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ABSTRACT

The thermal properties of NO; ~-intercalated Mg-Al layered double hydroxide (NO3-Mg-Al LDH) were
investigated using simultaneous thermogravimetry-mass spectrometry (TG-MS), and the elimination
behavior of nitrogen oxides from this double hydroxide was examined. The TG-MS results showed that
NOs3-Mg-Al LDH decomposed in four stages. The first stage involved evaporation of surface adsorbed
water and interlayer water in NO3-Mg-Al LDH. In the second and third stages, dehydroxylation of the
brucite-like octahedral layers in NO3-Mg-Al LDH occurred. The fourth stage mainly corresponded to the
elimination of NOs -~ intercalated in the Mg-Al LDH interlayers to afford NO,. Thermal decomposition of
NOs3-Mg-Al LDH at 400-600 °C resulted in the formation of Mg-Al oxide, and the produced NO, reacted
with H,0 and O, to form HNO3 and HNO,. The elimination of nitrogen oxides was found to increase with
time and decomposition temperature. The synthesized Mg-Al oxide mixture could be used to remove
nitric acid from aqueous solutions.

TG-MS

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It has been found that Mg-Al layered double hydroxide (Mg-Al
LDH) can be used as an adsorbent for the removal of anionic
pollutants in aqueous media [1-8]. Mg-Al LDH can be used
as an anion exchanger [9] and is represented by the formula
[Mg2*1_xA*x(OH); ](A"" )yn-mH, 0, where A"~ is an anion such as
C032- and CI-, and x is the Al/(Mg + Al) molar ratio (0.20 < x < 0.33)
[10,11]. Mg-Al LDH consists of brucite-like octahedral layers that
are positively charged because of the replacement of some Mg2*
units by AI3*, while the interlayer anions help in maintaining charge
balance. Water (H,0) molecules occupy the remaining spaces in
the interlayer. CO32~-intercalated Mg-Al LDH (COs-Mg-Al LDH)
can be converted to Mg-Al oxide by calcination at 450-800 °C. The
formation of Mg-Al oxide is represented by the following reaction:

Mg1_xAl(OH)2(CO3)y/2 — Mg1 xAlxO1 52 +(x/2)CO2 +Ha0 (1)

The resulting Mg-Al oxide undergoes rehydration and combines
with anions to afford the original LDH structure, as shown in the
following equation:

Mg1_xAlO1.x/2 +x/nA"" +(1+x/2)H;0
— Mg1_xAlx(OH)2Ay/; +XOH™ (2)
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The abovementioned rehydration and subsequent combination
of Mg-Al oxide with anions in solution are accompanied by the
release of OH~. Accordingly, Mg-Al oxide can neutralize and fix
NO3;~ when used in the treatment of HNO3 [12]. Subsequently,
NO3~-intercalated Mg-Al LDH (NO5-Mg-Al LDH) is produced by
the reconstruction of Mg-Al oxide. In actual wastewater treatment,
large quantities of Mg-Al oxide are used, and hence, considerable
amounts of waste NO3-Mg-Al LDH are generated. If Mg-Al oxide
can be regenerated from the obtained NO3-Mg-Al LDH and reused
to treat waste HNO3, the energy required for the synthesis of Mg-Al
oxide and CO3-Mg-Al LDH will be drastically reduced, and the for-
mation of NO3-Mg-Al LDH wastes can be prevented. In order to
effectively reuse Mg-Al oxide for the treatment of HNO3, it is nec-
essary to examine in detail the thermal decomposition behavior of
NO3-Mg-Al LDH and the elimination of nitrogen oxides.

In this study, we investigated the thermal properties of
NO3-Mg-Al LDH by simultaneous thermogravimetry—mass spec-
trometry (TG-MS). In addition, we carried out thermal decom-
position of NO3-Mg-Al LDH in air and investigated the effect of
temperature on its elimination behavior of nitrogen oxides. We
also examined the capability for the treatment of HNO3; with Mg-Al
oxides obtained by the thermal decomposition of NO3-Mg-Al LDHs
at different temperature.

2. Experimental

2.1. Preparation

NO3-Mg-Al LDH was prepared by the co-precipitation method.
The Mg-Al solution (0.4M Mg(NO3), +0.1 M AI(NO3)3) was pre-
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Fig. 1. Experimental apparatus used for thermal decomposition of NO3-Mg-Al LDH.
(1) Air cylinder; (2) flow meter; (3) thermocouple; (4) sample; (5) electric furnace;
(6) quartz reaction tube; (7) aluminum boat; (8) flexible heater; and (9) water trap
(0°QC).

pared by dissolving Mg(NO3),-6H,0 (0.1 mol) and AI(NO3)3-9H,0
(0.025 mol) in 250 mL of deionized water. The Mg-Al solution was
added dropwise to 250 mL of 0.3 mM NaOH solution at 30°C with
mild agitation. The solution pH was adjusted to 10.5 by adding 0.5 M
NaOH solution. The mixture was then stirred continuously at 30°C
for 1 h. The NO3-Mg-Al LDH that formed was isolated by filtering
the resulting suspension, washing it thoroughly with deionized
water, and drying it under reduced pressure (133 Pa) at 40°C
for 40 h. The NO3-Mg-Al LDH crystals were ground into powder
using a mortar and pestle, and the resulting powder was charac-
terized by X-ray diffraction (XRD) using a Rigaku RINT-2200VHF
diffractometer (Rigaku Corp., Tokyo, Japan) with CuKa radiation
at 40kV and 20 mA (scan rate: 2° min~!). The NO3-Mg-Al LDH was
dissolved in 1 M HNOs, and analyzed for Mg2* and Al3* using induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES).
The NO3-Mg-Al LDH was also dissolved in 0.1 M HCI, and analyzed
for NO3~ using a Dionex DX-120 ion chromatograph equipped with
an AS-12A column (eluent: 2.7 mM Na;CO3 and 0.3 mM NaHCOs;
flow rate: 1.3 mLmin1).

2.2. Thermal properties of NO3-Mg-Al LDH

A 10-mg sample of NO3-Mg-Al LDH was analyzed by simul-
taneous TG (Seiko Instruments TG/DTA 6200) and MS (Hewlett
Packard 5973) at a heating rate of 5°Cmin~! in a He flow rate of
200 mLmin~'. The decomposition products were introduced to the
MS ion source through an inactivated stainless steel capillary tube
heated at 300°C to prevent condensation of the evolved products.

2.3. Elimination behavior of nitrogen oxides from NO3-Mg-Al LDH

The experimental apparatus used for carrying out the thermal
decomposition of NO3-Mg-Al LDH is shown in Fig. 1. An aluminum
boat containing 0.5 g of NO3-Mg-Al LDH was inserted in a quartz
reaction tube, which was placed in an electric furnace. NO3-Mg-Al
LDH decomposed at 400-600°C at an air flow rate of 50 mLmin~!.
The evolved gas was collected in three water traps (0 °C) containing
30 mL deionized water. In order to prevent condensation of the
evolved gas, the line from the quartz reaction tube to the trap was
heated to 110-130°C using a flexible heater. The anions in the traps
were quantified using ion chromatograph. The products obtained
in the thermal decomposition of NO3-Mg-Al LDH were identified
by XRD analysis.

2.4. Treatment of HNO3

Mg-Al oxides, obtained by the thermal decomposition of
NO3-Mg-Al LDH at 400-600 °C using the experimental apparatus
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Fig. 2. XRD patterns for NO3;-Mg-Al LDH.

shown in Fig. 1, were examined to check the capability for the
treatment of HNO3. 10 mL of 0.1 M HNOj3 solution were added to
a pre-determined amount of Mgg ggAlg2001.19 in 50-mL screw-top
tubes, and shaken at 25 °C for 24 h. The quantity of Mg goAlp.2001.10
used was a stoichiometric quantity according to Eq. (3).

Mg 50Alo 2001 10+ 0.20HNO;3 + 0.90H,0
— Mgo.80Alp.20(0OH)2(NO3)o.20 (3)

The NO3~ concentration of the filtrate was determined using the
ion chromatograph.

3. Results and discussion
3.1. Preparation

The XRD patterns obtained for NO3-Mg-Al LDH (Fig. 2)
are ascribed to hydrotalcite (JCPDS card 22-700), a natu-
rally occurring hydroxycarbonate of magnesium and aluminum
(MggAl;(OH)1C03-4H,0), and show that NO3-Mg-Al LDH has an
LDH structure. Table 1 lists the chemical composition of NO3-Mg-Al
LDH. The molar ratios of Mg/Al and NO5 /Al are 3.9 and 0.83, respec-
tively. The Mg/Al molar ratio is similar to the expected value for
the preparation procedure in this study. The NO3/Al molar ratio is
83% of the expected value, which is calculated from the neutraliza-
tion of the positive charge of the Al-bearing brucite-like octahedral
layers. This suggests that the NO3~ content in NO3-Mg-Al LDH
is governed by the charge balance in Mg-Al LDH. Accordingly,
NO3~-intercalated Mg-Al LDH was confirmed to be prepared by
the co-precipitation method.

3.2. Thermal properties of NO3-Mg-Al LDH

Recently, Frost et al. have aggressively examined the thermal
decompositions of many kinds of LDHs such as CO3-Mg-Al LDH,
VO4-Mg-Al LDH, MoO,4-Mg-Al LDH, AsO4-Mg-Al LDH, PO4-Mg-Al
LDH, CO5-Mg—(Fe,Al) LDH, CO3-Mg—(Fe,Cr) LDH, CO3-Cu-Al LDH,
and CO3-Zn-Al LDH [13-18]. Frost’s review presents that the ther-
mal decomposition of CO3-Mg-Al LDH, which is the representative
LDH, occurs in three steps: (i) removal of adsorbed water, (ii) elimi-
nation of the interlayer structural water, and (iii) the simultaneous
dehydroxylation and decarbonation of the hydrotalcite framework
[19]. Compared to these results, thermal properties of NO3-Mg-Al
LDH were analyzed as follows.

Table 1

Chemical composition of NO;-Mg-Al LDH.
Mass % Molar ratio
Mg Al NO; Mg/Al NOs5/Al
23.7 6.7 12.7 3.9 0.83
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Fig. 3. TG and DTG curves for NO3-Mg-Al LDH.

Fig. 3 shows the TG and differential thermal gravimetry (DTG)
curves obtained for NO3-Mg-Al LDH. Decomposition of NO3-Mg-Al
LDH occurred in the following four stages: stage 1, mass loss of
0-8% until 120°C; stage 2, mass loss of 8-26% at 120-350°C; stage
3, mass loss of 26-31% at 350-380°C; and stage 4, mass loss of
26-45% above 380 °C. The first stage corresponded to the evapora-
tion of surface adsorbed water and interlayer water in NO3-Mg-Al
LDH. The second and third stages were mainly attributable to the
dehydroxylation of the brucite-like octahedral layers in NO3-Mg-Al
LDH. The fourth stage was most probably due to the elimination
of NO3~ intercalated in the Mg-Al LDH interlayers. Fig. 4 shows
the TG curves obtained for NO3-Mg-Al LDH and the mass spec-
tra of selected ions from among the major thermal decomposition
products of NO3-Mg-Al LDH. The mass spectrum showed signals
at mz 18, 30, 32, 44, and 46, which corresponded to the molec-
ular ion peaks of H,0*, NO*, O,*, CO,*, and NO,*, respectively.
The H,0* peak in the spectrum showed that H,O was produced
at four steps, i.e., during the elimination of surface adsorbed water
and interlayer water (stage 1), dehydroxylation of NO3-Mg-Al LDH
components whose properties were similar to those of Al(OH)3
and Mg(OH), (stages 2 and 3, respectively), and dehydroxylation
of NO3-Mg-Al LDH components whose properties were similar to
those of Al(OH); (stage 4) [20]. The NO* and NO,* peaks were
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Fig.4. TG curve of NO3-Mg-Al LDH and selected-ion mass spectra of major products
formed in thermal decomposition of NO3-Mg-Al LDH.
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Fig. 5. Gibbs free energy change (AG) for the decomposition of Mg(OH), and
Mg(NO3),.

observed at 300-600 °Cand 350-500 °C in the mass spectra, respec-
tively (Fig. 4). The intensities of the NO* and NO,* peaks were high
in the fourth decomposition stage (>380°C), confirming that the
mass loss of NO3-Mg-Al LDH in this stage was due to the forma-
tion of nitrogen oxides by the elimination of intercalated NO5~.
The NO,* peak definitely corresponds to the occurrence of NO,.
The NO* peak generally corresponds to the occurrence of NO and
NO,. However, the NO* peak in this study probably suggests the
main formation of NO,, because the evolved nitrogen oxides by
the thermal decomposition of Mg(NOs3),-6H,0 were observed to
be only NO, in the TG-FTIR spectroscopy despite the presence of
the m/z=30 ion fragment in TG-MS [21]. This is also supported by
the fact that the m/z=30 ion fragment is the most intense frag-
ment of NO, gas according to the reference mass spectra in NIST
database [22]. Therefore, the elimination of NO3~ intercalated in
the interlayer of NO3-Mg-Al LDH during the thermal decomposi-
tion is certainly caused by the main formation of NO,. A prominent
0,* peak corresponding to the production of O, was observed
at 400-500°C. This is probably derived from the decomposition
of NO3~ in NO3-Mg-Al LDH in the fourth decomposition stage
(>380°C). The decomposition pattern of NO3-Mg-Al LDH is deter-
mined thermodynamically as follows. The thermal properties of
NO3-Mg-Al LDH are assumed to resemble those of Mg(OH), and
Mg(NO3),. Therefore, the Gibbs free energy change (AG) for the
decomposition of Mg(OH), and Mg(NOs3), (shown in Eqgs. (4) and
(5))is determined using the thermochemical data reported by Bin-
newies and Milke [23], as shown in Fig. 5:

Mg(OH), — MgO + H,0 (4)
Mg(NO3); — MgO + 2NO, +(1/2)0, (5)

In the decomposition of Mg(OH), and Mg(NO3),, the tempera-
tures corresponding to AG < 0 were found to exceed 269 and 366 °C,
respectively. This implied that the decomposition of NO3-Mg-Al
LDH was thermodynamically favorable, resulting in the production
of H,0 and NO,. In fact, the temperature for H,O production from
the dehydroxylation of NO3;-Mg-Al LDH was lower than that for
NO, production (Fig. 4). This result was in good agreement with the
thermodynamic consideration that the temperature for Mg(OH),
decomposition is lower than that for Mg(NO3 ), decomposition. By
the way, a CO,* peak, which corresponded to the formation of CO5,
was observed at 250-400°C in the mass spectrum (Fig. 4), indi-
cating the elimination of CO, from NO3-Mg-Al LDH. As shown in
Table 1, the NO3/Al molar ratio in the NO3-Mg-Al LDH was lower
than 1.0, suggesting that CO32~ in addition to NO3~ was interca-
lated in the interlayer of Mg-Al LDH in order to compensate the
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Fig. 6. Variation in the elimination of nitrogen oxides with time in the thermal
decomposition of NO3-Mg-Al LDH at 400 °C.

positive charge of the Al-bearing brucite-like octahedral layers. This
contamination by CO32~ is due to the dissolution of CO, into the
solution in the preparation procedure. The elimination of CO, cer-
tainly does not affect the production of NO,. Fig. 4 also presents that
CO,* and H,0O* peaks were observed at 250-400 °C, respectively,
supporting the simultaneous dehydroxylation and decarbonation
of the CO3-Mg-Al LDH, as mentioned by Frost’s review [19]. In case
of NO3-Mg-Al LDH, the dehydroxylation and elimination of NO3~
were found to occur differently, confirmed by the fact that the NO*
and NO,* peaks were mainly observed at around 400-500°C in the
mass spectra, respectively (Fig. 4).

To summarize, the decomposition of NO3-Mg-Al LDH proceeded
in four stages. Stage 1: evaporation of surface adsorbed water and
interlayer water in NO3-Mg-Al LDH; stages 2 and 3: dehydrox-
ylation of the brucite-like octahedral layers in NO3-Mg-Al LDH;
and stage 4: elimination of NO3~ intercalated in the Mg-Al LDH
interlayers to afford NO,.

3.3. Elimination behavior of nitrogen oxides from NO3-Mg-Al LDH

In this section, we report the elimination behavior of nitro-
gen oxides from NO3-Mg-Al LDH estimated using the experimental
apparatus shown in Fig. 2 and the production of Mg-Al oxide. Fig. 6
shows the variation in the elimination of nitrogen oxides with time
during the thermal decomposition of NO3-Mg-Al LDH at 400°C.
Since NO,~ and NO3 ™ are detected in the water traps, the elimina-
tion of nitrogen oxides is expressed as the ratio of the mole percent
of NO,~ and NO3 ™~ in the traps to that of NO3~ in NO3-Mg-Al LDH.
The elimination of nitrogen oxides increases with time, reaching
91.7% in 180 min. The solutions in the traps are strongly acidic,
thus confirming the production of HNO3 and HNO,. The thermal
decomposition of NO3-Mg-Al LDH results in the main formation of
NO,. NO, then reacts with H,O and O, to form HNO3 and HNO, in
the manner shown in Egs. (6) and (7), respectively [24,25].

2NO; +H;0 — HNOs3 + HNO, (6)
2NO, +H,0 + (1/2)0, — 2HNO3 (7)

As shown in Fig. 6, the elimination for NO3~ is considerably higher
than that for NO,~ at any given instant. This indicates that the pro-
duction of HNO3 is mainly caused by the reaction shown in Eq.
(7).

Fig. 7 shows the effect of temperature on the elimination of
nitrogen oxides in the thermal decomposition of NO3-Mg-Al LDH.
At 400°C, the elimination of nitrogen oxides increased gradually
with time, reaching 78.9% in 60 min. At 500 and 600 °C, the elim-
ination of nitrogen oxides increased rapidly with time, reaching
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Fig. 7. Effect of temperature on the elimination of nitrogen oxides in the thermal
decomposition of NO3-Mg-Al LDH.

100% within 30 and 15 min, respectively. The elimination of nitro-
gen oxides was thus confirmed to increase with temperature as
well. Notably, all the intercalated NO3~ was lost from NO3-Mg-Al
LDH at 500 and 600 °C, and this explained why the NO,* and NO*
peaks could not be detected in the mass spectrum at temperatures
above 500 and 600 °C, respectively (Fig. 4). Fig. 8 presents the XRD
patterns for the products obtained in the thermal decomposition of
NOs3-Mg-Al LDH under different heating conditions. Although the
product obtained at 1100°C after 180 min was a mixture of MgO
and MgAl, 04, only Mg-Al oxide was obtained under other condi-
tions. Thus, it could be confirmed that the thermal decomposition
of NO3-Mg-Al LDH at 400-600 °C results in the formation of Mg-Al
oxide only.
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Fig. 8. XRD patterns for products obtained in the thermal decomposition of
NO3-Mg-Al LDH under different heating conditions: (a) 400°C, 15 min; (b) 500°C,
15 min; (¢) 600°C, 15 min; (d) 600°C, 60 min; and (e) 1100°C, 180 min.
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Table 2
Degree of NO3;~ removal from HNOj3 solution by Mg-Al oxides
obtained with various temperatures.

Temperature/°C NOs5~ removal/%
400 52.5
500 78.0
600 65.3

3.4. Treatment of HNO3

Fig. 7 presents the highest eliminations of nitrogen oxides at
400°C for 60 min, at 500°C for 30 min, and at 600°C for 15 min,
respectively. Mg-Al oxides, converted from NO3-Mg-Al LDHs with
these conditions, were examined to treat HNO3. Table 2 shows
the degree of NO3;~ removal from HNOs3 solution by the Mg-Al
oxides. All Mg-Al oxides were able to remove NO3~ from HNO3
solution. As shown in Fig. 7, some NO3~ is remained in Mg-Al
oxide obtained at 400 °C for 60 min. The remaining of NO3~ leads
to the lowest degree of NO3~ removal for Mg-Al oxide obtained
at 400°C. The degree of NO3~ removal for 500 °C was higher than
that for 600 °C, although NO3~ was completely lost in Mg—Al oxides
obtained at both temperatures. The high temperature probably pro-
motes the crystallization of Mg-Al oxide for the conversion to MgO
and MgAl,0g4. This crystallization likely results in the decrease of
NO3~ removal capability.

4. Conclusions

The thermal decomposition of NO3-Mg-Al LDH occurred in the
following four stages: evaporation of surface adsorbed water and
interlayer water (stage 1), dehydroxylation of the brucite-like octa-
hedral layers in NO3-Mg-Al LDH (stages 2 and 3), and elimination of
NOs5~ intercalated in the Mg-Al LDH interlayers to afford NO; (stage
4). The thermal properties of NO3-Mg-Al LDH were considered
to be similar to those of Mg(OH), and Mg(NO3),. The tempera-
ture for H,O formation from the dehydroxylation of NO3-Mg-Al
LDH was lower than that for NO, production. This observation was
consistent with the thermodynamic consideration that the temper-
ature for Mg(OH), decomposition is lower than that for Mg(NO3 ),
decomposition. NO,, which was produced by the thermal decom-
position of NO3-Mg-Al LDH at 400-600 °C, reacted with H,O and

0, to form HNO3 and HNO,. The elimination of nitrogen oxides was
found to increase with the decomposition time and temperature.
Further, all the intercalated NO3~ was completely eliminated from
NO3-Mg-Al LDH at 500 and 600 °C, confirming that Mg-Al oxide
was produced upon the thermal decomposition of NO3-Mg-Al LDH
at 400-600°C. The Mg-Al oxide was able to treat HNO3 solution.
To summarize, complete loss of nitrogen oxides of NO3-Mg-Al LDH
and formation of Mg-Al oxide occurred in the thermal decompo-
sition of NO3-Mg-Al LDH. On the basis of the present results, we
concluded that cyclic usage of Mg-Al oxide for the treatment of
HNOjs is possible.
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