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Keywords: The management of hydrogen halides (HX) in industrial flue gases has gained renewed attention due to
Hydrogen halides increasingly stringent emission regulations worldwide. Dry treatment processes that utilize the injection of solid
HCl sorbents are effective methods for separating HX from flue gases in various sectors. Their environmental and
Egr economic sustainability critically depends on their optimization, requiring an improved understanding of the

Acid gas removal fundamental physicochemical phenomena governing the gas-solid reaction process. Thus, a comprehensive re-

Flue gas treatment view of experimental studies on the use of calcium-, sodium-, and magnesium-based sorbents for dry HX

Dry sorbent injection treatment is proposed, tracking the state of the art to identify knowledge gaps, guide future research, and support
current industrial practice. Data from different sources are systematically examined to elucidate the influence of
conditions such as temperature, humidity, and gas composition on sorbent performance. Distinct reactivity
profiles among sorbents are highlighted, with Na-based reactants exhibiting superior HCl removal efficiency at
low temperatures, Ca-based reactants benefiting from moisture and surface area enhancements, and dolomitic
sorbents emerging as the most effective for high-temperature applications. Critical challenges in the modelling of
gas-solid reactions for HX removal are analyzed, focusing on the limitations of conventional approaches, such as
the inability to fully capture incomplete sorbent conversion in Ca-based reactants. The investigation of sorbent
performance towards HF and HBr, key pollutants in emerging flue gas treatment markets, and the character-
ization of competitive and synergistic phenomena involved in the simultaneous removal of multiple halides are
identified as the main research needs to advance dry sorption in industrial flue gas cleaning.
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1. Introduction
1.1. Hydrogen halides emissions in flue gases

Hydrogen halides (HX, where X stands for F, Cl, Br, I) are a class of
hazardous materials that are present in gaseous form in several indus-
trial flue gas streams, more frequently due to the combustion of a fuel or
to the thermal decomposition of a raw material that contains the cor-
responding halogen. Quantitatively speaking, the anthropogenic emis-
sions of hydrogen chloride (HCl) are the most relevant among halides,
leading to an estimated global annual rate in the range of 1661-3200
ktcy/y [1]. The main source of HCl emissions is the incineration of in-
dustrial and urban waste [2,3]. Specifically, HCI can be released from
the combustion of alkali salts in food waste [4] and Cl-containing
plastics [5], such as polyvinyl chloride, PVC [6], which exhibits a
chlorine content >6wt% [7]. HCI is also present in medical waste:
during their combustion, HCl gas can evolve from Cl-bearing plastics
and physiological saline solutions [8].

Biomass combustion can also give rise to HCl emissions [9],
depending on the chlorine concentration in the biomass fuel, which is
typically low in wood and higher in herbaceous biomass, fruit, and crop
residues [10]. HCl is a typical contaminant also in other thermal treat-
ment of waste and biomass, as it is present, e.g., in syngas derived from
biomass gasification [11,12] or plastic pyrolysis [13]. Biogas from
landfill gas collection or sewage sludge digestion contains HCl as a trace
pollutant [14]. Furthermore, coal-fired power plants are estimated to
contribute to ca 25 % of the global HCl emissions [1], as hard and brown
coals have a world average Cl content of 340 and 120 ppm, respectively
[15]. In the pyrometallurgical recovery of spent Li-ion batteries, the use
of chlorinating agents is expected to be a source of HCl emissions [16].

Hydrogen fluoride (HF) is also a typical pollutant in flue gases from
waste incineration. Its presence is often associated with specific waste
streams, such as, e.g., materials containing polytetrafluoroethylene
(PTFE) as automotive shredder residues [17], or sewage sludge rich in
per- and polyfluoroalkyl substances [18]. Beyond waste incineration, HF
emissions are prevalent in other industrial sectors. HF is commonly
found in flue gases from the ceramic tile industry [19], where it is
released from the decomposition of fluorine-bearing clays [20]. Along-
side HCl, HF is a flue gas contaminant in copper smelting [21] and glass
manufacturing, where it might arise from the thermal decomposition of
F-containing raw materials and the inclusion of specific chemical addi-
tives [22]. In the aluminum industry, HF is present in the effluent gases
from the electrolytic production of primary aluminum [23,24] and it can
be released by thermal pre-treatment of aluminum waste (e.g.,
PTFE-coated cookware) during secondary aluminum production [25].

Hydrogen bromide (HBr) is a highly specific pollutant, and its
emissions typically evolve from the thermal treatment of brominated
compounds [26]. As brominated resins are extensively used as flame
retardants, electronic waste (WEEE) and waste printed circuit boards
(WPCBs) usually contain brominated compounds [27]. An estimation of
the amount of the yearly production of brominated resins is provided by
Ghosh et al. [28] (200 kt worldwide at the time of the study), while
Beccagutti et al. [29] provide figures concerning the Br content in
WEEE. Relevant HBr emissions are thus present in the incineration of
brominated wastes and in pyrometallurgical processes, which represent
a growing sector for the recovery of valuable critical elements from
WEEE and WPCBs [30].

Table 1 provides a summary of the main industrial sectors where
emissions of gaseous hydrogen halides occur and the related typical
ranges of HX concentrations in the untreated flue gas.

The uncontrolled emission of hydrogen halides is harmful for human
health and the ecosystem, as these compounds are toxic substances,
precursors of environmental acidification [28,40] and contributors to
photochemical pollution [41]. In fact, HCl has been the first major
pollutant to be regulated through pollution control legislation in history,
dating back to the Alkali Act enacted by the British Parliament in 1863
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Table 1

Main industrial sectors affected by the emission of hydrogen halides.
Sector/activity Typical concentration in raw flue gas Source

(mg/Nm®)
HCl HF HBr

Waste incineration
Municipal solid waste 500-2000 5-20 trace [31-33]
Industrial waste 3000-10000 50-1000 trace [32]
Medical waste 2500 5-20 trace [8,34,35]
Sewage sludge 500-1500 5-100 [18,32]
WEEE / batteries 50-1000 5-100 50-3000 [29]
Coal combustion 5-100 - - [36]
Biomass combustion 100-1000 - - [37]
Non-ferrous metals Smelting Trace 30-70 [38,25]
Ceramic manufacturing 30-50 30-150 - [39]

to limit the venting of hydrochloric acid in soda ash production [42].
Significant progress has been made over the decades to curb the emis-
sions of hydrogen halides [43] and, nowadays, the concentration of HX
compounds at the stack of facilities such as waste-to-energy (WtE) plants
is typically orders of magnitude lower than that in the untreated flue gas
[44]. However, interest in HX removal is rising again for at least two
reasons.

First, current environmental policies worldwide are setting new,
ambitious standards for air pollution control. A relevant example is the
European Union (EU) Action Plan towards “Zero Pollution” for air,
water, and soil [45], coupled with the continuous improvement required
by Best Available Techniques (BAT) updates in industrial emissions
policy [46]. Similarly, starting from the introduction of ultra-low
emission (ULE) standards for coal-fired power plants in 2014 [47],
China has inaugurated a season of ambitious emission control policies
across all industrial sectors. For instance, the Chinese flat glass industry
is now subject to some of the strictest acid gas emission standards
worldwide [48], and the significant increase in waste incineration ca-
pacity has been coupled with a significant tightening of emission control
requirements [49].

Second, a significant driver for current research is the need to opti-
mize the flue gas cleaning process from a holistic point of view, focusing
not only on the minimization of the emissions at the stack, but also on
the reduction of the environmental impact across the entire life cycle of
flue gas treatment [50]. Suboptimal processes consume excess feed rates
of reactants and generate high amounts of solid residues, which are
classified as hazardous waste for the presence of trace pollutants such as
heavy metals and dioxins, and due to the high leaching potential of solid
halides [51,52].

This review aims at tracking the state of the art concerning the
heterogeneous gas-solid reaction processes involved in HX abatement in
dry treatment technologies, specifically addressing the underlying
fundamental physicochemical phenomena crucially influencing yields
and conversions of the full-scale industrial systems.

Dry treatment processes based on the reaction of HX with Ca-, Na-,
and Mg-based sorbents, as discussed in the following, are the most
widespread technologies for HX abatement across industrial sectors.
Despite the apparent simplicity of such reaction processes, several
fundamental aspects still need to be fully understood. The comparative
reactivity of the different categories of sorbents toward the different
halides (and combination thereof) has not been characterized by any
single study over the full range of operating temperatures of industrial
interest. Furthermore, a representative description of the influence of
moisture and interfering species typically present in the flue gas (SO,
COy) is still an unresolved challenge limiting the accuracy of conven-
tional modelling approaches.

Therefore, the present study collects and systematizes the relatively
fragmented literature on the topic to: i) combine experimental evidences
from different sources to provide reactivity data on the widest combi-
nations of hydrogen halides, sorbents, and operating conditions
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(temperature, humidity, flue gas composition), ii) analyze the open is-
sues in the phenomenological characterization of the reaction process
and the modelling approaches adopted to target them, and iii) identify
the key gaps that ongoing research in the field should aim to address.

1.2. Dry hydrogen halide removal processes

Processes for the removal of acid pollutants from flue gas streams can
be classified into either “wet processes” or “dry processes”, including
semi-dry techniques [53].

Wet processes, based on the scrubbing of flue gases with water or
basic solutions [54], in order to promote the physical and chemical
absorption of hydrogen halides, have been in the past the most wide-
spread technology, due to the high removal efficiency and low operating
costs. However, wet scrubbing presents relevant drawbacks, namely the
production of acidic or basic wastewater streams, carrying trace con-
taminants, which require physicochemical treatment before safe
discharge into public sewage systems [55], and the cooling and satu-
ration of the flue gas released into the atmosphere, which hinders at-
mospheric dispersion and creates plume visibility issues [56].

In recent years, dry and semi-dry treatments were increasingly
considered as alternatives to wet processes, in particular in Europe [57,
58]. Dry sorbent injection (DSI) processes consist of the direct intro-
duction into the flue gas ductwork of a pulverized basic sorbent [59]. In
semi-dry techniques, the sorbent is sprayed in the form of a water sus-
pension, which quickly evaporates in the hot flue gases [60]. In both
cases, the sorbent reacts with acid pollutants via a heterogeneous re-
action process. At the core, the reaction is an acid-base neutralization
that can be summarized as follows:

Base + Acid—Salt + Water (€9)

The resulting salts are solid reaction products that are collected
downstream in gas-solid separators (typically, fabric filters [61]. The
filter is an integral part of the DSI technique, as the reaction takes place
both in the duct upstream of the filter and on the layers of solid particles
deposited on the filter itself, thus increasing the overall contact time
between sorbent and gaseous reactant [62]. DSI methods are widely
employed in industrial processes and are listed among the best available
techniques (BAT) for flue gas treatment in the BAT Reference Documents
of the European Commission for a variety of industrial sectors. The
benefits of DSI include low investment costs and low impact on plant
layout, ease of operation, possibility of combination with dioxins,
mercury, and fine particles removal [63].

Nevertheless, dry processes present a relevant drawback. To ensure
safe compliance with emission standards and to achieve high removal
efficiency, a large excess in sorbent feed, up to more than 4-5 times the
stoichiometric demand, is typically fed to the process [53]. The over-
consumption of reactants and the resulting overproduction of solid
process residues constitute both an unnecessarily high operating
expenditure and a non-negligible source of indirect environmental
impact [55].

Under the concurrent drivers of increasingly stringent emission
limits, on one hand, and soaring costs for the procurement of sorbents
and the management of solid process residues, on the other hand, plant
operators and technology suppliers face the pressing need to optimize
the DSI process and enhance sorbent utilization. Therefore, a better
understanding of the fundamentals of the gas-solid reaction process is
required to go beyond an operational practice that is currently mostly
empirical [33] and to allow for a fully aware optimization of the design
and control of acid gas treatment systems.

1.3. Structure of the review
This review is structured as follows. Section 2 provides some meth-

odological notes and preliminary scientometric data concerning the
documents collected. Section 3 presents the different types of sorbents
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studied in the literature with regard to HX removal via gas-solid re-
actions. Section 4 reviews the experimental setups and conditions
adopted by investigators. A critical discussion of the most relevant
experimental findings is carried out in Section 5 with reference to the
removal of single hydrogen halides (HCI, HF, and HBr) and in Section 6
with reference to studies addressing the simultaneous removal of
different halides, also considering the most relevant interfering acidic
species (SO and CO53). Section 7 discusses the comparative performance
assessment of sorbents. The modelling approaches developed in the
literature for the interpretation of experimental findings are reviewed in
Section 8. Lastly, Section 9 summarizes the most relevant findings, and
in Section 10, the conclusions and future perspectives are stated.

2. Methodology
2.1. Inclusion criteria

The present review analyzes methodological approaches, models and
experimental findings reported in scientific publications addressing the
removal of hydrogen halides, available in international peer-reviewed
journals indexed in the Scopus database. The approach used in the
systematic review is in accordance with the PRISMA Flow Diagram [64].
Relevant publications were searched using the combination of keywords
listed in Table 2, identifying a corpus of 230 papers encompassing
research published from the 1980s to the present day. Fig. 1 illustrates
the flow chart of the methodology applied for the bibliographic search,
also reporting the number of records identified, screened, excluded, and
included in the review.

2.2. Scientometric analysis

Fig. 2 illustrates the timespan of the body of literature considered for
the present review. The removal of hydrogen halides for flue gas
cleaning has been an active field of research since the late 1970s, but the
distribution of scientific articles has been irregular over the years. Such
variability, which also exhibits differences across countries, may be
attributed to the divergent evolution of environmental regulations.

In North America, the relevant research effort on the topic from the
1980s up to the early 2000s can be directly linked to intense regulatory
activity over those decades, starting with the 1990 US Clean Air Act
(CAA) Amendments [65], requiring the creation of technology-based
standards for emission control and dedicated CAA rules for municipal
waste combustors (first extension in 1995 and revision in 2006). The
publications dating back to that period (see Fig. 2) served as a scientific
and technical base for the implementation of standards, as most of the
research was funded or directly performed by the US Environmental
Protection Agency.

Analogously, in Europe, a relevant research activity preceded the
first publication of the EU reference documents on the best available
techniques for emission control in the WtE sector (2006), large com-
bustion facilities (2006), and industrial sectors such as glass and ceramic
tile manufacturing (2008). However, after a decade of relative inac-
tivity, a renewed interest in acid gas removal is present in recent years.
Although industrial flue gas treatment systems have been able to comply

Table 2
Generation of search strings by the combination of three-level keywords.

Primary words (pollutant) Secondary words Tertiary words

(process) (sorbent)
“Hydrogen chloride”, HCl removal calcium

“Hydrogen fluoride”, HF (ad)sorption sodium
“Hydrogen bromide”, HBr treatment magnesium

abatement lime

reaction dolomit*

neutralization

injection
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Fig. 2. Year of publication and geographical distribution of the affiliation of
the authors of the publications included in the study.

with extremely tight emission standards on hydrogen halides for years
[43], the concept of integrated pollution control, which is a cornerstone
in the EU policy on industrial emissions (Industrial Emissions Directive),

has recently imposed a paradigm shift from the mere compliance with
emission limit values at the stack to a holistic minimization of the overall
environmental impact of an industrial process. Nowadays, close atten-
tion is paid to the reduction of the cross-media effects of flue gas
treatment [50,66,67]. Therefore, a renewed focus on the optimization of
flue gas cleaning processes, in order to rationalize reactant usage and
process waste generation, has rekindled the interest for a deeper un-
derstanding of the chemical and physical fundamentals of HX abatement
[68,69].

As shown in Fig. 2, publications authored by scientists with affilia-
tions in the Asian continent have seen a remarkable increase over the
years. The introduction in 2014 of the so-called “ultra-low emissions”
(ULE) standards policy in China for existing and new coal-fired power
plants [70], together with a general strengthening of emission standards
across industrial sectors [48], is often cited as the motivation for un-
dergoing research on acid gas removal in the introduction of scientific
publications from Chinese research institutions.

Fig. 3 shows the relations between the different research groups
active in the field. The analysis, performed using the VOSviewer soft-
ware, correlated articles by citations, using organizations as reference
units, encompassing both universities and research institutes. As shown
in the figure, in recent years, Chinese universities have performed most
of the research in the field, although significant research activity is also
carried out in Europe, where the University of Bologna (Italy) and the
Czech Academy of Science (Czech Republic) emerge as the most active
centers of investigation on the topic.
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Fig. 3. Scientometric mapping of research institutions active in the acid gas removal field, classified per year of the most recent publication.

3. Sorbents

Various sorbents for acid gas removal have been extensively inves-
tigated in the literature and adopted in current industrial practice. They
can be grouped in two broad categories: commercial sorbents, i.e., sor-
bents that are already on the market and employed for flue gas treatment
at full-scale facilities, and innovative sorbents, i.e., sorbents that have
been synthesized by research groups and to date tested only at labora-
tory or pilot scale.

3.1. Commercial sorbents

Commercial sorbents can be further divided into calcium-, sodium-,
and magnesium-based sorbents.

Calcium-based sorbents. Ca-based compounds have been the first
reactants to be considered for dry acid gas removal. Earlier acid gas
abatement efforts, focused first on SO, emission control in coal-fired
power plants [71] and then also on HCI [72], were based on the
high-temperature injection of raw limestone (chemically, calcium car-
bonate, CaCO3) directly in the combustion chamber. From the late
1980s, the use of calcium hydroxide, Ca(OH),, was introduced in flue
gas treatment, obtained from the calcination and subsequent hydration
of limestone. Commonly known as hydrated lime or slaked lime, Ca
(OH), is more reactive than calcium carbonate, mainly due to the
increased basic strength [73] and the higher porosity [74]. Commercial
hydrated lime samples typically exhibit a BET surface area in the range
10-25 m?/g [75,76], although specific products with Spgr > 40 m?/g
are now available on the market [77].

Depending on the injection temperature, the species reacting with
hydrogen halides can be either Ca(OH); or calcium oxide (Ca0), if in-
jection takes place at a temperature higher than 400°C. Similarly, when
calcium carbonate is injected, the reacting compound may be CaCOs or
CaoO if the injection takes place at a temperature higher than 650°C [78].

Several studies regarding the gas-solid reaction between Ca-based
sorbents and HCl have assumed calcium chloride (CaCl,) as the solid-
phase product, either in anhydrous or dihydrate form:

Ca(OH)z (s) +2-HCl(g) = CacCl, s) T 2'H20(g) (@3]
Ca(OH),  +2-HClg = CaCl, -2-H,Oy 3)
CaO (s) + 2'HCl(g) = CaClg (s) + HzO(g) (4)

However, studies focusing on the identification of the reaction
product via analytical techniques pointed out the formation of calcium
hydrochloride (CaOHCI), a compound characterized by Allal et al. [79],
as an intermediate or as the final solid product of the reaction,
depending on operating conditions. Chin et al. [80] found that the
chlorination product of CaO is initially CaOHCI, but over an extended
reaction period (800 min) CaOHCI ultimately transforms into CaCls.
Partanen et al. [81]determined that the only chlorination product of
CaO at T > 650 °C for a shorter reaction time (15 min) is CaOHCI, while
in the case of a longer exposure (150 min), CaCl, is formed. Jozewicz
and Gullett [78] reported the formation of different products depending
on the reaction temperature: a mixture of CaClye2 H,0 and CaOHCI at
500 °C and only CaOHCI at 200 °C. In the temperature range of main
interest for DSI applications (120-180 °C), Dal Pozzo et al. [82] reported
only CaOHCI as the reaction product. Accordingly, sample evidence
from the chemical analysis of solid residues collected from full-scale dry
flue gas treatment systems [83-87] confirm that CaOHCl is the primary
solid product of the reaction between Ca(OH), and HCI at low temper-
atures, which proceeds as follows:

Ca(OH), , +HClg = CaOHCl, + H,O ©)

Conversely, experiments carried out in a thermogravimetric analyser
(TGA) found that, at temperatures higher than 500 °C, CaOHCl in the
presence of CaO converts to CaCly [82,88], confirming that in the high
temperature range the stable product of reaction with HCl is CaCl,. A
wider discussion on the characterization of the reaction products in the
Ca(OH),/HCI system is provided by Dal Pozzo et al. [82].

When calcium hydroxide reacts with HF and HBr, the following
stoichiometric equations are assumed [89,90]:
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Ca(OH)z (s) + 2~HF(g) = CaF, (s) + 2'H20(g) 6)

Ca(OH)2 (s) + 2~HBr(g> = C(IBTZ(S) + 2'H20(g) (7)

No evidence of the formation of oxidized products is reported in the
literature to date.

Sodium-based sorbents. The first studies on the use of sodium
carbonate (NagCO3) for acid gas abatement date back to the 1980s, as
documented by Mocek et al. [91] and Kimura and Smith [92]. However,
it was not until the mid-1990s that Solvay S.A. launched the NEUTREC
process [93], Na-based sorbents gained widespread commercial adop-
tion, primarily in WtE plants. The NEUTREC process is a typical DSI
technique, involving the injection of NaHCO3 into the flue gas stream at
an optimum temperature of 200 °C and the subsequent separation of
solid reaction products using a fabric filter or an electrostatic precipi-
tator [94,95].

When introduced in the flue gas at a temperature higher than 130 °C,
sodium bicarbonate undergoes an almost instantaneous decomposition
to sodium carbonate [96]:

2.NaHCOs (5 = Nay;COs (5 +CO; (g +H,0p ®

This process, also known as thermal activation, has a pivotal role in
enhancing the reactivity toward acid pollutants. The release of CO5 and
H20 generates a porous structure that increases the specific surface area,
improving in turn the efficiency of the reactions with acid gases [97]

The nascent sodium carbonate reacts with hydrogen halides to form
the corresponding sodium salt according to the following reactions [98,
99]:

N(lzCO;; (s) + 2'HCl(g) —>2-N(1Cl(s) + COZ [t3) + HZO(g) (93)
Na,CO; )+ 2~HF(g) —>2~N0_F(s) + CO, @t HzO(g) (9b)
Na,CO; Ohs 2-HBr<g) —>2~NG.BT(S) + CO, @t Hzo(g) (9¢)

Magnesium-based sorbents. Sorbents derived from dolomite rock
have been introduced in the last few years for specific use in high-
temperature furnace injection, to overcome the limitations of lime-
stone [100]. Their chemical composition typically includes calcium
hydroxide, Ca(OH)2, magnesium oxide, MgO, and/or magnesium hy-
droxide, Mg(OH), [101]. The advantage of these reactants, often
referred to as dolomitic sorbents, is due to the presence of the Mg
compounds, exhibiting a high Tammann temperature that explains
enhanced resistance to sintering [102].

When injected in a combustion chamber, at temperatures higher
than 800 °C, the hydroxides undergo decomposition, releasing water
vapor and forming meso- and macropores in the material [103]:

Ca(OH), (Mg0),-(Mg(OH),), , ,~Ca0-Mg0,, + (2~ x)H;0
10)

The development of the porous structure promotes the reactivity of
the sorbent towards acid pollutants. The possible reactions with HCl are
the following [103]:

CaOy + 2HCly—CaCl, + Hy0p 11

MgO(SH— 2'HCl(g)—>MgClz (s) HzO(g) 12)

Nonetheless, it is generally assumed that MgO is inert towards HCl in
the temperature range of interest (800-1000°C). The thermodynamic
analysis carried out by Dal Pozzo et al. [100] indicates that, at tem-
peratures exceeding 900 °C, only reaction 11 shows a negative Gibbs
free energy of reaction. Correspondingly, Zhou et al. [104] found no
magnesium chloride in the solid residues resulting from HCl removal
with dolomitic lime.

Therefore, in the acid gas removal process started by the activated
dolomitic sorbent following reaction 10, it is postulated that CaO is the
active compound reacting with HCI (as well as with other acid pollutants
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present in the flue gas, as SO5), while MgO acts as a sintering-resistant
structural component, preventing the collapse of the porous structure
that develops during reaction 10, as proposed by Biganzoli et al. [103].

3.2. Innovative sorbents

To enhance the efficiency of acid gas removal, a wide body of
research has been devoted to novel formulations of Ca-, Na-, and Mg-
based sorbents that overcome the limitations of commercial materials.
The main goals are: i) enhancing sorption kinetics by increasing the
specific surface area of the sorbent, and ii) reducing sintering by the
incorporation of a support. Relevant examples of synthetic sorbents
formulated in the literature are listed in Table 3, classified by the syn-
thetic approach.

The simplest synthesis method is represented by the mere wet mixing
of precursors in water or aqueous solutions. Upon drying, the resulting
solid phase is crushed and sieved. For Ca-based compounds, adding an
organic solvent to water to form an aqueous hydration solution increases
the surface area of the resulting hydrated lime [75]. Recently, Wang
et al. [87] described the simple synthesis of high-surface-area calcium
hydroxide through the hydration of CaO powder in a solution of ethanol
and deionized water, with the volumetric ratio 3:4 producing the par-
ticles with the highest BET area at over 66 m2/g. If both soluble and
insoluble precursors are used, wet mixing results in a rather uniform
deposition of the soluble compound on the surface of the insoluble
substrate, allowing, e.g., the preparation of mixed Na/Ca sorbents [105]
or Ca/Al sorbents [106].

Impregnation has been frequently adopted to deposit Ca- or Na-based
compounds from an alkaline solution on a support, typically alumina.
For example, Liang et al. [107] coated commercial activated alumina
balls with Ca(OH);, NaOH or NayCO3 by wetness impregnation.
NayCOs-coated alumina balls exhibited the highest HCI binding capac-
ity, as impregnation resulted in the formation of NayCOs5 fibrous struc-
tures, reducing diffusional limitations.

Co-precipitation is a widely used method for the preparation of par-
ticles of micrometric and nanometric size. In the context of Ca- or Na-
based sorbents, a cation solution and an anion solution are generally
mixed at a controlled pH to precipitate either a hydroxide or a carbonate
that can be subsequently calcined [108]. Co-precipitation has often been
employed also to mix the sorbent with inert supports (mainly, Mg or Al)
with the aim of stabilizing the porous structure of the solid [109,110].
Layered double hydroxides (LDHs) are a popular class of sorbent ma-
terials that are in generally synthesized through co-precipitation. LDHs,
sometimes denoted as hydrotalcite-like sorbents, are lamellar com-
pounds where positively charged mixed metal hydroxide layers are
intercalated with interlayer regions containing charge-compensating
anions and water molecules [111]. Kameda and coworkers in 2010
[112] explored the use of magnesium-aluminum LDHs for the neutral-
ization of several acid pollutants, including gaseous HCl. The synthesis
protocol started from magnesium nitrate, ammonium nitrate, and so-
dium carbonate, and involved NaOH for pH correction. The resulting
LDHs were intercalated with CO%’ ions (CO3eMg-Al LDH), but could be
converted into structures intercalated with OH™ ions (OHeMg-Al LDH)
by calcination at 500 °C. The performance of Mg-Al LDHs in removing
HCI was found to increase as the Mg/Al molar ratio increased [113], and
OHeMg-Al LDH exhibited a higher removal efficiency than CO3eMg-Al
LDH [114]. Interestingly, the authors demonstrated that HCl sorption on
the synthesized LDHs is reversible and that the sorbents may be regen-
erated in aqueous NayCO3 [113] or under a CO, flow [115]. Similarly,
Cao and coworkers focused on the synthesis of Ca-Al and Ca-Mg-Al LDHs
[116,117]. They calcined the sorbent synthesized through
co-precipitation in order to remove structural water in the interlayer
galleries and decompose the carbonate anions present in the metal hy-
droxide layers [116]. The resulting material exhibited a specific surface
area 10 times higher than that of reference calcium oxide, leading to a
high removal efficiency once exposed to HCI.
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Table 3

Routes for the preparation of innovative sorbents and relevant examples.
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Synthesis method

Description

Sorbent

References

pelletizing

impregnation

hydrothermal
synthesis

dip-coating

co-precipitation

ball milling

wetmixing
+calcination

e o o o o

o o

® ©6 06 0 06 06 0 0 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o

® © 06 0 06 06 0 0 0 0 0 0 0 0 0 0 0 o

Pelletizing of alkali and alkali earth metals with binders (bentonite or sodium silicate) and

texturing agents.

Drying of pellets at 100 °C for 2 h.

Calcination at 550 °C in air for 6 h.

Impregnation of alkali or alkali earth compounds on Al,O3,

Crushing and sieving of the sorbent.

Dissolution of Ca(OH),, NaOH and Na;CO3 powders in deionized water.
Impregnation of activated alumina balls (AAB) in the solution prepared above.
Ultrasonic shocking for 1 h, immersion for 17 h, and drying at 200 °C for 24 h.
Mixing of NaHCOs, Ca(OH),, Mg(OH), with binders and texturing agents.
Calcination at 550 °C for 6 h.

Mixing of alumina-sol, amorphous silica, and lime in autoclave with distilled water.
Heating at 200 °C for 15 h.

Filtration and drying of the sorbent at 110 °C for 24 h.

Mixing of soda ash and 2-propanol.

Soaking of honeycomb support in the solution prepared above for 1 min
Drying of the solution.

Mixing of Mg(NO3),, AI(NO3)3, and Na,COs at 30 °C.

Dropwise addition of NaOH to keep pH= 10.5.

Stirring for 8 h

Filtering of the precipitated sorbent and washing with deionized water.

Drying at 40 °C under reduced pressure.

Mixing of Mg(NO3)2-6 H20, Ca(NO3)2-4 H20, and Al(NO3)3-9 H2O in deionized water.
Precipitaion of 2 solutions NaHCO3 and Na,CO3.

Titration, filtering, and washing of the solutions.

Drying for 24 h.

Mixing of Mg(NO3),-6 H,0, Ca(NO3)2-4 H,0, and Al(NO3)3-9 H,0 with water at 60 °C.
Dropwise addition of the solution above to a solution of Na;CO3 and NaHCOs.
Titration to keep the pH value at 10.

Aging of the suspension.

Washing of the sorbent with deionized water.

Drying at 85 °C for 1440 min

Mixing of Mg(NOs),-6 H,0, Ca(NO3)2-4 H20, and AI(NO3)3-9 H;0 with water at 60 °C.
Dropwise addition of the solution above to a solution of Na,CO3 and NaHCOs3.
Titration to keep the pH value at 10.

Stirring of the slurry at 65 °C for 24 h.

Filtering and washing with deionized water until pH reached 7.

Drying of the precipitate at 95 °C for 12 h.

Addition of the sorbent to a KF-2 H,O solution.

Primary drying of the precipitate at 150 °C.

Secondary drying at 95 °C for 12 h.

Calcination at 550 °C for 5 h.

Mixing of Mg(NOs), and Al(NO3), with Na,COj3 to keep pH value to 10.
Filtering of the slurry and washing with deionized water.

Calcination at 700 °C in air for 4 h.

Mixing of Mg(NOs), - 6 H20 and Al(NO3),- 9 H20 with NaOH and NaCOs into ultra-pure

water at 60 °C to keep pH value to 11-11.5

Stirring of the sorbent at 60 °C for 2 h.

Growing of crystals at 80 °C for 20 h.

Washing, drying, and sieving of the sorbent.

Mixing and milling of raw slag with NaOH powder.

Heating of the mixture at 600 °C for 6 h.

Cooling of the fused mixture at room temperature.

Milling and mixing with Al(OH)3; powder.

Addition of the mixture into distilled water.

Heating at 120 °C for 24 h.

Filtering and washing of the sorbent with water.

Drying at 60 °C overnight.

Mixing of CaO with NaOH.

Milling with agate grinding balls at 400 rpm for 1 h.
Calcination of CaCOj3 to obtain CaO.

Mixing of CaO with deionized water.

Drying at 75 °C for 12 h.

Powdering of the sorbent with a mortar and a pestle.
Mixing of the powder with deionized water.

Milling with zirconia balls at 100, 200, and 400 rpm for 3 h.
Drying at 75 °C for 12 h.

Dissolution of metal salts/organic solvents with deionized water.
Mixing of the solution with CaO.

Doping with ball milling.

Mixing of of H3Al03-xH,0 and CaAl,0,4 with deionized water.
Stirring at 50 °C.

Calcination of the slurry at 850 °C for 5 h.

Crushing and sieving of the sorbent.

ECI1: NaHCO3, CaCOs3, Ca(OH),, Mg
(OH);

ECI2: Ca(OH),, Al;03

10NayCO3-AAB

NaHCO3, Ca(OH),, Mg(OH),,

[Ca3Al,-(Si04)(OH)s]

Soda ash with honeycomb support

CO3-Mg-AL LDH

Ca—Mg—Al HTlc material

CaMgAI-HTLc

KF/CaMgAIl-HTLc

Na-Mg-Al HTLc

CO5-Mg-AL LDH

CaCOs, CazAly(S8i04).8(OH)g g,
NagAlgSigO24(0H),

NaOH-modified CaO

Modified Ca(OH),

85A1-15Ca

[124]

[124]

[107]

[125]

[126]

[127]

[112]

[117]

[116]

[128]

[129]

[130]

[131]

[123]

[121]

[106]

(continued on next page)
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Table 3 (continued)
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Synthesis method Description

Sorbent References

Mixing of CaCO3 with phenol resin and.

Pellet formation by molding method.

Calcination at 500 °C in nitrogen for 1 h.

Mixing of Nap,COs, alumina-sol, and y-alumina powder.
Drying and calcination in air.

Hydration of CaO with deionized water.

Addition of sodium alkali into industrial CaO and CaCOs,
Drying of the solution.

Mixing of CaO powder with ethanol solution.

Stirring at 70 °C.

Drying at 105 °C for 12 h.

Crushing and sieving of the sorbent.

wet mixing+drying

® o o 06 06 0 0 0 0 0 0 0 0 o

Drying at 105 °C for 12 h.

Mixing of CaO powder with ethanol solution in a 70 °C water bath.

Ca-C [132]

NaAlO, [133]

Ca0+CaCO3-+sodium alkali [105]

Ethanol-modified CaO [87]

Ethanol-modified CaO [134]

Mechanochemistry, i.e., chemical synthesis enabled by the application
of mechanical force [118], has been gaining increasing interest as a
clean, safe, and solvent-free synthesis route for sorbents [119]. Ball
milling, as a key mechanochemical technique, utilizes high-energy
grinding to reduce the particle size of sorbents to nanoscale grains.
For example, Wysocki and Szymanek [120]compared the use of an
impact mill and an electromagnetic mill for the micronization of sodium
bicarbonate. Zhou et al. [121] prepared Ca(OH), particles by ball
milling that presented up to a 52 % higher specific surface area and a 5
times smaller crystallite size compared to Ca(OH), obtained from the
common route of CaO hydration. In addition, ball milling is a suitable
method to synthesize composite sorbents, e.g., by combining a sorbent
compound and a support [122], due to an excellent macro-scale mixing
and micro-scale chemical bond reconstruction. Shen et al. [123] high-
lighted the effectiveness of doping mechanically modified sorbents with
additional agents during ball milling. In particular, they showed that the
addition of 5 wt% NaOH did not negatively affect the porosity of CaO
and enhanced its alkalinity, ultimately improving its HCl removal
performance.

4. Experimental configurations and operating conditions

Table 4 presents the configurations employed in the literature
analyzed for the investigation of the heterogeneous gas-solid dry
removal process of hydrogen halides. The reactions involved in the
process have been studied at different reactor scales. A few authors
carried out TGA sorption tests, typically performed on 1-10 mg of sor-
bent, while the majority opted for fixed-bed reactors, which were
operated at sorbent loads of 10-1000 mg. Although in the industrial DSI
systems the first contact between sorbent and acid pollutants occurs in
entrained flow [135], fixed beds have been a popular choice for their
ease of operation and the reproducibility of test conditions. In addition,
the fixed bed environment still provides a similarity with industrial DSI
systems, where the downstream fabric filter acts both as a solid sepa-
rator and a fixed bed reactor, as the deposited sorbent forms a filter cake
where most of the acid gas capture takes place [136]. Notably, reactor
configurations extend to pilot-scale apparatuses with versatile setups,
resembling industrial systems. For instance, Zach et al. [137]employed a
27 cm-wide heated cylindrical reactor housing candle filters, equipped
with a sorbent feeder and a 15-kW burner upstream for the generation of
HCl- and SOy-rich flue gas via the combustion of impregnated wood
pellets. Eventually, some research groups also carried out experimental
campaigns at full-scale facilities, e.g., by executing test runs of sorbent
injection in the combustion chamber of WtE plants [100,103], or by
proposing a new reactor design and installing it in an existing flue gas
treatment line [138].

The monitoring of sorption performance in the experimental setups
listed in Table 4 was typically conducted via off-gas analysis. Earlier
studies employed pH measurement on the solution obtained from
downstream absorption of off-gases to detect residual hydrogen halides

[74,139], but in more recent research, direct measurement by online gas
analysis has become widespread, with Fourier-transform infrared spec-
troscopy (FT-IR) representing the most frequent analytical choice. Gas
analysis is often complemented with solid analysis, conducted offline, to
characterize the sorbent before and after reaction with gas halides. The
X-ray diffraction (XRD) is used to investigate chemical speciation, the
BET (Brunauer-Emmett-Teller) measurements are used to quantify sur-
face area, and scanning electron microscopy (SEM) is applied to eluci-
date morphology changes in the solid during reaction.

A much higher variety can be observed in the experimental design
when it comes to operating conditions. Table 5 reports the experimental
conditions investigated in the literature, in terms of amount of sorbent,
gas flow rate, and composition, temperature, and moisture. Particular
attention should be paid to the broad span of acid-to-sorbent ratios
employed by different studies, ranging, e.g., for Ca-based reactants from
4 mg of sorbent for 18 mg/h of HCI flow [140] to 3000 mg of sorbent for
2.45 x 1072 mg/h of HCI flow [141].

In the following sections, results from different studies will be
compared in order to draw general observations on the characterization
of gas-solid reactions for hydrogen halide removal. Time series reported
by different authors, like, e.g., breakthrough curves or sorbent conver-
sion trends over time, cannot be compared “as is” because of the broadly
different sorbent loads and gas compositions. Therefore, time series of
fixed bed runs published by different authors were normalized accord-
ing to the acid-to-sorbent ratio adopted by the authors and reported in
the following figures as a function of t/t, where 7 is the theoretical time
for the complete conversion of the sorbent, defined as:

T Msorp (1 3)

=3 MW,
Ve Cry: oot g MWsors
HXin ® Yy © MWyx

where my,, is the sorbent mass in the fixed bed, V the gas flowrate, Cpx in
the inlet concentration of the hydrogen halide in the gas, v and MW the
respective stoichiometric coefficient and molar mass of the sorbent and
halide. By definition, when { =1 enough hydrogen halide has passed
through the sorbent bed to convert it completely according to stoichi-
ometry (100 % removal efficiency).

5. Sorption of single hydrogen halides
5.1. Sorption of hydrogen chloride (HCD

As shown in Table 5, the removal of hydrogen chloride is by far the
most studied in the literature, as HCI is present in most flue gas treat-
ment applications (see again Table 1). Exploring the performance of
different sorbents in the gas-solid reaction with HCl requires a
comprehensive analysis of the influence exerted by operating condi-
tions, and in particular by temperature and humidity of the gas stream.
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5.1.1. Influence of temperature

Several researchers investigated the effect of temperature on HCl
abatement. In the case of Ca-based sorbents, Fig. 4 reports sorbent
conversion curves obtained by various investigators at different tem-
perature intervals, in dry conditions (no moisture in the inlet gas
mixture). Fig. 4a collects studies performed on Ca(OH); in the low- to
mid-temperature range, which is of interest for typical DSI applications.
Despite differences in the experimental conditions adopted by the
different authors (see Table 5), a remarkable agreement can be noticed,
pointing out a positive effect of temperature on the sorbent conversion
rate in dry gas in the temperature range between 50 and 300 °C, in line
with an Arrhenius-type dependence of kinetic and diffusive stages of the
reaction process. Notably, the trend of sorbent conversion exhibits
declining rates with time and, over long-time intervals, reaches a
plateau, which is lower at lower reaction temperatures. This phenome-
non, indicated as “incomplete ultimate conversion” by some authors
[33,143], will be discussed in detail in Section 8.

Fig. 4b compares the findings of Partanen et al. [145] and Lin and
Chyang [160] for the reaction between CaO and HCI in the high tem-
perature range (650-850 °C), which is of interest for direct furnace in-
jection. Both studies indicate 650 °C as the optimal reaction
temperature. At higher temperatures, the solid reactant is converted
faster in the early stages of reaction, but then the conversion rate slows
down abruptly. Other authors who do not report time series also evi-
denced that the final HCI uptake of Ca-based sorbents decreases rapidly
at temperatures higher than 650 °C [164,166,167]. Sun et al. [168] and
Tan et al. [159] observed a maximum of reactivity at 550 °C and 500 °C,
respectively. Weinell et al. [74] reported maximum conversions in the
range 500-600 °C, depending on the type of lime. For short reaction
times, the rapid initial growth in conversion is indicative of a kinetic
control of the reaction. At the beginning of the reaction, with open
porosity and no solid product deposited on the sorbent yet, internal
diffusional limitations are negligible. Subsequently, the overall reaction
rate diminishes as control shifts from chemical reaction to mass transfer
of the gaseous reactant [169]. Such a shift is more abrupt at higher
temperatures as a consequence of a reduction in porosity due to the
thermal sintering of CaO particles [170]. In addition, Partanen et al.
[145] considered that the melting point of CaCl, is 772 °C and specu-
lated that the formation of a molten product phase can produce
agglomeration of sorbent particles, hampering high conversion rates.

Studies that utilized very high concentrations of HCl in the inlet gas
are grouped in Fig. 4c. Li et al. [153] showed a monotonic increase of
conversion rate with temperature in the range 148-400 °C. Conversely,
Daoudi and Walters [142] investigated the temperature interval
465-650 °C, identifying 600 °C as the optimal reaction temperature.

Compared to Ca-based sorbents, limited data are available in the
literature on the temperature dependence of HCI removal by Mg-based
sorbents. In a relevant patent for a dolomitic sorbent derived from the
calcination and hydration of dolomite rock (see Eq. 10 for reference),
Moreschi and Marras [101] tested its performance for HCl abatement in
fixed bed runs, obtaining a removal efficiency over a t/t = 2 of 65-68 %
at 800 °C and of 69-72 % at 1050 °C (inlet HCI concentration equal to
1433 mg/Nm®). Notably, whereas for purely Ca-based sorbents, solid
conversion plummeted at temperatures higher than 650 °C, the con-
version of dolomitic lime, having a Mg/Ca ratio in the range 0.53-0.65,
slightly increases with temperature in the high temperature range. This
is due to the stabilizing effect of the Mg fraction that prevents severe
sintering of the Ca fraction, which is mainly active for HCI absorption.
Similarly, Shemwell et al. [164] investigated the reaction of several
organic and inorganic Ca-based sorbents (calcium formate, calcium
magnesium acetate, calcium propionate, calcium oxide, calcium car-
bonate) with 2425 ppm HCI in the temperature range 600-1000 °C.
Only the sorbent containing Mg (calcium magnesium acetate, Mg/Ca
ratio = 2) exhibited a conversion of the Ca fraction higher than 25 %,
with a peak of 48-53 % at the highest tested temperature (1000 °C).

Regarding Na-based sorbents, Dal Pozzo et al. [98] and Fellows and
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Pilat [139] studied the effect of temperature on the NaHCO3-HCI reac-
tion process in the temperature range of main interest for DSI applica-
tions (100-300 °C). After normalization for the different HCI-to-sorbent
ratios according to Eq. 13, Fig. 5 shows a remarkable agreement be-
tween the sorbent conversion curves obtained in the two studies, which
both highlight a trend of increasing reactivity with temperature in the
interval of interest, as expected from an Arrhenius-type dependence of
reaction and diffusion rates. However, this effect appears to level off in
the range 235-288 °C [139]. Dal Pozzo et al. [98] found that the sorp-
tion capacity of activated Na,CO3 decreases significantly at 300 °C. As
elucidated by SEM images, the drop in reactivity can be attributed to the
significant reduction of surface area in the activated sorbent at 300°C
compared to lower temperatures. Tang et al. [171] also reported a
decrease in porosity caused by thermal sintering at temperatures above
300 °C for Na;COs. Therefore, the loss of surface area associated with
sintering appears to occur at temperatures lower than the Tammann
temperature of the material (~426 °C), which is often assumed as the
onset temperature for sintering phenomena. Conversely, Verdone and
De Filippis [155], in investigating the reaction of sodium bicarbonate
with 3000/6000/9000 ppm HCI in the range 200-600 °C, observed
increasing reaction rates up to 400 °C, albeit their experiments ran for
short reaction times (t/t < 0.5). Lastly, Ma et al. [172] performed FBR
runs with sodium bicarbonate and 400 ppm HCI in the range 200-500
°C, identifying 300 °C as the optimal reaction temperature and attrib-
uting this to a trade-off between the temperature dependency of both
kinetics and sintering.

5.1.2. Influence of humidity

In addition to temperature, the humidity of the gas stream is a key
operating parameter for the gas-solid removal of hydrogen halides, as in
industrial flue gas treatment applications, a non-negligible water con-
tent is typically present in the gas phase. The effect of moisture in the gas
stream on the efficiency of HCI removal has been addressed by various
authors across a wide range of temperatures. For Ca-based sorbents,
Jozewicz et al. [173] and Weinell et al. [74] were the first investigators
to test the influence of moisture on the binding capacity of lime and
limestone for HCL. They found that, at temperatures below 150 °C, the
sorbent conversion is very low (< 10 %) in the absence of water but
increases significantly with increasing water vapor concentration. At
100 °C, complete conversion was actually achieved for a 15 vol% water
content in the gas. The influence of moisture gradually disappears at
increasing temperatures, and above 200 °C, the sorbent conversion was
found to be apparently independent of the water content in the gas.
Similar results were reported by Fonseca et al. [151], showing that the
conversion of Ca(OH) after 20 min of reaction with 600 ppm HCl in the
temperature range 50-130 °C is very low (around 5 %), but it can be
greatly enhanced by the addition of water vapor. With a 6 HoO con-
centration in the gas, conversion after 20 min reached values of 40 % at
90 °C and 65 % at 50 °C. The increased lime conversion at low tem-
peratures and high water content was ascribed to three potentially
concurring phenomena: i) the formation of an aqueous film of adsorbed
water molecules that facilitates the dissolution of the gaseous HCI,
creating a liquid-phase interface where neutralization occurs more
efficiently [173]; ii) the rearrangement of the crystal lattice of the sor-
bent, exposing new surface and active sites for reaction [74]; and iii) the
partial dissolution and reprecipitation of the layer of solid product, the
deliquescent CaCl; salt, which reduces diffusional resistance to the re-
action progress [152]. Notably, relative humidity (RH), i.e., the ratio
between the actual amount of water vapor in the gas and the saturation
value at a given temperature, and not the absolute water content in the
gas phase, appears to be the determining factor governing the increase of
reactivity. This is shown in Fig. 6, where the experimental data on lime
conversion obtained by the different authors are plotted as a function of
RH. At higher RH values, the adsorption of water on the sorbent surface
is favored and its diffusivity is enhanced, giving reaction interfaces the
characteristics of both solution-like and dry-like environments [174].
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Table 4
Overview of reactor configurations and analytical techniques adopted in the literature for the study of hydrogen halide removal.
Reactor configuration Temperature range Dry/ Solid analytical techniques Gas analytical techniques Reference  Notes
Wet
Laboratory scale
TGA 310-670 °C dry XRD and titration - [142]

170,200,230,300 °C dry XRD FT-IR [143]

120 °C dry XRD - [144]

650, 850 °C dry SEM, EDXA, XRD - [145]

200 °C dry XRD - [146]

Fixed-bed reactor 150-400 °C dry Titration - [147]

800 °C dry BET Titration in NaOH solution [148]

300-700 °C dry BET - [149]

107, 153, 190, 235,288 °C dry - pH measurement with a pH [139]

electrode, titration in NaOH
solution

350-600 °C dry - Chloride measurement with [150]

chloride-selected electrode

60-1000 °C dry EDAX, BET pH measurement with a pH [74]

electrode

100-600 °C dry DsC - [78]

50-120 °C dry SEM, X-ray sedimentometry, pH measurement with a pH [151]

mercury porosimetry electrode

120 °C dry - FT-IR [152]

148,175, 203, 248, 275,300,330,  dry - FT-IR [153]

356, 400 °C

300-950 °C dry BET, XRD, XRF, AAS AgNOs titration in NaOH solution, [126]

HCl gas infrared analysis

150,200,250,275,300,350 °C dry BET, SEM, XDS, XRD, Ton chromatography, AA [140]

550 °C dry - AgNO; titration in NaOH solution [154]

200-600 °C dry BET pH measurement with a pH meter ~ [155] *multilayer fixed
bed

600-800 °C dry - HCI gas infrared analysis [156]

22,54 °C dry - UV-IR analysis [157] *packed tower

- dry - FT-IR [158]

150 °C - EMPA, XRD Ton chromatography [99]

500,600,700 °C dry - AgNO; titration in NaOH solution [159] *dual-layer
granular bed

500 °C dry BET To chromatography [96]

650-850 °C dry - FT-IR [160]

150 °C dry XRD, SEM, BET pH measurement with pH [107]

electrode
700 °C dry TGA, FE-SEM, HR-TEM, EDS, FT-IR [161] *reaction
BET, contact angle goniometry enhanced-
regenerative
catalytic
system (RE-
RCS)

200 °C dry XRD, EDS-SEM - [162] *Ca(OH)2
single crystal
as sorbent

120-180 °C dry XRD, TGA FT-IR [82]

120,150,180,210,300 dry BET FT-IR [98]

25°C dry FT-IR, ICP-AES, BET, XRD, FT-IR [163]

ESEM, TEM-EDX

100,200,270, 350, 400 °C dry BET Ton chromatography [132] *fixed bed
microreactor

400 °C dry - Ton chromatography [133]

130,160,190 °C dry XRD Ton chromatography [112]

300-700 °C dry XRD, BET online flue gas analysis [117]

350-650 °C dry XRD, SEM, BET, TGA HCl gas infrared analysis [116]

600 °C dry XRD, TGA, SEM, EDS, BET HCl gas infrared analysis [128]

400-600 °C dry ICP-OES, TGA, BET, SEM, EDS Ion chromatography [129]

300,400,500 °C dry XRD, BET HCI gas infrared analysis [127]

800 °C dry XRD pH measurement with a pH meter ~ [131]

150 °C dry XRD, BET, SEM laser HCI gas online detection [123]

750-900 °C dry FESEM-EDS, BET, XRD, XPS, Ion chromatography [106]

ICP-OES

150 °C dry XRD, BET, BJH, FESEM, EDX HClI gas online detection [871

25°C dry SEM Ton chromatography [141]

350 °C dry XRD, BET, SEM, DLS Ion chromatography [121]

150,250,350,450 °C dry XRD, TEM, DLS, BET HCl gas infrared analysis [134]

300-700 °C dry ICP-OES, XRD, SEM, TGA HCI gas infrared analysis [130]

fluidized- bed reactor 650-1050 °C dry - HCI gas infrared analysis [164]

450-760 °C dry XRD, SEM. Chloride measurement with [105]

Pilot scale

10

chloride-selected electrode

(continued on next page)
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Table 4 (continued)
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Reactor configuration =~ Temperature range Dry/ Solid analytical techniques Gas analytical techniques Reference  Notes
Wet

absorber-reactor 175,250,380 °C wet- - Gas sampling [165]
dry

fixed-bed 170-225 °C dry - Portable gas analysis, ion [137]

chromatography
Commercial facility
dry sorbent reaction 180 °C dry SEM, EDS Mercuric thiocyanate method, FT-  [138]

accelerator (SRx)

IR

Accordingly, the positive effect of water on the HCl uptake of Ca-
based sorbents fades at higher temperatures, at which the typical
range of moisture in industrial flue gases (5-20 vol%) corresponds to
very low RH values. Mura and Lallai [150] reported that a 5 vol% water
content does not affect the HCI removal performance of calcined lime-
stone in the temperature range comprised between 400 and 600°C.

Partanen et al. [145] compared the HCl uptake of calcined limestone
at 850 °C in dry gas and with 14 H,0, finding that the maximum con-
version of calcined limestone to CaCl, is almost halved in a moist at-
mosphere. The authors attributed the results to the negative effect of
water on the thermodynamic equilibrium of Eq. 2.

Some researchers investigated the reaction between Ca(OH), and
HCl using single crystals of solid sorbent exposed to the acid gas,
obtaining insights into the role of moisture in the reaction [162,175].
lizuka et al. [162] presented SEM images of a cross-section of a lime
crystal exposed to HCl-rich gas for 24 h, at 0 % and 10 % humidity, and
performed elemental mapping to detect chlorine. No chlorine was
detected in runs with 0 % humidity, whereas chlorine was detected all
over the side face and subsurface of the sample in runs with 10 % hu-
midity. Thus, coherently with previous results, the presence of HoO was
found to accelerate the chlorination reaction, probably due to the for-
mation of an aqueous phase that disrupts the crystal structure of the
solid, enabling the progression of the reaction. Kaiser et al. [89] sug-
gested that the formation of hydrates (see reaction 3) generates a film of
water on the reaction surface, which favors the absorption of gaseous
reactants.

For Na-based sorbents, no evidence of the role of moisture on HCl
removal is reported. Verdone and De Filippis [155] found no effect of the
water content in the gas mixture on the HCI sorption performance of
sodium bicarbonate in the interval 300-600 °C. Zhang et al. [1] found
that the presence of water has a negative effect on the HCl absorption by
sodium carbonate at 550 °C.

5.2. Sorption of hydrogen fluoride (HF)

Gas-solid reactions for the removal of HF have received much less
attention in the scientific literature compared to HCI. Only two relevant
publications were retrieved, providing at least a qualitative comparison
of the temperature dependence of solid conversion and reaction rate
reported by different investigators for Ca-based sorbents (Fig. 7). The
absence of the required information on flue gas flowrate and/or mass of
sorbent precluded the calculation of 7, and the data are merely reported
as a function of the experimental time. Nonetheless, Fig. 7 evidences a
positive effect of temperature on the reactivity of CaO. Kossaya et al.
[149] explored the HF binding capacity of CaO in the range 300 — 700
°C, reporting a conversion of calcium oxide into fluoride that is almost
negligible at 300 °C and as high as 40 % at 700 °C after 1 h of exposure
to HF gas. Final CaO conversion remarkably increases with temperature,
also in the tests by Byer et al. [148], reaching values as high as 90 % for
the experimental runs carried out at 800 °C.

Notably, the reduction of sorbent conversion rate at temperatures
higher than 600-650 °C reported by several authors for the reaction
with HCl (Section 5.1) was not observed by Byer et al. [148] for the
reaction with HF. Such findings appear in line with a thermogravimetric
study by Partanen et al. [176], which reported conversions to CaF; close
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to 100 % for CaO at 850 °C, compared to a much lower performance
when exposed to HCIL.

For Mg-based sorbents, Moreschi and Marras [101] reported the
removal efficiency of dolomitic lime in fixed bed runs against single
hydrogen halides, finding that for t/7 higher than 2 the abatement yield
of HCI (inlet concentration of 1433 mg/NrnB) increased from 65 % to
68 % at 800 °C to 69-72 % at 1050 °C and that of HF (inlet concen-
tration 45 mg/Nm3) increased from 79 % to 85 % at 800 °C to 83-87 %
at 1050 °C, thus confirming a marked increase of reactivity with tem-
perature even in the high temperature range.

Recent research [157,158,161] has focused on the utilization of
different sorbents, such as NaF and CaO/SiO,, as alternative sorbents to
be employed in HF removal.

5.3. Sorption of hydrogen bromide (HBr)

As outlined in Table 1, HBr represents the third most important
hydrogen halide in the framework of flue gas treatment. While the
combustion of chlorinated waste results almost quantitatively in the
release of HCl and the generated HCI undergoes only limited thermal
decomposition to form Cly [177], HBr may experience a significant
conversion to Br; in the flue gas [178]. In view of the design of flue gas
cleaning systems for dedicated thermal processes for brominated waste
treatment, there is a consensus that thermal treatment should be oper-
ated in order to minimize HBr conversion to Bry [179-181], as HBr could
be removed by means of solid sorbents, similarly to HCl and HF. Ruzovic
et al. [90] performed a thermodynamic assessment of the
HCl/SO3/HBr/NayCO3 system, predicting complete conversion of HBr
to NaBr in the presence of sodium bicarbonate (0.05 mol% with respect
to the flue gas molar flow rate) at 127-287 °C, a temperature range
compatible with typical DSI applications. However, it is worth pointing
out that, to date, no dedicated experimental campaign addressing the
removal efficiency of Ca- or Na-based sorbents toward HBr is available
in the literature.

6. Competitive reactions

The vast majority of studies in the literature primarily focus on the
removal of a single pollutant using a solid sorbent. However, in real
industrial scenarios, flue gases might contain a variety of halides and
other interfering contaminants, depending on the composition of the
fuels or raw materials utilized in the industrial process, thus requiring
DSI systems to perform simultaneous abatement. The concurrent
removal of pollutants triggers interactions, which may manifest as
synergistic or competitive effects.

6.1. Competition between hydrogen halides

Very few studies addressed the simultaneous removal of different
halides. Schmal et al. [182] reported that, for the typical raw gas
composition of municipal solid waste incinerators (HCl = 800 mg/Nm?,
HF = 10 mg/Nm>), a calcium hydroxide injection at a molar Ca/Cl ratio
equal to 1 reduces the emissions of HCl by up to 50 % and those of HF by
up to 80 %. More recently, Wysocki and Szymanek [120] tested the
in-duct injection of NaHCOs after alternative activation approaches in a
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Table 5
Summary of operating conditions adopted in literature for the study of hydrogen halide removal.
Solid reactant Mass of Acid Gas flow rate Gas composition Temperature (°C) RH (%) Reference
sorbent gas
Na-based sorbents
NaHCO3 01lg HCl 1.1 L/min 415 ppm at 153 °C and 760 ppm at 235 107, 153, 190, 0 [139]
°C 235, 288
NaHCO3 20g HCl - 3000, 6000, 9000 ppm 200-600 0 [155]
NaF 107-345 g HF 1.7-11.7 L/min 2-15 % mol 22, 54 0 [157]
NaF - HF - - - - [158]
NaHCO3 0.015 mg HCl 0.8-2.4 L/min 100-700 ppm in N3 + 15 % CO2 + 10 500 0.02 [96]
% Hy0
NaHCO3 0.050 mg HCl 0.17 NL/min 1000, 2500 ppm 120, 150, 180, 0 [98]
210, 300
NaHCO3 - HCl 200, 300 L/min 0-490 mg/m3 +7-10 % O 170-225 - [137]
Ca-based sorbents
Ca(OH), 1.56 g HCl 1.98 L/min 630 ppm in N, 150, 250, 400 2,0.3,0.04 [147]
CaO 0.150 g HF 0.76 L/min 0.625,1.25,2.5,5 % 550, 650, 750, 800 - [148]
CaO on y-alumina - HF 1.20 L/min 17 % in N, 300-700 - [149]
CaCOs3 0.010g HCl 0.50-3.00 L/min 0.5-5 % mol 310-670 0 [142]
Ca(OH),, CaCO3 0.025 g HClL 1.00 L/min 1000 ppm in Ny 60-1000 0,1,4,5,15, [74]
25, 32
CaCOs3 0.050 g HCl - 2000 ppm + 5 % or 30 % CO, 350-600 0.05-0.01 [150]
Ca(OH),, CaO 0.100 g HClL 23 L/min (STP) 1000 ppm + 5 % O in Ny 100-600 0 [78]
Ca(OH), 0.020 g HCl 4.02 NL/min 150-1000 ppm in Ny 50-120 0, 4,8,9,10, [151]
17, 20, 36,
51
Ca(OH), 0.018,0.035 g HClL 1.50 L/min (STP) 250,500,1000,2000,3500 ppm 120 0,1,35,9, [152]
19
CaO 0.028 g HCl 12.50 L/min 1.74 % in N, 148, 175, 203, - [153]
248, 275, 300,
330, 356, 400
CaO 0.004 g HCl 40 L/min (STP) 5000 ppm + 5 % O3 in Ny 150, 200, 250, 0 [140]
275, 300, 350
Ca(OH), 0.010g HCl 0.15 L/min 914 Ing/m3 +9% 0, 170, 200, 230, 300 - [143]
Ca(OH), - HCI 1133, 1500 NL/ 250, 1000 ppm 175, 250, 380 0 [165]
min
Ca(HCOO),, - HCl 4.00 L/min (STP) 2425 ppm in Ny 650-1050 0 [164]
CaMg,(CH3COO)e, Ca
(CzH5COO0),, CaO, CaCO3
Ca(OH), 0.001-0.010 g HClL 0.90 L/min (STP) 240 ppm 120 9 [144]
CaCO3, CaMg(COs3), 0.040 g HCl 1.40 L/min (at HCI 2000 ppm + 5 % Oz + 0 or 14 % 650, 850 0, 0.004 [145]
0°Cand CO,
0.01 MPa)
Ca(OH), 0.010g HCl 0.15 L/min 2094 ppm+ 9 % O, 200 0 [146]
CaO 05¢g HCl 0.80 L/min (STP) 2000 ppm in Ny 600-800 0 [156]
CaCOs3 3lg HF 0.02,0.08,0.16 L/ 0.574, 2.239, 4492 mol/m> 150 [99]
min
Ca(OH), - HCl - 1000 ppm + 10 % CO2+ 10 % O, in Ny 500, 600, 700 0.02, 0.05 [159]
Ca(OH), 1200-1833 g/ HCl 660000 NL/min 728, 1123 ppm 180 0 [138]
min
CaO 0.056 g HCl 0.10 L/min (STP) 491 ppm + 0 or 11 % CO5 + 0 or 10 % 650-850 0 [160]
0Oy
CaO on SiO, support 15¢g HF (as - 3000 ppm 700 8 [161]
CF4)
Ca(OH), 0.050, 0.100 g HCl 0.18 NL/min 1250, 2500 ppm in Ny 120, 150, 180 0 [82]
CaCOs3 0.3-0.5g HCl 0.05 L/min 500 ppm in Ny 25 0 [163]
Ca(OH), HClL - 1000 ppm in N3 + 5 % O 200 0, 0.7 [162]
Ca(OH), 3g HCl 0.50 L/min 548 ppm in Ny 25 0 [141]
Innovative sorbents
[CasAl,-(Si04)(OH)g] 1g HCl 0.50 L/min 1000 ppm in N, 300-950 0 [126]
Ca-C 2g HCl 0.54 L/min 1820 ppm in Ny 100, 200, 270, 0 [132]
350, 400
CaO-+CaCOs3+sodium alkali - HCl - 1050-1460 mg/m® (mixed with air) 450-760 0 [105]
ECI1: NaHCO3, CaCOs3, Ca - HCl - 1000 mg/m3 550 0 [154]
(OH)3, Mg(OH),; ECI2: Ca
(OH),, Al,03
NaHCO3, Ca(OH),, Mg(OH),, - HCl - 1000 mg/m3 350-650 0 [125]
NaAlO, 4.0-6.8g HCl 0.20 L/min 200 ppm+ 20 % CO+ 5 % CO2+ 8 % 400 0.02 [133]
Ha
CO3-Mg-Al HTLc 04-30¢g HCl 0.10 L/min 1500-10000 ppm 130, 160, 190 0.6 mL/min [112]
of water
Ca—Mg—Al HTLc lg HCl 0.50-1.30 L/min 500-1000 ppm 300-700 0 [117]
10NayCO3-AAB 23g HCl 20 mL/min 50 % 150 0 [107]
CaMgAl-HTLc 0.500 g HCl 0.50 L/min 450-1500 mg/g 350-650 0 [116]
KF/CaMgAI-HTLc 0.500 g HCl 0.90 L/min 500 ppm in Ny 600 0 [128]

(continued on next page)
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Solid reactant Mass of Acid Gas flow rate Gas composition Temperature (°C) RH (%) Reference
sorbent gas
Soda ash with honeycomb 0.200 g HCl 0.10 L/min (STP) 2030 ppm in Ny 300, 400, 500 0 [127]
support
Na-Mg-Al HTLc 0.814 ¢ HCl - 200 ppm in Nj 400-600 0 [129]
CaCO3, 0.300 g HCl 0.50 L/min 1000 ppm in N, 800 0 [131]
CazAlz(Si04)0.8(OH)g s,
NagAlgSigO24(OH)2
NaOH-modified CaO 0.100 g HCl 1.00 L/min 150 ppm in Ny 150 0 [123]
85Al1-15Ca - HCl 0.25 L/min 0.02 % + 10 % CO+ 10 % CO2+ 10 % 750-900 0.006, 0.01 [106]
Hy+ 0.02 % NaCl + 0.01 % KCl in N,
Ethanol-modified CaO 0.100 g HClL 1 L/min 150 ppm 150, 300, 450, 600 0 [87]
Modified Ca(OH), - HCl - 150 ppm in Ny 350 0 [121]
Ethanol-modified CaO 0.100 g HCl 1.00 L/min 150 ppm in Ny 150, 250, 350, 450 0 [134]
CO3-Mg-Al HTLc - HCl 0.50 L/min 400 ppm in Ny 300-700 0 [130]

synthetic flue gas carrying 20 mg/Nm® HCl and 45 mg/Nm® HF,
reporting up to 60 % HCI removal and less than 15 % HF removal.
Moreschi and Marras [101] tested the full-scale injection of dolomitic
lime (see formulation in Eq. 10) in two WtE plants where both HCI and
HF were present in the flue gas, reporting a superior abatement yield for
HF (83 % and 99 % compared to 41 % and 32 % for HCl, respectively, in
the two plants). Other recent studies explored the use of Ca- or
Mg-doped porous adsorbents for the simultaneous capture of HCl and HF
[21,52,183] showing comparable removal efficiencies toward the two
halides, with a slight preference for HF. Given the paucity of literature
on the topic, further research is needed to confirm the relatively higher
affinity of Ca-based and Mg-based sorbents toward HF and Na-based
sorbents toward HCl. Notably, no studies on the simultaneous sorption
of HCI or HF and HBr are available in the literature.

6.2. Competition with sulfur dioxide (SO2)

The other main acid pollutant that is usually found in combustion
flue gases, together with hydrogen halides, is sulfur dioxide (SO2). A
wealth of research focused on gas-solid reactions for SO, abatement: the
reader is referred to recent dedicated reviews for detailed discussion
[184,185]. Here, SOy capture is discussed solely in the context of
simultaneous removal with hydrogen halides, to elucidate competitive
and/or synergistic interactions.

Matsukata et al. [4] studied the simultaneous sorption of SOy and
HCI (both at the concentration of 1000 ppm in N5) by calcined limestone
at 750 °C, finding that the presence of HCl increased the conversion of
CaO to CaSOy, as confirmed by Xie et al. [186] and by Lawrence et al.
[187], who observed the enhancement of sulfation even at 680 °C.
Partanen et al. [145,188] reported that HCl promotes SO, adsorption at
650 °C and 850 °C, but the increased conversion of CaO to CaSO4
significantly reduces the conversion to CaCly compared to the sorption
of HCI alone. Similarly, Lin and Chyang [160] found that increasing the
reaction temperature from 650 °C to 850 °C improves the SO, uptake
efficiency of calcined limestone but suppresses HCl capture.

A possible explanation for the enhanced CaO sulfation in the pres-
ence of HCl in this temperature range is the formation of a molten phase,
as the CaCO3-CaS04—CaCl; system exhibits a eutectic point at ~580 °C
[81,145]. As it will be discussed in Section 8, diffusion plays a relevant
role in the gas-solid reaction mechanism, and diffusivity through layers
of solid products is typically low. The melting of the reaction products
can reduce diffusional resistance, enabling the reaction process to
progress. However, this mechanism cannot explain the suppressed
chlorination of CaO in the presence of SO, as the molten phase should
increase the mobility of both CI" and SO7 ions. Lin and Chyang [160]
proposed that at T > 750°C, the apparent inhibitory effect on chlori-
nation might be due to the consumption of nascent CaCl, by its subse-
quent reaction with SOy, leading to the re-release of HCI and explaining
the concurrent enhanced sulfation.

Moving to lower temperatures, Zhou et al. [121] explored the effect
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of different concentrations of SO3 and SO3 on the HCI uptake efficiency
at 350 °C of Ca(OH); prepared by simple hydration or via ball milling.
Setting the inlet HCI concentration at 150 ppm and testing SOz or SO3
concentrations respectively at 500/1000/1500 ppm and 50,/100/150
ppm, they found a marked suppression of HCl sorption with the increase
of SOy load. The final HCI absorption was reduced up to 82 % in the
presence of 1000 ppm SO; and up to 86 % with 150 ppm SOs. The au-
thors showed that in the late stages of absorption, the affinity of Ca(OH),
towards the acid pollutants follows the order SO3 > HCl > SO, likely
due to the lower SO, diffusivity. However, in the early
kinetically-controlled stages of reaction, both SOy compounds can react
with CaOHCI, the favored product of lime chlorination in the low to
mid-temperature range (see Section 3.1), hindering HCI uptake.

In the low-temperature range of interest for DSI processes (100-200
°C), Ca-based sorbents exhibit a remarkably high selectivity for HCI over
SO [134], but HCI capture is still affected by the competition with SO,.
By conducting thermogravimetric tests at 200 °C, Chin et al. [146]
demonstrated that the overall conversion of Ca(OH), after more than
10 h exposure to acid gases is almost halved for a Ca(OH),-HCI-SO»
system compared to a Ca(OH)2-HCl system. Building on previous
experimental evidence on sulfation [189], the authors postulated that
the reaction with SO, forms a dense layer of solid product on the lime
surface that hinders the continuation of the absorption process. The
problem is exacerbated if O is present in the gas mixture. In an N at-
mosphere, the thermodynamically favored product of sulfation is
CaSO3elH,0, and HCl appears capable of attacking sulfite layers to form
CaCly [80]. Conversely, in the presence of Oy, sulfation generates CaSO4
in either anhydrous or hydrate form, which is resistant to reaction with
HCI [80]. Kaiser et al. [89] also speculated on the different porosity of
S-containing and Cl-containing product layers, suggesting that the more
porous nature of CaCly layers promotes SO, removal by Ca-based sor-
bents compared to what is observed in the absence of HCI.

Wang et al. [87] investigated the effect of SO, concentrations in the
range 0-1600 ppm on the HCI sorption of high-surface-area Ca(OH),
(T =150 °C, HCl = 150 ppm). A 31 % reduction in HCI removal effi-
ciency was observed at the highest SO, concentration. The authors
proposed that the presence of SO, hinders HCI uptake through: i) on a
physical level, the clogging of sorbent pores by the sulfite product
CaSOg3, which has a higher molar volume than CaOHCl, and ii) on a
chemical level, the competition for the same type of alkaline active sites.
In addition, Liu et al. [134] advanced the notion of a “shielding effect” of
sulfide product layers toward HCI capture. SO3 not only occupies alka-
line sites on Ca(OH), surface, but also induces a local negative electro-
static potential that prevents the attraction of Cl atoms with a negative
charge in nearby Ca sites.

Regarding the competitive absorption of HCl and SO2 on sodium-
based sorbents, a limited body of research is available in scientific
literature. Dal Pozzo et al. [98] compared the reactivity of NaHCOj3 to-
ward the two acid pollutants separately, showing that SOy uptake is
comparatively lower in the temperature interval 120-300 °C and much
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more affected by the incipient sintering of the sorbent at the higher end
of the tested temperature range. Zach et al. [137] tested the simulta-
neous sorption of HCl and SO, with sodium bicarbonate in a pilot-scale
apparatus. They postulated that HCl reacts preferentially with NaHCOs,
rapidly consuming the available surface of the sorbent and forcing SO»
to diffuse deeper into the sorbent particles for the reaction to occur. The
preferential reactivity toward HCl was also verified at HCl concentra-
tions in the raw gas lower than SOs.

Ma et al. [172] studied the competitive sorption of HCl and SO, over
sodium bicarbonate at 300 °C, observing a slight decrease of HCI uptake
(< 18 %) when SO, was also present in the feed gas. No consistent trend
with SO, concentration was found, as the hindering of HCI sorption was
the highest at 200 ppm SO,, the lowest at 400 ppm SO2, and in the
middle at 600 ppm SO,. Through density functional theory (DFT) cal-
culations, the authors showed that SO affects the electron exchange in
HCl adsorption on Na;COs3, weakening the bonding capacity between Na
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Fig. 7. Ca-based sorbent conversion in HF removal with respect to reaction
time. HF inlet concentration: 625 ppm [148]; 17,000 ppm [149].

and Cl atoms. They further suggested that sulfation of the chlorination
products might occur. However, previous studies found that the sulfa-
tion of NaCl presents markedly slow kinetics [190].

6.3. Competition with carbon dioxide (CO2)

In real combustion flue gases, the abatement of hydrogen halides
always takes place in the presence of CO,. Calcium oxides and hydrox-
ides react with COg to form calcium carbonate, a reaction that is actively
exploited for CO, separation from flue gases in the calcium looping
process [109] or for CO, mineralization in accelerated carbonation
processes [191]. When Ca-based sorbents are injected for acid gas
abatement purposes, their carbonation is a competitive reaction that
interferes with the removal of halides and generates an over-
consumption of solid reactant [192].

With the surge of interest toward CO5 capture in the framework of
decarbonization, the most recent research is focusing on how HCl affects
CO4 uptake by Ca-based sorbents. For example, several authors explored
how the presence of HCI affects the CO5 carrying capacity of different
Ca-based sorbents in calcium looping cycles: CaO-FeoO3 sorbent [193],
carbide slag [194], carbide slag stabilized with alumina [195], carbide
slag stabilized with magnesium compounds [196]. Vice versa, only a few
studies investigated how CO; affects HCl removal.

In general, the absorption of CO5 is a much slower process compared
to HCI removal, and high temperatures (600-700 °C) are needed to
boost the kinetics of dry carbonation [158,197]. In their study on the
chlorination of calcined limestone in the temperature range 400-600 °C,
Mura and Lallai [150]noted that at 400 °C the addition of 30 vol% CO
in the gas did not affect HC] uptake, while at 600 °C the conversion of
CaO to CaCly decreased from 72 % to 48 % in the presence of CO,.
Operating with 11 vol% COs in the gas, Lin and Chyang [160] did not
observe a negative effect of CO; on the reaction between CaO and HCl at
650 °C, but reported an appreciable decrease in HCl uptake in the
presence of CO» at 750 and 850 °C. Focusing on HCI removal efficiency
rather than final HCI uptake, Duo et al. [198] noticed instead that, for
the reaction of CaO with 900 ppm HCI at 400 °C, a breakthrough con-
centration of 200 ppm was observed at a much lower sorbent conversion
value (32 % instead of 71 %) when the CO; concentration in the feed gas
was set at 10 vol% instead of 2 vol%.

More recently, several studies conducted in the medium-high tem-
perature range (400-800 °C) have focused on the performance of Ca-
based or Mg-based hydrotalcite-like sorbents, synthesized as discussed
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in section 4.2. Wu et al. [128] prepared CaMgAl-layered double oxides
(LDOs) exhibiting the highest HCl removal performance at 600 °C. They
noted that a moderate CO, concentration (~6 %) in the gas induced a
10 % reduction of the HCl binding capacity of the sorbent, an effect
attributed to the interference of gaseous CO, with both the decompo-
sition of carbonates to oxides in the LDOs and the conversion into metal
chloride during the HCI removal process. Similarly, Kameda et al. [113]
found that the presence of CO5 decreased the removal rate of HCI for a
MgAI-LDH sorbent intercalated with carbonate ions, likely because of
the exchange reaction between intercalated CO3™ and gas-phase CO,
which in turn inhibits the desired exchange between intercalated CO%
and HCl. Cao et al. [130] also identified that CO; plays a competitive
role in the removal of HCI for Ca-Mg-Al-CO3 hydrotalcites tested in the
interval 300-700 °C. At 300 °C, the sorbent exposed to 400 ppm HCl
exhibited a more than 30 % lower HCl uptake when 10 vol% CO5 was
present in the feed gas. However, they found an opposite effect on
Mg-Al-hydrotalcites, for which the presence of CO5 magnified the HCI
uptake capacity. Cao et al. [130] ascribed this phenomenon to the ca-
pacity of CO; to regenerate intercalated anions in the Mg-based LDH,
generating in turn more active sites for HCI binding.

Coming to the temperature range of higher interest for DSI applica-
tions (T < 250 °C), there is a notable lack of studies on the competitive
absorption of HCl and CO,. Chin et al. [146] performed a comparative
study in TGA of the weight gain of hydrated lime exposed to HCl
(540 ppm) with or without CO» (8 vol%) in the feed gas at 200 °C. It was
evidenced that CO; reacts more rapidly than HCI with lime in the first
instants of exposure, but carbonation quickly dies out, managing only a
very limited sorbent conversion. On the other hand, the presence of COy
has a detrimental effect on the overall conversion of lime, as the
simultaneous absorption of HCl is also hindered. The authors attributed
this effect to the higher tendency of CO to form an impermeable solid
product layer, causing pore blockage in the sorbent [146].

Few studies investigated the effect of CO, on the HCI absorption of
Na-based sorbents. Liang et al. [199] analysed the performance of a
CuO-doped NayCOgs-based sorbent in the temperature interval 100-190
°C, finding that increasing CO; content in the feed gas decreased HCl
uptake. Zhang et al. [1] studied the HCl removal efficiency of a fixed bed
of sodium carbonate at 550 °C, in N3 dry gas or in a 25 vol% CO2/Ny
atmosphere. A 40 % reduction in the amount of absorbed HCI over the
duration of the experiment was recorded in the presence of CO3. Com-
plementing the fixed bed runs with thermodynamic calculations, the
authors concluded that excess CO, promotes the carbonation of NaCl,
the product of the reaction between Na;CO3 and HCI, at temperatures
higher than 400 °C.

7. Comparative performance of sorbents
7.1. Comparative performance of commercial sorbents

As discussed in Sections 5 and 6, most studies in the literature focus
on the performance of a single sorbent type, investigating the effect of
operating conditions such as temperature, humidity, and flue gas
composition on its behavior. Clearly enough, it is of paramount indus-
trial interest to finalize the characterization of the sorbents carrying out
a comparative assessment of their removal efficiency.

In the temperature range of main interest for DSI applications
(120-250 °C), there is a wide consensus in both the technical and sci-
entific literature that the HCl removal performance of commercial so-
dium bicarbonate is higher than that of calcium hydroxide [192,200].
For instance, the findings obtained in terms of sorbent conversion in the
reaction of HCl with Ca(OH), and NaHCOs3 at the same temperatures,
respectively by Dal Pozzo et al. [82] and by Dal Pozzo et al. [98], are
compared in Fig. 8. The figure evidences the different reactivity of the
two classes of commercial sorbents, since the conversion data are ob-
tained in comparable operating conditions (same reactor setup, tem-
perature, gas flow rate, mass and particle size of sorbent, acid gas
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concentrations).

In the case of calcium hydroxide, after an initial rapid absorption
phase, the rate of reaction tends to decrease and conversion reaches an
asymptotic value, highlighting the “incomplete conversion” that will be
discussed in Section 6.2. Conversely, in the case of sodium bicarbonate,
the solid conversion in the temperature range between 150 and 180 °C
constantly increases. At a fixed ratio t/t of 0.4, sodium bicarbonate
conversion reaches a value 4 times higher than that of calcium
hydroxide.

Similarly, studies carried out at full-scale facilities, such as those
based on operating data recorded for some Italian municipal solid waste
incinerators by Dal Pozzo et al. [201], or the DSI tests at a pilot 200 kW
coal-fired boiler carried out by Tan et al. [202], confirmed the higher
HCl removal efficiency of NaHCOs in the temperature intervals 160-180
°C and 260-320 °C, respectively.

The current industrial practice already incorporates such findings, at
least in the WtE sector. The ideal operating temperature range for Ca
(OH): DSI is widely considered to be 120-160°C [82], with efficiency
improving as temperature decreases due to the increased relative hu-
midity (coherently with the findings discussed in Section 5.1.2). In
contrast, the typical range of operating temperatures for NaHCOg3 in-
jection in the flue gas is above 140 °C, which is widely considered as the
minimum temperature for fast thermal activation [96], with a slight
improvement in performance due to kinetic effects as temperature in-
creases. An upper operating limit of 300 °C is also identified in the
current practice. Above this temperature, the sintering of Na-based
sorbents becomes prominent, as highlighted in Section 5.1.1. Cao
et al. [117] tested both CaO and NaHCO3 sorbents for HCl removal at
550 °C. At this temperature, after 75 min of reaction, a sharp drop of
reactivity for sodium bicarbonate is evident, indicating a higher
vulnerability to sintering compared to CaO.

Eventually, it is worth recalling that sorbent performance is also
significantly influenced by particle size and porosity, which might differ
from case to case. Commercial Ca-based sorbents are typically marketed
with a dgg lower than 30 ym and a BET surface area lower than 25 m?/g.
However, as mentioned in Section 3.1, modified Ca(OH), products with
surface areas over 40 m?/ g are receiving increasing attention in the flue
gas treatment market, and full-scale test runs have shown their superior
reactivity compared to conventional calcium hydroxide [203].

Na-based sorbents can have significantly lower surface areas, as
commercial sodium bicarbonate is basically non-porous [98]. Still, the
high reactivity of the porous sodium carbonate formed after thermal
activation in the flue gas typically allows achieving HCI emission control
with a very low stoichiometric excess ratio (1.1-1.4) compared to
Ca-based sorbents, where ratios higher than 2 or 3 are frequently used in
industrial practice [204].

Nonetheless, hydrated lime is widely used in DSI systems due to its
high availability and lower cost compared to NaHCOs [204]. Eventually,
the selection of the most suitable sorbent (or combination thereof) is
strongly affected by plant-specific conditions, considering both process
variables (flue gas compositions, integration with other FGT units) and
specific cost factors (local costs for the supply of reactants and the
disposal of process residues). For the WtE sector, several detailed studies
addressing the comparative assessments of the cost-effectiveness of
using Ca- or Na-based sorbents in DSI systems are reported elsewhere
[205-207].

Notably, comparative analyses on the performance of Ca- and Na-
based sorbents toward HF and HBr are not available in the open
literature.

Mg-based sorbents are typically adopted in current industrial prac-
tice as dedicated reactants for high-temperature injection, as confirmed
by experimental evidence. Partanen et al. [81] showed the superior HCI
binding capacity of dolomite compared to limestone at 850 °C, reporting
a final sorbent conversion of 75 % compared to 60 % after 3 h exposure
in TGA to a 2000 ppm HCI gas flow. Moreschi and Marras [101] evi-
denced that the HCl and HF abatement of dolomitic sorbents increases
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when shifting to temperatures higher than 1000 °C, whereas Ca-based
sorbents typically present their maximum performance around 600 °C,
as discussed in Section 5.1.1.

7.2. Comparative performance of innovative sorbents

As discussed in Section 3.2, in the past decade, several researchers
focused on enhancing the removal efficiency of solid sorbents through
the development of new formulations and advanced synthetic methods.
However, although the influence of operating parameters on the per-
formance of such novel reactants is typically well documented, only a
limited number of authors have compared the efficiency of synthetic
sorbents with benchmark commercial sorbents.

Fig. 9 reports two representative examples of studies clearly
evidencing the superior performance of novel reactants over conven-
tional ones, for Ca-based and Na-based synthetic sorbents, respectively.
Cao et al. [117] compared the performance of a Ca-Mg-Al mixed oxide
sorbent to conventional CaO in the treatment of HCI, while Tsubouchi
et al. [127] compared the removal of HCl by conventional, unsupported
NayCOg3 and honeycomb-supported NaoCOj3. In both cases, experimental
findings are reported in the form of curves of HCl breakthrough over a
fixed bed of sorbent. Table 5 reports the experimental conditions applied
in experimental runs.

In both cases, breakthrough curves allow observing a clear distinc-
tion in the performance between the novel sorbent and the benchmark.
Notably, both synthetic sorbents demonstrate a significantly higher HCI
removal rate. The initial phase of nearly 100 % HCl removal lasts at least
4 times longer than for the benchmark. In the case of the Ca-Mg-Al
mixed oxides synthesized by Cao et al. [117], the superior perfor-
mance can be ascribed to a tenfold specific surface area compared to
conventional CaO, leading to the observed higher reactivity. In the case
of Tsubouchi et al. [127], the superior performance derives from the use
of a support for the sorbent. The honeycomb structure uniformly dis-
perses the powdered sodium carbonate, minimizing particle agglomer-
ation and improving gas-solid contact. In addition, the support mitigates
the sintering effects that are frequently observed in unsupported sodium
carbonate (see Section 5.1.1). From a more general point of view, Fig. 9
confirms that the use of comparative breakthrough curves appears to be
a commendable approach to document the superior performance of a
novel sorbent compared to a benchmark, as it allows to appreciate both
the rate of HX absorption and the ultimate HX uptake capacity. A few
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Fig. 8. Sorbent conversion in HCl removal (inlet concentration:1000 ppm)
with respect to normalized reaction time. Dots refer to Ca(OH), as sorbent,
while lines refer to NaHCO3.
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other authors reported the average HCl removal efficiency of their
synthesized sorbents against commercial benchmarks over a reference
reaction time (see Table 6).

It can thus be inferred that various synthetic sorbents reported in the
literature in recent years show a higher removal efficiency compared to
conventional reactants [63]. This could potentially translate into a sig-
nificant reduction of sorbent consumption in DSI systems. However, it
should be noted that some of the synthetic approaches adopted in the
literature (see Table 3) involve the use of multiple chemicals and
energy-intensive processing steps. This might be critical for the
cost-effectiveness of synthetic sorbents, given that reference conven-
tional sorbents are rather inexpensive commodities. Conducting a pre-
liminary techno-economic analysis is therefore advisable to assess the
viability of novel reactants and synthesis routes. It is equally important
to evaluate whether the improved performance of synthetic sorbents
outweighs their potentially higher environmental impact throughout
the supply chain. While comparative life cycle assessment (LCA) studies
on the environmental footprint of commercial Ca- and Na-based sor-
bents are available [55,66,208], similar analyses for synthetic sorbents
are still lacking. Addressing this gap is crucial to assess the overall
sustainability of these advanced materials.

8. Mechanisms of the reaction process
8.1. Reaction steps

The experimental evidence concerning hydrogen halide removal by
solid sorbents, summarized in Sections 6 and 7, can be interpreted
considering the underlying physicochemical phenomena controlling the
overall reaction process. Non-catalytic gas-solid reactions are charac-
terized by many elemental physical and chemical steps that can take
place sequentially or simultaneously [144]. These steps include: i) gas
film diffusion of the gaseous reactant from the bulk gas phase to the
exterior surface of the sorbent particles (external mass transfer); ii)
intra-particle transport through macro- and micro-pores (internal mass
transfer); iii) diffusion through the layers of solid reaction products, and
iv) adsorption on the sorbent surface and subsequent chemical reaction
with the sorbent. The relative importance of these reaction process steps
is greatly influenced by both operating conditions (temperature, hu-
midity, gas composition) and structural properties of the solid sorbent,
including particle size, pore size distribution, and tortuosity [209]. In
addition, the gas-solid reaction system is inherently unsteady, and the
controlling regime might change as the reaction proceeds [210].
Gas-solid reactions that produce a solid product, as in the case of the
sorption of hydrogen halides, typically present two subsequent reaction
regimes [211]: i) an initial fast stage governed by chemical kinetics,
until a compact product layer covers the available reaction surface; and
ii) a slower stage limited by product layer diffusion, as the compact
product layer acts as a barrier between the gaseous and the solid re-
actants. In this context, product layer diffusion is typically rate-limiting
compared to diffusion in the pores [212].

8.2. Conventional gas-solid reaction models applied to the sorption of
hydrogen chloride

Table 7 summarizes the literature studies addressing the adaptation
of conventional models for gas-solid reactions [213] to HX/solid sorbent
system.

As shown in the table, a wide array of non-specific gas-solid het-
erogeneous reaction models were applied to the modelling of HCl
sorption, with some studies focusing also on SO5 removal. A single study
focused on HF removal [148], while, to the knowledge of the authors, no
studies addressing the modelling of HBr removal are present in the
literature. A schematic representation of the conventional gas-solid re-
action models is depicted in Fig. 10.

The early studies addressing the reaction mechanism of HCI removal
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benchmark. Experimental conditions are reported in Table 5.

mostly relied on the application of the shrinking core model (SCM,
Fig. 10a) [217]. Starting from experiments designed to minimize
external mass transfer limitations [142,143], the SCM has been applied
under the assumptions of chemical reaction control (governing param-
eter: kinetic constant k) or product layer diffusion control (governing
parameter: PL diffusivity D). As the limiting step in the process can
change as the reaction progresses, versions of the SCM with combined
kinetic and diffusive control have been proposed [198]. The main lim-
itation of this approach is the use of idealized geometries (spherical
particles) and the exclusion of sorbent porosity.

To extend the SCM to porous solids, the grain model (GM, Fig. 10b)
has frequently been adopted by describing the solid phase of a porous
particle as a matrix of non-overlapping, non-porous grains. This implies
coupling a diffusion resistance model for the particle (i.e., gas film and
pore diffusion of the gases from the bulk gas phase to the inner grain
surface) with an unreacted shrinking core model for the grain (i.e.,
diffusion through the product layer of the grain and reaction at the
surface of the fresh reactant core) [150]. A common limitation of several
applications of the GM [74,142,151,155] is the assumption of uniform
grain size. Actually, sorbent particles exhibit a distribution of pore sizes,
which the GM can approximate by considering populations of grains of
different initial size, e.g., deriving a set of size distributions of grains
from the size distribution of pores measured via mercury porosimetry, as
in Dal Pozzo et al. [82]. In addition, studies employing the GM often

Table 6

Comparative HCl abatement performance of synthetic sorbents versus com-
mercial benchmarks in terms of average removal efficiency in relevant literature
studies. Experimental conditions are reported in Table 5.

Sorbent Average HCl removal efficiency (%)  Reference
over 60 min of reaction time

Ca-Mg-Al mixed oxides 97.9 [117]
(synthetic sorb.)

CaO (benchmark) 93.5

NaHCO3 (benchmark) 97.0

NayCO3 supported on 98.0 [107]
alumina (synthetic sorb.)

Ca(OH), (benchmark) 15.0

Honeycomb-supported 67.0 [127]
NayCO3 (synthetic sorb.)

NayCOg3 (benchmark) 10.0

Ethanol-modified CaO 97.8 [871]
(synthetic sorb.)

CaO (benchmark) 14.2
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neglect how the PL growth also affects sorbent porosity, causing pore
clogging and reducing internal gas diffusion.

As highlighted in Table 7, most studies on HCI removal adopted the
GM or modified versions of the GM to interpret experimental data,
reporting product layer diffusion as the controlling stage. Resulting es-
timates of the diffusion coefficient of the gaseous reactant through the
product layer Dg [mz/ s] obtained by different investigators, albeit using
different modelling approaches, are reported in Fig. 11, for Ca-based
(panel a) and Na-based (panel b) sorbents, as a function of inverse
temperature. In this representation, it is evident that the Arrhenius-type
dependence of Dg with temperature. An exception is represented by Dg
values derived at temperatures lower than 100 °C in the presence of
moisture (see, e.g., Fonseca et al. [151]), for the reasons discussed in
Section 5.1.2.

The random pore model (RPM, Fig. 10c) has found significant appli-
cations in the study of gas-solid reactions for acid gas removal, partic-
ularly in cases where structural changes in the porous sorbent
dramatically reduce the reaction rate, e.g., for SO sorption [215,218],
due to its ability to account for structural changes during reactions,
capturing the dynamic nature of pore structure and altering reaction
kinetics accordingly. However, possibly due to the detailed knowledge
of the dynamic structural properties of the sorbent required for its
application, the RPM has been adopted in a single study addressing HCI
removal [199].

Despite the extensive research conducted to date regarding gas-solid
reactions and their modelling, notable gaps remain in properly
describing the overall reaction process occurring during acid gas
removal. The conventional models for non-catalytic gas-solid reactions
typically fail to describe the incomplete conversion of solid sorbents
[33]. In particular, the above-mentioned models have shown limitations
in the prediction of the incomplete conversion of calcium-based sorbents
observed in several experimental studies [74,143,151,152]. In fact, a
wealth of experimental evidence, summarized in Fig. 12, indicates that
the reactions of Ca-compounds with HCI stop before the complete con-
version of the solid calcium sorbent and that the final calcium conver-
sion depends on temperature [219].

Distinct trends characterize different temperature ranges in Fig. 12.
At temperatures below 300 °C, studies conducted in dry gas revealed an
increase in the ultimate conversion with temperature [74,82,143].
Conversely, as discussed in Section 5.1.2, studies reporting the results of
experiments in moist gas found that the ultimate conversion of the
sorbent decreases with temperature, as a consequence of the increase in
the relative humidity [151,152]. In the range 400-600 °C, above the
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dehydration temperature of Ca(OH),, authors testing the HCI uptake of
calcium oxides and carbonates report an increase in the ultimate con-
version with temperature [142,150]. A notable lack of experimental
data is present in the range between 300 and 400 °C. At temperatures
higher than 600 °C, sorbent conversion decreases with temperature
[145,160], as thermal sintering becomes relevant (see Section 5.1.1).

As a matter of fact, even if researchers have gathered ample evidence
of incomplete sorbent conversion, as summarized in Fig. 12, a consensus
on the theoretical explanation of this phenomenon is not yet present.
The early studies that first observed the incomplete solid conversion in
the sulfation of lime and limestone attributed it to the blockage of the
porous structure of the sorbent [220,221]. Yan et al. [143] hypothesized
that the pore plugging mechanism might also explain the incomplete
conversion of calcium hydroxide particles exposed to HCl. As the molar
volume of the solid product CaCl, is larger than that of the reactant Ca
(OH),, the gas-solid reaction may lead to an expansion of the solid, thus
clogging the pores. Eventually, the void fraction of the sorbent particles
may be entirely filled before complete sorbent conversion is reached.

Simons and Garman [221] derived an expression to estimate the
theoretical maximum solid conversion at which complete closure of the
intraparticle voids occurs:

_ &

where ¢, is the initial void fraction of the sorbent and « is the volumetric
expansion factor, i.e., the ratio of the molar volume of the solid product
to that of the solid reactant. For instance, the conversion of Ca(OH), to
CaCly in anhydrous or dihydrate form leads to a equal to 1.54 and 2.39,
respectively. In contrast, the formation of NaCl from NayCOj3 entails o
equal to 1.29. Therefore, according to Eq. 18, a NapCO3 particle with an
initial porosity &, = 0.3 can be fully converted to NaCl, while a Ca(OH);
particle with the same initial porosity can only achieve a maximum
theoretical conversion of 80 % or 30 %, whether the solid product is
anhydrous or dihydrate CaCl,, offering a first possible explanation of the
evidence concerning the incomplete conversion issues in Na-based sor-
bents [96].

However, the pore plugging theory for incomplete conversion
derived from Simons and Garman [221] assumes that the phenomenon
depends solely on properties of the solid reactant and product (Eq. 18),
hence it cannot explain why the ultimate conversion is affected by
operating conditions, e.g., by temperature, as shown in Fig. 12.
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Furthermore, the theory fails to account for the very low maximum
conversions (i.e., 10 %) observed at low temperatures for porous sor-
bents (see Fig. 12, data reported by [74,170]), where the volume
expansion associated with chloride formation would be too small to fill
the pores.

Therefore, Yan and coworkers in 2003 [143] proposed an alternative
mechanism to explain the incomplete conversion of the solid sorbent.
They suggested that the growth of solid product layers might occlude the
pore mouths, i.e., the outer pores of sorbent particles, preventing or
severely limiting access of the gaseous reactant to the internal pores and
the core of sorbent particles [143]. Yet, this idea conflicts with the
findings of researchers who investigated the elemental composition of
cross-cut sorbent particles after exposure to HCl. Weinell et al. [74] and
Partanen et al. [145] analysed by energy dispersive X-ray (EDX) spec-
troscopy the distribution of chlorine inside a 70 um Ca(OH), particle
reacted with 1000 ppm HCI at 200 °C and inside a 200 pm CaO particle
reacted with 1000 ppm HCI at 850 °C, respectively. Both studies found
Cl to be evenly distributed along the cross-section of the reacted parti-
cles, as shown in Fig. 13, thus suggesting a rather uniform solid con-
version across the radial coordinate.

In addition, another set of tests, based on single-crystal (SC) mea-
surements, appears to disprove pore clogging as the most relevant cause
for the incomplete ultimate conversion of the solid. SC have been used as
model systems to study the reaction between sorbent and gaseous
reactant on a simple and clearly defined surface geometry, not influ-
enced by the complex texture and porosity patterns of sorbent particles
[162]. Koch et al. [175] exposed calcium hydroxide SCs, grown from
aqueous solutions of CaCl; and NaOH in a desiccator, to 220 ppm HCl in
moist gas (10 Hy0) at 100 °C. After 150 min, cross-sections of the SCs
were analyzed by EDX, revealing that the surface of the SC remained
plane after the reaction. The reaction product was located within the
parent Ca(OH), crystal, showing that the reaction front penetrated in-
side the crystal instead of expanding outwards. Therefore, the authors
concluded that no pore closure could occur during Ca(OH), reaction
with HCl as a consequence of product layer growth [175].

Sun et al. [168] also investigated how the solid surface is affected by
reaction in the CaO-HCI system, with a different experimental design,
shown in Fig. 14. They pressed CaO powder into cylindrical tablets,
sintered them at 1200 °C for 2 days to remove the inner pore volume,
then applied a strip of platinum paint on the tablet surface. Pt paint
acted as an inert marker to elucidate the prevailing mechanism in

Table 7
Modelling studies addressing the application of non-specific gas-solid heterogeneous kinetic models to acid gas reaction with solid sorbents.

Gas Sorbent Model  Notes Reference

HCl CaO SCM Assumes mixed chemical reaction and product layer (PL) diffusion control, neglects pore diffusion. [140]

HCl CaO SCM Determines an apparent kinetic rate, neglects PL growth. [142]

HCI Ca(OHy, SCM Assumes chemical reaction control, neglects PL growth. [143]

HCl Ca(OH), SCM Assumes lumped kinetics, with a kinetic constant dependent on temperature and gas composition. [147]

HCl Mixed Ca/Na-based SCM Assumes mixed chemical reaction and PL diffusion control. [125]
sorbent

HCl Na-Mg-Al LDH SCM Adapts SCM to account for layered structure and ion exchange, assuming uniform particles. [129]

HC1+SO0, Ca(OH), SCM Parallel-reaction SCM with moisture-dependent PL diffusion coefficients. [152]

HCl Ca(OH),, CaCOg3 GM First application of the GM to HCI removal. Assumes spherical particles and uniform grain size. [74]

HCl CaCOg3 GM Coupling of a GM using mixed chemical reaction and PL diffusion with pore diffusivity from RPM. [150]

HCl1 Ca(OH), GM GM with mixed chemical reaction and PL diffusion. PL diffusivity as a linear function of moisture. [151]

HCl NayCO3 GM GM model nested in an integral fixed-bed reactor model, including gas film and pore diffusion. [155]

HClL Mixed Ca/Na-based GM Steady-state and isothermal assumptions; simplified flow conditions in a high-temperature gas stream [214]
sorbent

HCl Ca(OH), GM Coupling of conventional GM with a crystallization and fracture submodel. Accounts for sorbent structural change; still [33]

assumes steady-state and neglects dynamic behavior.
HCl Ca(OH)y GM Extension of the model introduced in [33]. Considers a distribution of grain size, modelled based on the experimental [82]
pore size distribution of the reactant.

HCl Mixed Ca/Na-based RPM Application of RPM to HCI removal with mixed chemical reaction and PL diffusion control. [199]
sorbent

SO, CaO RPM Compares different formulations to include the evolution of pore diffusivity over time. [215]

SO, Na,yCO3 RPM Application to slab pellet geometry. Includes variation of pore diffusivity over time. [216]

SCM: shrinking core model; GM: grain model; RPM: random pore model.
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Fig. 10. Schematization of the models for gas-solid reactions: a) shrinking core model (SCM), b) grain model (GM), where each grain reacts according to the SCM, c)

random pore model (RPM).

solid-state diffusion through the product layer, i.e., determining
whether the inward migration of reactant ions from the gas phase or the
outward migration of reactant ions from the solid phase is faster. After
30 days of exposure to a flow of 50 ppm HCl in N5 at 500 °C, the authors
observed that the position of the Pt layer at the exterior surface of the
CaO tablet remained unchanged and the CaCl, product layer grew
beneath the Pt layer, hence showing a preferred “inward growth” mode,
in agreement with the evidence from the SC experiments by Koch et al.
[175].

On the whole, the experimental findings reported in the literature
point out that the incomplete conversion of the solid reactant derives
from the evolution of the product layer and its influence on the overall
reaction rate.

8.3. Specific gas-solid reaction models addressing sorbent incomplete
conversion

As discussed above, conventional heterogeneous gas-solid reaction
models fail in providing a sound approach to the incomplete conversion
of the solid sorbent. Thus, a few studies introduced modeling approaches
specifically addressing the incomplete sorbent conversion, linking it to
phenomena occurring within the product layer.

Duo et al. [219,222] advanced a thermodynamic explanation con-
cerning how the product layer formation affects the maximum achiev-
able solid conversion for Ca-based sorbents reacting with acid gases.
Their approach, named crystallization and fracture (CF) model, starts
from the assumption — later proved by scanning electron microscopy
(SEM) images [189,223]- that at the beginning of the reaction, the solid
product, rather than forming a uniform thin layer on the pristine sorbent
surface, nucleates in clusters of molecules according to a crystallization
process. The process involves four main steps: (i) nucleation of product
molecules at the interface between the product layer and unreacted
sorbent; (ii) growth of nuclei into larger crystals that form a thickening
product layer; (iii) displacement of the product layer during growth,
potentially causing fractures due to volume expansion; and (iv) termi-
nation of the reaction when the energy required for further crystalliza-
tion and fracture exceeds the free energy of the reaction. Notably, step
(iv) is consistent with the experimental observations of an incomplete
sorbent conversion that is a function of temperature and concentration
of the gaseous reactant.

Antonioni et al. [33] integrated the CF model in the grain model
framework by converting the increase of the energy threshold for
nucleation into a reduction factor of the overall reaction rate. The grain
model modified by the incorporation of the CF submodel to fit different
experimental datasets for the reaction between Ca(OH), and HCI [74,
143,205] highlighted a log-linear decrease with temperature of the
mechanical resistance of the product layer, in agreement with the
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typical behavior of the elastic modulus of several materials [224].
Therefore, it may be concluded that the CF modification of the grain
model appears capable of describing the phenomenological nature of the
problem, although it introduces complexity in the modelling framework.

A simpler approach to account for incomplete sorbent conversion is
to introduce in the model a variation of the diffusivity in the product
layer with sorbent conversion [209]. Different empirical expressions for
the time dependency of PLD have been proposed in the literature,
especially with reference to the reaction between lime and SO, [89,225]
that, in principle, may also apply to the reaction with hydrogen halides.
In this context, Montagnaro et al. [212] introduced a fractal formulation
of PLD that takes into account not only the dependency on the reaction
time, but also an inverse correlation with the concentration of the
gaseous reactant, in agreement with the CF theory [226].

Although the proposed approaches were successful in the interpre-
tation of experimental data obtained at the laboratory scale, the scale-up
of such models to develop a sound modelling of the full-scale gas-solid
reaction process for full-scale flue gas cleaning is still lacking. To date,
process design, optimization, and control in the industrial environment
are typically carried out by applying empirical data-driven models [227,
228]. Such models present increasing accuracy due to the progress in
data analytics and the wealth of process data usually available in facil-
ities such as WtE plants [229]. Yet, they inherently require plant-specific
tuning [55]. Although some empirical models calibrated on industrial
process data have shown a rather broad validity [230], also taking
advantage of hybrid modelling strategies [203], the progress in first
principles approaches constitutes the way forward towards a general-
ization and more robust DSI process modelling. In particular, from a
perspective, the advanced reaction models discussed in this section
could be nested into computational fluid dynamics codes describing the
entrained flow of sorbent particles in the flue gas to provide a detailed
simulation of DSI operation [135].

9. Discussion

The review carried out allowed tracking the state-of-the-art of
research on gas-solid reactions for the removal of hydrogen halides from
flue gases. In light of the work carried out, the most relevant findings can
be summarized as follows:

o Performance of commercial sorbents. Calcium-, sodium-, and
magnesium-based materials are the commercial sorbents most
widely applied in flue gas treatment. In particular, in the low tem-
perature range that is typical of most DSI industrial applications
(120-250 °C), Na-based sorbents exhibit higher HCI removal effi-
ciency than Ca-based sorbents, and their reactivity increases with
temperature. The reactivity of Ca-based sorbents can be enhanced by
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Fig. 11. Product layer diffusivity values reported in the literature for the reaction between: a) Ca-based sorbents and HCI; b) Na-based sorbents and HCL.

increasing their specific surface area (e.g., via hydration in aqueous
solutions containing alcohols or ball milling) or by operating the
process near the saturation temperature of the flue gas (i.e., at high
relative humidity).

In the high-temperature range of interest for reactant injection in
furnaces or boilers (600-1000 °C), the performance of Na-based
sorbents is severely limited by thermal sintering. Dolomitic sor-
bents emerge as the most suitable class of reactants for high-
temperature applications thanks to the structural action of their
Mg components.

Performance of innovative sorbents. Developed with the aim of
magnifying specific surface area, they can exhibit significantly
higher reactivity (at least 3 times longer breakthrough times in
comparative experiments) compared to commercial hydrated lime
and sodium bicarbonate. However, to date, scarce attention has been
dedicated to the costs of the materials used and to synthesis tech-
niques. Additionally, most of the proposed innovative sorbents are
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developed at laboratory scale, demonstrating a technology readiness
level (TRL) equal to or lower than 4. This underscores the need of an
extended experimental validation before they may be proposed for
industrial application.

HF removal. The removal of HF from flue gas streams remains
insufficiently documented in the scientific literature. Only a few
addresses HF separation, highlighting that Ca-based sorbents show
high removal efficiency at high temperature (300-800 °C).

Competition between hydrogen halides. Scattered experimental
evidence suggests that Ca-based sorbents have a preferential reac-
tivity toward HF compared to HCl, while for Na-based sorbents, the
opposite is reported. Notably, the literature offers no insights into the
simultaneous sorption behavior of HF or HCl in the presence of HBr.
Competition with SO2. When SOs is also present in the flue gas,
experimental data evidence that it competes with HCI for sorption
sites on Ca-based sorbents. At high temperatures (over 600 °C), SO5
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Fig. 12. Ultimate conversion of Ca-based sorbents in HCl removal reported by
different authors, in dry conditions or in the presence of H,O and/or CO,
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Fig. 13. EDX analysis of the distribution of chlorine in the cross-section of a
sorbent particle after exposure to HCl: a) a Ca(OH), particle reacted with
1000 ppm HCI at 200 °C (adapted from [74]); b) a CaO particle reacted with
1000 ppm HCI at 850 °C (adapted from [145]).
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absorption is enhanced in the presence of HCI due to increased cal-
cium sulfation. However, this simultaneously reduces HCI capture, as
calcium is preferentially converted to CaSO4. At low temperatures (<
300 °C), Ca-based sorbents show a higher selectivity for HCI, but SO
inhibits HCI sorption by forming dense product layers that block
access to the remaining reactive sites. The extent of the inhibition
depends on SO, concentration and on the presence of oxygen in the
gas phase, which favors the formation of sulfate rather than sulfite
layers. On Na-based sorbents, HCl generally shows a preferential
uptake over SO, though some reduction in HCl sorption efficiency is
observed with increasing SO concentrations, due to competitive
reactions at shared alkaline sites and partial sulfation of sodium
chlorides.

Competition with CO,. CO, interacts with Ca-based sorbents
through carbonation reactions, forming calcium carbonate and
reducing the availability of active sites for HCI sorption. The inter-
ference from CO, becomes more pronounced at high temperatures
(higher than 400 °C), as carbonation kinetics intensifies. At low
temperatures (< 300 °C), the extent of carbonation is typically
limited, yet some reduction in HCl sorption efficiency still occurs due
to pore clogging from carbonate formation. Although only a few
studies addressed the topic, the presence of CO3 in the flue gas is also
reported to reduce the efficiency of HCl capture of Na-based
sorbents.

Reaction process and kinetic modelling. Most authors agree that
the rate of the overall process is governed by diffusional limitations,
and, in particular, by diffusional resistance in the layers of solid
product. Conventional models, such as the shrinking core model and
the grain model, provide a foundational understanding of gas-solid
reactions but fail to accurately describe the incomplete conversion
of Ca-based sorbents. The random pore model offers enhanced pre-
dictive accuracy by considering changes in pore structure during
reaction progress, but requires detailed sorbent characterization.
Efforts have been devoted to developing advanced fundamental
models accounting for the specific phenomena observed in experi-
mental studies, e.g., based on the inclusion of crystallization and
fracture mechanisms in the product layer. The use of hybrid
modelling approaches, adopting time-dependent diffusion co-
efficients or lumped reaction parameters, provides an improved ac-
curacy at a lower computational cost but requires case-specific
calibration, limiting their general applicability.

The analysis of the literature also allows evidencing the following

main knowledge gaps:

Validation of fundamental kinetic models for the gas-solid re-
action process. Even if several fundamental kinetic models were
proposed for the interpretation of gas-solid reaction experimental

Fig. 14. Inert marker experiment for the elucidation of product layer growth mode: a) positioning of a Pt strip on the surface of a tablet of sintered CaO; b) SEM
image of a cross-section of the tablet after reaction with 50 ppm HCI at 500 °C; ¢) EDX mapping of Pt, Cl, and Ca. Adapted from [168].
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data obtained at the laboratory scale, the full-scale validation of such
models is still lacking. To date, process design, optimization, and
control in the industrial environment are typically carried out by
applying empirical data-driven models. This underscores the need of
an extended large-scale validation fo fundamental models before
they may be proposed for industrial application.

Benchmarking of innovative sorbents: While several recent
studies report the development of promising synthetic sorbents for
HX removal, systematic studies addressing the comparative assess-
ments of their actual advantages over conventional reactants are still
lacking. Performance claims are often based on laboratory-scale re-
sults without benchmarking against commercial sorbents under
representative operating conditions. Moreover, techno-economic
and life cycle aspects are rarely addressed, leaving open questions
on the cost competitiveness and environmental sustainability of such
materials. Future research should aim to clarify not only the HX
removal potential of innovative sorbents but also their practical
applicability in terms of cost, scalability, and overall environmental
impact.

HBr and HF removal: Notably, no experimental campaign to date
has been devoted to clarifying the comparative performance of Ca-
based and Na-based sorbents toward HBr and HF, two gases of
increasing relevance in industrial flue gas cleaning applications.
Competition among halides: The existing body of research pre-
dominantly focuses on the removal of individual acid gases, with
limited attention given to the interactions that may arise when
multiple acid species are present simultaneously. However, gaining a
deeper understanding of such interactions is essential to evaluate
potential competitive or synergistic effects that may influence
overall removal efficiency. While some studies have explored the
interaction between HCl and SO, comparative investigations
involving multiple hydrogen halides remain scarce. A systematic
investigation of the comparative reactivity of the different halides
towards the available classes of sorbents is needed to substantiate the
currently fragmented information. In particular, the mutual influ-
ence between HF, HCl, and HBr during sorption processes has yet to
be systematically addressed, representing a notable gap in current
knowledge.

Understanding/Modelling of the role of humidity: Humidity in
the gas stream represents a critical operational parameter in flue gas
treatment, where a non-negligible amount of water vapor is typically
present. The influence of moisture on the efficiency of HCI removal
has been experimentally investigated by several researchers over a
broad temperature range. While qualitatively the effect of moisture is
relatively well understood, generally enhancing sorption in the
typical temperature range of DSI applications, quantitative model-
ling remains challenging.

Incomplete sorbent conversion: Despite a wide experimental
consensus showing that Ca-based sorbents do not reach full conver-
sion in typical DSI conditions, the underlying mechanisms remain
only partially understood. Several hypotheses have been proposed,
including pore closure, product layer densification, or thermody-
namic limitations to nucleation, but no comprehensive explanation
has yet been proved and universally accepted. The issue of incom-
plete conversion has significant practical implications for the cost-
effectiveness and the indirect environmental impacts of dry acid
gas treatment, as it leads to excess sorbent consumption and
increased generation of solid residues. Understanding the funda-
mental phenomena leading to incomplete sorbent conversion may
allow the identification of operating conditions leading to a higher
effectiveness and a lower environmental impact of DSI full-scale
applications.

10. Conclusions and future perspectives

In this study, the state-of-the-art concerning gas-solid reaction
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processes for the removal of hydrogen halides from flue gases was
comprehensively examined. The findings of more than 230 articles
published from 1980 to date, encompassing experimental and modelling
studies, were analyzed. The corpus of research conducted by different
authors over three decades was critically examined, combining the
experimental data to present a comprehensive characterization of the
reactivity of different commercial and synthetic sorbents towards
different hydrogen halides (HCl, HF, and HBr) at different operating
conditions in terms of temperature and moisture. Knowledge gaps and
open issues concerning the fundamental phenomena underlying the acid
gas removal reaction process were identified and discussed in light of the
different approaches so far adopted.

As discussed above, the main gaps identified are related to the lack of
experimental data on the single removal of HBr and HF and their
simultaneous removal with HCIL. Additionally, understanding the role of
humidity is crucial, especially to allow the modelling of gas-solid re-
actions involved in acid gas removal.

In light of the above, priorities for future research in the field have
been identified. On the side of experimental work, there is a pressing
need for studies addressing the simultaneous sorption of multiple acid
gas compounds, to better elucidate synergic and/or competitive in-
teractions between these species. Relatedly, the significant lack of data
on the sorption of halides other than HCI (mainly HF and HBr) needs to
be addressed. To date, the WtE sector has been the reference field of
application for the removal of hydrogen halides, thus driving the focus
of researchers on HCl as a target pollutant. However, stricter emission
standards are introduced in other industries (e.g., glass and ceramic tile
manufacturing) and novel flue gas cleaning applications emerge (e.g.,
pyrometallurgical processes for WEEE recycling). Thus, in order to tailor
and optimize dry flue gas treatment solutions for these sectors, it is
essential to evaluate the performance of solid sorbents under flue gas
compositions representative of these emerging environments, where HF
and HBr play a relevant role.

High-efficiency advanced synthetic sorbents are also proposed for
application. Their higher reactivity and thermal stability with respect to
state-of-the-art commercial sorbents make them attractive for prospec-
tive use, though currently reported only at limited TRL (typically be-
tween 2 and 4). However, as the most effective synthesis routes might be
significantly more complex than the production of commercial hydrated
lime and sodium bicarbonate, at least a preliminary prospective techno-
economic and life cycle analysis is required to identify specific synthetic
sorbents that may be considered as potential substitutes for commercial
sorbents. Moreover, it is recommended to benchmark the removal per-
formance of novel sorbents to that of representative commercial sor-
bents, e.g., by using breakthrough curves providing both the rate of HX
absorption and the final HX uptake capacity.

On the modelling front, besides the need to address open issues, e.g.,
regarding the role of water and other gas components in the HX removal
process, the analysis of the literature evidenced that fundamental
models are currently applied and validated only at laboratory scale (TRL
4). It would be of utmost importance to extend these models to the
assessment of full-scale systems, since process design and control of full-
scale industrial systems nowadays still mostly rely on empirical or data-
driven approaches. Bridging this gap would enhance the predictive
power of models and support the development of more efficient and
scalable flue gas treatment solutions.
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