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ABSTRACT 
 

A new treatment method for SOx has been examined using a slurry of Mg−Al oxide 

in H2O. Dissolution of SOx in the slurry produces SOx∙Mg−Al LDH, which can be 

calcined to yield sulfuric acid, MgO, and MgAl2O4. In addition, the treatment of H2SO4 

with Mg−Al oxide was examined in terms of kinetics and equilibrium studies in order to 

clarify the nature of the reaction between the Mg−Al oxide slurry and SOx. We also 

examined this Mg−Al oxide treatment method for NOx. The NOx dissolves in the Mg−Al 

oxide slurry and produces NOx∙Mg−Al LDH. The isolated NOx∙Mg−Al LDH can also be 

calcined, yielding in this case, nitric acid and the reconstituted Mg−Al oxide. In addition, 

the treatment of HNO3 with Mg−Al oxide was examined with respect to kinetics and 

equilibrium studies in order to clarify the nature of the interaction between the Mg−Al 

oxide and NOx. Finally, we demonstrated the simultaneous removal of SO2 and NO2 from 

a mixed gas stream using the Mg−Al oxide slurry treatment. 

 

 

INTRODUCTION 
 

The removal of SOx and NOx from industrial waste streams is a very important step for 

mitigating air pollution. However, current treatment methods can pose other environmental 

problems. In Japan, the SOx generated from coal-fired plants is mainly treated with CaCO3; 

the desulfurized gypsum obtained from the process is then used for gypsum board, i.e., 
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drywall. However, the demand for gypsum board has recently declined because of board 

recycling [1]. Hence, much of the residual desulfurized gypsum is being discharged into 

landfills. Trash incinerators, boilers, and gas turbines are all sources of NOx. A selective 

catalytic reduction process is generally used to treat NOx, i.e., reaction with ammonia in the 

presence of a catalyst. NOx is reduced to N2 and H2O as follows: 

 

4NO + 4NH3 + O2 → 4N2 + 6H2O (1) 

 

NO + NO2 + 2NH3 → 2N2 + 3H2O (2) 

 

However, this approach has certain drawbacks. For example, ammonia leakage can 

corrode the equipment, and transition metal-based catalysts can be expensive. In light of these 

problems, we investigated a new treatment method for SOx and NOx using Mg−Al oxide 

obtained by the thermal decomposition of Mg−Al layered double hydroxide (Mg−Al LDH). 

Mg−Al LDH is known to intercalate various types of anions in its interlayers and to have 

anion exchange properties [2, 3]. Mg−Al LDH is given by the formula [Mg
2+

1−xAl
3+

x(OH)2] 

(A
n−

)x/n·mH2O], where x denotes the Al/(Mg + Al) molar ratio (0.20 ≦ x ≦ 0.33) and A
n−

 

represents the anions, i.e., CO3
2−

, Cl
−
, etc. [4−6]. Mg−Al LDH intercalated with CO3

2−
 

(CO3∙Mg−Al LDH) can be transformed into Mg−Al oxide by calcination at 450–800°C via 

the following reaction: 

 

Mg1−xAlx(OH)2(CO3)x/2 → Mg1−xAlxO1+x/2 + x/2CO2 + H2O (3) 

 

Mg−Al oxide can then rehydrate and combine with anions to reconstruct the LDH structure as 

follows: 

 

Mg1−xAlxO1+x/2 + x/n A
n−

 + (1+x/2)H2O → Mg1−xAlx(OH)2Ax/n + xOH
−
 (4) 

 

Mg−Al LDH and Mg−Al oxide have been examined for the preservation and purification of 

the environment. Rojas has reviewed LDH applications as sorbents for environmental 

remediation [7]. Recently, Mg−Al LDH and Mg−Al oxide were examined for their ability to 

remove inorganic and organic anions such as boron, arsenate, Acid Orange 10, and 

radiocobalt from aqueous solutions [8−11]. 

Furthermore, Mg–Al LDHs modified with organic acid anions can absorb nonionic 

organic compounds and heavy metal ions from aqueous solutions [12]. 

Also, an Mg–Al LDH modified with 1-naphthol-3,8-disulfonate preferentially adsorbed 

1,3-dinitrobenzene over 1,2-dimethoxybenzene based on π–π stacking interactions [13]. We 

have also examined the varying uptake of aromatic compounds in an aqueous solution by 

Mg–Al LDHs intercalated with several organic sulfonates [14]. 

In addition, Cu−Al LDH intercalated with EDTA has been examined for its ability to take 

up rare earth ions from an aqueous solution, as well as desorption [15−18]. We have also 

examined the preparation methods and properties of Mg−Al LDHs [19]. 

In this chapter, Mg−Al oxide is examined for the treatment of H2SO4 and HNO3 via the 

reconstruction reaction. By applying this technique, Mg−Al oxide was investigated for the 

treatment of gaseous SO2, NO2, and NO. 
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We have also examined the elimination behavior of anions from the reconstructed Mg−Al 

LDH during thermal decomposition, and the regeneration of Mg–Al oxide. We have already 

reviewed the treatment of gaseous HCl using Mg−Al LDH and Mg−Al oxide [20]. 

 

 

TREATMENT OF H2SO4 AND HNO3 USING MG−AL OXIDE 
 

Treatment of H2SO4 
 

As expressed in Equation 4, the rehydration and subsequent combination of Mg–Al oxide 

with anions in solution are accompanied by the release of OH
−
. This behavior led our research 

group to establish that Mg–Al oxide has the capacity to neutralize acid and fix Cl
−
 for the 

treatment of hydrochloric acid [21−25]. 

We examined the treatment of H2SO4 with Mg–Al oxide with respect to kinetics and 

equilibrium [26]. Aliquots of 0.0025–0.1 M H2SO4 (20 mL) and pre-determined amounts of 

the Mg−Al oxides (Mg/Al molar ratio = 4.0) were placed in 50 mL screw-top test tubes and 

shaken at 10–60°C for 10 min to ~7 d. The amounts of the Mg−Al oxides used were 0.2 g and 

1.03.0 times the stoichiometric quantities indicated by Equation (5): 

 

Mg0.8Al0.2O1.1 + 0.1 H2SO4 + 0.9 H2O → Mg0.8Al0.2(OH)2(SO4)0.1 (5) 

 

Table 1 shows how the stoichiometric ratio of Mg−Al oxide affected the fraction of SO4
2−

 

removed, as well as the pH, in 0.05 M H2SO4. The fraction of SO4
2−

 removed increased with 

increasing Mg−Al oxide loading, and was over 99% at 1.5 times the stoichiometric quantity. 

The pH values were 9.5–10.6, indicating the neutralization of the acid. When present in 

excess, Mg−Al oxide could treat H2SO4 quantitatively. 

The effect of temperature on the removal of SO4
2−

 from a suspension of Mg−Al oxide in 

0.05 M H2SO4 was examined. The fraction of SO4
2−

 removed increased with time at each 

temperature, and increased with rising temperature at each time interval. At 60°C, the fraction 

of SO4
2−

 removed increased rapidly with time, resulting in 90% removal after 60 min. At 

10°C, anion removal increased gradually with time, resulting in a decrease of 30% after 360 

min. This chapter shows that Mg−Al oxide was able to extract SO4
2−

 from H2SO4 at 

temperatures between 10 and 60°C. 

The accelerated rate of SO4
2−

 removal at higher temperatures implies that the reaction 

proceeds under chemical reaction control (i.e., dependent on activation energy, as opposed to 

thermodynamic stability). Assuming that the process followed first-order kinetics, we 

determined the rate of SO4
2−

 removal between 10 and 60°C for the reaction in 0.05 M H2SO4, 

according to Equation (6). 

 

–ln(1 – x) = kt, (6) 

 

where x is the fraction of SO4
2−

 removed; t is the reaction time; and k (min
–1

) is the rate 

constant of SO4
2−

 removal. Figure 1 shows the first-order plots of SO4
2−

 removal from a 

suspension of Mg−Al oxide in 0.05 M H2SO4 at various temperatures. The plots show good 

linearity at all temperatures, confirming that SO4
2−

 removal occurred by a first-order reaction. 
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Table 1. Effect of Mg−Al oxide quantity on the fraction of SO4
2−

 removal and pH in a 

suspension of Mg−Al oxide in 0.05 M H2SO4 

 

Mg−Al oxide quantity/ 

Stoichiometric quantity 
SO4

2−
 removal / % pH 

1.0 85.4 9.5 

1.5 99.9 10.6 

2.0 99.9 10.3 

3.0 99.9 10.5 

Temperature: 30 ºC, Time: 1440 min. 

Cited from Reference [26]. 

 

 
Cited from Reference [26]. 

Figure 1. First-order plots of SO4
2−

 removal by a suspension of Mg−Al oxide in 0.05 M H2SO4 at 

various temperatures. A stoichiometric amount of Mg−Al oxide was used. 

The value of the intercept is not zero, probably owing to the very fast adsorption of SO4
2−

 

onto the surface of the Mg−Al oxide. 

The apparent rate constants at 10, 30, and 60°C were 2.0 × 10
−3

, 4.4 × 10
−3

, and 5.3 × 

10
−2

 min
–1

, respectively. Thus, the apparent rate constant increased with increasing 

temperature. An Arrhenius plot of k yields an apparent activation energy of 52.1 kJ mol
−1

 and 

confirms that SO4
2−

 removal by the Mg−Al oxide proceeded under chemical reaction control. 

Adsorption isotherms of SO4
2−

 by Mg−Al oxide were obtained, and the equilibrium 

adsorption amount increased with as the equilibrium concentration of SO4
2−

 increased from 0 

to 5.3 mmol/L. 
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Thereafter, it remained constant at approximately 2 mmol/g with further increases in the 

equilibrium concentration up to 80.3 mmol/L. The curve of the adsorption isotherm is a 

Langmuir type, confirmed by arranging the experimental data according to the Langmuir 

equation, which can be expressed as: 

 

qe = CeqmKL/(1 + CeKL), (7) 

 

where qe (mmol g
−1

) is the equilibrium adsorption amount, Ce (mmol L
−1

) is the equilibrium 

concentration, qm (mmol g
−1

) is the maximum adsorption amount, and KL (L mmol
−1

) is the 

equilibrium adsorption constant. Rearrangement of equation 7 yields: 

 

Ce/qe = 1/qmKL + Ce/qm. (8) 

 

Figure 2 shows a plot of Ce versus Ce/qe for the adsorption isotherm of SO4
2−

 by Mg−Al 

oxide. Good linearity was obtained, confirming that this reaction can be expressed as a 

Langmuir-type adsorption. The reaction is derived from monolayer adsorption, indicating the 

intercalation of SO4
2−

 in the interlayer space of the Mg−Al LDH. The value of qm, determined 

from the slope of the straight line in Figure 2, was 2.0 mmol g
−1

 or 4.0 meq g
−1

, indicating 

that the Mg−Al oxide had a large capacity for the uptake of SO4
2−

 from H2SO4 (compare this 

to the ion-exchange capacity of an anion-exchange resin, in which qm is 3.5 meq g
−1

). 

 

 
Cited from Reference [26]. 

Figure 2. Ce vs. Ce/qe plot of the adsorption isotherm of SO4
2−

 by Mg−Al oxide. Mg−Al oxide quantity: 

0.2 g; Initial H2SO4 concentration: 0.0025–0.1 M; Temperature: 30°C; Time: 7 d. 
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In this chapter, Mg−Al oxide was shown to be suitable for the treatment of H2SO4, acting 

as both a neutralizer of the acid and a fixative for SO4
2−

. 

 

 

Treatment of HNO3 
 

We similarly examined the treatment of HNO3 with Mg–Al oxide with respect to kinetics 

and equilibrium [27]. HNO3 (20 mL, 0.005–0.2 M) and predetermined amounts of Mg–Al 

oxide were placed in 50 mL screw-top tubes and shaken at 10–60 °C for 10 min–7 d. The 

amounts of the Mg–Al oxides were 0.2 g and 1.0~3.0 times the stoichiometric quantity 

indicated by Equation (9): 

 

Mg0.8Al0.2O1.1 + 0.2 HNO3 + 0.9 H2O → Mg0.8Al0.2(OH)2(NO3)0.2. (9) 

 

Table 2 presents the effects of the Mg−Al oxide quantity on the degree of NO3
−
 removal 

and pH in a suspension of Mg−Al oxide in 0.1 M HNO3. The degree of NO3
−
 removal 

increased with increasing Mg−Al oxide quantity and was over 99% at twice the 

stoichiometric amount. The pH range of 9.0–10.5 indicated the neutralization of the acid. 

HNO3 could be quantitatively treated with increasing amounts of Mg−Al oxide. 

The effect of temperature on the degree of NO3
−
 removal by the suspension of Mg−Al 

oxide in 0.1 M HNO3 was examined. NO3
−
 removal increased with time at all temperatures, 

and increased with rising temperature over time. At 60 °C, the degree of NO3
−
 removal 

increased rapidly with time, reaching 80% after 360 min. At 10 °C, NO3
−
 removal increased 

gradually over time, resulting in a 30% NO3
−
 reduction after 360 min. Thus, Mg–Al oxide 

was able to extract NO3
−
 from HNO3 at temperatures from 10 to 60 °C. The accelerated rate 

of NO3
−
 removal at higher temperatures implies that this reaction, too, proceeds under 

chemical reaction control. Under the assumption that NO3
−
 removal was governed by first-

order kinetics, we determined the rate of NO3
−
 removal between 10 and 60 °C for the reaction 

in 0.1 M HNO3 according to Equation (6). The first-order plots of these results, shown in 

Figure 3, exhibit good linearity at all temperatures, confirming the assumption that NO3
−
 

removal can be represented by a first-order reaction. The apparent rate constants at 10, 30, 

and 60 °C were 1.2 × 10
−3

, 5.7 × 10
−3

, and 3.6 × 10
−2

 min
−1

, respectively. Thus, it is clear that 

the apparent rate constant increased with increasing temperature. An Arrhenius plot of k 

yielded an apparent activation energy of 52.9 kJ mol
−1

. This value confirms that the NO3
−
 

removal by Mg−Al oxide proceeded under chemical reaction control. 

 

Table 2. Effect of Mg−Al oxide quantity on the degree of NO3
−
 removal and pH in a 

suspension of Mg−Al oxide in 0.1 M HNO3 

 

Mg−Al oxide quantity/ 

Stoichiometric quantity 
NO3

-
 removal / % pH 

1.0 72.1 9.0 

1.5 96.6 10.1 

2.0 99.1 10.5 

3.0 99.3 10.5 

Cited from Reference [27]. 
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Cited from Reference [27]. 

Figure 3. First-order plot of NO3
−
 removal by a suspension of Mg−Al oxide in 0.1 M HNO3 at various 

temperatures. A stoichiometric amount of Mg−Al oxide was used. 

For the adsorption isotherm for NO3
−
 on Mg−Al oxide, the equilibrium adsorption 

amount increased with increasing equilibrium concentration from 0.1 to 62.3 mmol L
−1

. The 

curve is also considered to be a Langmuir-type adsorption isotherm. This hypothesis was 

confirmed by arranging the experimental data according to the Langmuir equations 7 and 8. 

Figure 4 shows the Ce versus Ce/qe plot for the adsorption isotherms of NO3
−
 on Mg−Al 

oxide. Good linearity was obtained, which shows that this reaction is correctly expressed by 

Langmuir-type adsorption. The reaction occurs through monolayer adsorption, i.e., the 

intercalation of NO3
−
 in the interlayer space of the Mg−Al LDH. The values of qm and KL, 

determined from the slope and intercept of the straight line in Figure 4, were 3.8 mmol g
−1

 

and 1.33, respectively. The Gibbs free energy change (ΔG) for NO3
−
 removal was estimated 

by the following equation: 

 

ΔG = −RTlnKL, (10) 

 

where R is the gas constant (8.314 J K
−1

 mol
−1

), and T (K) is absolute temperature. ΔG was 

calculated to be −18 kJ mol
−1

. Thus, the uptake of NO3
−
 from HNO3 by Mg–Al oxide 

proceeds spontaneously. 

In the present chapter, Mg–Al oxide showed potential for HNO3 treatment. It acted as 

both a neutralizer and fixative for NO3
−
. 
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Cited from Refrence [27]. 

Figure 4. Ce versus Ce/qe plot for the adsorption isotherm of NO3
−
 adsorbed by Mg−Al oxide. Mg−Al 

oxide quantity: 0.2 g; Initial HNO3 concentration: 0.005–0.1 M; Temperature: 30°C; Time: 7 d. 

 

TREATMENT OF GASEOUS SOX AND 

NOX USING MG−AL OXIDE SLURRY 
 

Treatment of Gaseous SO2 
 

As described above, we found that Mg−Al oxide has the capacity to neutralize acid and 

fix SO4
2−

 in the treatment of H2SO4, which suggests its potential for the removal of SOx. We 

examined this removal by Mg−Al oxide via the reconstruction of a Mg−Al layered double 

hydroxide [28]. A 2.0 wt% Mg−Al oxide slurry was prepared in deionized water. In water, 

SO2 is assumed to exist as H2SO3. The amount of Mg−Al oxide used for treating SO2 was 

1.0−5.0 times the stoichiometric quantity indicated in Equation 11: 

 

Mg0.8Al0.2O1.1 + 0.1H2SO3 + 0.9H2O → Mg0.8Al0.2(OH)2(SO3)0.1 (11) 

 

Figure 5 shows the experimental apparatus for treating SO2 with the Mg−Al oxide slurry. 

The slurry was placed in a quartz tube reactor and heated to 25, 40, or 60 °C using a flexible 

heater. SO2 gas (200 ppm) was combined with a flow of N2 in a gas mixer for 1−5 h at a flow 

rate of 300 mL min
–1

. 
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Cited from Reference [28]. 

Figure 5. Experimental apparatus for treating SO2 with Mg−Al oxide slurry: (1) SO2 cylinder, (2) N2 

cylinder, (3) mass flow controller, (4) gas mixer, (5) thermometer, (6) quartz tube reactor, (7) flexible 

heater, (8) gas analyzer. 

Figure 6a shows how the relative quantity of Mg−Al oxide affected SO2 removal. Mg−Al 

oxide levels at 1.0, 2.0, 3.0, and 5.0 times the stoichiometric quantities (0.20, 0.41, 0.61, and 

1.02 g, respectively) were evaluated. For every loading, over 99% of the SO2 was removed, 

either by dissolution in water or adsorption by Mg–Al oxide. The proportion of SO2 removed 

by the Mg−Al oxide increased with its loading and was over 99% at five times the 

stoichiometric quantity. The product after treating SO2 gas with the Mg−Al oxide slurry was 

identified as hydrotalcite (JCPDS card 22-700), a naturally occurring hydroxycarbonate of 

magnesium and aluminum (Mg6Al2(OH)16CO3∙4H2O) with an LDH structure. The observed 

basal spacing, d003, of the product was 7.9−8.0 Å, indicating that the expansion of the basal 

spacing was based on the host layer thickness of LDH, 4.8 Å. These results confirm that the 

contribution of Mg−Al oxide to SO2 removal occurred through the reconstruction of Mg−Al 

LDH intercalated with SO3
2–

, as described by Equation 11. Figure 6b shows the effects of the 

Mg−Al oxide quantity on pH and the amount of dissolved Mg
2+

. At stoichiometric quantities, 

the pH was 8.7 and the amount of dissolved Mg
2+

 was 9.2%. This was attributed to the 

dissolution of the Mg−Al oxide by protons derived from the dissociation of H2SO3, which is 

produced from the dissolution of SO2 in the slurry. The pH increased with the amount of 

Mg−Al oxide and reached 10.9 at five times the stoichiometric quantity. The amount of 

dissolved Mg
2+

 decreased as the amount of Mg−Al oxide increased. This was due to the 

neutralization of free protons with increasing levels of OH
−
, which is associated with SO3

2–
 

removal as shown below: 

 

Mg0.8Al0.2O1.1 + 0.1SO3
2–

 + 1.1H2O 

 

→ Mg0.8Al0.2(OH)2(SO3)0.1 + 0.2OH
−
 (12) 

 

Al
3+

 was not present in the solution because Al
3+

 is precipitated as the hydroxide due to its 

amphoteric properties. Figure 6a shows that the contribution of the Mg−Al oxide to the 

removal of SO2 was 34% at a stoichiometric level. 
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a     b 

Cited from Reference [28]. 

Figure 6. The effects of the Mg−Al oxide quantity on (a) SO2 removal, and (b) pH and levels of 

dissolved Mg
2+

 during SO2 treatment. Temperature: 25°C; Time: 3 h. 

This relatively low contribution was attributed to the formation of the Mg−Al LDH 

intercalated with OH
−
, as shown in Equation 13, in addition to the dissolution of the Mg−Al 

oxide. 

 

Mg0.8Al0.2O1.1 + 1.1H2O → Mg0.8Al0.2(OH)2(OH)0.2 (13) 

 

Figure 7a shows the effects of temperature on SO2 removal using the Mg−Al oxide 

slurry. SO2 was removed at a level of over 99% at all temperatures. The contribution of 

Mg−Al oxide increased with increasing temperature and was 99% at 60 °C. This indicates 

that high temperatures promote the reaction shown in Equation 11. Figure 7b shows the 

variation in SO2 removal as a function of time. In this case, the amount of Mg−Al oxide (0.41 

g) used at any time was twice the stoichiometric quantity needed for 3 h. In other words, the 

Mg−Al oxide quantities corresponded to 6.0, 3.0, 2.0, 1.5, and 1.2 times the stoichiometric 

quantities for 1, 2, 3, 4, and 5 h. For all cases, SO2 removal was over 99%. The contribution 

of the Mg−Al oxide was 97% at 1 h. However, this contribution decreased with time and was 

only 69% at 5 h. In the earlier stages, excess Mg−Al oxide was capable of treating the SO2 

gas. However, the continuous flow of SO2 resulted in increased levels of dissolved SO3
2–

, 

which decreased the efficiency of SO3
2–

 intercalation into the Mg−Al oxide. 

In summary, we demonstrated that a Mg−Al oxide slurry could effectively treat gaseous 

SO2 to subsequently produce SO3∙Mg−Al LDH. 

 

 

Treatment of Gaseous NO and NO2 
 

As above mentioned, we demonstrated the capability of Mg−Al oxide to neutralize acid 

and fix NO3
−
 in the treatment of HNO3. 
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a     b 

Cited from Reference [28]. 

Figure 7. (a) The effects of temperature on SO2 removal were evaluated by treating SO2 gas with the 

Mg−Al oxide slurry. The amount of Mg−Al oxide was twice the stoichiometric quantity. Time: 3 h. (b) 

Variations in the efficiency of SO2 removal by the Mg−Al oxide slurry as a function of time. The 

amount of Mg−Al oxide was twice the stoichiometric quantity for 3 h at 25°C. 

These results suggested the potential of Mg–Al oxide in the removal of NOx. We treated 

NO and NO2 with a Mg−Al oxide slurry [29] prepared by mixing the Mg−Al oxide with 

deionized water at concentrations of 0.5−1.0 wt%. The quantities of Mg−Al oxide used for 

the treatment of NO and NO2 gases were 1.0−5.0 times the stoichiometric quantities, as 

indicated in Equations 14 and 15: 

 

Mg0.80Al0.20O1.10 + 0.20HNO2 + 0.90H2O → Mg0.80Al0.20(OH)2(NO2)0.20 (14) 

 

Mg0.80Al0.20O1.10 + 0.20HNO3 + 0.90H2O → Mg0.80Al0.20(OH)2(NO3)0.20 (15) 

 

here, gaseous NO and NO2 were assumed to be present as HNO2 and HNO3 in the aqueous 

Mg−Al oxide slurry. The slurry was placed in a quartz tube reactor that was heated by a 

flexible heater at 25, 40, or 60 C. NO or NO2 gas was diluted with N2 in a gas mixer, with 

the NO or NO2 gas concentration adjusted to 200 ppm. The NO/N2 or NO2/N2 gas stream was 

fed into the quartz tube reactor for 1−5 h at a flow rate of 300 mL min
–1

. A MgO slurry was 

also used for the treatment of NO or NO2 gas. 

Figure 8 shows the effectiveness of NO removal by the Mg−Al oxide and MgO slurries. 

The NO removal was 16% in both cases, and the Mg−Al oxide and MgO were equally 

effective. 
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*
The amounts of MgO and Mg−Al oxide were equal. Cited from Reference [29]. 

Figure 8. Effects of Mg−Al oxide and MgO slurries on NO removal in the treatment of NO gas. Double 

the stoichiometric quantity of Mg−Al oxide (1.0 wt%) was used. Temperature: 40 C; Time: 3 h. 

When the NO gas flowed into an aqueous solution in the absence of the Mg−Al oxide or 

MgO, only traces of NO2
–
 were detected. This result implies that the solubility of the NO was 

very low. Therefore, any NO removal with MgO was attributed to adsorption onto its surface. 

The similar removal behavior exhibited by the Mg−Al oxide suggests that the NO removal 

was also mediated by adsorption onto its surface rather than by the reconstruction of Mg−Al 

LDH intercalated with NO2
–
. 

Figure 9 shows the effects of the Mg−Al oxide and MgO on NO2 removal. The fractions 

of NO2 removed were 40% and 46% for the Mg−Al oxide and MgO, respectively. These 

values are much higher than those for NO. Approximately 15% of the NO2 dissolved in the 

MgO slurry; the species in solution were NO2
–
 and NO3

–
. These results suggest that NO2 

dissolved and then dissociated according to Equations 16−18: 

 

2NO2 + H2O = HNO3 + HNO2 (16) 

 

HNO3 = H
+
 + NO3

–
 (17) 

 

HNO2 = H
+
 + NO2

–
 (18) 

 

MgO adsorbed 31% of the NO2 as NO2
–
 and NO3

–
 onto its surface. The Mg−Al oxide was 

more effective than the MgO with respect to the uptake of NO2, which is attributed to the 

adsorption of NO2
–
 and NO3

–
 onto its surface and to the reconstruction of the Mg−Al LDH 

intercalated with NO2
–
 and NO3

–
 (Equations 14 and 15). 

 



Treatment of Sulfur and Nitrogen Oxides with Mg−Al Oxide … 85 

 
*
The amounts of MgO and Mg−Al oxide were equal. Cited from Reference [29]. 

Figure 9. The effects of Mg−Al oxide and MgO slurries on NO2 removal in the treatment of NO2 gas. 

Double the stoichiometric quantity of Mg−Al oxide (0.5 wt%) was used. Temperature: 40 C; Time: 3 

h. 

The greater removal of NO2 relative to NO resulted from the higher NO2 solubility in the 

slurries. Figure 10(a) shows the effect of the quantity of the Mg−Al oxide on NO2 removal 

during treatment. 

The fraction of NO2 removed was approximately 43% for all Mg−Al oxide levels. The 

effectiveness of the Mg−Al oxide slightly increased as its amount increased and was 38% at 

5.0 times the stoichiometric quantity. 

The XRD patterns for the products after the NO2 gas treatment with Mg−Al oxide were 

also assigned to hydrotalcite, which has an LDH structure. The observed basal spacings (d003) 

of the products were 7.8−7.9 Å, which indicates an expansion of the host basal spacing (4.8 

Å). These results confirm that the treatment of NO2 with the Mg−Al oxide slurry resulted in 

the reconstruction of the Mg−Al LDH intercalated with NO2
–
 and NO3

–
 according to 

Equations 14 and 15. 

Figure 10(b) shows the effect of the amount of Mg−Al oxide on the pH and on the extent 

of Mg
2+

 dissolution during treatment. The amount of Mg
2+

 dissolved was 1.7% of the 

stoichiometric quantity. This small amount was attributed to the dissolution of the Mg−Al 

oxide by H
+
 derived from the dissociation of HNO3 and HNO2 produced as NO2 dissolved in 

the slurry (Equations 16−18). The pH increased with increasing amounts of Mg−Al oxide, 

reaching pH 10.9 at 5.0 times the stoichiometric amount. The amount of dissolved Mg
2+

 

decreased as the amount of Mg−Al oxide increased; additional Mg−Al oxide promoted 

neutralization because the removal of NO2
–
 and NO3

–
 generated more OH

−
 ions: 
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Mg0.80Al0.20O1.10 + 0.20NO2
–
 + 1.10H2O 

→ Mg0.80Al0.20(OH)2(NO2)0.20 + 0.20OH
−
 (19) 

 

Mg0.80Al0.20O1.10 + 0.20NO3
–
 + 1.10H2O 

→ Mg0.80Al0.20(OH)2(NO3)0.20 + 0.20OH
−
 (20) 

 

No dissolution of Al
3+

 was observed because Al
3+

 precipitates as the hydroxide. The 

generation of OH
−
 most likely resulted in the formation of Mg−Al LDH intercalated with 

OH
−
 according to Equation 13. 

Figure 11 shows the effect of temperature on NO2 removal when the NO2 gas was treated 

with the Mg−Al oxide slurry. The NO2 removal was approximately 40% at all temperatures. 

The effectiveness of the Mg−Al oxide improved with increasing temperature, which indicates 

that higher temperatures promoted the processes described by Equations 14 and 15. 

Figure 12 shows the variation in NO2 removal with time when treated with the Mg−Al 

oxide slurry. In this case, the amount of Mg−Al oxide was twice the stoichiometric quantity 

for 3 h at all times, i.e., 6.0, 3.0, 2.0, 1.5, and 1.2 times the stoichiometric quantities at 1, 2, 3, 

4, and 5 h. The NO2 removal was approximately 45% at all time points. The Mg−Al oxide 

removed 26% of the NO2 after 1 h. The removal by the Mg−Al oxide increased with time and 

was 44% after 5 h. As shown in Figure 10 (a), the removal of NO2 by the Mg−Al oxide was 

hardly affected by the amount of Mg−Al oxide. 

Therefore, the increased effectiveness of the Mg−Al oxide over time was attributed to the 

promotion of the reconstruction of Mg−Al LDH which intercalated NO2
–
 and NO3

–
 according 

to Equations 14 and 15. 

In summary, NO and NO2 can be removed by an aqueous slurry of a Mg−Al oxide. The 

treatment of NO2 with this slurry resulted in the production of Mg−Al LDH intercalated with 

NO2
–
 and NO3

–
. Because NO2 can be treated by the reconstruction of Mg−Al LDH, NO 

should be oxidized to NO2 in practical applications. 

 

 

Simultaneous Treatment of Gaseous SO2 and NO2 
 

The above studies clearly demonstrated the potential of Mg–Al oxide slurries for the 

removal of SOx and NOx; therefore, in the present chapter we extended the treatment method 

for simultaneous SOx and NOx removal [30]. 

A 2.0 wt% Mg−Al oxide slurry was prepared by mixing the Mg−Al oxide with deionized 

water, and the amounts of Mg−Al oxide used for the removal of gaseous SO2 and NO2 were 

1.0−3.0 times the stoichiometric quantities, as indicated in Equations 11, 14, and 15. 

Here, gaseous SO2 and NO2 were assumed to exist as H2SO3, HNO2, and HNO3 in the 

Mg−Al oxide slurry, in accordance with Equations 21 and 22: 

 

SO2 + H2O → H2SO3 (21) 

 

2NO2 + H2O → HNO2 + HNO3 (22) 
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Mg – Al oxide quantity / stoichiometric quantity 

a 

 
Mg – Al oxide quantity / stoichiometric quantity 

b 

Cited from Reference [29]. 

Figure 10. The effects of Mg−Al oxide quantity on (a) NO2 removal, and (b) pH and Mg
2+

 dissolved by 

treating NO2 gas with the Mg−Al oxide slurry. Temperature: 25 C; Time: 3 h; Concentration of 

Mg−Al oxide in the slurry: 1.0 wt%. 
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Cited from Reference [29]. 

Figure 11. Effects of temperature on NO2 removal in the treatment of NO2 gas with Mg−Al oxide. 

Double the stoichiometric quantity of Mg−Al oxide (0.5 wt%) was used. Time: 3 h. 

The slurry was placed in a quartz tube reactor that was heated by a flexible heater to 25, 

40, or 60 °C. Both SO2 and NO2 gases were diluted with N2 in a gas mixer to final 

concentrations of 200 ppm. The SO2 and NO2 gases were fed into the quartz tube reactor for 

1−5 h at a flow rate of 300 mL min
–1

. 

In order to compare the simultaneous and separate treatments for SO2 and NO2 removal, 

SO2 and NO2 were also fed individually into the Mg−Al oxide slurry. 

Figure 13 shows a comparison of the separate and simultaneous removals of SO2 and 

NO2. In both cases, the removal of SO2 was high at over 99%, and the contribution of the 

Mg−Al oxide was approximately 80%. Use of the simultaneous process resulted in a greater 

removal of NO2 compared to the separate procedure, but the contribution of the Mg−Al oxide 

was lower. In the separate processes, SO2 and NO2 would dissolve in the Mg−Al oxide slurry 

to produce SO3
2–

, NO2
–
, and NO3

–
 according to Equations 21 and 22, with these anions 

removed by the Mg−Al oxide according to Equations 11, 14, and 15. 

Furthermore, the NO2
–
 and NO3

–
 would adsorb onto the surface of the Mg−Al oxide. For 

the simultaneous removal, in addition to the reactions according to Equations 21 and 22, the 

production of NO2
–
 would likely increase due to the reduction of NO2 by SO3

2–
, as shown in 

Equation 23. 

 

2NO2 + SO3
2–

 + H2O → 2NO2
–
 + SO4

2–
 + 2H

+
 (23) 
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Cited from Reference [29]. 

Figure 12. Variation in NO2 removal with time by treating NO2 gas with the Mg−Al oxide slurry. 

Double the stoichiometric quantity of Mg−Al oxide (0.5 wt%) was used. Time: 3 h; Temperature: 25 

C. 

For NO2 in the simultaneous treatment in Figure 13, the removals of NO2
−
and NO3

−
 were 

47.5 and 7.4%, respectively, after dissolution in the aqueous solution. It was found that the 

amount of NO2
–
 in the filtrate was higher than that of NO3

–
. However, it is more difficult for 

NO2
–
 and NO3

–
 to combine with Mg−Al oxide in comparison to SO3

2–
 and SO4

2–
 because of 

their lower charge densities. Therefore, for NO2 removal, the contribution of the Mg−Al 

oxide in the simultaneous process was lower than that for the separate case. Figure 14 shows 

the effects of the quantity of Mg−Al oxide on the simultaneous removal of SO2 and NO2. For 

all of the different quantities, over 99% of the SO2 was successfully removed, with the 

contribution of Mg−Al oxide increasing as its loading increased, reaching 99% at three times 

the stoichiometric quantity. In contrast, the removal of NO2 decreased with an increasing 

quantity of Mg−Al oxide. This is likely because, by increasing the quantity of Mg−Al oxide, 

there was a greater removal of SO3
2–

, which would consequently hinder the conversion of 

NO2 into NO2
–
 (Equation 23). On the other hand, the increase in the quantity of the Mg−Al 

oxide resulted in an increase in the contribution of the oxide to the removal process. 

Figure 15 shows the effects of temperature on the simultaneous removal of SO2 and NO2. 

The degree of SO2 removal was found to be above 99% at all temperatures. The contribution 

of Mg−Al oxide to the removal of SO2 increased with increasing temperature, reaching over 

99% at 40 °C and above. This indicates that the use of a high temperature could promote the 

reaction shown in Equation 11. 

The degree of NO2 removal decreased with increasing temperature. This is likely 

because, with increasing temperature, SO3
2–

 is removed more effectively by the Mg−Al 

oxide, leading to a reduction in the conversion of NO2 to NO2
–
 (Equation 23). The 

contribution of Mg−Al oxide to NO2 removal was similar at all temperatures. 
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Cited from Reference [30]. 

Figure 13. Comparison of separate and simultaneous removal of SO2 and NO2. Double the 

stoichiometric quantity of Mg−Al oxide was used. Temperature: 25 °C; Time: 3 h. 

However, the produced NO2
–
 and NO3

–
 were completely removed by Mg−Al oxide at 

40 °C and above. This indicates that high temperatures could promote the reactions shown in 

Equations 14 and 15. 

Figure 16 shows the variations in the efficiency of the simultaneous removal of SO2 and 

NO2 by the Mg−Al oxide slurry as a function of time. In this case, the amount of Mg−Al 

oxide used was twice the stoichiometric quantity for 3 h at any time. In other words, the 

Mg−Al oxide quantities corresponded to 6.0, 3.0, 2.0, 1.5, and 1.2 times the stoichiometric 

quantities for 1, 2, 3, 4, and 5 h, respectively. For each time point, SO2 removal was seen to 

be over 99%. The contribution of the Mg−Al oxide was 98% at 1 h, but then decreased with 

time, reaching as low as 66% at 5 h. In the earlier stages, excess Mg−Al oxide was capable of 

removing the SO2 gas; however, the continuous flow of SO2 resulted in increased levels of 

dissolved SO3
2–

, which then decreased the efficiency of SO3
2–

 intercalation into the Mg−Al 

oxide. As a result, the removal of NO2 increased with time as the rising levels of SO3
2–

 

promoted the conversion of NO2 to NO2
–
 (Equation 23). The removal of NO2 also increased 

because of the increased production of NO2
–
 and NO3

–
 with the continuous flow of NO2. The 

contribution of the Mg−Al oxide also increased with time, but was low at 28% after 5 h. In 

the earlier stages, the produced NO2
–
 and NO3

–
 combined less efficiently with Mg−Al oxide 

due to their lower charge densities than SO3
2–

. Over time, some NO2
–
 and NO3

–
 were 

removed by the Mg−Al oxide due to their increasing quantities. 
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Cited from Reference [30]. 

Figure 14. The effects of Mg−Al oxide quantity on simultaneous removal of SO2 and NO2. 

Temperature: 25 °C; Time: 3 h. 

In summary, the Mg−Al oxide slurry was highly effective for simultaneously removing 

NO2 and SO2 from a mixed gas. This shows that a single industrial treatment process could be 

used for both pollutants, therefore enabling huge cost savings. 

 

 

ELIMINATION BEHAVIOR OF ANIONS FROM 

MG−AL LDH DURING THERMAL DECOMPOSITION 
 

Thermal Decomposition of SO4·Mg–Al LDH 
 

The treatment of gaseous SO2 using a Mg−Al oxide slurry results in the production of 

SO3∙Mg−Al LDH. However, this material is unstable in an aqueous solution and probably 

forms SO4∙Mg−Al LDH. 

In actual practice, gas treatment would require large amounts of Mg–Al oxide and would 

generate corresponding quantities of waste SO4∙Mg−Al LDH. 

Therefore, the regeneration of Mg–Al oxide from SO4∙Mg−Al LDH is necessary for its 

reuse in the treatment of gaseous SO2. 
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Cited from Reference [30]. 

Figure 15. The effects of temperature on simultaneous removal of SO2 and NO2. The amount of Mg−Al 

oxide was three times the stoichiometric quantity. Time: 3 h. 

Previously, we reported that the thermal decomposition of Cl∙Mg–Al LDH produced HCl 

with the reformation of Mg–Al oxide [31, 32]. In this section, the thermal decomposition of 

SO4∙Mg–Al LDH is examined [33]. 

A sample of SO4∙Mg–Al LDH (10 mg, with Mg/Al and SO4/Al molar ratios of 2.6 and 

0.60, respectively) was analyzed by simultaneous thermogravimetry (TG) and mass 

spectroscopy (MS) at a heating rate of 5 °C min
−1

 in a flow of He (100 mL min
–1

). 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. From 

the TG and differential thermogravimetry (DTG) curves, the decomposition of SO4∙Mg–Al 

LDH occurred over five stages: 1) a mass loss of 0–14% until 210 °C; 2) a mass loss of 14–

24% at 210–430 °C; 3) a mass loss of 24–33% at 430–490 °C; 4) a mass loss of 33–38% at 

490–800 °C; and 5) a mass loss of 38–42% above 800 °C. The first stage corresponded to the 

evaporation of surface-adsorbed and interlayer water in the SO4∙Mg–Al LDH. The second, 

third, and fourth stages were attributable to the dehydroxylation of the brucite-like octahedral 

layers in SO4∙Mg–Al LDH. 

The fifth stage was most probably due to the elimination of the SO4
2–

 intercalated in the 

Mg–Al LDH interlayers. Figure 17 shows the selected-ion mass spectra of the major products 

formed from the thermal decomposition of SO4∙Mg–Al LDH. 
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Cited from Reference [30]. 

Figure 16. Variations in the efficiency of simultaneous removal of SO2 and NO2 by the Mg−Al oxide 

slurry as a function of time. The amount of Mg−Al oxide was twice the stoichiometric quantity. 

Temperature: 25 °C; Time: 3 h. 

The mass spectrum exhibited signals at m/z 18, 32, and 64, corresponding to the 

molecular ion peaks of H2O
+
, O2

+
, and SO2

+
, respectively. The H2O

+
 peak in the spectrum 

indicates that H2O was produced during the elimination of surface-adsorbed and interlayer 

water in stage 1; the dehydroxylation of SO4∙Mg–Al LDH components whose properties were 

similar to those of Al(OH)3 at stage 2; the dehydroxylation of SO4∙Mg–Al LDH components 

whose properties were similar to those of Mg(OH)2 at stage 3; and the dehydroxylation of 

SO4∙Mg–Al LDH components whose properties were similar to those of Al(OH)3 at stage 4. 

The SO2
+
 and O2

+
 peaks were observed above 750 °C in the mass spectra, corresponding to 

the fifth (decomposition) stage in the TG curve. The SO2
+
 peak corresponds to the release of 

SO2 and SO3. This indicates that the mass loss of SO4∙Mg–Al LDH in the fifth stage was due 

to the formation of SO2 and SO3 by the elimination of intercalated SO4
2–

. The O2
+
 peak 

corresponds to the production of O2, derived from the decomposition of SO4
2–

 in SO4∙Mg–Al 

LDH in the fifth stage. The relationship between SO2, SO3, and O2 is expressed as follows: 

 

SO3 = SO2 + 1/2 O2 (24) 

 

We examined the elimination behavior of sulfur oxides from SO4∙Mg–Al LDH over the 

temperature range 800–1000 °C, corresponding to the fifth stage of the TG curve. Figure 18 

shows the effect of temperature and atmosphere on the elimination of sulfur oxides in the 

thermal decomposition of SO4∙Mg–Al LDH over 2 h. 
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Cited from Reference [33]. 

Figure 17. Selected-ion mass spectra of major products formed in the thermal decomposition of 

SO4∙Mg–Al LDH. 

In both air and steam, the elimination of sulfur oxides increased with increasing 

temperature, and was >98% at 1000 °C. The thermal decomposition of SO4∙Mg–Al LDH 

resulted in the formation of SO2 and SO3, which then reacted with H2O to form H2SO3 and 

H2SO4. In both cases, the thermal decomposition of SO4∙Mg–Al LDH at 800 °C did not 

produce sulfur oxides. The elimination of sulfur oxides in steam was similar to that in air at 

all temperatures. Steam did not promote the desulfurization of SO4∙Mg–Al LDH, although it 

did promote the dehydrochlorination of Cl∙Mg–Al LDH [31]. This is related to the fact that 

the desulfurization of SO4∙Mg–Al LDH does not require H2O. The thermal properties of the 

sulfates in SO4∙Mg–Al LDH are assumed to resemble those of MgSO4 and Al2(SO4)3. The 

desulfurizations of MgSO4 and Al2(SO4)3 may be expressed as follows: 

 

MgSO4 → MgO + SO3 (25) 

 

Al2(SO4)3 → Al2O3 + 3SO3 (26) 
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These reactions do not require H2O. Thus, steam did not play a role in the desulfurization 

of SO4∙Mg–Al LDH, in contrast to the case of the dehydrochlorination of Cl∙Mg–Al LDH. 

The XRD patterns for the products obtained from the thermal decomposition of SO4∙Mg–

Al LDH under different heating conditions were examined. Although Mg–Al oxide was 

obtained at 800 °C after 120 min, XRD peaks ascribed to MgSO4 and MgSO4∙6H2O were also 

observed. The production of MgSO4 and MgSO4∙6H2O supports that the elimination of sulfur 

oxides at 800 °C was around 1% (Figure 18). The products at 900 °C after 120 min were a 

mixture of MgO, MgAl2O4, MgSO4, and MgSO4∙6H2O. The production of MgO and 

MgAl2O4 is attributed to the decomposition of Mg–Al oxide. At 1000 °C after 180 min, 

crystal growth of MgO and MgAl2O4 was observed, and the XRD peaks ascribed to MgSO4 

and MgSO4∙6H2O disappeared, confirming the desulfurization of SO4∙Mg–Al LDH. 

 

 
Cited from Reference [33]. 

Figure 18. Effects of temperature and atmosphere on the elimination of sulfur oxides in the thermal 

decomposition of SO4∙Mg–Al LDH over 2 h. 
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Figure 19. Effect of temperature on the elimination of nitrogen oxides in the thermal decomposition of 

NO3∙Mg–Al LDH. 

Taken together, the thermal decomposition of SO4∙Mg–Al LDH at 800 °C could not 

produce sulfur oxides, although Mg–Al oxide was obtained with by-products. On the other 

hand, the thermal decomposition of SO4∙Mg–Al LDH at 1000 °C could not form Mg–Al 

oxide; however, almost all of the intercalated SO4
2–

 was desulfurized from the starting 

material. 

 

 

Thermal Decomposition of NO3·Mg–Al LDH 
 

The treatment of gaseous NO2 using a Mg−Al oxide slurry results in the production of 

NO3∙Mg−Al LDH, but again, actual gas treatment would require large amounts of the Mg–Al 

oxide while generating the corresponding quantities of waste NO3∙Mg−Al LDH. Therefore, 

the regeneration of Mg–Al oxide would be desirable for its reuse in the treatment of gaseous 

NO2. Thus, we examined the thermal decomposition of NO3∙Mg–Al LDH [34]. 

In this system, four stages were observed during thermal decomposition: evaporation of 

the surface-adsorbed and interlayer water (stage 1); dehydroxylation of the brucite-like 

octahedral layers in NO3∙Mg–Al LDH (stages 2 and 3); and elimination of the NO3
–
 

intercalated in the Mg–Al LDH interlayers to afford NO2 (stage 4). The produced NO2 reacts 

with H2O and O2 to form HNO3 and HNO2. The thermal properties of NO3∙Mg–Al LDH were 

considered to be similar to those of Mg(OH)2 and Mg(NO3)2. 
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Figure 19 shows the effect of temperature on the elimination of nitrogen oxides in the 

thermal decomposition of NO3∙Mg–Al LDH. At 400 °C, nitrogen oxide elimination increased 

gradually with time, reaching 78.9% in 60 min. At 500 and 600 °C, the elimination of 

nitrogen oxides increased rapidly with time, reaching 100% within 30 min and 15 min, 

respectively. The elimination of nitrogen oxides was thus confirmed to increase with 

temperature as well. Notably, all the intercalated NO3
–
 was lost from NO3·Mg–Al LDH at 

500 °C and 600 °C. The XRD patterns for the products obtained from the thermal 

decompositions under different heating conditions were examined. Although the product 

obtained at 1100 °C after 180 min was a mixture of MgO and MgAl2O4, only Mg–Al oxide 

was obtained at 400–600 °C after 15–60 min. Thus, we confirmed that the thermal 

decomposition of NO3∙Mg–Al LDH at 400–600 °C results in the formation of Mg–Al oxide 

only. 

 

 

PROPOSED TREATMENT OF GASEOUS SOX 

AND NOX USING MG−AL OXIDE SLURRY 
 

In Figure 20, a method for the treatment of gaseous SOx using a Mg–Al oxide slurry is 

proposed. Dissolution of SOx into the Mg−Al oxide slurry in H2O produces SOx∙Mg−Al 

LDH, which can then be calcined at 900–1000 °C to yield sulfuric acid, MgO, and MgAl2O4. 

The decomposition products, MgO and MgAl2O4, are useful refractory materials and would 

reduce the amount of solid waste from the process. This method does not generate 

desulfurized gypsum and avoids the problems associated with gypsum disposal. The current 

chapter also suggests the possibility of using Mg–Al oxides for the removal of NOx in gas 

streams; herein, we describe a method based on this approach (Figure 21). 

 

 
Cited from Reference [28]. 

Figure 20. Proposed treatment and capture of SOx using a Mg−Al oxide slurry. 



Tomohito Kameda and Toshiaki Yoshioka 98 
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Figure 21. Proposed treatment of NOx using a Mg−Al oxide slurry. 

A Mg−Al oxide slurry would be similarly prepared by mixing with water. Dissolution of 

NOx would produce NOx∙Mg−Al LDH which, after isolation, can be calcined to yield nitric 

acid and the reconstructed Mg−Al oxide. The reconstructed Mg−Al oxide would then be 

available for the further treatment of NOx. 

 

 

CONCLUSION 
 

Mg−Al oxide was shown to be suitable for the treatment of H2SO4 and HNO3. It acted as 

both a neutralizer of the acids and as a fixative for SO4
2−

 and NO3
−
. We demonstrated that a 

Mg−Al oxide slurry was effective in treating gaseous SO2 and subsequently producing 

SO3∙Mg−Al LDH. Since SO3∙Mg−Al LDH is unstable in aqueous solution, and probably 

forms SO4∙Mg−Al LDH, the thermal decomposition of SO4∙Mg–Al LDH was examined. This 

decomposition proceeded in five stages. Stage 1 involved the evaporation of surface-adsorbed 

and interlayer water. Stages 2, 3, and 4 involved the dehydroxylation of the brucite-like 

octahedral layers in SO4∙Mg–Al LDH. In Stage 5, the SO4
2−

 intercalated in the Mg–Al LDH 

interlayers was eliminated to produce SO2 and SO3. The thermal decomposition of SO4∙Mg–

Al LDH at 800 °C did not produce sulfur oxides, although Mg–Al oxide was obtained with 

by-products. At 1000 °C, thermal decomposition of SO4∙Mg–Al LDH did not produce Mg–Al 

oxide; however, almost all of the intercalated SO4
2–

 was desulfurized from the starting 

material. NO and NO2 could be also be removed by an aqueous slurry of Mg−Al oxide. The 

treatment of NO2 with this slurry resulted in the production of the Mg−Al LDH intercalated 

with NO2
−
 and NO3

−
. The thermal decomposition of NO3∙Mg–Al LDH occurred in the 

following four stages: evaporation of the surface-adsorbed and interlayer water (stage 1); 

dehydroxylation of the brucite-like octahedral layers in NO3∙Mg–Al LDH (stages 2 and 3); 

and elimination of the intercalated NO3
−
 in the Mg–Al LDH interlayers to afford NO2 (stage 

4). 
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It was confirmed that the thermal decomposition of NO3∙Mg–Al LDH at 400–600 °C 

resulted in the formation of Mg–Al oxide only. Finally, a Mg−Al oxide slurry was highly 

effective for simultaneously removing SO2 and NO2 from a mixed gas stream. Based on these 

results, reasonable methods were proposed for the treatments of gaseous SOx and NOx using a 

Mg-Al oxide slurry. 
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