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Abstract

The presence of HCI and SO, gas imposes limitations on syngas utilization obtained from household waste in a wide range
of applications. The hydrotalcite-like compounds (HTLs) have been proved that could remove HCl efficiency. However, the
research on impact of synthesis conditions of HTLs and SO, on HCI removal was limited. In this study, a range of Ca—Mg—Al
mixed oxide sorbents was synthesized by calcining HTLs, with variations in crystallization temperature, solution pH, and
the Ca/Mg molar ratio. These sorbents were examined for their effectiveness in removing HCI at medium-high temperatures
under diverse conditions. The adsorption performance of selected sorbents for the removal of HCI, SO,, and HCI-SO, mixed
gas at temperature of 350 °C, 450 °C, and 550 °C, respectively, was evaluated using thermogravimetric analysis (TGA). It
was observed that the HTL synthesis parameters significantly influenced the HCI adsorption capacity of Ca—Mg—Al mixed
oxides. Notably, HTLs synthesized at 60 °C, a solution pH of 10-11, and a Ca/Mg ratio of 4 exhibited superior crystallinity
and optimal adsorption characteristics. For individual HCI and SO, removal, temperature had a minor effect on HCI adsorp-
tion but significantly impacted SO, adsorption rates. At temperatures above 550 °C, SO, removal efficiency substantially
decreased. When exposed to a mixed gas, the Ca—Mg—Al mixed oxides could efficiently remove both HCI and SO, at tem-
peratures below 550 °C, with HCl dominating the adsorption process at higher temperatures. This dual-action capability is
attributed to several mechanisms through which HTL sorbents interacted with HCI, including pore filling, ion exchange, and
cation exchange. Initially, HC] absorbed onto specific sites created by water and CO, removal due to the surface’s polarity.
Subsequently, HCI reacted with CaCO; and CaO formed during HTL decomposition.
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Introduction

The challenge of achieving comprehensive treatment of
household waste is becoming increasingly prevalent world-
wide. Household waste has dual attributes of pollution and
resources (Ye et al. 2020). With the promotion and imple-
mentation of the policy of waste classification, the calorific
value of household waste has significantly increased (Nzihou
et al. 2014). Consequently, there is a growing emphasis on
the development of sustainable waste treatment methods that
align with the objectives of carbon neutrality and achieving
a carbon-zero environment (Lee et al. 2020; Diaz-Pérez &
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Serrano-Ruiz 2020). Pyrolysis and gasification have been
recognized as promising methods for realizing the resource
utilization of household waste (Grossman et al. 2019; Zhang
et al. 2021). These technologies can not only reduce the
weight and volume by decomposing, but also simultaneously

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-024-32752-w&domain=pdf

Environmental Science and Pollution Research

contribute to energy conservation and acquisition of valu-
able products: syngas, bio-oil, and biochar (Aswathi et al.
2022; Wang et al. 2023; Xie et al. 2022).

The syngas obtained can serve various purposes. It can
act as a substitute for traditional natural gas and coal in
power generation and heating, thereby reducing dependence
on fossil fuels (Jakobs et al. 2013). A portion of the syn-
gas can be converted to hydrogen through steam reforming
reactions, which can be used in fuel cells and other hydro-
gen-based energy technologies (Mann 1995). Addition-
ally, syngas can also serve as a raw material for chemical
production, including the synthesis of methanol, ammonia,
ethylene, and other chemicals, which are widely used in the
chemical industry (Alnouss et al. 2021; Singh et al. 2022;
Zheng et al. 2022). However, during pyrolysis/gasification,
chlorine-containing products like plastic, fabric, and rubber
products are predominantly converted to HCI with concen-
trations ranging from several to hundreds even thousand mg/
m? (Pan et al. 2021; Truc and Lee 2019) in syngas. The high
concentration of HCI in syngas can impose limitations on
the key parameters of power generation, resulting in low effi-
ciency (Lee et al. 2013; Wang et al. 2020). It can also lead to
surface and pipe corrosion due to high temperature and low
temperature, as well as adversely affect the performance of
molten carbonate (MCFC) and solid oxide (SOFC) fuel cells
(Btesznowski et al. 2013; Krishnan et al. 1999). Besides
industrial issues, HCI is also the third-largest source of
global anthropogenic acidification, following SOx and NOx
emissions (Murciano et al. 2011; Tan et al. 2020), which not
only poses threats to the environment but also has negative
impacts on human health (Bjoerkman and Stroemberg 1997;
Li et al. 2019). Consequently, there is a compelling neces-
sity to remove HCI and enable efficient syngas utilization in
a wide range of applications. The regulations suggest that
the gas concentrations of HCI should be maintained below
16.3 mg/m? in flue gas (Kuramochi et al. 2005).

Various low-cost adsorbents, including Ca-based (Li et al.
2015b; Liu et al. 2022; Liu 2005; Mizukoshi et al. 2007),
Na-based (Lee et al. 2003; Liang et al. 2018; Verdone and
De Filippis 2006), and others (Liu et al. 2021), have been
studied for HCI removal, typically at reaction temperature
below 150 °C. However, the temperatures of syngas often
exceed 400 °C, reaching up to 1000 °C, which means there
would be a loss in efficiency when cooling syngas from
medium-high temperature to 150 °C or even room tempera-
ture. Additionally, at 250 to 450 °C, the high concentra-
tion of HCI can enhance the toxicity of PCDD/Fs (Li et al.
2015a; Lundin et al. 2013). Many such sorbent materials
exhibit unsatisfactory adsorption capacity, especially at high
temperatures with the HCI adsorption capacities of these
materials decreasing drastically as temperature rises (Cao
et al. 2018a; Chibante et al. 2010; Shemwell et al. 2001).
Consequently, recent research has focused on developing

@ Springer

efficient sorbents with high adsorption capacity at medium-
high temperatures, especially those exceeding 450 °C. In
recent years, many studies have been devoted to investigat-
ing the catalytic abilities of hydrotalcite-like (HTLs) in vari-
ous applications, including catalysis, catalyst precursors or
catalyst supports, anion exchangers, and their utilization in
fields such as medicine and biochemistry (Cota et al. 2010a,
b; Hoyo 2007). Hydrotalcite-type materials are considered
as promising candidates because of their high adsorp-
tion capacity for anionic species (Hamouda et al. 2018).
Kameda et al. found that Mg—Al layered double hydrox-
ide could react with hydrochloric acid and HCI in gas at
140~200 °C (Kameda et al. 2020). Our previous study has
also demonstrated the potential of HTL derivatives, such
as Mg—Al HTLs, Ca—Mg—Al HTLs, Zn-Mg—Al HTLs, and
Mg-Fe HTLs, which were self-prepared, used to remove
HCI with high adsorption capacity at medium-high tempera-
ture (350 ~700 °C) (Cao et al. 2018a, b, 2014, 2024). How-
ever, previous studies have primarily focused on structural
changes, metal ion variations, and the influence of different
operating conditions on their adsorption performance, with
limited attention given to the impact of synthesis conditions
of HTLs. In the other researchers’ work (Elwakeel 2010;
Elwakeel et al. 2020a, b), it is emphasized that the condi-
tions under which synthesis occurs significantly influence
the performance of adsorbents. Furthermore, the interaction
between SO, and HCI removal using the Ca—Mg—Al mixed
oxide sorbent, synthesized via hydrotalcite-like compounds
(HTLs), has been explored to a relatively limited extent.

Therefore, to maximize syngas resource utilization and
develop a highly efficient HCI adsorbent, this study inves-
tigates the effects of synthesis and characterization of
Ca—Mg-Al mixed oxide sorbents on HCI removal from syn-
gas. The study is centered around two primary objectives.
The first objective aims to optimize the sorbent by varying
synthesis conditions, including crystallization temperature,
solution pH value, and the Ca/Mg molar ratio, to assess their
impact on adsorption capacity. The second objective focuses
on assessing the influence of SO, on HCI removal using the
premier sorbent, which was selected through self-conducted
thermogravimetric analyses.

Material and experimental method
Materials and synthesis of HTLs

The raw materials used to prepare the sorbent in this study
were all analytical-grade reagents. Mg (NO;),-6H,0, Ca
(NO;),-4H,0, and Al (NO;);-9H,0 were purchased from
Longxi Chemical Reagent Factory in China. NaHCO; and
Na,CO; were purchased from Shanghai Lingfeng Chemi-
cal Reagent Factory in China. HCI (1500 mg/m?), SO,
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(2000 mg/m3), and N, (99.999%) were obtained from Nan-
jing Shangyuan Gas Product Co. Ltd., China.

In the chemical formula for HTLs, M?* always represents
Mg?t, Fet, Co®*, Ca?*, Sr?*, Ba®*,...; M>* represents AI*T,
Cr¥*, Fe’*,...; A" =C0,%, CI~, SO,*7,..., and x varies
between 0.2 and 0.33 (Cavani et al. 1991). In this study,
Ca—Mg—Al HTLs were synthesized through a co-precipita-
tion method, using Ca’* to partially substitute Mg>* (Cao
et al. 2014). Calcium was used as an active ingredient to
remove HCI. A determined amount of Mg (NO;),-6H,0, Ca
(NO;),-4H,0, and Al (NO;);-9H,0 were dissolved in a solu-
tion at a certain temperature. A solution containing NaHCO;
and Na,CO; was prepared as a precipitant. The two solutions
were titrated into the same vessel in 3 min simultaneously,
while maintaining an alkaline solution. The resulting mix-
ture was stirred continuously and aged for 30 min. After that,
the sediment was isolated by filtering the resulting suspen-
sion, followed by multiple washes with deionized water until
the value of solution pH reached 7. The samples obtained
were dried for 24 h and calcined at 350 °C for 2 h. The grain
size was 0.45 mm. The detailed synthesis process is shown
in Fig. 1, and synthesis conditions are listed in Table 1.

Experimental and test processing
Adsorbent performance testing experiment

The HCI removal efficiencies of samples were tested in an
adsorbent performance system (Cao et al. 2018b). This sys-
tem comprises three major sections: gas application, perfor-
mance test, and HCI analysis section. The gas application
section consists of N, and HCI. Each gas stream is controlled
by a mass flow meter. A portion of N, is used to mix with
HCI to obtain the desired initial HC] concentration, while

q, (mg/g)

Table 1 HTLs synthesis conditions

Parameter Unit Value

Crystallization Temperature °C 60, 90, and 120

pH of solution \ 9~10, 10~11

Molar ratio of Ca/Mg \ 1/3, 172, 1/1, 2/1, 3/1, 4/1
Calcined Temperature °C 350

Drying time h 24

the remaining N, serves as balance gas. The performance
test section is equipped with a fixed bed reactor and elec-
trical heating system, and the accuracy of the temperature
controller is + 1 °C. HCI concentration measurements are
conducted by an online HCI analyzer (Model 7900FM, GFC,
Signal Co., Britain), which is employed after proper filtra-
tion and drying. The accuracy in calibration of the gas ana-
lyzer is 0.03 mg/m>.

The experiments to determine the adsorption capacities
of calcined HTLs samples were carried out as follows. An
amount of sample (1 g) was placed at the center of the quartz
glass tube within a fixed bed reactor. N, was pumped in with
a flow rate of 110 ml/min for 30 min after thorough leak
checking. Subsequently, the reactor was gradually heated
from room temperature to 550 °C. The desired concentra-
tion of HC] was obtained by mixing pure gases (HCI and
N,). The residual HCI gas concentration was continuously
monitored and analyzed after condensation and filtration.
Gases were safely released into the environment through the
NaOH adsorption solutions.

Each test was performed in identical conditions to guaran-
tee the accuracy of the experimental results, and the margin
of error between replicated experiments was carefully con-
trolled and maintained at a level below 3%.
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Fig. 1 Adsorption capacity and adsorption rate of HTLs prepared under different crystallization temperatures: Reaction temperature of 550 °C,
N, atmosphere, initial HCI concentration of 750 mg/m>, flow rate of 0.9 L/min, and sorbent mass of 1 g

@ Springer



Environmental Science and Pollution Research

Thermogravimetric analysis

Thermogravimetric analyses were conducted using a self-built
pressurized thermogravimetric system, designed to mitigate
HCI corrosion at various temperatures and atmospheres.
Within the system, the sorbent was placed in the middle of the
reactor, equipped with a sensitive weighing mechanism that
had a sensitivity of 8 mV/pm, based on eddy current dampen-
ing. The TGA analysis was first performed under a flow of N,
from room temperature to 350 °C, 450 °C, and 550 °C, respec-
tively. Upon reaching the designated temperature, the gas envi-
ronment was switched to one of the reaction gases, including
HCI (1500 mg/m?), SO, (2000 mg/m?), and HCI-SO, mixed
gas (HCI: 1500 mg/m®, SO,: 2000 mg/m?), respectively. These
obtained samples were denoted as 7-i, where T represented the
reaction temperature in °C, i indicated the specific gas used,
HCI, SO,, HCI-SO,, respectively.

Experimental data processing

The adsorption capacity of the samples g, was calculated using
Eq. (1):

t

Cy— C)V
q, = mgHCI/gHTLs = 107 / Go-GV,

MyTys L
where V is the flow rate of flue gas, L/min; C,, is initial HCI
concentration, mg/m3; C, is the outlet concentration of HCI
at time ¢, mg/m3; Mpyr is the mass of HTLs, g; ¢ is reaction
time, min. The ¢, is the total amount of adsorption of HCI
adsorbed on the HTLs from the beginning to t moment.

The adsorption rate k is the parameter that reflects the
degree of reaction in the reaction of removal of HCI and was
obtained by Eq. 2:

e

k= @

where k is adsorption rate, mg/(g min); A is the gas and
sorbent contact time, min; AC, is quality of the reacted HCI,
mg/g. And AC, was given by Eq. 3:

t
C,—C)-107%-v
Acr=/( 0= ) dt 3)
0

MyrLs

Substitute Eq. 3 to Eq. 2, and the k was estimated from the
follow relations:

t
p— . _3.
/(c0 107y
i 0 My7Ls @

At
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Characterization methods

Prior to HCI adsorption, a comprehensive physicochemical
characterization of selected HTLs was undertaken. To study
the structural patterns of the HTLs, X-ray powder diffraction
(XRD) over 20 ranges from 5 to 80° was performed using
a D8 Advance Diffractometer (Bruker Axs Ltd. Germany)
with Cu-Ko radiation at 40 kV and 100 mA. The diffraction
patterns of all samples were conducted at room temperature
under a nitrogen atmosphere. The alterations in functional
groups within the most effective HTLs, before and after HCI1
adsorption, were recorded from 4000 to 400 cm ™! using Fou-
rier transform infrared spectroscopy (FTIR, Brucker Model
Vextor 22, Germany). The powdered samples were mixed
with KBr and subsequently pressed in the form of pellets for
the measurement.

Results and discussion
The effect of synthesis conditions of HTLs

To achieve the optimal adsorption performance of HTLs,
this study systematically examined the impact of structural
factors on HCI sorption. The HTL materials were prepared
by varying the crystallization temperatures, the values of pH,
and the molar ratios of Ca/Mg.

The effect of crystallization temperature

The product crystal pattern always plays a decisive role in
defining its inherent characteristics. Improved crystalline
forms often result in enhanced product qualities. The crys-
tallization temperature and crystallization time significantly
contribute to the formation of crystalline, with crystalliza-
tion temperature having a more pronounced impact. Conse-
quently, this study mainly discusses the effect of crystalliza-
tion temperature on the properties of the samples.

The effects of crystallization temperature of 60, 90, and
120 °C, respectively, on the adsorption capacity and adsorp-
tion rates were investigated under specific conditions: a reac-
tion temperature of 550 °C, a N, atmosphere, an initial HCI
concentration of 750 mg/mS, a flow rate of 0.9 L/min, and a
sorbent mass of 1 g. The results are shown in Fig. 1. During
the initial 1000 min, the adsorption capacities and adsorp-
tion rates of HTLs obtained at 60 and 90 °C (HTLs-60 and
HTLs-90) exhibited similar values. Specifically, HTLs-60
displayed capacities of 663.49 mg/g and an adsorption rate
of 0.61 mg/(g min), while HTLs-90 exhibited capacities of
662.23 mg/g and an adsorption rate of 0.63 mg/(g min).
Subsequently, the adsorption capacity of HTLs-60 tended
to saturation, the adsorption rate followed a similar trend,
reaching a final capacity of 706.07 mg/g at 1500 min. In
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contrast, the adsorption capacity of HTLs-90 continued to
increase and reached up to 755.49 mg/g at 1820 min. The
decrease in capacity rate observed at 1200 min indicated
that, initially, both HTLs obtained at 60 and 90 °C demon-
strated promising characteristics in terms of the removal of
HCI, with HTLs-90 showing superior performance. How-
ever, the adsorption capacity and adsorption rate of the
sample synthesized at crystallization temperature of 120 °C
(HTLs-120) consistently exhibited lower adsorption capac-
ity and rate compared to HTLs-60 and HTLs-90 through-
out the experiments. Interestingly, when the crystallization
temperature was 90 °C, the formation of metal oxides and
mental nitrogen oxides occurred. These impurities might
enhance the adsorption of HCIl by HTLs, albeit potentially
compromising the mechanical integrity of the sorbent. This
phenomenon could be attributed to the relatively slower
formation rate of crystalline grains at lower crystallization
temperatures, resulting from reduced ion movement rates,
leading to smaller crystal sizes, lower crystallinity, and the
formation of impure phases. Conversely, elevating the crys-
tallization temperature facilitated the accelerated formation
of crystalline grains, culminating in more comprehensive
crystalline structures and a reduction in impurities. Never-
theless, a further increase in temperature beyond 90 °C led to
an excessively rapid rise in the kinetic energy of the hydro-
talcite molecules, which proved detrimental to the formation
of stable particles. As a result, a crystallization temperature
of 60 °C was identified as the optimal condition for achiev-
ing the desired structural integrity and adsorption efficiency.

The effect of pH of the solution

Given that AI** readily precipitates as hydroxide within a pH
range of 3.9 to 8, the preparation process of HTL materials is

particularly prone to the formation of various impure phases
if the solution’s pH falls below 9. Therefore, to mitigate this
risk and ensure purity, the HTLs were synthesized within
pH ranges of 9 to 10 and 10 to 11.

Figure 2 illustrates the adsorption capacities and adsorp-
tion rates of HTLs obtained at pH levels of 9~ 10 and 10~ 11
(referred to HTLs-p10 and HTLs-pl11, respectively). These
experiments were conducted under standardized conditions,
including a reaction temperature of 550 °C, a mixed gas flow
rate of 0.9 L/min, an initial HCI concentration of 750 mg/
m?>, and a sorbent mass of 1 g. As shown in Fig. 3, arise in
the pH level during the synthesis process resulted in HTLs
exhibiting enhanced adsorption capacities. The highest
adsorption capacity of HTLs-p11 was up to 706.07 mg/g,
with an adsorption rate of 0.66 mg/(g min). These values
significantly surpassed those of HTLs-p10, which had an
adsorption capacity of 660.67 mg/g and an adsorption rate of
0.64 mg/(g min). This outcome can be ascribed to the obser-
vation that maintaining the pH value within the range of 10
to 11 yields HTLs with superior structural integrity, notably
characterized by an increased specific surface area. Upon
calcination at high temperatures, these HTLs transform into
mixed metal oxides, exhibiting significantly enlarged surface
areas, which in turn augment the adsorption capacity of the
materials. Consequently, a pH range of 10 to 11 has been
determined as the optimal condition for synthesizing HTLs,
balancing structural quality with functional performance.

Effect of molar ratio of Ca/Mg
Figure 3 presents the adsorptions capacities and adsorption
rates of HTLs with varying Ca/Mg ratios, including 1/3,

1/2, 1/1, 2/1, 3/1, and 4/1, designated as HTLs-1 through
HTLs-6, respectively, employing a mixed gas flow rate of
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Fig.2 Adsorption capacity and adsorption rate of HTLs prepared under different pH values: Reaction temperature of 550 °C, mixed gas flow
rate of 0.9 L/min, initial HCI concentration of 750 mg/m?>, and sorbent mass of 1 g
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Fig.3 Adsorption capacity and adsorption rate of HTLs prepared under different molar ratios of Ca/Mg: at 550 °C, mixed gas flow rate of 0.9L/

min, initial HCI concentration of 750 mg/m3, and sorbent mass of 1 g

0.9 L/min, an initial HCI concentration of 750 mg/m3, and
a sorbent mass of 1 g. It reveals that the adsorption capaci-
ties of hydrotalcite-like (HTL) materials varied significantly,
ranging from 59.48 to 706.07 mg/g, as the Ca/Mg ratio was
adjusted from 1/3 to 4/1. A parallel trend was observed in
the adsorption rates of the HTL materials. Specifically, when
the Ca/Mg ratio was below 4, the initial adsorption rates
were relatively low and dropped rapidly. Notably, the initial
adsorption rate was only 0.4 mg/(g min) at a Ca/Mg ratio
of 1/3. Conversely, HTLs-6 demonstrated the highest initial
adsorption rate, approximately 0.66 mg/(g min), which was
sustained for approximately 900 min. These findings suggest
that incorporating Ca enhances the adsorption capabilities
of HTLs to a certain extent, yet an excessive concentration
of Ca may detrimentally affect the dechlorination process
by altering the layered structure of the sorbents. Therefore,
these results highlight that the efficiency of sorbent adsorp-
tion is determined not only by the underlying chemical reac-
tions but is also significantly influenced by the composi-
tional makeup of the materials.

The characteristic of HTLs

The structural characteristics of the HTLs (denoted as
pristine HTLs-1 through HTLs-6) were elucidated through
X-ray diffraction (XRD) patterns, as depicted in Fig. 4. The
characteristic spacing of the (003) planes for HTLs-1 ~ 6 is
tabulated in Table 2. Figure 4 distinctly showcases charac-
teristic diffraction peaks indicative of a hydrotalcite-like
structure, with well-defined Bragg reflections from the
typical planes of (003), (006), (009), and (012), thereby
confirming the formation of HTL phases in the synthe-
sized samples. The sharp and pronounced nature of these
peaks signifies the exceptional crystallinity of all samples.
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Fig.4 Power XRD patterns of HTLs samples

Notably, an increase in calcium content was observed to
reduce the intensities of these characteristic peaks, a phe-
nomenon that can be ascribed to the altered interactions
between various laminar cations and the interlayer anions.
The ionic radius of Ca is larger than that of Mg, result-
ing in weaker interactions between calcium and the inter-
layer anions. Consequently, excessive calcium content can
disrupt the layered structure. However, it is important to
note that the adsorption capacities of HTLs did not exhibit
straightforward alterations that corresponded directly to
changes in their structures. Instead, it has been observed
that maintaining a constant molar ratio of (Ca+ Mg)/Al
unveils an optimal Ca/Mg molar ratio that enables HTLs
to achieve heightened HCI adsorption capacities.
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Table 2 d00,3 and suggested . Sample Ca/Mg  Crystallization pH d003/(13s) Suggested formula

fqrmula of different molar ratios Temperature

of Ca/Mg
1 173 60 °C 10-11  7.62 Ca ;oMg 57Al) 24(OH),(CO3), 1,-0.765H,0
2 172 60 °C 10-11  7.60 Ca,sMg 5;Alj 24(OH),(CO3), 1,-0.765H,0
3 1/1 60 °C 10-11  7.57 Ca 3sMg 33Al) 24(OH),(CO3), 1,-0.765H,0
4 2/1 60 °C 10-11  7.51 Ca 5;Mg »5Al) 24(OH),(CO3), 1,-0.765H,0
5 3/1 60 °C 10-11  7.49 Ca ;Mg 19Alj 24(OH),(CO3), 1,-0.765H,0
6 4/1 60 °C 10-11 747 Cay 60sMg( 152Al 24(OH),(CO3), 1,:0.765H,0

Table 2 lists the characteristic spacing of the (003) plane,
the thickness of the unit layer corresponding the spacing
of the (003) plane (denoted as dy;) (Toraishi et al. 2002),
in addition to the proposed formulas for HTLs-1 through
HTLs-6. As delineated in Table 2, the minimal dyyy; value
among the samples, measuring 7.47 A, was recorded for
HTLs-5. According to the adsorption capacity in Fig. 3,
HTLs-5 demonstrated the lowest HCI adsorption capacity
among all samples despite possessing a Ca/Mg molar ratio
of 3/1. This suggested that the structural characteristics of
HTLs sorbents might play a crucial role in removing HCI. In
contrast, HTLs-6, with the largest dy,; spacing, corresponded
to the most elevated HCI adsorption capacity, underscoring a
direct correlation between increased interlayer spacing and
adsorption performance. The d,; values for HTLs-1~4
exhibited minimal variation, recorded at 7.62, 7.60, 7.57,
and 7.51 A, respectively, highlighting the nuanced relation-
ship between structural parameters and functional outcomes.
These samples exhibited similar trends in their adsorption
capacities, indicating the importance of pore filling in HCI]
removal. Although HTLs-2 and HTLs-4 had identical dy;
value, HTLs-4 demonstrated superior adsorption capacities
compared to HTLs-2. This discrepancy could be attributed
to the combined influence of both the Ca>* content and the
structural characteristics of the sorbent, which enhance both
the pore filling and ion exchange. Above all, it is evident that
the sorbent’s HCl adsorption capacity is influenced by both
the Ca/Mg molar ratio and the sorbent’s structural features.
Notably, a Ca/Mg molar ratio of 4 emerges as the most con-
ducive for achieving the optimal HCl adsorption capacity.

To discern alterations in the functional groups of the sam-
ples, FTIR spectroscopy was employed. As shown in Fig. 5,
the broad peak observed in the range of 3000 to 3750 cm™"
was attributed to the stretching vibrations of O—H groups.
These groups are associated with brucite-like layers and
interlayer water molecules, confirming their presence in the
analyzed samples (Chebout et al. 2010; Wang et al. 2010).
Additionally, the bending vibration of the interlayer water
was also reflected in the range of 1640~ 1750 cm™!. The
carbonates exhibited characteristic bands associated with
various modes of infrared-sensitive vibrations of the anion.
The absorption bands at 2500 cm~! implied the presence

Pristine HTLs-6

Calcined at 350°C Reacted at 550°C

Transmittance (%)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.5 FTIR spectra of HTLs-6 before and after HCI adsorption

of free CO32_ anions. Compared with the pristine HTLs-6,
the intensity of the free CO,>~ peak in calcined HTLs-6 at
350 °C was stronger. However, when the calcined sample
reacted with HCl at 550 °C, the intensity of peak diminished.
This phenomenon could be attributed to the partial decom-
position of HTLs-6 during calcination, resulting in the pro-
duction of CaCO, and an increased presence of free CO5>~,
which enhanced the cation exchange with C1™. Following
the reaction with HCI, CaCO; was consumed, leading to the
changes of vibrations in the range of 1100~ 1200 cm™". The
intercalated CO,”~ anions contributed to the intense adsorp-
tion band at 1340~ 1550 cm™'. The narrowing of the peak
was attributed to the partial decomposition of HTLs and the
reaction with HCI, which diffused into the interior of the
sorbent. Especially, C=C band at 1636 cm~' was observed
in the sorbent at 550 °C, indicating the rearrangement of car-
bonate anions. This observation is attributed to the presence
of both CaCO; and CaO in the samples obtained through the
calcination of HTLs. The initial diffusion of HCI into HTLs,
followed by reactions with CaCO; and CaO, revealed that
HCI adsorption on HTLs was affected by diffusion, cation
exchange, ion exchange, and electrostatic force. Further-
more, the presence of competing impurity anions in the
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system may vie with HCI for adsorption sites on the HTL
sorbent. Ultimately, the analyzed samples demonstrated
distinct alterations under varying temperature regimes as
evidenced by the findings and corroborated by our preceding
research (Cao et al. 2018a), detailed as follows (Reactions
5-7):

Cay 60sMg 150Al) 24(OH), (CO3 ) 0.12

and hydrotalcite-like sorbents manifest comparatively ele-
vated dechlorination efficacy. Notably, the Ca HTLs, upon
achieving optimal synthesis conditions, delineate the para-
mount adsorption characteristics for HCI, with a capacity of
706.07 mg/g and a prolonged efficacy duration of 1000 min.

350°C
-0.765H,0 — Ca-Mg-Al HTLs 4)

+Ca-Mg-Al mixed oxides+CaCO; + CO, + 0.765H,0

450-550°C
Ca-Mg-AlHTLs =  CaCO, + CaO+CO,+H,0 + Ca-HTO
6
>550°C
CaCO, ~ >  CaO+CO, M

Furthermore, when reacting with HCI at 550 °C, in addi-
tion to the diffusion and electrostatic force, the gas mainly
reacts with HTO through the following chemical reactions
(Reactions 8—11):

Ca-Mg-Al HTLs+HCl — Ca-Cl HTLs+CO,+H,0  (3)

Ca-Mg-Al mixed oxides+HCI — Ca-Mg-Al mixed chloride+H,0O
®
2CaCO; + 3HCI — CaCl,+H,0+CaClOH+2CO, (10)

CaO+2HCI — CaCl,+H,0 (11)

In summary, the optimal conditions for synthesizing
HTLs with the highest HCI removal capacity involve an
aging temperature of 60 °C, a pH value of 10-11, and a
mole ratio of Ca/Mg of 4/1.

Comparative analyses between previous investigations on
HCI removal and the findings of this work are delineated
in Table 3. For the augmentation of the adsorbent’s cost-
effectiveness, it is imperative to consider both the adsorp-
tion capacity and the duration of sustainable adsorption.
The data presented in the table elucidates that hydrotalcite

Thermogravimetric experiments

Figure 6 illustrates thermogravimetric analysis of selected
sorbents during the removal of HCI, SO,, and a mixed gas
of HCI-SO, at temperature of 350 °C, 450 °C, and 550 °C,
respectively. In experiments conducted solely in N, atmos-
phere, the weight loss observed in the Ca—Mg—Al HTL sam-
ples exhibited a temperature-dependent decrease: 14.39%
at 350 °C, transitioning to 15.26% at 450 °C, and further to

105
——350°CHCl ——350°C S0, —— 350 °C HCI-SO,
——450°C HCI 450°C SO, —— 450 °C HCI-SO,
100 4 ——550 °C HC1 550 °C S0, —550 °C HCI-SO, 0.00%
1.15%
1.23%
3.02%
_
951
< NN
2 [N 7.33%
2 1 8.45%
0
£ "] BN 588,
=) o\ 11.16%
§ Lo
| -
854 3s0°¢ 451%0( ;'Fo c 14.43%
L |
[T
80 | T
[T
U |
1
75 T — T
0 10 20 30

Time (min)

Fig.6 Adsorption of HCl on selected HTLs as a function of gas
atmosphere

Table 3 Comparison of

e Sorbent Reaction Adsorption Adsorption Time (min) Literature

g?ﬁ?gﬁ?g;g:ﬁg??ﬁ;e tE:mperature capacity efficiency (%)

literature © (mg/2)
NaHCO; 550 - 99 74 Cao et al. (2014)
MgO 550 - 82.6 10 Cao et al. (2014)
CaO 550 - 85.5 200 Cao et al. (2018a)
Hydrotalcite 170 93 90 Kameda et al. (2020)
Hydrotalcite 300 120.1 90.11 120 Cao et al. (2024)
Fe Hydrotalcite-like 550 - 96.96 550 Cao et al. (2018b)
Zn Hydrotalcite-like 550 - 96.9 456 Cao et al. (2018a)
Ca Hydrotalcite-like 550 706.07 - 1000 This work
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19.29% at 550 °C. The observed decline in weight loss with
increasing temperature suggests a diminution in the reactiv-
ity of the samples. Conversely, the introduction of reaction
gases—HCI, SO,, and a mixture of HCI-SO,—resulted in
a decrease in weight loss for all Ca—Mg—Al HTL samples
under identical conditions, indicative of chemical reactions
occurring between the samples and the gases. Notably, the
weight loss curves for reactions involving HCI and SO,
exhibited divergent trends, reflecting distinct interactions
with the Ca—Mg—Al HTLs. As the temperature increased
from 350 to 550 °C, a corresponding decrease in the weight
loss of the sorbent was observed, from 10.68% at 350 °C to
3.02% at 550 °C, indicating that the sorbent’s adsorption
capacity for HCI enhances with rising temperature. Such an
observation aligns with the outcomes of prior research in
this field (Cao et al. 2018a). Conversely, as the temperature
was elevated from 350 to 550 °C, the adsorption capacity
of the sorbent for SO, diminished, evidenced by an increase
in the weight loss rate from 7.33% at 350 °C to 14.43% at
550 °C. At the lower temperature of 350 °C, the sorbent
demonstrated higher removal efficiency for SO, compared
to HCI1. However, with a rise in temperature to 450 °C, the
removal efficiency for HCI not only remained high but also
exceeded that of SO,. Notably, at 550 °C, there was a signifi-
cant decline in the removal efficiency for SO,. These find-
ings indicated that the reaction temperature exerted a lim-
ited influence on the removal of HCI by Ca—-Mg—Al HTLs,
in contrast to its effect on SO, removal (Cao et al. 2014).
When both HCI and SO, were simultaneously introduced
to the Ca—Mg—Al HTLs, the weight loss of sample slightly
increased as the temperature rose from 350 to 450 °C, going
from 1.15 to 1.23%. However, as the temperature continued
to increase, the weight loss of sample rapidly escalated to
11.16%. This suggested that SO, had a minimal effect on
the simultaneous adsorption of HCI and SO, by Ca—Mg-Al
HTLs at temperatures below 550 °C. The Ca—Mg—Al HTLs
demonstrated the ability to remove both HCI and SO, simul-
taneously with high removal efficiency. This capacity was

Fig. 7 The adsorption mecha-
nisms of sorbent for HCI and ®
SO, 0

Electrostatic force

Ion exchange

particularly pronounced at elevated temperatures, reaching
a peak at 550 °C, as underscored by a marked increase in
sample weight loss indicative of intensified adsorption. The
results also showed that the presence of HCI gas at 550 °C
notably enhanced the adsorption efficiency for SO,, suggest-
ing a synergistic interaction between the removal processes
of these gases at high temperatures.

The adsorption mechanisms by which the sorbent cap-
tures acid gases are depicted in Figure 7. At temperatures
of 350 °C and 450 °C, the sample primarily consisted of
Ca-Mg-Al HTLs and Ca—Mg-Al HTLs mixed oxides, with
a small fraction of CaCO;. These components demonstrated
a high rate of reaction upon exposure to both HCI and SO,
(Reactions 4~10). As the temperature increased to 550 °C,
an increased concentration of CaCO; was observed, result-
ing from the HTLs’ decomposition. Calcium carbonate,
however, exhibits comparatively lower reactivity with sul-
fur dioxide at elevated temperatures, thereby resulting in a
marked reduction in SO, adsorption efficiency. The intro-
duction of HCI-SO, mixed gases into the reactor enhanced
SO, removal efficiency, attributed to the formation of CaCl,
(Swpu 2017). This compound effectively extends the dura-
tion of Reactions 12 to 14:

Ca-Mg-Al HTLs+S0, — Ca-SO, HTLs+CO,+H,0 (12)

Ca-Mg-Al mixed oxides+SO, — Ca-Mg-Al mixed sulfate+H,O
13)

Ca0+250, — CaSO0; (14)

Conclusions

In order to comprehensively explore the impact of various
configuration methods on sorbent properties, an investi-
gation into the adsorption capacities of HTLs was con-
ducted. HTLs were synthesized under different conditions,

Cation exchange

A
o L o “w V C " L C /
ga0e5%%s Semten®s Cemteste, Semsent Sentegtev
) ) 0e ) O © ¢ Electrostatic force
9 e % il % e %l o ®
ove ®oe ®0e ® — ® ;4
" 000 oeoce ooe ° = .Diffusion
[ Sy = 0.. o 09 L. .‘.
RA P &, 0 “& P &,
® ¢ 9 \Q
C ®© © ¢
H a s o 0O Ca Al Mg

@ Springer



Environmental Science and Pollution Research

varying calcium contents, pH values, and crystallization
temperatures, followed by an evaluation of their adsorption
properties using a fixed-bed setup. The findings under-
scored the pivotal role of sorbent structure in shaping
adsorption properties. It was observed that Ca—Mg-Al
mixed oxides with superior structural characteristics and
crystalline forms, obtained under specific optimal condi-
tions, exhibited significantly improved dechlorination per-
formance, with capacity of 663.49 mg/g and adsorption
rate of 0.61 mg/(g min). The introduction of calcium into
the sorbent composition notably enhanced its activity by
increasing diffusion, ion exchange, and cation exchange.

Furthermore, the thermogravimetric experimental
outcomes indicated that the reaction temperature had a
limited influence on the removal of HCI. Interestingly, as
the temperature increased, the removal efficiency for HCI
also improved. Conversely, the removal efficiency of SO,
decreased with rising temperature. Specifically, at tem-
peratures of 350 °C and 450 °C, SO, had no significant
influence on the removal of HCI, allowing the Ca—Mg-Al
HTLs to efficiently remove both HCI and SO, concurrently
with high removal efficiency. Additionally, it was observed
that HCI gas promoted the SO, adsorption efficiency when
the temperature reached 550 °C, largely attributable to the
generation of CaCl,.

Our investigation reveals unprecedented efficiency in
the simultaneous removal of HCI and SO,, setting a new
benchmark for sorbent performance in gas purification
processes. Additionally, identifying the optimal synthesis
conditions for Ca—Mg—Al mixed oxides leads to the crea-
tion of more efficient and customized sorbent materials,
representing a substantial breakthrough in environmental
remediation technologies.

Author contribution Jun Cao: conceptualization, methodology, writ-
ing-original draft, investigation, validation. Songshan Cao: validation,
visualization, data curation. Hualun Zhu: resource, writing—review
and editing. All the authors have read and agreed to the published ver-
sion of the manuscript.

Funding This work was supported by National Natural Science
Foundation of China (NO.52076067), Natural Science Foundation of
Jiangsu Province (NO. BK20201319).

Data availability The datasets used and/or analyzed during the cur-

rent study are available from the corresponding author on reasonable
request.

Declarations
Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

@ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alnouss A, Mckay G, Al-Ansari T (2021) Utilisation of carbon dioxide
and gasified biomass for the generation of value added products.
Comput Aided Chem Eng 50:1567-1572

Aswathi SK, Sarsaiya S, Kumar V, Chaturvedi P, Sindhu R, Binod P,
Zhang ZQ, Pandey A, Awasthi MK (2022) Processing of munici-
pal solid waste resources for a circular economy in China: an
overview. Fuel 317:123478

Bjoerkman E, Stroemberg B (1997) Release of chlorine from biomass
at gasification conditions. Swedish National Board for Industrial
and Technical Development (NUTEK)

Btesznowski M, Jewulski J, Zieleniak A (2013) Determination of H2S
and HCI concentration limits in the fuel for anode supported
SOFC operation. Cent Eur J Chem 11:960-967

Cao J, Zhong W, Jin B, Wang Z, Wang K (2014) Treatment of hydro-
chloric acid in flue gas from municipal solid waste incineration
with Ca—-Mg—Al mixed oxides at medium-high temperatures.
Energy Fuels 28(6):4112-4117

Cao J, Chen T, Jin B, Huang Y, Hu C (2018a) Adsorption of HCI
on calcined Ca and Zn hydrotalcite-like compounds (HTLs)
at medium-high temperature in flue gas. Ind Eng Chem Res
58(1):18-26

Cao J, Chen T, Jin B, Huang Y, Hu C (2018b) Structural effects of HCI1
adsorption on Mg-Fe hydrotalcite-like oxides at 350-650 °C in
flue gas. Ind Eng Chem Res 57(44):14939-14947

Cao S, Cao J, Zhu H, Huang Y, Jin B, Materazzi M (2024) Removal
of HCI from gases using modified calcined Mg-Al-CO3 hydro-
talcite: performance, mechanism, and adsorption kinetics. Fuel
355:129445

Cavani F, Trifiro F, Vaccari A (1991) Hydrotalcite-type anionic
clays: preparation, properties and applications. Catal Today
11(2):173-301

Chebout R, Tichit D, Layrac G, Barama A, Coq B, Cota I, Rangel ER,
Medina F (2010) New basic catalysts obtained from layered dou-
ble hydroxides nanocomposites. Solid State Sci 12(6):1013-1017

Chibante VG, Fonseca AM, Salcedo RR (2010) Modeling dry-scrub-
bing of gaseous HCI with hydrated lime in cyclones with and
without recirculation. J Hazard Mater 178(1-3):469-482

Cota I, Ramirez E, Medina F, Layrac G, Chebout R, Tichit D (2010a)
Alkaline-earth-doped mixed oxides obtained from LDH nanocom-
posites as highly basic catalysts. Catal Today 152(1-4):115-118

Cota I, Ramirez E, Medina F, Sueiras JE, Layrac G, Tichit D (2010b)
Highly basic catalysts obtained by intercalation of La-containing
anionic complexes in layered double hydroxides. Appl Catal A
382(2):272-276

Diaz-Pérez MA, Serrano-Ruiz JC (2020) Catalytic production of jet
fuels from biomass. Molecules 25(4):802

Elwakeel KZ (2010) Removal of Cr(VI) from alkaline aqueous solu-
tions using chemically modified magnetic chitosan resins. Desali-
nation 250(1):105-112


http://creativecommons.org/licenses/by/4.0/

Environmental Science and Pollution Research

Elwakeel KZ, Elgarahy AM, Khan ZA, Almughamisi MS, Al-Bogami
AS (2020a) Perspectives regarding metal/mineral-incorporating
materials for water purification: with special focus on Cr(vi)
removal. Materials Advances 1(6):1546-1574

Elwakeel KZ, Shahat A, Al-Bogami AS, Wijesiri B, Goonetilleke A (2020b)
The synergistic effect of ultrasound power and magnetite incorporation
on the sorption/desorption behavior of Cr(VI) and As(V) oxoanions in
an aqueous system. J Colloid Interface Sci 569:76-88

Grossman AD, Yang Y, Yogev U, Camarena DC, Oron G, Bernstein
R (2019) Effect of ultrafiltration membrane material on foul-
ing dynamics in a submerged anaerobic membrane bioreactor
treating domestic wastewater. Environ Sci: Water Res Technol
5(6):1145-1156

Hamouda S, Bouteraa S, Miloud A, Mekki I, Nourredine B (2018)
Adsorption behavior of trypan blue on hydrotalcite. Der Pharma
Chemica 10(6):128-134

Hoyo CD (2007) Layered double hydroxides and human health: an
overview. Appl Clay Sci 36(1/3):103-121

Jakobs T, Fleck S, Snger A, Djordjevic N, Kolb T (2013) Twin fluid
atomization of biogenic slurry and its influence on gasification
process in entrained flow reactor. European Conference Liquid
Atomization & Spray systems - ILASS 2013

Kameda T, Tochinai M, Kumagai S, Yoshioka T (2020) Treatment of
HCI gas by cyclic use of Mg—Al layered double hydroxide inter-
calated with CO32. Atmos Pollut Res 11(2):290-295

Krishnan G, Gupta R, Ayala R (1999) Development of disposable sorb-
ents for chloride removal from high-temperature coal-derived gases.
Office of scientific & technical information technical reports

Kuramochi H, Wu W, Kawamoto K (2005) Prediction of the behaviors
of HS and HCI during gasification of selected residual biomass
fuels by equilibrium calculation. Fuel 84(4):377-387

Lee MT, Wang ZQ, Chang JR (2003) Activated-carbon-supported
NaOH for removal of HCI from reformer process streams. Ind
Eng Chem Res 42(24):6166-6170

Lee S, Chung S-W, Lee S-J, Yun Y (2013) Corrosion of type
316L stainless steel piping in synthetic gas plants. Corrosion
69:921-953

Lee Y, Kim S, Kwon EE, Lee J (2020) Effect of carbon dioxide on
thermal treatment of food waste as a sustainable disposal method
- ScienceDirect. J CO2 Util 36:76-81

Li Y, Wang H, Jiang L, Zhang W, Chi Y (2015a) HCI and PCDD/
Fs emission characteristics from incineration of source-clas-
sified combustible solid waste in fluidized bed. RSC Adv
5(83):67866-67873

Li YJ, Wang WJ, Cheng XX, Su MY, Ma XT, Xie X (2015b) Simulta-
neous CO2/HCI removal using carbide slag in repetitive adsorp-
tion/desorption cycles. Fuel 142:21-27

Li Y, Li X, Wang H, Yang T, Li R (2019) Gas phase migration of
ClI during thermal conversion of municipal solid waste. Energy
Sources Part A Recover Util Environ Effects 42(7):1-8

Liang SY, Fan ZY, Zhang WD, Guo M, Cheng FQ, Zhang M (2018)
Inexpensive metal oxides nanoparticles doped Na2CO3 fibers for
highly selective capturing trace HCI from HCI/CO2 mixture gas
at low temperature. Chem Eng J 352:634-643

Liu ZS (2005) Advanced experimental analysis of the reaction of
Ca(OH)(2) with HCI and SO2 during the spray dry scrubbing
process. Fuel 84(1):5-11

Liu GC, Wang HM, Deplazes S, Veksha A, Wirz-Tondury C, Giannis
A, Lim TT, Lisak G (2021) Ba-Al-decorated iron ore as bifunc-
tional oxygen carrier and HCI sorbent for chemical looping com-
bustion of syngas. Combust Flame 223:230-242

Liu C, GuJX, Zhou S, Qian BB, Etschmann B, Liu JZ, Yu DX, Zhang
L (2022) Silica-assisted pyro-hydrolysis of CaCl2 waste for the
recovery of hydrochloric acid (HCI): reaction pathways with the
evolution of Ca(OH)Cl intermediate by experimental investigation
and DFT modelling. J Hazard Mater 439:1-11

Lundin L, Gomez-Rico MF, Forsberg C, Nordenskjoeld C, Jansson S
(2013) Reduction of PCDD, PCDF and PCB during co-combus-
tion of biomass with waste products from pulp and paper industry.
Chemosphere 91(6):797-801

Mann MK (1995) Technical and economic assessment of producing
hydrogen by reforming syngas from the Battelle indirectly heated
biomass gasifier. National Renewable Energy Lab

Mizukoshi H, Masui M, Iskandar F, Kim JC, Otani Y (2007) Reaction
of hydrogen chloride with hydrated lime for flue gas cleaning of
incinerators. Kagaku Kogaku Ronbunshu 33(2):154-159

Murciano LT, White V, Petrocelli F, Chadwick D (2011) Sour com-
pression process for the removal of SOx and NOx from oxyfuel-
derived CO2. Energy Procedia 4(1):908-916

Nzihou JF, Hamidou S, Bouda M, Koulidiati J, Segda BG (2014)
Using Dulong and Vandralek formulas to estimate the calorific
heating value of a household waste model. Int J Sci Eng Res
5(1):1878-1883

Pan J, Jiang H, Qing T, Zhang J, Tian K (2021) Transformation and
kinetics of chlorine-containing products during pyrolysis of plas-
tic wastes. Chemosphere 284:131348

Shemwell B, Levendis YA, Simons GA (2001) Laboratory study on the
high-temperature capture of HCI gas by dry-injection of calcium-
based sorbents. Chemosphere 42(5-7):785-796

Singh A, Gupta A, Rakesh N, Shivapuji AM, Dasappa S (2022) Syngas
generation for methanol synthesis: oxy-steam gasification route
using agro-residue as fuel. Biomass Conv Bioref 12(5):1803-1818

Swpu P (2017) A novel rate of the reaction between NaOH with CO2
at low temperature in spray dryer. Petroleum 3(1):51-55

Tan Z, Niu G, Qi Q, Zhou M, Yao W (2020) Ultra-low emission of
dust, SOx, HCI and NOx by ceramic catalytic filter tube. Energy
Fuels 34:4173-4182

Toraishi T, Nagasaki S, Tanaka S (2002) Adsorption behavior of 103
by CO32- and NO3-hydrotalcite. Appl Clay Sci 22:17-23

Truc NTT, Lee BK (2019) Sustainable hydrophilization to separate
hazardous chlorine PVC from plastic wastes using H2 O 2 /ultra-
sonic irrigation. Waste Manag 88(2):28-38

Verdone N, De Filippis P (2006) Reaction kinetics of hydrogen chloride
with sodium carbonate. Chem Eng Sci 61(22):7487-7496

Wang LJ, Xu XY, Evans DG, Duan X, Li DQ (2010) Synthesis and
selective IR absorption properties of iminodiacetic-acid inter-
calated MgAl-layered double hydroxide. J Solid State Chem
183(5):1114-1119

Wang H, Liu G, Boon YZ, Veksha A, Lisak G (2020) Dual-functional
witherite in improving chemical looping performance of iron ore
and simultaneous adsorption of HCI in syngas at high tempera-
ture. Chem Eng J 413(4):127538

Wang B, Gupta R, Bei L, Wan Q, Sun L (2023) A review on gasifi-
cation of municipal solid waste (MSW): syngas production, tar
formation, mineral transformation and industrial challenges. Int J
Hydrogen Energy 48(69):26676-26706

Xie Y, Wang L, Li H, Westholm LJ, Carvalho L, Thorin E, Yu Z,
Yu X, Skreiberg @ (2022) A critical review on production,
modification and utilization of biochar. J] Anal Appl Pyrolysis
161:105405

Ye Q, Anwar MA, Zhou R, Asmi F, Ahmad I (2020) China’s green
future and household solid waste: challenges and prospects. Waste
Manage 105:328-338

Zhang Y, Ji Y, Qian H (2021) Progress in thermodynamic simulation
and system optimization of pyrolysis and gasification of biomass.
Green Chem Eng 2(3):266-283

Zheng JL, Zhu YH, Sun GT, Dong YY, Zhu MQ (2022) Bio-oil gasi-
fication for production of the raw gas as ammonia syngas. Fuel:
J Fuel Sci 327:1-10

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Unlocking high-performance HCl adsorption at elevated temperatures: the synthesis and characterization of robust Ca–Mg–Al mixed oxides
	Abstract
	Introduction
	Material and experimental method
	Materials and synthesis of HTLs
	Experimental and test processing
	Adsorbent performance testing experiment
	Thermogravimetric analysis
	Experimental data processing

	Characterization methods

	Results and discussion
	The effect of synthesis conditions of HTLs
	The effect of crystallization temperature
	The effect of pH of the solution
	Effect of molar ratio of CaMg

	The characteristic of HTLs
	Thermogravimetric experiments

	Conclusions
	References


