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Acid Rain Purification Technologies
for Tailored Mitigation Strategies in
Developing Countries

Abstract:

Yuxuan Zhong Acid rain, caused primarily by SOz and NOy emissions
from fossil fuel combustion, remains a major environmental

Sehogll @ S Bl challenge with sigpificagt ecological and -hu.man health

Slfes . Smashe, Ot consequences. Thl.S review compares ex1st11.1g. gontrol

Zhong081216@outlook.com technologies, focusing on efficiency, cost, feasibility, and
applicability to developing countries where resources and
infrastructure may be limited. For SO. mitigation, calcium-
based flue gas desulfurization (FGD) is widely applied
because it is relatively simple and cost-effective, although
its efficiency is somewhat lower than alternative methods.
Sodium-based sorbents, by contrast, can achieve higher
removal efficiency but are constrained by elevated costs and
more complex disposal requirements, which limit large-
scale adoption. For NOx control, combustion modifications
represent low-cost options that can be implemented during
the design or operation of boilers, but their effectiveness
is limited compared with post-combustion methods.
Advanced techniques such as selective catalytic reduction
(SCR) provide high removal efficiency and reliability, yet
demand substantial investment, sophisticated operation,
and continuous maintenance. Considering these trade-
offs, developing countries should prioritize technologies
that balance cost and performance. A practical pathway
involves adopting calcium-based FGD for SO: reduction,
while integrating hybrid NOy reduction strategies that
combine low-cost combustion modifications with selective
downstream treatment, ensuring both technical feasibility
and alignment with local economic conditions.

Keywords: Acid rain; SO: control; NO, reduction; flue
gas desulfurization; selective catalytic reduction.




1. Introduction

Acid rain originates from multiple sources, most nota-
bly the combustion of fossil fuels and vehicle emissions.
These processes release sulfur compounds and nitrogen
oxides, which, in the presence of water, oxygen, and
other atmospheric components, are transformed into sul-
furic and nitric acids. The resulting acidic substances are
deposited onto the Earth’s surface through dry and wet
deposition [1-2]. Given the widespread reliance on fossil
fuels, controlling acid rain remains a persistent challenge.
Current mitigation approaches can be broadly divided into
those targeting sulfur dioxide (SO2) and those targeting
nitrogen oxides (NOx). Flue Gas Desulfurization (FGD) is
the primary technology for SO: removal, whereas Selec-
tive Catalytic Reduction (SCR) and Selective Non-Cata-
lytic Reduction (SNCR) are commonly applied to control
NOy emissions. These technologies vary significantly in
mechanism, operating conditions, and overall effective-
ness.

With growing global concern over acid deposition, new
purification technologies have emerged, necessitating
systematic evaluation alongside conventional methods.
A comprehensive comparison based on efficiency, cost,
technical complexity, and applicability allows for a clearer
understanding of the strengths and limitations of different
approaches.

Globally, SO: and NOx emissions have shown divergent
trends. While reductions have been achieved in OECD
countries, many developing regions—particularly in
Asia—have continued to experience emission growth due
to rapid economic expansion and rising energy demand.
Such developments risk undermining the effectiveness of
acid rain control efforts [3].

Economic and technological constraints further compli-
cate mitigation in developing countries, making it essen-
tial to identify strategies that balance efficiency, feasibility,
and affordability. This review therefore compares a range
of control methods across diverse application contexts,
with the goal of determining the most suitable acid rain
purification strategies for developing nations.

2. Formation of acid rain

The formation of acid rain is a complex atmospheric pro-
cess driven primarily by chemical reactions involving an-
thropogenic emissions. Sulfur dioxide (SO:) and nitrogen
oxides (NOy) are the main precursors, originating largely
from fossil fuel combustion in power plants, industrial fa-
cilities, and vehicle exhaust, although natural sources such
as volcanic eruptions and forest fires also contribute [4].
Once released into the atmosphere, these gases dissolve in
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water vapor and react with oxygen and other compounds
to generate acidic substances, most notably sulfuric acid
(H2S04) and nitric acid (HNOs) [1].

In thermal power plants, low-grade coal typically contains
approximately 0.5% sulfur and 35-40% ash. During com-
bustion, sulfur is oxidized to SO, which can be further
transformed into sulfite ions (SOs?") and subsequently
oxidized into sulfuric acid under atmospheric conditions
(Prakash et al., 2023) [1]. The abundance of water va-
por and oxidizing agents such as ozone accelerates these
transformations. By contrast, nitric acid formation is pri-
marily associated with vehicular emissions. Nitrogen in
fuel reacts with oxygen during high-temperature combus-
tion to form nitric oxide (NO), which undergoes a series
of photochemical reactions to produce nitrogen oxides
that ultimately convert into nitric acid.

The deposition of these acidic products occurs through
two primary pathways: dry and wet deposition. Dry depo-
sition refers to the direct absorption of SOz, NOy, and
other acidic species onto dust particles or aerosols, which
subsequently settle on the Earth’s surface. Wet deposition
occurs when acidic gases and particles are scavenged by
precipitation. Processes within clouds, known as rainout,
differ from those below clouds, where falling rain or snow
captures pollutants in a process referred to as washout [5].

3. Methods for controlling sulfur diox-
ide

3.1 Change fuel

To address the issue of excessive sulfur dioxide emis-
sions, the most straightforward solution is to switch to
alternative fuels. Since sulfur dioxide is mainly found in
coal, substituting coal with natural gas, oil, hydropower,
or nuclear energy can reduce SO2 emissions. However,
compared to coal, natural gas and oil are more expensive,
hydropower is regionally unstable, and nuclear energy en-
tails high capital investment and safety concerns.Finally,
the replacement of coal will affect the efficiency of the
power station.According to an estimate made by PEDCo.
Environmental Inc. , if clean energy is used to replace coal
in order to reduce the annual emission of 6 million tons
of sulfur dioxide, then the power company will need to
spend approximately 1.4 billion $ each year. This means
that it costs 250 $ to remove each ton of sulfur dioxide [6].

3.2 Flue Gas Desulfurization (FGD) Process

The flue gas desulfurization (FGD) process is a meth-
od that removes sulfur dioxide emissions by having the
adsorbent come into contact with the sulfur dioxide gas.
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When the adsorbent comes into contact with sulfur diox-
ide, it will react with it, eventually forming either a liquid
or a dry solid, which are respectively called the dry-meth-
od and the wet-method. Among them, dry desulfurization
will utilize various types of catalysts, such as calcium-
based sorbent, sodium-based sorbents, activated carbon,
metal oxides and zeolites [7-9].

3.2.1 calciumbased sorbent

Calcium-based adsorbents are a type of adsorbent man-
ufactured based on the calcium cycle. The core process
involves carbonization and calcination, and is achieved
through a fluidized bed reactor. Therefore, they are suit-
able for large-scale emission sources such as coal-fired
power plants. During the FGO process, the commonly
used calcium-based adsorbents include limestone(Ca-
CO3), hydrated lime(Ca(OH)2), modified dolomite(-
Ca0-MgO), fly ash composite adsorbent(CaO-Si02) and
synthetic adsorbent(CaO/Al203 etc.). In addition, the
advantages of calcium-based adsorbents include low raw
material costs, high stability of the desulfurization prod-
ucts, simple processing, and high temperature resistance
[10]. Due to these advantages, its common application
scenarios include the removal of acidic gases such as
SO2, HCI, and HF in coal-fired power plants and waste
incineration plants [10]. However, calcium-based sorbents
also have some drawbacks. For instance, after multiple
cycles, the pores become clogged, which leads to a de-
crease in the adsorption capacity. Additionally, they have a
slower reaction rate and some adsorbents have insufficient
strength [11].

3.2.2 sodium-based sorbents

Sodium-based sorbents mainly use sodium bicarbonate as
the adsorbent. Their main advantage lies in the fact that it
not only has a strong attraction for acidic substances such
as sulfur dioxide, but also can remove carbon oxides to a
certain extent.[8] This means that it can reduce more sul-
fur dioxide with fewer adsorbents, thereby lowering the
cost of sulfur reduction. At the same time, this method can
also maintain a high degree of reactivity at relatively low
temperatures (140°~ 300°), which gives it the advantage
of being able to be directly used in low-temperature gas
flow devices.[8]However, for the adsorbent, the most im-
portant factors are not only efficiency, but also hygroscop-
icity and price. For sodium-based adsorbents, although
their efficiency is higher than that of calcium-based
adsorbents, their cost is also higher [9]. Meanwhile, so-
dium-based sorbents are hygroscopic, so during use, it is
necessary to strictly control the humidity to prevent pre-
mature deliquescence, which could lead to a decrease in
the reversibility of the reaction and the service life.

3.2.2 sodium-based sorbents

Sodium-based sorbents mainly use sodium bicarbonate as
the adsorbent. Their main advantage lies in the fact that it
not only has a strong attraction for acidic substances such
as sulfur dioxide, but also can remove carbon oxides to a
certain extent.[8] This means that it can reduce more sul-
fur dioxide with fewer adsorbents, thereby lowering the
cost of sulfur reduction. At the same time, this method can
also maintain a high degree of reactivity at relatively low
temperatures (140°~ 300°), which gives it the advantage
of being able to be directly used in low-temperature gas
flow devices.[8]However, for the adsorbent, the most im-
portant factors are not only efficiency, but also hygroscop-
icity and price. For sodium-based adsorbents, although
their efficiency is higher than that of calcium-based
adsorbents, their cost is also higher [9]. Meanwhile, so-
dium-based sorbents are hygroscopic, so during use, it is
necessary to strictly control the humidity to prevent pre-
mature deliquescence, which could lead to a decrease in
the reversibility of the reaction and the service life.

3.2.3 Comparison between sodium-based sorbents and
calcium-based sorbents

For sodium-based sorbents and calcium-based sorbents, as
the main methods for cleaning sulfur dioxide, they have
different characteristics. Therefore, when evaluating them,
one should consider multiple aspects.First and foremost,
and most importantly, the efficiency of the adsorbent is
the most crucial factor.For calcium-based adsorbents, their
desulfurization efficiency is relatively low. Moreover,
traditional calcium-based desulfurizers require a calci-
um-sulfur ratio of 5:1 to 10:1 to meet emission standards.
However, for sodium-based adsorbents, a ratio of 1.3:1
to 1.6:1 is sufficient [11].Furthermore, calcium-based
adsorbents are highly dependent on the temperature and
humidity of the flue gas. For instance, at 150°C and with a
humidity of 25%, the desulfurization efficiency is several
times higher than that of dry flue gas. This indicates that
the optimal reaction window is adjacent to the dew point.
[10]However, for sodium-based sorbents, their desulfur-
ization efficiency is higher, and they exhibit stability over
a wide temperature range (180° to 350°), with minimal
influence by humidity.However, for temperatures above
350°, the sodium sulfite in the sodium-based adsorbent
may be oxidized to sodium sulfate, resulting in a decrease
in its activity.[10]

Meanwhile, when choosing the adsorbent, cost is also a
very important factor.For calcium-based adsorbents, their
cost advantage is obvious. The cost for treating each ton
of sulfur dioxide is only $615.65, which is only 1/6 of the
$3709.68 for sodium-based adsorbents. Meanwhile, the
generation cost of sodium-based adsorbents is 5.36 times



higher than that of calcium-based adsorbents [12].

Apart from measurable data such as cost and efficiency,
the technical threshold is also a very important consider-
ation for developing countries when choosing adsorbents.
During the operation of calcium-based adsorbents, it is
necessary to precisely control the temperature and humid-
ity of the flue gas in order to optimize the reaction rate.
For sodium-based adsorbents, their applicable tempera-
ture and humidity range is wide, and no strict regulation
is required, making the operation simpler [10]. However,
at the same time, the by-products of calcium-based ad-
sorbents, such as calcium sulfate and calcium sulfite, do
not dissolve in water, which is beneficial for disposal.
[10]This is different from sodium-based adsorbents like
sodium sulfate and sodium sulfite, which have high water
solubility and thus more complex disposal methods, such
as landfilling salt mines. Additionally, they can be regen-
erated through steam activation to increase the number of
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cycles, which is a significant advantage compared to the
hygroscopic property of sodium-based adsorbents.

Finally, when evaluating the two adsorbents, their applica-
tion scenarios should also be taken into consideration [10].
Calcium-based adsorbents are suitable for scenarios where
the humidity of the flue gas can be controlled and where
there are cost constraints, such as coal-fired power plants
and waste incineration plants [10]. For sodium-based
adsorbents, considering their significant advantages in
low-humidity and high-temperature flue gas, they are
suitable for scenarios where the flue gas temperature fluc-
tuates greatly while efficiency is also a priority, such as in
the chemical and metallurgical industries [10]. However,
their hygroscopic property also limits their application in
high-humidity environments.

The following table summarizes and compares the various
attributes of the two adsorbents.

Table 1. Comparative performance of calcium- and sodium-based sorbents in SO: removal.

» Raw materials (e.g., Ca(OH):) inexpensive

Criteria Calcium-Based Sorbents Sodium-Based Sorbents

» Lower efficienecy (Ca/S ratio: 5:1-10:1)

 Highly dependent on temperature/humidity (optimal | « High efficiency (Na/S ratio: 1.3:1-1.6:1)
Efficiency near dew point) « Stable across wide temperature ranges (180-350°C)

» Improved recyclability after modification (e.g., | * Humidity sensitivity low

steam activation increases carbonation rate to 70%)

 Low cost (~615 CNY/ton SO treated) * High cost (~3,710 CNY/ton SO: treated, 6x calci-
Cost um-based)

* Production cost 5.36x higher

Technical Barri-
echmieat Barn » Water-insoluble byproducts (easy disposal)

ers . .
 Steam reactivation feasible

» Complex operation (precise T/HR control required)

« Simple operation (tolerant to T/HR fluctuations)

» Water-soluble byproducts (complex disposal, e.g., spe-
cial landfill)

* Deliquescent (corrosion risk)

Application Sce- | coal/gas power plants, waste incineration)

narios * Superior HF adsorption

* Byproducts reusable in construction

* Cost-sensitive, humidity-controlled settings (e.g.,

« Efficiency-critical, variable-temperature gases (e.g.,
chemical/metallurgical industries)

* Optimal for low-humidity/high-temperature flue gas

* Limited in high-humidity environments

Recycling Poten-

ial * High (reactivation enhances cyclic stability)
ia

* Limited (no widely adopted regeneration technology)

4. Methods for controlling nitric oxide

4.1 Combustion control method

4.1.1 Low NOy Burners

Low NO burners are a type of burner that reduces flame
temperature and oxygen concentration by altering the
burner’s structure. This design lowers the temperature in
the high-temperature zone and shortens the fuel’s resi-

dence time, thereby reducing NOy formation [13]. This
method offers several advantages. For instance, it requires
no additional chemical reagents, resulting in low oper-
ating costs. It is also easy to modify and can be directly
applied in existing boilers. Moreover, it can reduce fuel
consumption [13]. However, this method also has several
drawbacks. Altering the burner structure may lead to un-
even combustion, resulting in carbon monoxide produc-
tion. Furthermore, high operating temperatures may cause
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equipment corrosion.
4.1.2 Staged Combustion

The principle of staged combustion is to regulate oxy-
gen concentration in order to suppress high-temperature
conditions that promote NOx formation. Unlike low-NOx
burners, this method supplies combustion air in succes-
sive stages. In the first stage, fuel is burned under oxy-
gen-deficient conditions, reducing NOy generation. In the
second stage, the remaining air is introduced to complete
the combustion process [13]. The main advantage of this
method is its compatibility with other combustion control
technologies, which can reduce fuel consumption and en-
hance energy efficiency. However, its drawbacks include
unstable combustion performance and the potential for
secondary NOy formation during the second stage, result-
ing in inconsistent efficiency.

4.1.3 Flue Gas Recirculation(FGR)

The main method of FGR is to return part of the exhaust
gas to the combustion zone. Since these exhaust gases are
inert gases, they will absorb heat, thereby reducing the
oxygen concentration and lowering the flame temperature,
thus minimizing the formation of thermal NOx [13].The
principle of this method is different from the previous two
methods, so its advantages and disadvantages are also dif-
ferent. The advantage of this method lies in that it can sig-
nificantly reduce the peak temperature, thereby reducing
the formation of NO, and making the combustion more
uniform, preventing the occurrence of excessively high
local temperatures.[13]However, because it needs to send
the exhaust gas back to the combustion zone, it may lead
to a decrease in combustion efficiency and an increase in
fuel consumption. At the same time, the presence of ex-
haust gas may also increase the risk of equipment corro-
sion [13].

4.1.4 High-Temperature Combustion

High-Temperature Combustion reduces the formation of
NOx by burning the fuel at extremely high temperatures
above 1000°, ensuring complete oxidation of the fuel
[14]. The advantage of this method is its high emission
reduction efficiency, which makes it suitable for scenarios
with high NOj loads, and it can also save space within the
furnace. However, at the same time, due to the extremely
high temperature required, it is prone to cause equipment
corrosion and damage. Moreover, the high temperature
also means higher energy consumption and carbon diox-
ide emissions. Post-combustion treatment methods

The smoke gas treatment methods are used to process
the exhaust gas after combustion, employing chemical or
physical processes to remove NOy. Evidence shows that
these methods are highly efficient, but they have high

costs and technical barriers, and are often used as supple-
mentary measures for combustion control.

4.1.5 Selective Catalytic Reduction(SCR)

Under the action of a catalyst (such as V205), the re-
ducing agent selectively reduces NOy to N2 and H20O.
The principle is to provide active sites through a catalyst,
thereby facilitating the reaction to proceed at lower tem-
peratures (250° to 400°) and enhancing the reduction effi-
ciency.The advantage of this method lies in its extremely
high efficiency in removing NO,, and it can also handle
multiple pollutants simultaneously. The drawbacks are also
quite obvious. The catalyst is expensive and prone to poi-
soning. Moreover, during use, there is a risk of ammonia
leakage, which leads to secondary pollution.

4.1.6 Selective Non-Catalytic Reduction(SNCR)

The difference between Selective Non-Catalytic Reduc-
tion and Selective Catalytic Reduction lies in the fact that
it does not use a catalyst. Instead, ammonia and uric acid
are directly injected into the high-temperature zone to
directly reduce NOy to N2. The key difference between
its principle and Selective Catalytic Reduction is that it
provides activation energy through high temperature.
[13]Also, precisely because this method does not require
a catalyst, its cost is lower, and the equipment is simple
and easy to install. However, this method also has draw-
backs. For instance, the temperature needs to be strictly
controlled within the range of 900 to 1000 degrees. As a
result, the efficiency is unstable. Secondly, this method
consumes a large amount of ammonia, which may lead to
ammonia leakage or the formation of N2O as a by-prod-
uct.

4.1.7 Wet Scrubbing

Wet scrubbing differs from other control methods in that it
relies on gas—liquid mass transfer, where an alkaline solu-
tion absorbs NOy to form nitrates or nitrites. Its primary
advantage is the ability to simultaneously remove NOx,
SOy, and other pollutants, making it suitable for treating
flue gas with relatively low NO, concentrations. However,
this method generates wastewater and solid residues due
to the use of alkaline solutions, and it exhibits low overall
efficiency with limited effectiveness for species other than
NO: . The principle of Wet Scrubbing is different from
other methods. It achieves this by means of gas-liquid
mass transfer, using an alkaline solution to absorb NOy,
thereby forming nitrate or nitrite. The advantage of this
method lies in that it can simultaneously absorb NOx and
SO,, as well as other pollutants, and is applicable to low
concentrations of NO,. However, because this method re-
quires the use of alkaline solutions, it will produce waste-
water and waste residue. Moreover, its efficiency is low



and it has poor removal effect on substances other than
NO2 (nitrogen dioxide) [14].
4.1.8 Non-Selective Catalytic Reduction(NSCR)

This method is somewhat similar to Selective Catalytic
Reduction, but it is non-selective, so it may also reduce
other oxidants. The principle is the same as Selective
Catalytic Reduction, where a reducing agent is used to
promote the reduction reaction [13]. Because multiple
catalysts and reductants were used, it can handle various
pollutants and has high efficiency under rich combustion
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conditions. However, the use of multiple catalysts is ac-
companied by an increase in costs, and because they are
prone to deactivation, they need to be regenerated repeat-
edly [14].

4.2 Comparison of methods

When comparing control methods, various factors should
be taken into consideration, including efficiency, cost,
technical threshold, and usage scenarios. The following
table lists the various indicators of the methods mentioned
earlier.

Table 2. Three Scheme comparing

Efficiency (NOx Re-

Technical Barri-

operating

Method Cost Application Scenarios
duction Rate) ers PP
Combustion Control Methods
. Medium capital, Low Power plants, Industrial fur-
Low NOx Burners ~60% (Medium) P Low P

naces

Staged Combustion

50-70% (Medi-
um-High)

Low capital, Low op-
erating

Low-Medium

Oxy-fuel plants, Chemical
plants

Medium capital, Medi-

Gas turbines, Internal com-

Reduction)

um operating

Flue Gas Recirculation (FGR) | 70-90% (High) . Medium . .
um operating bustion engines
High capital, High op- L lants, Metallur-
High-Temperature Combustion |~90% (High) 1g' capttal, THEh op High 'arge POWET planis, Actatiur
erating gical plants
Combustion control method
SCR (Selective Catalytic Re- 80-90% (Very High) High capital, High op- High Power plants, Automotive ex-
duction) erating haust
SNCR (Selective Non-Catalytic 40-60% (Medium) Medium capital, Medi- Medium Waste incinerators, Medium/

small boilers

Absorption/Wet Scrubbing

30-50% (Low)

Medium capital, High
operating

Medium

Chemical plants, Marine ves-
sels

NSCR (Non-Selective Catalytic

High capital, High op-

Automotive, Specific indus-

50-70% (Medium) "
erating

Reduction)

High .
tries

5. Conclusion

Acid rain remains a critical environmental issue, largely
driven by SO: and NOy emissions. This review compared
major control technologies and proposed tailored strate-
gies for developing economies.

For SO: mitigation, fuel substitution with low-sulfur al-
ternatives (e.g., natural gas, nuclear energy) offers direct
emission reduction but is constrained by high costs, un-
stable supply, and safety risks. Flue Gas Desulfurization
(FGD) remains the dominant approach: calcium-based
sorbents are inexpensive, stable, and easy to dispose of,
making them suitable for coal-fired power plants, though
they exhibit low efficiency and pore blockage after re-

peated use. Sodium-based sorbents, by contrast, provide
higher efficiency and broader temperature applicability
but are costly, hygroscopic, and require complex disposal.
In developing countries, calcium-based options are more
appropriate for cost-sensitive, humidity-controlled appli-
cations, while sodium-based methods are better suited to
industries with variable flue gas conditions.

For NOy reduction, combustion modifications such as low-
NOy burners and staged combustion achieve moderate
reductions (50-70%) at low cost, but may cause CO emis-
sions and unstable combustion. Flue Gas Recirculation
(FGR) is highly effective (70-90%) but reduces thermal
efficiency and increases corrosion risk. Among post-com-
bustion treatments, Selective Catalytic Reduction (SCR)
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remains the most effective (80—90%) but is capital-in-
tensive and prone to catalyst poisoning, while Selective
Non-Catalytic Reduction (SNCR) is cheaper and easier
to implement though less stable (40-60%) and tempera-
ture-sensitive. Wet scrubbing enables simultaneous SO/
NO, removal but has low NOx efficiency and wastewater
concerns.

For developing economies, a context-specific strategy
is essential. Small- and medium-sized facilities should
combine low-NOy burners with SNCR for cost-effec-
tiveness, whereas large-scale power plants should adopt
SCR despite higher costs. Overall, priority should be
given to low-capital, technically simple methods such as
calcium-based FGD and SNCR, supplemented by sce-
nario-specific combinations (e.g., FGD + SCR in power
generation, sodium-based FGD + staged combustion in
metallurgical industries).

Policy support will be crucial, including regulatory en-
forcement, affordable technology transfer, and regional
cooperation. Looking ahead, emerging technologies such
as advanced sorbents and hybrid SNCR—SCR systems
hold promise, but their adoption will require local adapta-
tion, capacity building, and international collaboration to
address the transboundary nature of acid rain.
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