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Abstract: To achieve carbon neutrality, it is essential to remove HCI resulting from the extensive
use of alternative fuel feedstock in thermochemical plants. In this work, the HCI removal
performance of modified calcined Mg-Al hydrotalcite (Mg-Al-CO3) on gaseous stream was
investigated. The layered structure of Mg-Al-COjs intercalated with CO3? was successfully prepared
using the coprecipitation method with a molar ratio of Mg/Al equal to 3.1. The optimal performance
of Mg-Al-CO; for HCI removal was observed at 300 °C, and the breakthrough chlorine capacity
was 102.7 mg g!. Among calcined Mg-Al samples, only Mg-Al-400 exhibited better HCI removal
performance than Mg-Al-COs. The specific surface area of Mg-Al-400 was 183.73 m? g*!, which
was 2.8 times greater than that of Mg-Al-COs. The average HCI removal rate was 90.11% within
the first 120 min, which was 1.12 times higher than that of Mg-Al-COs. Moreover, the breakthrough
chlorine capacity of Mg-Al-400 was increased by 16.9%, reaching 120.1 mg g''. Two reaction paths
were identified for Mg-Al-400, first Mg?* reacts with Cl- to generate MgCls, and then CI- acted as a
new interlayer anion of hydrotalcite. According to the results of adsorption kinetics, the pseudo-
second-order and the Bangham model were found to fit well with the HCI removal process of Mg-
Al-400.
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1 Introduction

Recently, carbon zero and carbon neutrality have become hot topics due to the serious problem
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of greenhouse gas emissions[1, 2]. The increase in global temperature caused by greenhouse gases
has seriously affected human survival[3]. To address this issue, the countries around the world have
formulated policies and set targets to reduce carbon emissions and achieve carbon neutrality across
all sectors. The combustion of fossil fuels is one of the primary sources of CO, emission as part of
industrial processes[4]. One effective way to reduce carbon emissions is to choose suitable fuels to
replace traditional ones. Up to now, combustible solid waste, which had potential calorific value,
has been widely recognized as alternative fuel, such as biomass, domestic garbage, industrial waste,
and so on[5-7]. Owing to the rapid development of industry and population growth, large amounts
of solid waste are produced, leading to a series of social and environmental problems[8, 9]. The
urgent need to treat waste in a harmless way has become increasingly clear. The use of combustible
solid waste as fuel not only meets the demand with reducing carbon dioxide emission, but also
enables resource recovering and recycling simultaneously[10, 11]. These alternative fuels have been
applied in various fields, including power plants, cement plants, and more[12-14].

However, the promotion of alternative feedstock has also led to new problems. In the process of
thermal conversion, the emission of new contaminants had become a problematic issue[15]. The
gaseous HCI, as one of classic gaseous pollutants, has increased in exhaust gas[16, 17]. This increase
is attributed to the higher content of chlorine in waste plastics, and other biomass streams [18]. The
increased HCI brought about a series of negative issues. For instance, the presence of large amounts
of HCI in industrial equipment system can lead to both high and low temperature corrosion issues.
It can also promote and combine with alkali metals in biomass to generate alkali metal salts, causing
corrosion, fouling and slagging of downstream devices, ultimately reduce the lifespan of devices
and increases maintenance costs and operates risks[19]. In addition to damaging equipment, HCl is
one of the most significant contributors to acid rain formation. If it is discharged into the atmosphere,
it can not only harm the environment but also have adverse effects on human health. Inhaling HCI
can damage the respiratory tract and have negative impacts on human health[20]. During the
emission of HCI, it can react with other substances to form dioxins, which are organic compounds
with strong biological toxicity. Dioxins are 130 times more toxic than cyanide and 900 times more
toxic than arsenic. Dioxins have irreversible teratogenic, carcinogenic and mutagenic toxicity, and

are regarded as one of the most dangerous chemicals in the world[21, 22]. Therefore, the application



of combustible solid waste as an alternative fuel is limited. Addressing the issue of HCI emissions
is crucial. There are typically three main methods for removing HCI: pre-dechlorination,
dechlorination in the furnace and dechlorination of flue gas[23-26]. Among these methods,
dechlorination of flue gas is a conventional and effective method, which includes wet, semi-dry and
dry method. The dry method is the most commonly used in power plants and garbage disposal
incinerators due to its high efficiency, easy operation, and low cost [27, 28]. The most common
method of dry dechlorination is to spray adsorbents, such as CaO and Ca (OH)_, into the flue gas or
pass the flue gas through adsorbents to achieve dechlorination at temperatures below 150 °C[29,
30]. Adsorbent and reaction temperature are key parameters during dechlorination and the reaction
temperature is determined by the active temperature range of adsorbent, so the selection of adsorbent
is extremely important. Traditional adsorbents have limitations, such as a fast failure time, low
adsorption capacity per unit, poor thermal stability[31-33]. Therefore, to improve the performance
of dechlorination, it is very important to choose a suitable material.

Hydrotalcite is a type of double hydroxyl compound metal oxide with a layered structure,
possessing acid-base bifunctionality, exchangeability of interlayer anions, thermal stability, memory
effect, and other properties. The chemical composition of hydrotalcite can usually be expressed as
[M12" Mi* (OH)2]*"(A™) yn'mH20. Among them, M?* is divalent metal cations such as Mg?*, Ni%*,
Co?*, Zn?", Cu?"; M3* refers to trivalent metal cations such as AI**, Cr¥*, Fe3', etc; A™ refers to
inorganic and organic ions anions, such as COs%, NO*, Cl-, OH-, SO4>, PO4*, C¢H4(COO)*, and
complex ions[34-36]. Different interlayer anions can cause variations in the interlayer spacing and
characteristics of hydrotalcite. The hydrotalcite with a complete structure can be obtained when the
x value is between 0.17 and 0.33, which corresponds to a molar ratio of M3*/(M?"+M3*) between
0.17 and 0.33. The most typical hydrotalcite is magnesium aluminum carbonate hydrotalcite (Mg-
Al-CO3), with a molar ratio of Mg/Al of 3[37]. Due to the special structure, hydrotalcite has been
applied in catalysis, medicine, adsorption, and other fields[38-40].

Hydrotalcite is an effective material as an adsorbent in the treatment of heavy metals, chlorine
and fluorine in wastewater[41], the removal of NO; and SO, in flue gas[42, 43], the capture of CO>
[12, 34, 44]and other applications. Additionally, hydrotalcite can also be used to remove HCI gas

from flue gas. Previous research has studied the effects of the molar ratio of Mg/Al, gas flow, and



HCI concentration on the HCI removal performance of Mg-Al-COs hydrotalcite or loaded Mg-Al-
COs hydrotalcite. The results showed that the performance of Mg-Al-CO3 hydrotalcite in removing
HCl increased as the molar ratio of Mg/Al, pH, and HCI concentration increased[45, 46]. However,
the characteristics of Mg-Al-COs after calcination modification and the effect of calcination
modification on HCI removal rate of Mg-Al-CO3 hydrotalcite have not been clearly investigated. In
addition, the characteristics and mechanism of HCI gas removal by calcined Mg-Al hydrotalcite are
still unclear and need further analysis.

Therefore, in order to achieve higher performance adsorption in future plants, the effect of
calcination modification on HCI gas removal performance of Mg-Al-COs has been the focus of the
current work. A wide temperature range, from 300 to 700 °C, was chosen for experiments to explore
opportunities of process optimization and waste heat utilization in the flue gas. Firstly, a Mg-Al-
COs with a molar ratio of Mg/Al=3 was prepared using the coprecipitation method. Then the effects
of different conditions on HCI removal by Mg-Al-CO; and calcined Mg-Al were studied. Finally,
the characterization instruments and adsorption Kkinetics were employed to analyze the
characteristics and reaction mechanism of HCI removal for Mg-Al-COs and all calcined Mg-Al
adsorbents.

2 Experiment material and methods
2.1 Experimental material

Mg (NOs)2-6H20, Al (NOs)3-9H.0, NaOH and Na,COs with analytically pure grade were
ordered from Sinopharm Chemical Reagent Co., Ltd. N2 cylinder with 99.999 % grade and HCI
cylinder with 2000 ppmv were ordered from Nanjing Special Gas Plant Co., Ltd.

2.2 Preparation and calcination
2.2.1 Mg-Al-CO3 Preparation

The Mg-Al-COs hydrotalcite intercalated with CO3; was prepared using the coprecipitation
method, as shown in Fig. 1. Based on the molar ratio of Mg/Al=3, [OH]=2([M?*] +[M3*]) and
2[CO3s%] = [M?3*], two nitrates (Mg (NO3)2-6H20 and Al (NOs)s-9H,0) and two bases (NaOH and
Na,COs3) were weighed, then two nitrates and two bases were dissolved into ultra-pure water at 60
°C, respectively. Both mixed solutions were added to a four-neck flask by peristaltic pump at 60 °C,

during this process, the pH value kept at 11-11.5, and agitator speed was maintained at 300 r /min



in flask. The obtained new substance was then stirred for 2 hours at 60 °C. The Mg-Al-COs; was
prepared after the new substance grew crystals for 20 hours at 80 °C. The solid part was washed
until neutral, dried and grounded. Particle sizes ranging from 40 to 60 mesh were chosen for
subsequent experiments. Ultra-pure water was used throughout the preparation process.
2.2.2 Mg-Al-COs calcination

The Mg-AI-CO; sample was calcined for 2h in a muffle furnace at 400, 500, 600 and 700 °C,
respectively. The resulting samples were designated as Mg-Al-T, where T represents calcined

temperature.

1. Thermostatic water pot; 2. Peristaltic pump; 3 Thermostatic oil pot; 4. pH meter; 5. Mixer; 6.
Centrifuge; 7. Drying oven; 8. Mg-Al-CO3 hydrotalcite

Fig. 1 Preparation process of Mg-Al-CO3 hydrotalcite

2.3 Characterization

The physicochemical characteristics of Mg-Al-COs were characterized using several techniques,
including ICP-OES, XRD, SEM, TGA, and a specific surface area and porous size analyzer. The
concentrations of Mg?* and AI®* were measured by ICP-OES (Agilent 5110) from Agilent
Technologies, Inc. XRD analysis was performed using a Bruker D8 ADVANCE equipment from
Bruker Daltonics Inc., Germany, with a range of diffraction angle from 5-80 ° and a step size of
0.08 °. The surface topography was analyzed using SEM S4800 from Hitachi Limited, Japan. The
specific surface area and pore structure were analyzed using the specific surface area and pore size
analyzer ASAP 2460 from Micromeritics Instruments Corporation, America, and the specific
surface area and pore size distribution were calculated by Brunauer-Emmet-Teller (BET) linear
regression equation and Barrett-Joyner-Halenda (BJH) method[47], respectively. The thermal

stability of Mg-AI-COs was analyzed using a thermogravimetric analyzer STA 8000 from



PerkinElmer, Inc., America.
2.4 Experimental equipment and methods
2.4.1 Experimental equipment

The self-building experimental platform consisted of four components: the gas system, reactor
system, data acquisition system, and gas treatment system, as shown in Fig. 2. The gas system was
used to control gas flow and initial concentration of HCI. The mass flowmeter used was
HORIBAMETRON S49-33/MT from Beijing HORIBA METRON Instruments Co., Ltd., China.
The reactor system consisted of a furnace and a quartz tube with an inner diameter of 10 mm. The
data acquisition system was comprised of an LJR-600 condenser and a HCI analyzer (Model
7900FM HCI GFC) from Signal Group Ltd., Britain. The main function of the gas treatment system

was to adsorb HCI gas and avoid environmental pollution.
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1. Gas cylinder; 2. Mass flowmeter; 3. Reactor; 4. LJ-202M condenser; 5. HCI analyzer;
6. Gas-washing bottle
Fig. 2 Experimental schematic diagram

2.4.2 Experimental process
Firstly, the adsorbent was placed in the middle of the reactor, the leakage test of system was
checked with No; then the reactor was pre-heated to a certain reaction temperature in an inert
condition using Ny. After reaching the reaction temperature, a gas mixture containing 400
ppmv HCI and carrier gas N2 was introduced to the reactor, and the data on HCI concentration
of the outlet stream were collected by the HCI analyzer. The experiment was considered

complete when the HCI concentration returned to its initial level. Finally, the system was shut



down and then cooled down, the reactive adsorbent was collected for further analysis. The
HCl analyzer used in the experiments is capable of real-time data recording at an interval of 1
second. To ensure the accuracy and reliability of the data, we utilized the raw data for
analyzing the HCI removal rate. Additionally, for the purpose of visual clarity, we will plot the
original data at specific intervals of 14 minutes. The detailed experimental conditions are
shown in Table. 1.

Table. 1 Experimental condition

Parameters Unit Conditions
Mg-Al-CO3, Mg-Al-400, Mg-

Adsorbent / Al-500, Mg-Al-600, Mg-Al-700
Particle diameter mesh 40-60

Reaction temperature °C 300, 400, 500, 600, 700
Calcination temperature °C 400, 500, 600, 700

HCI concentration ppmv 400

Quality g 0.5

Gas / HCI, N,

Gas flow L/min 0.5

2.4 Performance indexes

The instantaneous HCI removal rate is calculated by Eq. 1.

n = S5 100% Eq. 1
Where 77 is the instantaneous removal of HCI rate at ¢ time, %. Cin and Coy are the HCI
concentration of inlet and outlet, respectively, ppmv.

The average removal of HCl rate is calculated by Eq. 2.

— 1
m=-Zim Eq. 2

Where 77 is the average HCI removal rate, %. N is the test time. 77, is the instantaneous HCI
removal rate at the ¢ time, %.

The breakthrough chlorine capacity is defined as the total mass of HC1 adsorbed per unit mass of
adsorbent from the beginning of the reaction until the time of complete breakthrough. The

breakthrough chlorine capacity is calculated by Eq. 3.

Q =1o’3f—d%5(c°_Cl)vs t Eq.3
! o 22.4m

Where Qis the breakthrough chlorine content, mg/g. Vsis the volume flow of reaction gas, L/min.
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m is the adsorbent quality, g.
The Intra-particle diffusion model is usually used to determine whether diffusion is the only rate

control step of a reaction. The equation is given by Eq. 4[48],

g =kt"*+C Eq. 4

Where q; is the adsorption capacity of adsorbent at time t, mg-g™. ki is the rate constant of
intragranular diffusion model, mg- (g-min*/?)-%. C is constant, mg-g™*.

The pseudo-first-order model is used to judge whether the adsorption process is controlled by
diffusion or surface reaction, when adsorption is controlled by chemical adsorption of chemical

factors, the equation is described by Eq. 5,

k
lo -q)=1lo —lo 1 Eq. 5
g(qe qt) g qe g(2303) q

Where ge represents HCI equilibrium adsorption amount, mg - g g: is the HCI adsorption capacity

at time t. ky is the rate constant, min.
The pseudo-second-order (PSO) model is based on the assumption that the adsorption rate is
controlled by a chemical adsorption mechanism, which involves electron sharing or electron transfer

between the adsorbent and the adsorbate. The equation is written as Eq. 6[49],

t 1 1
— = 5 +—
g ko, Q.

Where ge represents HCI equilibrium adsorption capacity, mg - g*. q: is the HCI adsorption capacity

Eq. 6

at time t. k2 is the rate constant, min-.
The Elovich model is commonly used for the chemical adsorption of gases on solid surfaces. The

Elovich model is defined by Eq.7,

2.3 2.3
G = (_)Ig(t+t0)_(_) Igto Eq.7
K, K,
Where to =1/koks. ko is the initial adsorption rate at g: = 0, mg /g-min. ks is desorption constant, g-mg.

Eqgs. 8 is simplified with tkok <<1, t=0, q=0.

q, = k, In(k k, ) +k, In(t) Eq. 8
The Bangham model is used to describe pore diffusion, which optimizes the Lagergren model

through time compensation, making it well suited in predicting the adsorption process of various



adsorbents. The model function is shown in Eq. 9[50],

lg{lgla, / (. —a,)1}=lo( 2.2203

Where ge is the HCI equilibrium adsorption capacity, g-min. kz is the Bangham rate constant. q; is

)+nligt Eq. 9

HCI adsorption capacity at the t time.
3 Results and Discussion
3.1 Mg-Al-COs hydrotalcite characteristic

According to the results of ICP-OES, the molar ratio of Mg/Al was 3.1, which satisfied the
preparation requirements. Fig. 3A and B show the XRD pattern and SEM image, respectively, of
the original Mg-Al-CO3; with a Mg/Al ratio of 3. In Fig. 3A, there are the characteristic diffraction

peaks of hydrotalcite (PDF-# 35-0965) in Mg-Al-COs, with the 26 values of 11.36°,22.88°, 34.44°,

38.38°, 45.42°, 60.46°, 61.74° corresponding to hydrotalcite crystal faces of (003), (006), (012),
(015), (018), (110), (113), respectively. The layer spacing of dooz in Mg-Al-COs is 0.778 nm. It can
be seen from the XRD curve that the diffraction peaks of Mg-Al-CO3 posed a narrow peak pattern
and high intensity, indicating that the prepared Mg-Al-COs3 had the characteristics of single crystal
phase, high crystal plane order, good crystallinity and complete crystal form. These results were
consistent with those reported in previous studies[51, 52]. Fig. 3B shows that Mg-Al-CO3 has a
regular hexagonal lamellar structure, with the wide and thickness of layered Mg-Al-CO; being
around 300-500 nm and 50nm, respectively. The above results indicate that the preparation
conditions are conducive to nucleation and growth of crystals, and the layered structure of Mg-Al-

COs hydrotalcite was successfully prepared.
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Fig. 3 The XRD patterns, SEM images, and TGA of Mg-Al-CO3

To further investigate the properties of Mg-AI-COs, its thermal stability was studied. The
thermogravimetric curve, shown in Fig. 3C, was obtained with a heating rate of 10 °C /min over a
temperature range of 35 to 900 °C. The curve reveals that the weight of Mg-Al-COs decreased as
the temperature rose, and the weight loss tended to stabilize at 700 °C with a final reduction of 47%.
In the DTG curve, there were three weight loss stages. Stage I occurred between 55 and 240 °C,
with a weight loss of 15.4 %, where the water content was lost first, followed by the interlayer water
as the temperature increased. The maximum weight loss rate occurred at 215 °C. The release of
interlayer water developed pores of Mg-Al-COs;. The maximal weight loss of 26.8 % was observed

in stage I when the temperature was between 250 and 480 °C. The peak value was at 400 °C and

the weight loss rate was at its maximum. More water was lost and the interlayer CO3> started to
convert to CO; and was subsequently released, therefore, the pore structure was further developed.
Stage III occurred from 500 to 700 °C, with a weight loss of only 4 %. In this stage, the CO3* was
completely converted to CO,, and the ordered layered structure of Mg-Al-COs; was destroyed,
bimetallic composite oxides were formed.
3.2 Calcinated Mg-Al adsorbents characteristic

The XRD patterns and SEM images of calcined Mg-Al adsorbents are shown in Fig. 4. In Fig.
4A, it can be observed that after calcination, the characteristic diffraction peak of hydrotalcite almost
disappeared, new peaks of magnesium aluminum mixture (MgxAlyO,) were generated, and the peak

intensity of MgxAlyO, increased with the increasing calcination temperature, MgAl>O4 was the main



component in MgxAl,O.. The calcined Mg-Al-COs3 can be described by React.1[38].

Mg3nAln(OH)gn(CO3)n/2°mH20 g Mg3nAln09n/2 + (n/2)C02 + (m +4n)H20 (React. 1 )

As shown in Fig.4B, the morphology of Mg-Al-400 appeared to be favorable. In comparison to
the SEM image of Mg-Al-COs (Fig.3 B), the morphology of calcined Mg-Al adsorbents exhibited
minimal agglomeration, and displayed an even distribution. Combined with the TGA from Fig. 3C,
in this stage, only the water and partly interlayer were released. When calcination temperature with
was more over 400 °C, calcined Mg-Al adsorbents were sintered and destroyed gradually. The
sintering phenomenon of Mg-Al-500 became more obvious, even worse in Mg-Al-600 and Mg-Al-
700. According to TGA results, at this stage, the CO3> was completely released and the layered

structure of Mg-Al-CO3 was destroyed.
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Fig. 4 The XRD patterns and SEM images of calcined Mg-Al adsorbents

3.3 The effect of reaction temperature on removing HCI performance

Fig. 5A shows HCI removal rate using Mg-Al-CO3 when the temperature increased from 300 to

700 °C with an initial HCI concentration of 400 ppmv. It can be observed that the effectiveness and

the reaction time of HCI removal decreased rapidly with the increase of reaction temperature. The

HClI removal rate initially increased and then decreased over the first 120 minutes of the experiment.

The highest HCI removal rate was observed at a reaction temperature of 400 °C, which was better

than the removal rates obtained at other reaction temperatures. In Fig. 5B, it can be seen that within

the first 120 minutes, the average removal rate of HCI initially increased from 80.89% to 83.83%,

with an increase of 3.6%, and subsequently decreased from 83.83% to 45.28%, resulting in a

decrease 0f 45.99%. The phenomenon shows that increasing the reaction temperature has a positive

effect on improving HCI removal rate. This phenomenon may be attributed to the decomposition of

the interlayer anion CO3?, resulting in the generation of gaseous CO». The released CO, developed

the pores of Mg-Al-CO3, thereby promoting the adsorption capacity of Mg-Al-COs. However, when

the reaction temperature exceeded 400 °C, the structure of Mg-Al-CO3; may be destroyed, the

morphology of calcined Mg-Al adsorbents is shown in Fig. 4B, leading to a decrease in HCI removal

performance. In addition to the HCl removal rate and the breakthrough time, the breakthrough



chlorine capacity is also an important index to evaluate the dechlorination performance of

adsorbents.
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Fig.5 HCI removal rate and the adsorption chlorine capacity at different reaction temperatures

Fig. 5C and D show the adsorption curves of adsorbing HC1 by Mg-Al-COs at different reaction
temperatures. With the increasing reaction temperature, the adsorption capacity of Mg-Al-COs3
reduced, following a similar trend to that of the HCI removal rate. In Fig.5C, it is apparent that the
process of adsorption can be divided into two stages. Stage I is a rapid adsorption process at the
beginning of the adsorption. Thus, the effect of adsorption by Mg-AI-COs is the best and the
adsorption chloride capacity increased rapidly. After stage I is completed, there is a saturated zone

in adsorbent, therefore, the adsorption rate slows down in stage II, and this process continues until

the adsorption capacity becomes saturated. As seen in Fig. 5D, the adsorption capacity decreased

from 102.7 mg g' to 39.1 mg g' with increasing reaction temperature. Compared with the



adsorption chlorine capacity at 400 °C, the adsorption chlorine capacity increased 29.3 mg g! at
300 °C. Although the adsorption chlorine capacity at 400 °C is better than that of other reaction
temperatures within the reaction time range of 0 to 120 min, the adsorption chlorine capacity at 300
°C is ultimately the better option.

The main reasons are that according to the TG/DTG curve, the weight of Mg-Al-CO3 decreased
by decomposition of carbonate to carbon dioxide with increasing temperature, indicting a reduction
in the number of substances participating in the reaction. When the temperature rises from 300 to
400 °C, leads to a more decrease in effective dechlorination components, resulting in a lower
breakthrough chlorine capacity as the temperature increases.

However, the release of carbon dioxide enriches the pore structure of the material and increases
its specific surface area. The enhanced pore structure facilitates the entry of HCI into the internal
reaction through the pore channels, while the increased specific surface area provides more reactive
sites, thereby improving the reaction rate. As a result, in the early stages, the HCI removal rate at
400 °C is better than that at 300 °C. Since the number of magnesium involved in the reaction does
not change while the number of carbonates involved in the reaction decreases, the development of
pores and the increase in specific surface area only contribute to an increase in the reaction rate,
rather than the adsorption capacity.

3.4 The effect of calcined temperature on removing HCI rate

Fig. 6A and B show the HCI removal rates of Mg-Al-COj3 and calcined Mg-Al adsorbents at an
HCI concentration of 400 ppmv, a reaction temperature of 300 °C, and a gas flow of 500 ml/min.
As the calcination temperature increased from 400 to 700 °C, the efficiency of HCI removal reduced.
Among the calcined Mg-Al samples, only Mg-Al-400 showed better HCI removal performance than
Mg-Al-CO;. Additionally, the breakthrough time of Mg-Al-400 increased by 47 min, representing
a 27% increase. In order to further illustrate the effect of calcinating modification on efficiency of
removing HCI, the average HCI removal rate was studied within the first 120 min in Fig. 6B. The
average HCI removal rate of calcined Mg-Al adsorbents rapidly decreased from 90.11% to 43.42%
when the calcination temperature rose from 400 to 700 °C. In comparison toMg-Al-COs, the average
HCI removal rate of Mg-Al-400 increased by 11.7%. However, the dechlorination performance of

Mg-Al-500, Mg-Al-600 and Mg-Al-700 was not as effective as that of Mg-Al-CO; and worsened



with increasing calcination temperature.
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Fig. 6 HCl removal rate and the adsorption chlorine capacity of Mg-AI-COj3 and calcined Mg-Al

adsorbents

The curves of adsorption chlorine capacity and breakthrough chlorine capacity are shown in Fig.
6C and D. In Fig. 6C, with the increase of calcination temperature, the adsorption chlorine capacity
of calcined Mg-Al adsorbents decreased, the reaction time required to reach breakthrough chlorine
capacity also deceased. It is worth noting that among the calcined Mg-Al adsorbents, only Mg-Al-
400 exhibited a better adsorption chlorine capacity compared to Mg-Al-COs. It can also be seen
from Fig. 6C that the adsorption process could also be divided into two stages. The first stage was
the rapid adsorption stage, in which HCI was rapidly adsorbed by the adsorbents, and Mg-Al-400
had the longest reaction time. The second stage was the slow adsorption stage, where the adsorption

chlorine capacity of adsorbents tended to be saturated, the slope of adsorption curves decreased, and



the adsorption rate slowed down. The breakthrough chlorine capacity is shown in Fig. 6D. The
breakthrough chlorine capacity of Mg-Al-CO; was 102.7 mg g-!, while the breakthrough chlorine
capacity of Mg-Al-400 was 120.1 mg g!, which was 1.17 times that of Mg-Al-COs. However, the
breakthrough chlorine capacity decreased with increasing calcination temperature, and the
breakthrough chlorine capacity of Mg-Al-700 was 30.9 mg g%, which was only 0.3 times that of
Mg-Al-COs. Under similar working conditions (170°C and 300 ppmv HCI), Mg-Al-400 exhibits
superior performance compared to Mg-Al layered double hydroxides[45]. In another research study,
it was found that the breakthrough chloride capacity of Mg-Al-400 increases by approximately 5-
10% when compared to materials including HN-1, HK-1, and HK-1S at temperatures ranging from
300 to 500 °C and an HCI concentration of 2500 ppmv[53]. This indicates that Mg-Al-400 shows
enhanced dechlorination capabilities in comparison to these specific materials under the specified
operating conditions.
3.5 The effect of flow rate on removing HCI rate by Mg-Al-400

The HCI removal rate of Mg-Al-400 is shown in Fig. 7 A and B. The experiments were conducted
at a flow rate ranging from 0.5 to 2.0 L min, with an initial HCI concentration of 400 ppmv, and a
reaction temperature of 300 °C. The instantanecous HCI removal rate and reaction time decreased
rapidly. The best performance of removing HCI was observed at a flow rate of 0.5 L/min. In the Fig.
7B, the maximal HCI average removal rate of Mg-Al-400 was achieved at a flow rate of 0.5 L/min.
As the flow rate increased from 0.5 to 2 L/min, the HCl average removal rate decreased from 90.11%
to 45.16%, resulting in a reduction of 44.95%, indicating that higher flow rate had a negative effect

on HCI removal rate of Mg-Al-400.
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Fig.7 HCI removal rate and the adsorption chlorine capacity of Mg-Al-400

Fig. 7 C and D show the adsorption chloride capacity curves and the breakthrough chloride
capacities. In Fig. 7C, the process of adsorption included two stages, which were fast adsorption
process and slow adsorption process. The adsorption processes were finished faster with the increase
of gas flow rate. It can be seen from Fig. 7D that the breakthrough chloride capacity reduced from
120.1 to 29.7 mg g''. The main reason is that the reaction time of adsorbents with HCI decreased as
the flow rate of the gas increased. This leads to an increased amount of HCI being treated per unit
mass of adsorbent per unit time, which ultimately results in a reduction in the performance of Mg-
Al-COs.

3.6 The characterization and mechanism

As can be seen from the results of specific surface area and pore structure analysis in Fig. 8A-C,
according to the International Union of Pore and Applied Chemistry (IUPAC), six categories, six
hysteresis loop categories and three pore categories were defined: 0-2 nm for micropores, 2-50 nm
for mesopores, and greater than 50 nm for macropores[47, 54]. The adsorption/desorption curves of

adsorbents exhibited a category V curve and H3 hysteresis loop, where the hysteresis loop was

caused by capillary condensation, and the H3 hysteresis loop was a typical hysteresis loop caused

by the layered structure. As shown in Fig. 8B, the pore size of Mg-Al-CO3 was mainly fell within



the mesopore range, with a small number of pores, and an average pore diameter of 30.57 nm, the
specific surface area was 66.35 m? g'!. The pore size of calcined Mg-Al samples was mainly
concentrated in the mesopore range (2-50 nm), and the number of pores increased. When the
calcination temperature rose from 400 to 700 °C, the quantity of mesopores decreased, while the
number of macropores increased. As a result, the average pore diameter increased from 14.36 to
23.3 nm, and the specific surface area decreased from 183.73 m? g! to 130.53 m? g'!, representing
a29% decrease. The highest specific surface area was achieved at 400 °C, reaching a value of 183.73
m? g'l. Compared to Mg-Al-COs3, the specific surface area of Mg-Al-400 increased by 352 %. The
results showed that the porous structure of calcined Mg-Al samples was significantly developed,
and the optimum calcination temperature was found to be 400 °C. The larger specific surface area
and porous structure can provide more active sites, facilitating the diffusion of adsorbates and
promoting both physical and chemical reactions (as shown in Fig. 9). This also explains why Mg-
Al-400 has the best performance in removing HCI. Interestingly, it can be seen from Fig. 8C that
the specific surface area and porous structures of Mg-Al-500, Mg-Al-600, and Mg-Al-700 also were
better than those of Mg-Al-COs. To further explain why the HCI removal rate of Mg-Al-COs3 was
better than that of Mg-Al-500, Mg-Al-600, and Mg-Al-700, the XRD patterns of reaction products

were analyzed and discussed.
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Fig. 8 The specific surface area and pore structure, XRD patterns, and reaction paths of adsorbents

As shown in Fig. 8D, when comparing the XRD patterns to those shown in Fig.4A, it can be
observed that MgCl,-2H>O was a new resultant in all reactions, indicating that Mg?* was easy to
react with CI', as depicted in path 2 of Fig. 9, and was found to be the main chemical reaction
pathway. Since Mg-Al-400 had the most favorable pore structure and a great number of reaction
active sites, it exhibited the best performance in terms of HCl removal. Moreover, Mg,Al,O,
remained the main product after the reaction, indicating that Mg,Al,O, had limited reactivity with
HCI, and as the calcination temperature increased, the HCl removal rate of calcined Mg-Al
adsorbents deteriorated. In addition, it can be seen from Fig. 8D that both Mg-Al-CO3 and Mg-Al-
400 had hydrotalcite characteristic peaks, indicating the presence of a hydrotalcite structure after
the reaction. The reason for this phenomenon is that hydrotalcite can regenerate under appropriate
conditions when the structure is not completely destroyed, and this feature is called “the memory”.
According to the result of TGA, the Mg-Al-CO3; was not completely decomposed when the
calcination temperature was below 400 °C. So, during the reaction, Cl- can enter the layers of
hydrotalcite to replace CO3? or act as a supplementary anion. As a result, the new hydrotalcite (Mg-

AI-Cl) was generated, where Cl" was fixed in hydrotalcite[45, 46]. The chemical reaction equation



is shown in React. 2 and the reaction path is shown in path 3 in Fig. 9. While the hydrotalcite

structure of Mg-Al-500, Mg-Al-600, and Mg-Al-700 destroyed, the reaction of path 3 could not be

regenerated or was difficult to be regenerated. From the results of HCI removal, although calcined

Mg-Al adsorbents exhibited a certain adsorption capacity through physical adsorption, the chemical

pathway was the main adsorption mechanism. The results further elucidated the reason behind the

superior HCI removal performance of Mg-Al-COs; compared to Mg-Al-500, Mg-Al-600, and Mg-

Al-700. The above results demonstrated the occurrence of both physical and chemical reactions

during the process of removing HCl, and the chemical reaction was the dominant one.

Mg3nAly(OH)sn(CO3)n2emH:0 + nHCl —~ MgsnAl(OH),Cl, + (0/2)CO, + (m + n/2)H,0 (React.

2)

Q0200

Fig. 9. Reaction paths of adsorbent
3.7 Apparent adsorption Kinetic
The process of adsorption contains three steps, external diffusion, pore diffusion and surface
reaction[55]. Adsorption kinetics mainly studies the diffusion performance of adsorbate within
adsorbent particles by analyzing the relationship between the adsorption amount of adsorbent and
adsorption time during the adsorption process, and explores the adsorption mechanism of adsorbent
on the adsorbate. The conventional adsorption kinetic models, the intra-particle diffusion model, the

pseudo-first-order model (PFO), the pseudo-second-order model (PSO), the Elovich model and the



Bangham model, were used to investigate the HCI removal by Mg-Al-CO; and calcined Mg-Al

adsorbents under specific conditions, including a HCl concentration of 400 ppmv, a reaction

temperature of 300 °C, and a gas flow of 500 ml/min, and the results are shown in Fig. 10. The

correlation coefficients (R?) of the different adsorption kinetic models are listed in Table 2.
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Fig. 10 The fitting results of different adsorption kinetic models



As shown in Fig. 10, combined with Table 2, the fitting results of R? showed that the matching
of the intra-particle diffusion model was relatively low, and the fitting line did not pass through the
origin, therefore, the adsorption reactions were likely controlled by multiple steps. The adsorption
results were fitted poorly by PFO model, but the fittings of Mg-Al-500, Mg-Al1-600, and Mg-Al-
700 were relatively high, with R? values over 0.97. This suggested that the chemical reactions
occurred on the surface of Mg-Al1-500, Mg-Al-600, and Mg-Al-700 during the HCI removal process.
The R? value of the Elovich model of adsorption was found to be greater than 0.9, indicating that
chemical reaction occurred the adsorption process. Among the various adsorption kinetic models,
the Bangham model and PSO model showed R? values higher than 0.97. The results demonstrated
that chemical reacted with HCI occurring on the surface adsorption and involved electron sharing
or electron transfer between the adsorbent and the adsorbate. The above results showed that the
reaction of Mg-Al-CO;3 and calcined Mg-Al adsorbents with HCI was a complex process, and the
process of the adsorption reaction was controlled by multiple steps. The results of the adsorption

kinetic model were consistent with the experimental results obtained from the above analysis.

Table. 2 The correlation coefficients (R?) of different adsorption kinetic models

Intra-particle Pseudo-first-  Pseudo- second

Model diffusion model  order model -order model Elovich  Bangham
Mg-Al-CO3 0.961 0.864 0.995 0.99 0.972
Mg-Al-400 0.929 0.935 0.987 0.976 0.988
Mg-Al-500 0.885 0.976 0.984 0.975 0.998
Mg-Al-600 0.857 0.977 0.97 0.958 0.998
Mg-Al-700 0.801 0.971 0.974 0.928 0.996

4 Conclusion

The characteristics, mechanism and adsorption kinetics of removing HCI by Mg-Al-CO; and
calcined Mg-Al adsorbents were investigated.

According to the results of ICP-OES, XRD, and SEM, the layered structure of Mg-Al-CO3
with a molar ratio of Mg/Al =3.1 was successfully prepared by the coprecipitation method. TGA
analysis showed that Mg-Al-COs had three weight loss stages, with the highest weight loss observed
in stage TI, reaching 26.8 %.

The breakthrough chlorine capacity of Mg-Al-COs decreased as the temperature increased



from 300 to 700 °C. The optimal performance in removing HC1 of Mg-Al-CO; was observed at 300
°C with a breakthrough chlorine capacity of 102.7 mg/g. The performance of removing HCI by
calcined Mg-Al adsorbents at 300 °C decreased as the calcined temperature increased from 400 to
700 °C. Among them, Mg-Al-400 showed the better performance in HCI removal, with an average
HClI removal rate of 90.11% within the first 120 min, and a breakthrough chlorine capacity of 120.1
mg g!. The HCI removal performance of Mg-Al-400 decreased with the increasing flow rate.
Specifically, when the flow rate increased from 0.5 to 2 L/min, the average HCI removal rate

decreased from 90.11% to 45.16%, the breakthrough chloride capacity decreased from 120.1 to 29.7

mg g,

In terms of reaction mechanism, both physical and chemical reactions occurred during the
process of HCI adsorption, with the chemical reaction being the main controlling one. There are two
reaction paths for Mg-Al-400, the first involves the reaction of Mg with CI" to generate MgCla,
while the second involves Cl- acting as a new interlayer anion of hydrotalcite. According to the
results of adsorption kinetics, both the pseudo-second-order and the Bangham model fitted well

with the HCI removal process of Mg-Al-400.
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