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Abstract: This present work aimed to investigate the influence of CO, on HCI removal using calcined
Ca-Mg-Al layered double hydroxides (CaMgAl-LDHs) at medium-high temperature (400-800 °C) in
a fixed-bed reactor. It was revealed that a moderate CO, concentration (~6%) in the flue gas of the
municipal solid-waste incinerators could reduce the HCl capacity of the CaMgAl-layered double
oxides (CaMgAIl-LDOs). The highest capacity for HCl removal was observed over the CaMgAI-LDOs
at 600 °C. However, sintering was also detected when the reaction temperature was below the
calcination temperature (600 °C). Moreover, the decreasing HCI adsorption capacity of CaMgAl-LDOs
was attributed to the existence of CO; in the flue gas, which could efficiently inhibit the decomposition
of carbonates as well as the conversion into metal chloride during the HCI removal process.
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1. Introduction

In recent years, the output of municipal solid waste (MSW) in the world has remarkably increased
alongside economic growth [1-3], especially in the developing countries. For instance, China has
established many power plants fired by MSW in the past few years [4]. Although incineration is a
superior energy generation waste disposal method for conserving land area, serious gas pollution and
generation of solid wastes always accompany such processes. Amongst these pollutants, hydrogen
chloride (HCI), a harmful gas, can do much harm not only to the human body [5-8], but also via the
corrosion of the incinerator and pipes [9,10]. It has been reported that at medium-high temperature
(250-450 °C), HCI can be efficiently converted into polychlorinated dibenzodioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs) [11,12]. Unfortunately, PCDDs and PCDFs are detrimental to the
environment and to human health in general. Therefore, it is necessary to remove HCl at medium-high
temperature, preferably above 500 °C, to prevent these highly toxic chlorinated compounds from being
formed. Wet, dry, and semi-dry methods for the removal of HCI have been widely studied, with the dry
method being superior to the other two, considering the operating temperature range and difficulties
in sludge handling [13-15]. In addition, different types of sorbents, such as CaO-based [7,16-18],
MgO-based [19,20], and sodium sorbents [21-23], have been used to remove HCl; however, most cases
showed generally poor performance for HCI removal, especially at high temperatures.

Layered double hydroxides (LDHs) have attracted increasing attention based on their large
interlayer surface area and potential applications, including as adsorbents, catalysts, and catalyst
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supports [24-29]. The general structural formula of hydrotalcite-like samples (HTLs) can be written as
M2+ M3*  (OH), " [A™ yn [F~zH,0, where M?* (such as Mg?*, Ca®*, Zn?*) and M3 (AI**, Fe*,
etc.) are divalent and trivalent cations, respectively. The value of x is equal to the molar ratio of M3*/(M?*
+ M3%), and A is an interlayer anion of valence, n [30]. The layered double oxides (LDOs), which
possess higher specific surface areas and more active sites, can be obtained by calcining the LDHs [31].
In our previous reports, some LDOs, such as Ca-Mg-Al, Ca—Zn, and Mg-Fe LDOs [5,32,33], were
found to have high HCl adsorption capacity, and efficient removal capacity due to the newly-formed
metal oxides during the pretreatment [6,7].

CO, is the main content of the flue gas produced during MSW combustion, and can react with
CaMgAI-LDOs. Therefore, it is expedient to study the influence of CO, on the HCI adsorption
capacity of CaMgAI-LDOs. In this work, the CaMgAIl-LDHs were fabricated via co-precipitation
method, while the calcined samples were applied to remove HCl in flue gas in the presence of
CO;. The effects of calcination temperature, reaction temperature, CO, concentration, initial HCI
concentration, particle size, and gas flow rate on the efficiency of HCI removal were studied. Moreover,
characterizations including X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
and thermal gravimetric (TG) analyzer were employed to reveal the relationship between the adsorption
capacity and characteristic properties of the CaMgAl-LDOs.

2. Results and Discussion

2.1. Characterization of the As-Synthesized Samples

Figure 1 depicts the XRD patterns of as-prepared CaMgAIl-LDHs calcined at different temperatures
between 550 °C and 800 °C, with that of CaMgAIl-LDH as reference. It can be seen that the CaMgAl-LDH
contains two different layered double hydroxides, i.e., Mg ¢77Alp 333(OH)2(CO3)0.167-0.5H,O and
Cap g Alp 32(0OH)2(CO3)0.16°0.47H, O, which were converted into CaCO3 and Mgy ¢3Ca 97(CO3) after
being calcined at ~550-650 °C. However, no Al-containing compound was detected, which may have
existed in the amorphous state. When the samples were calcined above 750 °C, Ca-based and Mg-based
carbonates (CaCO3, Mg 03Cag97(CO3)) disappeared, forming the corresponding oxide states (CaO,
MgO, and Cas5AlgO14). It is worth mentioning that calcium carbonates, including calcite and aragonite,
were formed within the synthesized samples, both of which can provide the CaMgAIl-LDOs with good
thermal stability, solubility, and specific surface area.
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Figure 1. XRD patterns of as-prepared CaMgAl-LDHs calcined at different temperatures from 550 °C to
800 °C. (a) Mgo.677Al0.333(OH)2(CO3)0.167-0.5H2O; (b) Cag.g8 Alg.32(OH)2(CO3)0.16°0.47H,O; (€) CaCOs3;
(d) Mgo.03Ca0.97(CO3); () CaO; (f) MgO; (g) CasAleOn4.
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In order to elucidate the microstructure of the Ca-Mg—-Al layered double hydroxides calcined
at different temperatures, the morphologies of the samples were characterized by SEM, as shown in
Figure 2. For the fresh sample shown in Figure 2a, the particles of the CaMgAl-LDHs were covered with
uniformly sized of grains at about 1 pm, while also revealing some porous structures on the surface.
After calcination at 550 °C (Figure 2b), the grains of LDOs on the particle surface was converted into
rod-like shapes due to the decomposition of the CaMgAIl-LDHs, resulting in a more porous structure
and higher specific surface area. As can be seen in Figure 1, the CaMgAI-LDHs decomposed into
CaCO3 and Mgy n3Cag.97(CO3) when the calcination temperature reached 550 °C. As the calcination
temperature increased to 600 °C (Figure 2c), the pores became even more developed and prominent,
although a large quantity of grains aggregated together due to sintering. Further increase of the
temperature resulted in the sintering of LDOs becoming more serious and the porous structure on
the surface of the particle gradually disappearing (Supplementary Table S1). Based on the porous
structure mentioned earlier, the LDHs calcined at 600 °C were chosen for further research.
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Figure 2. SEM images of Ca—-Mg-Al layered double hydroxides calcined at different temperatures:
(a) fresh sample; (b) calcined at 550 °C; (c) calcined at 600 °C; (d) calcined at 650 °C; (e) calcined at
700 °C; (f) calcined at 750 °C; (g) calcined at 800 °C.

The thermal stability was a critical factor to evaluate for the synthesized samples. The TG/DTG
profiles of CaMgAI-LDHs were recorded from 30 to 800 °C (10 °C min~!), with nitrogen being employed
as the protective gas (Figure 3). The TG profile was generally divided into three stages in reference to
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the DTG curve. About 10% weight loss was detected for Stage I between 100 °C and 250 °C, which
was ascribed to the removal of physically adsorbed and interlayer water [34]. Stage II, appearing
in the temperature range between 250 °C and 460 °C, was associated with the dehydroxylation of
brucite-like sheets as well as the partial decomposition of carbonate groups [35]. Moreover, at Stage 111,
a large weight loss occurred in the range of 600 °C to 770 °C, which was due to decomposition of the
carbonates at high temperatures.
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Figure 3. TG/DTG profiles of CaMgAl-LDHs.

In order to study the efficiency of CO, on the removal performance, the TG profiles of CaMgAI-LDOs
treated at 600 °C were recorded in 6% CO,/N; and N, atmospheres (Figure 4). It was clearly seen that
TG profiles were almost equal before 600 °C. However, the two TG curves exhibited an obvious
difference above 600 °C, with the TG curve of the CaMgAI-LDOs in N, atmosphere exhibiting a
downtrend after 600 °C, a phenomenon which was attributed to the decomposition of the carbonate
anions. Furthermore, as can be seen in Figure 1, CaO and MgO were both formed after 650 °C, which
was ascribed to the decomposition of CaCO3 and Mgy ¢3Cag.97(CO3). Additionally, the TG profile of
CaMgAI-LDOs in the CO,/N; atmosphere was almost kept constant, since the CO,/N, atmosphere
enhanced the partial pressure of CO,, hindering the decomposition of the carbonate anions.
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Figure 4. TG profiles of CaMgAIl-LDOs in a 6% CO,/N; and N, atmosphere.
2.2. Effect of CO, Concentration on HCI Remouval

Figure 5 shows the HCl removal capacity at different CO, concentrations, measured in order to
study the influence of CO; concentration on the adsorption of HCI for the CaMgAI-LDOs. As the CO,
concentration increased from 0% to 16%, the HCl capacity decreased from 0.201 g to 0.161 g, with the
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breakthrough time (when Coyt is equal to Cy,) reducing from 497 min to 390 min. In other words,
the HCl capacity decreased by 21.53%, and the breakthrough time reduced by 18.75%. Moreover, when
the CO, concentration increased from 0% to 2%, the HCl capacity and breakthrough time decreased
by 8.98% and 9.26%, respectively. However, both the HCI capacity and breakthrough time remained
almost constant as the CO, concentration increased from 2% to 10%. Thereafter, the HCl capacity and
breakthrough time continued to drop by 13.52% and 9.83% as the CO; concentration further increased
to 12%, after which the HCl capacity and breakthrough time remained almost unchanged with the
CO;, concentration increase from 12% to 16%.
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Figure 5. HCl removal capacity using different CO, concentrations.

From the above analysis and discussion, it was concluded that the CO, concentration has a
moderate influence on the HCl capacity and breakthrough time of the CaMgAI-LDOs. Considering
the presence of CO, and its concentration level (~6%) in the flue gas of the municipal solid-waste
incinerators, it is meaningful to investigate the influence of CO, concentration on HCI removal.
As a result, the CO, concentration of 6% was selected for further analysis.

2.3. Effect of HCI Concentration on Its Removal

Figure 6 depicts the HCl removal capacity of LDOs at different HCI concentrations. It can be
seen that the HCl breakthrough timing of CaMgAIl-LDO showed a downtrend with increasing HCI
concentrations. For example, the HCI breakthrough time reduced from about 1000 min to 500 min as
the HCI concentration increased from 250 ppm to 500 ppm. When the HCl concentration was more
than 750 ppm, the HCl removal adsorption curves were almost constant. It is obvious that the reaction
rate was controlled by the chemical dynamics, while the HC] removal rate was determined by the
diffusion rate of HCl to the surface of the CaMgAIl-LDO particles. Ultimately, the HCl removal capacity
of LDOs was equal at different HCI concentrations.
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Figure 6. HCl removal capacity with different HCI concentrations under CO, concentration of 6%.
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2.4. Effect of Particle Size of the LDOs on HCI Removal

Figure 7 shows the HCl removal capacity with different particle sizes of the LDOs. With the
decrease in particle size, both the HCI removal capacity and removal rate increased, which could have
been due to the increasing exposure of active sites able to efficiently adsorb the HCI molecules, because
the product layer of CaCly-2H,O would hinder the adsorption of HCl molecules through the pores of
the particle. Moreover, in order to slow the arrival of the HCl breakthrough time, the particle size of
150-212 pum was selected for further investigations.
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Figure 7. HCl removal capacity with different particle sizes of CaMgAIl-LDOs.

2.5. Effect of Gas Velocity on HCI Removal

Figure 8 demonstrates the HCI removal capacity at different gas velocities from 0.7 to 1.3 L/min.
As the gas velocity increased from 0.7 to 1.3, the HCI removal capacity and breakthrough time
simultaneously increased. However, when the gas velocity reached 1.3 L/min, the HCl removal
capacity obviously decreased, which could have been attributed to the increasing outflow of the
CaMgAI-LDOs under high gas velocity (above 0.9 L/min). In other words, the decrease in the amount
of the sample was the direct reason for the decrease of HCl capacity. Hence, a gas velocity of 0.9 L/min
was applied for the subsequent experiments.
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Figure 8. HCl removal capacity at different gas velocities.

2.6. Effect of Reaction Temperature on HCI Removal

The HCI removal capacity at different reaction temperatures is depicted in Figure 9. It can be
seen that the HCI removal capacity increased as the temperature increased from 400 °C to 600 °C,
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followed by a decrease with further temperature increase from 600 °C to 800 °C. CaO possesses
an abundant porous structure, making it a better HCI sorbent than CaCOj3, while Ca, Mg, and Al
oxides can be transformed into unreactive oxides (CasAlgO14). In addition, sintering often occurred at
high temperatures, which could have resulted in a decreasing removal capacity for HCl adsorption.
Therefore, high temperature is not recommended for the HCI removal using CaMgAIl-LDOs, as the
highest removal performance was observed at 600 °C, where the HC] removal capacity reached 0.181 g.
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Figure 9. HCl removal capacity at different reaction temperatures.

2.7. Morphology and Components

Figure 10 depicts the SEM images of different CaMgAIl-LDOs collected at different working
temperatures. Grains with a size of 1 um over the particle surface resulted into a porous structure for
the fresh sample as seen in Figure 10a, while the microstructure of the CaMgAIl-LDOs changed largely
for all the recovered samples undergoing different reaction temperatures. In the range of 400-600 °C,
the grains of CaMgAIl-LDOs increasingly agglomerated together, leading to a decrease in specific
surface area (Supplementary Table S1). This phenomenon indicated that when the temperature was
lower than the calcination temperature of 600 °C, sintering could also occur. At temperatures higher
than 600 °C, the microstructure of the CaMgAI-LDOs collapsed terribly, resulting in the growth and
tight agglomeration of the grains, which consequently blocked the pores and inhibited adequate contact
between HCl and the samples. Therefore, the change of morphology observed for the recovered samples
can be attributed both to sintering effect and to phase transformation (Figure 11). Additional supports
(e.g., porous inert alumina, magnesium aluminate) with anti-sintering properties are recommended to
employ to further improve the reactivity and adsorption capacity of the CaMgAIl-LDOs.

Figure 11 illustrates the XRD patterns of the recovered CaMgAIl-LDOs at different reaction temperatures
between 400 °C and 800 °C. It can be observed that CaCl,-2H,0O and MgCl, were the main products of
CaMgAI-LDOs and HCL. With the increase in the reaction temperature, the intensity of the diffraction
peak of CaCOj3; remarkably decreased, which was associated with the decomposition of carbonate
within CaMgAIl-LDOs. Additionally, it was found that the CaCO3 remained incompletely decomposed
at 800 °C, which may have been due to the CO, in the inlet gas. More importantly, the method for
regenerating the sorbent (CaMgAI-LDOs) is also interesting for future sustainable development.
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Figure 10. SEM images of recovered CaMgAI-LDOs at different reaction temperatures: (a) fresh sample;
(b) at 400 °C; (c) at 500 °C; (d) at 600 °C; (e) at 700 °C; (f) at 800 °C.

g
H ti’ 3bbbbbdb b b 800°C

Intensity

Figure 11. XRD patterns of recovered CaMgAIl-LDOs at different reaction temperatures between 400 °C
and 800 °C. (a) CaC03; (b) CaC12~2H20; (C) Mg0A03CaoA97(CO3); (d) MgCIZ.

3. Materials and Methods

3.1. Synthesis of Ca—Mg—Al LDOs

The co-precipitation method was adopted for the synthesis of the Ca-Mg-Al LDHs. The precipitant
solution, including Na;COj3 (1.5 mol), NaOH (2.0 mol), and the metal salt solutions (Ca(NO3),-4H,O
(0.4 mol), Mg(NO3),-6H,0 (0.4 mol), and AI(NO3)3-9H,0 (0.2 mol)), were simultaneously added into
300 mL deionized (DI) water, after which the system was heated at 60 °C. During the preparation
process, the pH was kept almost constant (10.5). After the system was heated for 24 h, another
12 h was allowed for aging. Subsequently, the precipitate was filtered and washed with DI water
several times until the pH reached 7, and the obtained precipitate was labeled as CaMgAIl-LDHs.



Catalysts 2020, 10, 22 90f12

After further calcination at 600 °C, the metal oxides (named CaMgAIl-LDOs) were ground and sieved
to different particle sizes (150-212, 212-300, 300425, 425-600, and 600-850 um) for the dechlorination
test. To investigate the effects of calcination temperature on the adsorption performance as well as
physiochemical properties, the CaMgAl-LDHs were treated at different temperatures (550, 600, 650,
700, 750, and 800 °C) for comparative studies.

3.2. Characterizations

X-ray powder diffraction (XRD) was performed with a Rigaku Ultima IV with a Cu-K« radiation at a
rate of 10°/min, while the scanning electron microscopy (SEM) was carried out on a Hatchi Regulus 8220
(EDX, Oxford Instruments Ultim Extreme). Moreover, the thermal gravimetric behaviors were
measured using a NETZSCH STA 449F3 instrument, after which the instrument was also used to study
the influence of CO; on the reactivity and mass change of the CaMgAIl-LDOs.

3.3. Experimental Reactor and Procedure

The adsorption test was carried out in a vertical fixed quartz tubular reactor (Figure 12). In each
test, 0.5 g sample was evenly discharged into the quartz glass tube, after which the sample was further
heated to the target temperature (400, 500, 600, 700, or 800 °C) with 0.75 L/min nitrogen as protective
gas. The HCl gas (3000 ppm) was then sent into the reactor (0.15 L/min), and was adsorbed by the
heated sample. The residual HCI concentration was then analyzed by a Model 7900FM HC1 GFC
analyzer online, followed by being thoroughly adsorbed using NaOH solution.
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Figure 12. Schematic diagram of the experimental setup.
3.4. Data Evaluation

The removal efficiencies and adsorption capacity were adopted as the important criteria for
evaluating the adsorption performance of the CaMgAl-LDOs, which were calculated according to the
following Equations (1) and (2), respectively.

in

n= (—Ci" — C“”’*) x 100%, )

T M
qgr = fo (Cin = Cout) X CTTRe 107°Vvdt )
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where 7 (removal efficiency) and g7 (cumulative adsorption mass of HCI) can be calculated according
to the following parameters: Cj, (concentration of HCl in inlet gas), Cy,s (concentration of HCl in outlet
gas), T (reaction time), V (the flow velocity of the mixed gases), and M (relative molecular mass).

4. Conclusions

The influence of CO, on HCI removal using CaMgAIl-LDOs was analyzed at medium-high
temperatures (400-800 °C) in a fixed-bed reactor. It was discovered that the LDHs calcined at 600 °C
possessed the most developed porous structure, while the CaMgAI-LDOs with smaller particles
possessed higher HCI removal capacity in the presence of CO;. The moderate CO, concentration
(~6%) in the flue gas of the municipal solid-waste incinerators could lessen the HCI capacity of the
CaMgAI-LDOs. When the reaction temperature was maintained at 600 °C, the highest adsorption
capacity of the CaMgAIl-LDOs was observed. Moreover, sintering occurred easily when the reaction
temperature was lower than the calcination temperature (600 °C), while the CO; in the flue gas could
also prevent the decomposition of carbonates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/22/s1,
Table S1: BET Surface Area and Pore-size Distribution for CaMgAIl-LDOs at different conditions.
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