorbents was added to 40 cm? of the F~
solutions, followed by shaking at 100 rpm and 25 °C. In some batch
experiments, calcined MgO-rich phase sorbents were replaced with
MgCOj3 reagent.

In preliminary experiments, it was confirmed that the sorption
equilibrium is achieved within 120 h under the conditions used.
After sorption equilibrium, 4cm3 of supernatant was taken out
and filtered by 0.45 pm pore size membrane filters for determina-
tion of F~ concentrations by ion chromatography (DIONEX ICS-90,
Osaka, Japan) and Mg2* concentrations by atomic absorption spec-
trometry (SOLAAR-AAS, Thermo, Yokohama, Japan). Solid residues
were collected by filtration using a pore size of 0.45 um and the
final solution pH was measured by a pH meter (HM-30G DKK-TOA,
Tokyo, Japan). Solid residues after sorption were also characterized
by XRD and SEM in the same manner as for the sorbents before
sorption.

3. Results and discussion

Fig. 1 shows the XRD patterns of the calcined MgCOs3
at 873-1373K. A single phase of MgO (JCPDS 45-946) was
observed in the XRD patterns for 1373K-MgO and 1273K-
MgO, while additional phases are observed along with MgO
in the calcined products at below 1073 K. These peaks were
assigned to uncalcined basic magnesium carbonates (JCPDS 35-
454, 35-680), indicating that complete decarbonation was not
always achieved by calcination at below 1073K. It is natu-
ral that the peaks assigned to MgO became weaker and much
broader with decrease in calcination temperature. XRD intensi-
ties assigned to MgO clearly increased with increase in calcination
temperatures, and are reflected by not only the contents of
MgO but also crystallinity of MgO. More than 1273K in cal-
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Fig. 1. XRD patterns of products after calcination of MgCO5 at different tem-
peratures for 1h at (a) 873K, (b) 1073K, (c) 1273K, and (d) 1373K. (*1)
Mg, CO3(OH),-0.5H,0 (JCPDS 37-454), (*2) MgCO3-5H,0 (JCPDS 35-680).

cination temperature no secondary phases were observed by
XRD.

Fig. 2 shows SEM images for the calcined products. The
morphologies of these products are similar to each other
and independent of the calcination temperature, appearing as
rods 50-60 pm by 5-6 pm. However, the specific surface area
was dependent on the calcination temperature: 50m2g-! for
873K-Mg0O, 79m?g-! for 1073K-MgO, 29m?g-! for 1273K-
MgO, and 13m2g-! for 1373 K-MgO. Except for 873 K-MgO, the
specific surface area decreased with the calcination tempera-
tures. This suggests that there are structural differences in the
nano-domains between the products calcined at different temper-
atures.

TEM images for the calcined products are shown in Fig. 3.
Larger crystal sizes can be observed at higher calcination tem-
peratures. Electron diffraction patterns confirmed that higher
calcination temperature led to higher crystallinity. It is shown
that there is a difference in crystal size of MgO between 1273 K
and 1373 K in calcination temperature, and that there is no amor-
phous phase in both samples. This indicates that increase in
XRD peak intensities assigned to MgO with increase in calci-
nation temperature from 1273 K to 1373 K (Fig. 1) attributes to
mainly increase in crystallinity as MgO. Thus, the TEM observa-
tions clearly demonstrated the effect of the calcination temperature
on the nano-characterization of the calcined magnesium oxide
products.

It is known that magnesium oxide is a strong solid base
and there are optimal pretreatment temperatures for different
chemical reactions [24]. This arises from the fact that there are
several base sites with different basicities observed in the CO,-
TPD curves for MgO [25]. The CO,-TPD curves for the calcined
products at 1073 K, 1273 K and 1373 K were collected in the CO;-
desorption temperature range from 300K to 700K as shown in
Fig. 4. They can be separated into three components with differ-
ent basicities in the calcination products, including mainly MgO.
Analysis of the peak positions, peak areas, and the correspond-
ing sorbed CO, quantities are summarized in Table 1. The total
intensity per unit surface area was greater in the order 1373 K-
MgO, 1273 K-MgO and 1073 K-MgO. The peak positions of the
CO,-TPD curves for MgO are in good agreement with a previous
report by Fan et al. [26]. Interestingly, the proportion of the dif-
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Fig. 2. SEM images of MgO-rich phases obtained by calcination of MgCOs3 for 1h at (a) 873K, (b) 1073 K, (c) 1273 K, and (d) 1373 K. The scale bars indicate 1 wm.

ferent basicities varied with the calcination temperature. There
is a tendency, with increase in the calcination temperature, for
the relative intensity of component (a) to increase, although it is
not clear in which step of the F~ sorption process the basicity
and/or base site numbers influence the efficiency of F~ sorp-
tion.

The sorption behavior of 9.12mmoldm=3 F~ ions on to the
products with different calcination temperatures was observed
at 298K as shown in Fig. 5(a), and the relevant changes of
MgZ* concentrations and pH are shown in Fig. 5(b) and (c). The
calcination temperature affected the sorption rate and sorption
capacity of F~ ions. There is a trend for higher calcination temper-
ature to lead to slower sorption of F~ ions, and the equilibrium
concentrations are lower with the higher calcination tempera-
tures except for 873 K-MgO. The anomaly observed with 873-MgO
might be caused by the very low crystallinity of MgO and the
presence of residual uncalcined impurities of magnesium car-
bonate (Fig. 1). lon-exchange with F~ is considered to result
from a F~ removal mechanism at the aqueous interface with
MgO.

The larger specific surface area of MgO provided much more
base sites for ion exchange with anions such as F~ ions at the
aqueous interface, leading to the faster initial F~ removal rate, as
shown in Fig. 5(a). F~ ions can be exchanged by the formation of an
inner-sphere complex on the surface of the metallic oxides [27].

=Mg-OH + F~ = =Mg-F + OH~ (1)

However, this reaction occurs only at the surface of MgO and affects
only the initial F~ removal rate, not the equilibrium.

Release of Mg2* ions was clearly observed in 873 K-MgO
(Fig. 5(b)), probably due to the high solubility of the co-existing
magnesium carbonates and/or the less crystalline MgO. The max-
imum released Mg%* concentration was independent of the initial
F~ concentration. The released Mg?* ions immediately decreased
to reach the equilibrium concentration, and this process was not
accompanied by further immobilization of F~ ions on to 873 K-
MgO, as shown in Fig. 5(a). In other cases, little release of Mg2*
was observed during the sorption process.

The pH increased immediately in all cases (Fig. 5(c)), mainly due
to dissolution of MgO, leading to strong alkalization, as shown in

Table 1
Summary of sorbed CO, quantities per unit surface area analyzed from CO,-TPD curves for 1073 K-MgO, 1273 K-MgO and 1373 K-MgO.
(a) (b) (c) Total CO,(mmol m—2)
(ratio/%)
Temperature (K)  CO, (mmolm~2) Temperature (K)  CO(mmol m~2) Temperature (K)  CO(mmol m~2)
(ratio/%) (ratio/%) (ratio/%)
0.0213 0.207 0.447 0.6753
1073 K-MgO 371 (3.12) 424 (30.44) 553 (65.72) (100)
0.115 0.613 0.524 1.252
1273 K-MgO 371 (9.19) 424 (49.22) 553 (42.04) (100)
0.189 0.527 0.842 1.558
1373K-Mg0 371 (12.22) 440 (34.15) 534 (54.54) (100)
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Fig. 3. Bright field TEM images and selected area electron diffraction patterns taken from (a) 873 K-MgO, (b) 1073 K-MgO, (c¢) 1273 K-MgO and (d) 1373 K-MgO. Horizontal
bars in the TEM images indicate 50 nm.
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the following reactions.

MgO + H,0 = Mgt +20H" (2)
MgCO3; = Mgt 4+ C03%~ (3)
€032~ +H,0 = HCO3~ +O0H~ (4)

The equilibrium pH was lower with 1073 K-MgO than 1273 K-MgO
and 1373 K-MgO. More crystalline MgO might lead to larger basic-
ity, resulting in the higher reactivity with H,O [28].

5 O.'— H
=MgO + H)0 2 =Mg o ~Ho =Mg 83
& (5)

The basicity per unit surface area was the largest with 1373 K-MgO
(Table 1). The total surface area is not so important for precipitation,
because the initial surface area is immediately affected by coverage
with Mg(OH), precipitates.

The predominant mechanism in F~ sorption is based on co-
precipitation with Mg(OH),. Therefore, the equilibrium Mg2*
concentrations are controlled by the solubility product of Mg(OH),.

Mg?*+20H™ = Mg(OH), Ksp1.1x10~'! (mol®>/dm®)at25°C (6)

Gulbrandsen et al. [29] reported that F~ enhanced the formation of
Mg(OH), using electron microscopic investigations. Mg(OH),_,Fx
might also be precipitated when the F~ concentrations are very
large [30].

Control experiments were conducted using reagent MgCO;
instead of MgO-rich phases, to understand the sorption of F~
ions on to MgCO3 which is present as impurities in MgO-rich
phases of the calcined products at relatively low temperatures.
Around 30 mmoldm~—3 of F~ was removed from 63.36 mmoldm—3
of the initial F~ concentration, while only a few mmoldm—3
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Fig. 5. Changes of (a) F-, (b) Mg2* concentrations and (c) pH during sorption of F~
at 298 K on MgO-rich phases obtained at different calcination temperatures.

was removed from the solution with the initial F~ concentration
at 9.86 mmoldm~3, as shown in Fig. 6(a). In the absence of F~
ions more than 1 mmoldm~3 Mg2* ions were released from the
MgCO3, while the addition of much more F~ ions suppressed the
release of Mg2* ions (Fig. 6(b)). Also, from the result of Fig. 6(b),
it can be understood that the release of MgZ* ions is mainly
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from the less crystalline MgO and only a little from magnesium
carbonates in 873 K-MgO, as shown in Fig. 5(b). The equilib-
rium pH was lower than in the presence of MgO, as shown in
Figs. 5(c) and 6(c).

XRD patterns for the solid residues after sorption of F~ ions
on the basic magnesium carbonate did not show any signifi-
cant variation when the initial F~ concentrations are less than
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Fig. 7. XRD patterns for (a) basic magnesium carbonate and solid residues after
sorption of F~ on basic magnesium carbonate. The initial F~ concentrations are (b)
9.86 mmoldm~3, (c) 63.36 mmol dm~3 and (d) zero F~. The assignment of (*1) is the
same as in Fig. 1(a). (*2) NaMgF; (JCPDS 13-303).

9.86 mmoldm~3, as shown in Fig. 7. Above this concentration,
the basic magnesium carbonates remain and an additional phase
NaMgF3; was observed (JCPDS 13-303) in the solid residues after
sorption of 63.36 mmoldm~3 F~ ions [29]. The saturation index
of MgF, was calculated to be 3.99 and 4.39 at equilibrium
for 9.86mmoldm—3 and 63.36 mmoldm~3 initial F~ concentra-
tions, respectively. However, MgF, precipitates were not observed
in Fig. 7(c) and (d), and NaMgF3; was observed in Fig. 7(d).
This suggests that the solid solution of NaMgF; might be more
stabilized over MgF, and NaF in the presence of high F~ concen-
trations.

The sorption isotherm of F~ ions on the calcined products of
the MgO-rich phases at different temperatures is summarized in
Fig. 8, in which C. and Q are defined as the equilibrium con-
centration (mmoldm~3) and the sorbed quantity of F~ ions on
unit weight of sorbents (mmolg~1). In this figure, the two points
obtained using basic magnesium carbonate were added to com-
pare with the calcined, MgO-rich phases. Apparently 873 K-MgO
has the largest capacity for F~ sorption, as shown in Fig. 8(a). As
shown in Fig. 1, 873 K-MgO includes basic magnesium carbonates
which contribute to the removal of F~ by co-precipitation with
other types of basic carbonate and less crystalline MgO with high
solubility, to influence the destructive sorption of F~. Therefore,
the trend of the sorption isotherm with 873 K-MgO is quite excep-
tional and different from the others. However, when focusing on
the details of the region of the isotherm below 2.0 mmoldm3
of Ce, as shown in Fig. 8(b), greater sorption capacities were
obtained with the original sorbents calcined at higher temper-
atures for the range less than 9.12mmoldm=3 of the initial F~
concentration, except for 873 K-MgO. This trend can be explained
by neither the solubility nor the specific surface area of the MgO-
rich phases.

The range of F~ concentrations in Fig. 8(b) is often used and is
of practical importance in the treatment of industrial discharges
impacted by F~ ions. When 1073 K-MgO is used to remove F~ from
aninitial concentration of9.12 mmol dm~3 the equilibrium concen-
tration is 1.6 mmol dm~3 (30.4 mg/L), which corresponds to three
times the MCL value. However, when 1373 K-MgO is applied to
remove F~ from the same initial concentration, the equilibrium
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concentration is close to the MCL value. This means that there is
aregion of F~ concentrations where the total basicity per unit sur-
face area might be a more important affect than the specific surface
area to the initial step of sorption of F~ ions on to the MgO-rich
phases.

The XRD patterns of solid residues after sorption of F~ using
the MgO-rich phases obtained by calcination at different tem-
peratures are shown in Fig. 9(a) and (b) for 9.12mmoldm3
and 54.76 mmoldm~3 of initial F~ concentrations, respectively.
There are major peaks assigned to Mg(OH), (JCPDS 44-1482),
one clear peak at 42.8° 260 assigned to MgO (JCPDS 45-946)
for the calcinations temperature 1373 K and some minor peaks
assigned to Mgs(CO3)4(OH),-4H,0 (JCPDS 25-513) for the 873K
calcination temperature, as shown in Fig. 9(a). There is a ten-
dency for lower calcination temperature to produce MgO-rich
phases with less crystalline Mg(OH), after sorption of F~ ions.
The initial sorbent crystallinity of MgO is strongly affected by the
crystallinity of Mg(OH),, which is the solid residue after sorp-
tion of F~, suggesting that the crystal seeds of Mg(OH), might
be formed in the vicinity of the surface of MgO, as shown in
Eq. (5). The crystallinity of MgO also influenced the equilibrium
F~ concentrations, as shown in Fig. 8(b).

When the initial F~ concentration is 54.76 mmoldm~3, the Q
value for 873 K-MgO was 1.7 times larger that those for the oth-
ers (Fig. 8(a)). The broadening was clearly observed in the solid
residue for 873 K-MgO (Fig. 8(b)) because of the crystal strain of
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Fig. 9. XRD patterns of solid residues after sorption of F~ using MgO-rich phases
obtained by calcination at different temperatures. The initial F~ concentrations are
(a) 9.12mmoldm~3 and (b) 54.76 mmoldm=3. (*1) Mgs(CO3)4(OH),-4H,0 (JCPDS
25-513).

Mg(OH), produced by inclusion of many more F~ ions or perhaps
the formation of Mg(OH),_,Fx. Much larger concentrations of F~
ions stabilized the formation of Mg(OH), rather than the basic
magnesium carbonates [29].

Fig. 10 shows SEM images for the same samples whose XRD is
given in Fig. 9. These images show the morphological changes from
the calcined products before sorption of F~ ions in Fig. 2. There
are submicron-sized honeycomb structures with solid residues for
873-MgO and 1073-MgO, as shown in Fig. 10(a), (b), (e) and (f)
Fig. 10. Phases other than Mg(OH), in 873-MgO (Fig. 9(a)) were
not clearly reflected in the SEM image (Fig. 10(a)). In the cases
of 1273-MgO and 1373-MgO, the surfaces of the solid residues
after sorption were covered with very fine flakes, probably show-
ing that the development of Mg(OH), precipitates became obvious
in Fig. 10(c), (g) and especially in Fig. 10(d) and (h) because of the
large F~ concentration. The interpretation is mostly consistent with
the XRD results (Fig. 9).
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Fig. 10. SEM images of MgO-rich phases after sorption of (a)-(d) 9.12 mmol dm~3 and (e)-(h) 54.76 mmol dm~3 F~ ions. The scale bars indicate 1 um. (a) and (e) 873 K-MgO,

(b) and (f) 1073 K-Mg0, (c) and (g) 1273 K-MgO and (d) and (h) 1373 K-MgO.

4. Conclusions

The effect of calcination temperature during production of mag-
nesium oxides on the sorption of F~ ions has been investigated.
Characterization of calcined MgO-rich phases at different temper-
atures by XRD, TEM, and electron diffraction has revealed that the
higher calcination temperatures produced more crystalline and
larger MgO crystals. The CO,-TPD analysis, which provides the
information about basicity and quantities of base sites, indicated

that higher calcination temperatures produced higher basicity per
unit surface area.

In a range around MCL for the F~ concentration, the calcination
temperature affected the sorption density of F~ ions on mag-
nesium oxides. Higher calcination temperatures caused greater
sorption of F~ ions. In contrast, in a range of C.>0.5mmoldm3
the destructive sorption of F~ on to less crystalline MgO with lower
calcinations temperature becomes predominant, leading to greater
F~ sorption.
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These results suggest that the calcination temperature used to
produce MgO strongly affects the efficiency and longevity of per-
meable reactive barriers, including MgO, used to treat F~ ions in
groundwaters, depending on the F~ concentration.
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