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Sulfur Oxides (SOx)

8.1 INTRODUCTION

Elemental sulfur is relatively inert and harmless to human beings and in fact is
needed in some quantity for life. It occurs naturally in the environment, mostly in the
form of sulfates like CaSO4. However, sulfur oxides are recognized pollutants that
are harmful to the environment.

Sulfur oxides, usually referred to as SOx, include SO, S2O, SnO, SO2, SO3, and
SO4 of which SO2 and SO3 are of particular importance in combustion processes [1].
Sulfur dioxide (SO2) tends to be preferred at higher temperatures while sulfur
trioxide (SO3) is more preferred at lower temperatures [2]. Since most combustion
processes are at high temperatures, SO2 is the more predominant form of SOx

emitted from systems containing sulfur. Interestingly, SOx reactions may inhibit fuel
NOx formation [3].

Sulfur dioxide is a colorless nonflammable acidic gas with a pungent odor that
is detectable by the human nose and is used in a variety of chemical processes. SO2

can be very corrosive in the presence of water and is highly soluble in water. While
SO2 is produced naturally from, for example, volcanic eruptions, the largest source is
from industrial combustion processes. SO2 can injure plants under certain conditions
although this is not generally of significant concern compared to its contribution to
acid rain [4]. Dullien [5] believes SO2 is the most important gaseous pollutant.

It is often assumed that any sulfur in a combustor will be converted into SO2

that will then be carried out with the exhaust gases [6]. The sulfur may come from the
fuel or from the raw materials used in the production process. Fuels like heavy oil
and coal generally contain significant amounts of sulfur while gaseous fuels like
natural gas tend to contain little or no sulfur. The two strategies for minimizing
or eliminating SOx are: (1) removing the sulfur from the incoming fuel or raw
materials, and (2) removing the SOx from the exhaust stream using a variety of dry
and wet scrubbing techniques [7]. One dry scrubbing technique is limestone
injection. After use, the combined limestone and sulfur can be used in gypsum board.
New membrane separation technologies is another reduction technique being
developed.

Figure 8.1 shows that more than two-thirds of SOx emissions come from coal
combustion, mostly for power generation. Less than 10% of SOx emissions come
from industrial processes like chemicals, metals, and petroleum production.
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Interestingly, SO2 emissions were among the first identified as so-called ‘‘long-
range transboundary air pollutants’’ that migrate from a source in one geographic
location to other surrounding locations over long distances [8]. This phenomenon
has necessitated cooperation between the governments of adjoining areas where
pollutants from one impact another.

8.2 FORMATION MECHANISMS

One of the common sources of sulfur in industrial combustion processes is in the
fuel. Solid fuels like coal and coke may contain 1% or more sulfur by weight. Liquid
fuels like gasoline and heavy fuel oil may contain 2% or more sulfur by weight.
Gaseous fuels like natural gas and propane typically contain little or no sulfur. In a
high-temperature combustion process, the sulfur is oxidized by oxygen from the
combustion air to form SOx. The first oxidation step is

SþO2! SO2 ð8:1Þ

This step takes place inside the high-temperature combustor. The second oxidation
step is

SO2 þ 0:5O2! SO3 ð8:2Þ

This step can occur in the combustion system but the ratio of SO2/SO3 is typically on
the order of 40–80:1 [4]. This step may also occur in the atmosphere after leaving the
combustor if the conditions are right. At ambient temperatures, equilibrium strongly
favors SO3 rather than SO2 formation. At elevated temperatures, SO2 formation
dominates and at temperatures below about 700�F, the reaction rate for SO3

formation declines dramatically so that most of the SOx in flue gases is in the form of
SO2. Further oxidation steps are possible but the most common SOx pollutants are
SO2 and SO3.

The problem in the atmosphere is that SO3 reacts with H2O (e.g., rain) to form
sulfuric acid:

SO3 þH2O! H2SO4 ð8:3Þ

Figure 8.1 Sources of SOx emissions in the United States (From Ref. 11.)
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Sulfuric acid by itself is very corrosive and damaging to the environment, including
plants and animals. It is also damaging to buildings and other structures like bridges
and railroads. This can cause a serious safety problem if structures are not
periodically checked for integrity. Another problem with the sulfuric acid is that it
may further react with some other compounds in the atmosphere to form particles
that contribute to smog.

Another source of SOx is from the processing of sulfur-bearing ores commonly
used in obtaining elemental copper. This process can be described by the overall
global reaction:

CuFeS2 þ 2:5O2! Cuþ FeOþ 2SO2 ð8:4Þ
One of the treatment strategies involves reducing sulfur with hydrogen to form H2S
which can be relatively easily scrubbed out of an exhaust gas stream:

SþH2! H2S ð8:5Þ
Another common treatment strategy is to react SOx with limestone (CaCO3) to form
CaSO4 which is known as anhydrite (or with H2O is known as gypsum):

CaCO3 þ SO2 þ 0:5O2! CaSO4 þ CO2 ð8:6Þ

Example 8.1

Given: A No. 6 fuel oil containing 2% sulfur by weight is used in an industrial
burner at the rate of 10 gpm.

Find: Mass flow rate of SOx produced.
Solution: It is normally assumed that all sulfur in a high temperature

combustion reaction will be converted to SO2. First, find the mass
flow rate of sulfur produced. From Appendix F-3 for No. 6 oil, the
typical density is 8.08 lb/gal. The mass flow rate of sulfur is then:

_mmS ¼ ð10 gpm=oilÞ 8:08
lb oil

gal oil

� �
0:02

lb s

lb oil

� �
¼ 1:6

lb s

min

Then assume there is enough available oxygen to convert all of the S to
SO2:

SþO2! SO2

_mmSO2
¼ _mmS

64 lbSO2

32 lbS

� �
¼ 1:6

lb S

min
2
lb SO2

lb S

� �
¼ 3:2

lb SO2

min

8.3 SOURCES

The primary source of sulfur needed to produce SOx comes from the fuel. This is
particularly a problem with heavy-oil firing and with coal combustion. Another
source of sulfur for producing SOx is from the incoming raw materials. This is
usually limited to some specific applications. Both sources are briefly discussed next.
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8.3.1 Sulfur in the Fuel

Oil, coal, and coke are examples of fuels that naturally contain sulfur. In furnace
heating operations in the steel industry such as soaking pits and reheat furnaces, the
main source of sulfur is from the fuel, which may be oil or coke oven gas [9]. In
petroleum refineries, SO2 emissions from refinery combustion processes can result
from sulfur contained in the refinery gas fuel, which is a by-product from the refining
process. The oils being processed usually contain some level of sulfur. Sometimes
these oils are fired directly while in other cases the resulting refinery gases are used as
fuel for the process heaters. In lime and cement manufacturing, all of the fuels
commonly used, except natural gas, contain some sulfur.

8.3.2 Sulfur in the Incoming Raw Materials

Since essentially any sulfur going into an industrial combustion system will be
converted into SOx, then the amount of sulfur contained in the incoming raw
materials is an important factor in the amount of SOx produced. Some examples will
be given here for illustration purposes. In copper smelting, some of the incoming raw
materials may include sulfur such as chalcocite (Cu2S), bornite (Cu5FeS4),
tetrahedrite (Cu5Sb2S7), or chalcopyrite (CuFeS2). In lead smelting, some ores may
contain high concentrations of lead sulfide. Raw materials used in zinc smelting may
have as much as one-third of the weight as sulfur. These are in contrast to aluminum
smelting where little if any sulfur is contained in the incoming raw feed materials.

In pulp mills, there is a significant amount of sulfur in the kraft in the form of
sulfate. Various reactions in the mill during the process of the chemicals generate a
variety of sulfur-containing gases including methyl mercaptan (CH3SH), hydrogen
sulfide (H2S), dimethyl sulfide (CH3SCH3), dimethyl disulfide (CH3SSCH3), and
SO2 and SO3 in small amounts.

In the glass manufacturing process, SOx emissions may result from sodium
sulfate (salt cake) used to condition the glass in the manufacture of soda-lime glass
and wool fiberglass. Sulfur is present in limestone used in the production of lime and
cement. In the production of ethylene from a liquid feed, the incoming raw materials
may consist of gas oils, and heavier fractions often contain sulfur that can be removed
by hydrodesulfurization. Some of the sulfur for the SOx emissions from waste-
incineration processes comes from the incoming waste materials usually in the form of
sulfates or sulfides from, for example, paper, food waste, garden waste, and rubber.
Sewer sludge incinerated in waste combustors also usually contains some sulfur.

8.4 ENVIRONMENTAL AND HEALTH CONCERNS

There are two primary adverse affects of SOx, which are discussed next. These
include its adverse respiratory affects on humans and its contribution to acid rain,
which damages the environment.

8.4.1 Health Effects

Sulfur dioxide is considered to be a criteria pollutant because of the choking effect it
can cause on the human respiratory system at high enough concentrations. It is
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referred to as a pulmonary irritant and is especially troublesome for children and the

elderly. It is particularly dangerous for those who have asthma and other respiratory

diseases. SO2 can react with moisture in the respiratory system to form sulfuric acid.

At lower concentrations, it can cause a taste sensation. These affects have been

particularly acute at certain times in history and in certain places. Great Britain had

a large problem with this during the initial stages of the industrial revolution. The

former Soviet-bloc countries struggled with this issue just within the last decade or

two because of the lack of sufficient post-treatment systems to remove SOx from

combustion exhaust gases.

8.4.2 Acid Rain

Emissions of SOx are also damaging to green plants, which are more sensitive than

people and animals to SO2. When SO2 is released into the atmosphere, it can

produce acid rain by combining with water to produce sulfuric acid (H2SO4) as

shown in the diagram in Fig. 8.2. Sulfur oxides are precursors to acid rain, which is

corrosive to the environment, particularly plant and aquatic life. SO2 may damage

leaves by causing bleached spots, bleached areas between veins, chlorosis, and insect

injury [10]. Sulfuric acid is very corrosive and can cause considerable damage to

man-made structures such as buildings and bridges. In fact, sulfuric acid is

deliberately produced in some chemical plants for sale in cleaning and etching

applications.

Figure 8.2 Sulfuric acid rain schematic.
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8.5 REGULATIONS

Regulations for SOx are commonly written in one of five different forms:

1. Mass of SOx emitted per hour (e.g., lb SOx/hr)
2. Mass of sulfur feed (e.g., lb S/hr)
3. Mass of SOx per unit of product (e.g., lb SOx/ton of cement)
4. Concentration of SOx in the flue gas (e.g., ppmvd SOx in the exhaust gases)
5. Ground-level SOx concentration (e.g., ppm)

Since essentially any sulfur coming into the system will be converted into SOx,
limiting the mass of incoming sulfur directly limits the amount of SOx produced
in the combustion process. The regulations vary by application, geographic
location, fuel type, individual source size, and overall plant size, among other
things. Figure 8.3 shows total SOx emissions in the United States since 1970 for the
industrial combustion sources shown in Fig. 8.1 [11].

8.6 MEASUREMENT TECHNIQUES

EPA Method 6 provides procedures for measuring SO2 emissions from stationary
sources where the gas sample is extracted from the exhaust stack [12]. Ammonia,
water-soluble cations, and fluorides cause interferences with SOx measurements.
Method 6A concerns SO2, moisture, and CO2 measurements from fossil-fuel
combustion sources by chemically separating the SO2 and CO2 components where
different reagent chemicals are used. Method 6C discusses the use of instrument
analyzers to measure SO2 emissions from stationary sources. This is the most
commonly used method in industrial combustion processes. These analyzers
typically use ultraviolet (UV), nondispersive infrared (NDIR), or fluorescence
techniques. A schematic of an accepted sampling system is shown in Fig. 5.21.

Figure 8.3 SOx emissions in the United States since 1970 for certain industrial combustion

sources (From Ref. 11.).
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8.7 ABATEMENT STRATEGIES

The four basic strategies of pretreatment, process modification, combustion

modification, and post-treatment apply to SOx emissions and are briefly considered

next. The specific choice of a technique depends primarily on the application, the

potential SOx concentration in the exhaust gas, and the economics of each technique.

8.7.1 Pretreatment

Since essentially any sulfur present in high-temperature combustion reactions forms

SOx under normal conditions, an effective strategy is to remove as much of the

incoming sulfur as possible since SOx formation is directly proportional to the sulfur

concentration present in the process. This strategy for reducing or eliminating SOx

emissions then involves treating the incoming fuel, oxidizer, or feed materials in

some way. This is usually referred to as fuel desulfurization. Removing sulfur from

coal is commonly done to reduce SOx emissions in power generation [13]. An

alternative is to replace a sulfur-containing fuel with one that has less or no sulfur.

The problem with this approach is that it may be uneconomical to treat or replace

the fuel as high-sulfur fuels are often much less expensive than low- or no-sulfur

fuels. The economics of using a more expensive fuel need to be compared to those of

removing SOx from the exhaust gas stream.
Since sulfur in the fuel is a common source of SOx from industrial combustion

applications, then removing some or all of the sulfur in the fuel prior to combustion

would reduce SOx emissions. One example would be removing H2S that is sometimes

present in natural gas. This can be done in a wet scrubber where the H2S is absorbed

by the solvent (usually water plus a weak alkali such as an ethanolamine) while the

rest of the gas passes through the scrubber [14]. Once the H2S has been separated

from the rest of the fuel, it can be further oxidized to form elemental sulfur that can

be sold for the production of sulfuric acid or other chemical products:

H2Sþ 0:5O2! SþH2O ð8:7Þ

which is referred to as the Claus process. Sulfuric acid is an inexpensive industrial

acid that is used in many processes. It is also used in the production of phosphate

fertilizer.
There are a wide range of technologies for reducing the sulfur content in

gasoline products including catalytic distillation hydrotreating, hydrofining with

octane recovery and selective catalytic naphtha hydrofining, dual-catalyst reactors,

low-pressure fixed-bed hydroprocessing, olefinic alkylation, sorbents, and extractive

mass transfer [15]. Improving hydrotreater performance [16] and gasoline

fractionation [17] have been shown to be effective in reducing the sulfur content in

gasoline products. The technology choice depends on the initial capital cost, ongoing

operating costs, and removal efficiency. Catalysts are commonly used to reduce the

sulfur content in petroleum products to meet increasingly more stringent regulatory

requirements. Considerable research is being devoted to developing more advanced

catalysts to improve the removal and energy efficiency in minimizing the sulfur

content of fuels, including increasingly more complex sulfur compounds [18].
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In some cases, removing sulfur from the incoming feed streams may be the only
economic option. For example, while it may be economical for a refinery to have
post-treatment equipment for removing SOx from exhaust gases, it is clearly not
economical to have such treatment equipment on every automobile. In that case, it
makes more sense to remove the sulfur from the gasoline used in the cars to avoid
making SOx in the first place. However, the regulations governing allowable sulfur
content in automotive fuels continue to get tougher and it is becoming more complex
and expensive to attain these very low sulfur contents [19]. This will require refineries
to be operationally excellent, including increased training of plant personnel.

8.7.2 Process Modification

There are several strategies related to process modification to reduce or eliminate
SOx emissions. One strategy is to use an alternative method of generating the energy
needed to process the materials. A common alternative is to use electrical energy
instead of burning a fossil fuel. An example of a common industrial heating process
used to make steel from scrap metal is known as an electric arc furnace or EAF (see
Chap. 13). In an EAF, three graphite electrodes arranged in a triangle are inserted
into a vessel containing a load of scrap metal. A very high voltage is applied which
arcs between the electrodes through the scrap metal causing it to melt. The
appropriate chemicals are added to the molten bath to produce the desired grade of
steel. While electricity is often much more expensive than fossil fuels, the heating
efficiency of the EAF is high, which makes it economical. However, this particular
alternative is only a possibility for materials that are electrically conductive, which is
not the case for most industrial combustion processes. A related alternative is to
convert electrical energy into thermal energy in radiant heaters. The two challenges
of this approach are the very high radiant power output density required in most
industrial material processes and the overall system economics where electrical
power is often several times more expensive than fossil fuels for the same heat input.

Another strategy is to modify the materials process by replacing the incoming
sulfur-bearing feed materials with other materials that have less or no sulfur. This
approach only applies to those processes where the incoming feed materials contain
sulfur, which are fairly limited. It is also only viable if there is a suitable substitute for
the materials containing the sulfur.

8.7.3 Combustion Modification

One alternative to burning high-sulfur coal in a traditional combustor is to use a
fluidized bed combustor where the bed contains limestone particles. The limestone
reacts with the SOx formed to form CaSO4, which is then scrubbed out in the
exhaust gas treatment system. However, a fluidized-bed combustor is not generally
a viable alternative for most industrial combustion processes. It is an alternative
for power generation to replace traditional coal-fired boilers. This technology is still
in the development phase and has not yet proven to be better than conventional
boilers.

Another combustion modification technique under development is to convert
sulfur-containing coal into a synthetic fuel through coal gasification where the sulfur
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is converted into H2S, which is relatively easy to remove. The synthetic gaseous fuel
produced by burning the coal in a gasifier passes through an H2S removal

process where the H2S is converted into elemental sulfur in a Claus process. The
cleaned gas then goes to a gas turbine to generate power and then to a steam boiler

to generate steam. While the overall system is relatively complicated, the sulfur
removal is simplified and the thermal efficiency is high compared to other

conventional systems.
Most of the combustion modification alternatives for handling SOx emissions

are not viable alternatives for industrial combustion processes and are designed for

power generation where the large scale makes them economically competitive. These
systems are too complex at this time to be viable for the scale common to the

industries considered here. This makes SOx emissions fairly unusual among the air

pollutants from industrial combustion processes because they cannot be practically
reduced through combustion modification techniques.

8.7.4 Post-Treatment

Removing SOx from exhaust gases is often referred to as flue-gas desulfurization or

FGD. There are four major categories of SOx post-treatment techniques:
nonregenerable, regenerable, wet, and dry [9]. Nonregenerable processes produce

either sludge or some type of waste liquor that must be disposed of properly.
Regenerable processes incorporate a mechanism to regenerate the absorbent and

produce elemental sulfur or a sulfur compound that can be sold. Wet processes may
require stack gas reheating to ensure adequate buoyancy and to avoid corrosion

problems. Gas reheating is not required in dry removal processes. Wet sodium-based

nonregenerable FGD is the most widely used in larger industrial combustion
applications. Space constraints and other site-specific factors impact the choice of an

appropriate FGD process in retrofit situations.
If the combustion gases are too hot prior to reaching the FGD system, they

need to be cooled down to acceptable temperatures with some type of quench

system. Some types of FGD systems incorporate scrubbers that not only remove
SOx, but also particulates. Materials of construction may also be important if the

SOx reacts with water in the FGD system to form sulfuric acid, which is very
corrosive. This must be considered in water-spray absorption systems.

One type of FGD is the lime process which is a wet, nonregenerable SO2

absorption process. An alkaline slurry is recirculated through a scrubber/absorber
tower. Calcium sulfite and sulfate are formed by the reaction, which are then

separated in settlers or clarifiers and filters. A sludge is produced that can be inerted
and then landfilled. The systems generally have four major operations: scrubbing or

absorption to capture the gaseous SO2, flue-gas handling including ductwork and
fans, lime handling and preparation, and sludge processing. The scrubber/absorber

may be a tray absorber, a packed scrubber, a mobile bed scrubber, a venturi
scrubber, or a spray tower. The limestone process is very similar to the lime process

except that the feed preparation equipment is different. Limestone is less reactive

than lime so some of the process parameters are different. The so-called double alkali
process is basically an indirect lime/limestone process where some of the plugging

and scaling associated with lime/limestone processes can be avoided. Many of these
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systems are large, capital intensive, have significant operating costs, and produce a
sludge that needs to be disposed of properly. They may only be economically feasible
for larger SOx emission sources.

Another type of post-treatment FGD system is an ammonia-based wet
absorption process. The flue gas is pretreated to remove particulates using an
electrostatic precipitator, fabric filtration, or some other technique (see Chap. 9).
The flue gas is then water-quenched to its adiabatic saturation temperature. The
conditioned and humid gas is then brought into contact with an aqueous solution
containing ammonia, which rapidly absorbs the SO2. The by-products are saleable
and contain either ammonium sulfate or elemental sulfur/sulfuric acid. This
technique has commonly been used to remove SO2 from pulp mills.

The Wellman–Lord process uses sodium bisulfite to absorb SO2 from the
exhaust gas stream. The SO2 is then concentrated in a stripping step while the
absorbent is regenerated and returned to the absorber. The concentrated SO2 stream
with water vapor enters a condenser where most of the water is removed. If required,
the SO2 can be further dried in a drying tower. Sulfur in the form of liquid SO2,
liquid SO3, sulfuric acid, or elemental sulfur may be recovered and potentially sold
or used from the resulting stream. A similar process involves the use of magnesium
oxide (MgO) slurry scrubbing.

Common dry removal processes include spray drying, dry injection, and
combustion of fuel/limestone mixtures. An important advantage of dry techniques is
that there is no sludge to be disposed of after the SOx removal. Another advantage is
that special construction materials are often not required compared to wet
techniques because there is usually not enough water present to form sulfuric acid
that could corrode the system. Dry systems may be regenerable or nonregenerable.
Sodium carbonate and lime slurries are common sorbents.

Benı́tez [20] notes that one of the unique challenges of flue-gas desulfurization
is the combination of very large gas flow rates and very low SOx pollutant
concentrations. de Nevers [21] notes that unlike some other pollutants such as
particulates, which can be removed by physical means (e.g., scrubbing), SOx removal
from an exhaust gas stream is a more chemically oriented process. Johnsson and Kiil
[22] note that FGD is likely to be the most important technology to reduce SOx

emissions well into the future. Dullien [5] lists numerous flue-gas desulfurization
processes under development: aqueous carbonate, catalytic oxidation, copper oxide
absorption, dual alkali, magnesium oxide, sodium carbonate, dry adsorption, and a
variety of dry collection techniques. Schnelle and Brown [23] present a summary in
Table 8.1 of some common processes for acid gas control.

One method of classifying FGD techniques is based on whether the resulting
end product must be disposed of or can be reused (regenerated). A process is
considered regenerative if the captured sulfur can be recovered in a usable form, but
does not necessarily have to be reused in the process at the given plant. Regenerative
techniques are generally more expensive, but this depends on many factors that
should be analyzed prior to reaching any final conclusions. The FGD economics are
greatly impacted by whether the recovered products can be sold or if there is a cost to
dispose of them. Because the cost of the saleable products (e.g., gypsum) are
relatively low per unit of weight, they cannot usually be transported very far before
the process becomes uneconomical due to the cost of transportation. Therefore, the
ability to sell the product is usually limited to a certain radius around the plant.
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Table 8.1 Summary of Common Processes for Acid Gas Control

Process Efficiency Capital Cost Reagent Cost Complexity Comments

Wet limestone High High Low High Low reagent cost offsets high cost of operation

and maintenance in very large systems

Wet soda ash/caustic High Moderate High Moderate No slurry or solids handling. Very effective for

smaller systems

Lime spray dryer Moderate Moderate Moderate Moderate Mature technology widely used for industrial

applications. Subject to deposits accumula-

tion during upset conditions

Circulating lime reactor Moderate

to high

Moderate Moderate Moderate High-solids circulation rate prevents deposits

accumulation, allowing slightly higher reac-

tivity or lower reagent cost than that of lime

spray dryer

Sodium bicarbonate/trona injection Moderate Low High Low Lower cost of trona an advantage in HCI

applications, but mostly offset by lower

reactivity in SO2 applications

Source: Ref. 23.
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Other FGD processes in the vicinity of this plant also attempting to sell products will
greatly impact the overall economics as well. Srivastava and Jozewicz have reviewed
state-of-the-art flue gas desulfurization techniques for coal-fired boilers [37].

8.7.4.1 Scrubbers

One common technique for removing SOx from exhaust gas streams is to use some
type of scrubbing system. These are typically either dry scrubbers or wet scrubbers.
In either case, the objective is to impinge on the unwanted pollutants, separate them
from the main gaseous combustion products like CO2, H2O, and N2, and then collect
those pollutants for disposal or reuse. There is sometimes a tendency to assume that
dry scrubbers are used for dry pollutants and wet scrubbers for wet pollutants, but
wet scrubbers are often more cost effective on dry pollutants depending on the
application [24]. Table 8.2 shows a comparison of SOx scrubbing techniques.

Wet Scrubbers. Wet scrubbers (see Fig. 8.4) utilize the process of gas absorption
into a liquid for separation and purification of gas streams, as product recovery
devices, or as pollution control devices. The suitability of this technique depends on
the availability of a suitable solvent to absorb the desired gas, the required removal
efficiency, and the concentration of the gas to be removed. The physical absorption
process depends on the properties of both the gas to be removed and the liquid
stream (e.g., diffusivity, equilibrium solubility), which are often highly temperature
dependent. The ideal solvent would have a high solubility for the desired gas to be
removed, low vapor pressure, low viscosity, high availability, and low cost.

Wet scrubbers are used as pollution control devices to remove SO2 emissions
from exhaust gas streams. The SO2 in the exhaust gas stream is absorbed into the
liquid in the scrubber where it can be either separated from the liquid, which can then
be reused or where the liquid containing the absorbed SO2 can be properly disposed.
Wet scrubbers are typically relatively simple to operate and are often similar to other
processes within production plants such as wastewater treatment pumps and process
towers. This aids operators in becoming familiar with how to use wet scrubbers.
In addition to removing SO2, wet scrubbers are also effective for removing
particulates if they happen to be present in the exhaust stream. The U.S. EPA has
written a useful manual for estimating the cost of various air pollution control
techniques, which includes a chapter on wet scrubbers for acid gas control [25].

These scrubbers are generally of two types: nonregenerative and regenerative.
These refer to whether or not the reagent used in the scrubbing process is regenerated.
Commonly used reagents are typically caustic, magnesium oxide, or soda ash. In a
nonregenerative system, the reagent cannot be reused and is spent after its initial use.
In a regenerative system, the reagent is used over and over again by being regenerated
after each use. Figure 8.5 shows a schematic of a nonregenerative wet scrubbing
system [26], and. Fig. 8.6 shows a schematic of a regenerative wet scrubbing system.
One example of a regenerative scrubbing system is a process known as LABSORBTM

developed by Belco Technologies (Parsippany, NJ).
Nonregenerable processes produce some type of liquid or solid waste that must

be disposed of or sold, where the absorbent is not reused. Savu et al. [27] describe the
use of limestone scrubbers in industrial combustion applications in Romania that
demonstrated SO2 removal efficiencies up to 98%. Bravo et al. [28] have studied the
absorption of SO2 from mixtures of SO2 and N2 into limestone slurries to determine
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Table 8.2 Comparison of SOx Scrubbing Techniques

Technology

Characteristics

Capital cost

to install

Efficient

(reagent

utilization)

Neutralizing

reagent cost

Energy

cost

Process/

maintenance

complexity

Ease of

retrofit

Waste

water

Visible

plume

Wet scrubbing Calcium based High Medium Low High High Low Yes Yes

Sodium based High High High High High Low Yes Yes

Semi-dry scrubbing Calcium based High Medium Medium High High Low No No

Dry scrubbing Calcium based Low–medium Low–medium Medium Low Medium Medium No No

Sodium based Low Low–medium Medium–high Low Low High No No

Source: Ref. 33.
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appropriate mass-transfer coefficients. Finely ground limestone or CaCO3 is

mixed with water for use as the scrubbing agent. The overall stoichiometry can be

written as:

CaCO3ðsÞ þH2Oþ 2SO2 ! Ca2þ þ 2HSO�3 þ CO2ðgÞ ð8:8Þ

CaCO3ðsÞ þ 2HSO�3 þ Ca2þ ! 2CaSO3 þ CO2 þH2O ð8:9Þ

This is often done in some type of packed-tower arrangement that has trays or sieves

to improve the mass transfer between the exhaust gas containing the SOx and the

liquid scrubbing agent. A specific process for this technique is sometimes referred to

as forced-oxidation limestone wet scrubbing. The water/limestone slurry is sprayed

from the top while the exhaust gas is fed from the bottom in a counter-flow

geometry. The SOx that is captured in the slurry is then pumped to a liquid/solid

separator like a hydroclone. The resulting semidry gypsum is then often sold as a raw

material for making plasterboard for building construction. Because there is so much

gypsum produced from a large power plant, there must be a fairly large demand for

the gypsum or else the economics of the process can be very unfavorable. The

gypsum must be landfilled if no commercial use can be found for the product. The

water resulting from the hydroclone separation must be treated in a wastewater plant

to remove any remaining impurities. This process is currently only economical for

very large sources of SOx, typically from power generating plants.

Figure 8.4 Example of a wet scrubber for removing SOx. (Courtesy of Belco Technologies,

Parsippany, NJ.)

392 Chapter 8

Copyright © 2004 Marcel Dekker, Inc.



Many of the initial problems with limestone scrubbers have been greatly
reduced or eliminated due to advances in technology after years of development [21].
These problems included corrosion, solids deposition, scaling, plugging, poor
reagent utilization, and poor solid–liquid separation.

Another variation of the limestone scrubber is to use hydrated lime or
Ca(OH)2, sometimes called quicklime, which is more reactive than limestone but
requires additional processing. The overall stoichiometry can be written as:

CaOþH2O! CaðOHÞ2 ð8:10Þ

SO2 þH2O !H2SO3 ð8:11Þ

H2SO3 þ CaðOHÞ2! CaSO3 þ 2H2O ð8:12Þ

CaSO3 þ 2H2Oþ 0:5O2! CaSO4 þ 2H2O ð8:13Þ
This is a throwaway system because the reagent is only used once and then thrown
away. The additional reactivity of the lime was an initial benefit because of the early

Figure 8.5 Simple packed-column wet scrubber. (From Ref. 26. Courtesy of John Zink Co.,

Tulsa, OK.)
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problems with limestone scrubbers, but as most of these have been solved, the added
cost of the lime and system complexity are no longer economically justified in most
cases.

Sodium-based materials are also used in wet scrubbers to remove SOx because
sodium salts are highly soluble in water. The overall reaction of sodium hydroxide
with SO2 is

2NaOHþ SO2! 	Na2SO3 þH2O ð8:14Þ
The overall reaction of sodium carbonate with SO2 is

Na2CO3 þ SO2! 	Na2SO3 þ CO2 ð8:15Þ
An example of a regenerative wet scrubbing system is known as the Wellman–

Lord process, which consists of the following five subprocesses:

1. Flue-gas pretreatment to remove particulates and to cool and humidify the
flue gas.

2. SO2 and SO3 absorption by a sodium sulfite solution:

Na2SO3 þ SO2 þH2O! 2NaHSO3 ð8:16Þ

2Na2SO3 þ SO3 þH2O! Na2SO4 þ 2NaHSO3 ð8:17Þ

Figure 8.6 Two-stage wet scrubber. (From Ref. 26. Courtesy of John Zink Co., Tulsa, OK.)
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3. Purge treatment.
4. Sodium sulfite regeneration where concentrated SO2 is produced:

2NaHSO3! 2Na2SO3 þ SO2 þH2O ð8:18Þ

5. Sulfur recovery.

Vanderschuren et al. [29] describe a process for removing SOx from exhaust
streams by absorption using magnesium hydroxide [Mg(OH)2] slurries in a three-
stage scrubber. The basic process can be described by [30]

SO2 þMgCO3!MgSO3 þ CO2 ð8:19Þ

SO2 þMgðOHÞ2!MgSO3 þH2O ð8:20Þ

Removal efficiencies of up to 96% were demonstrated. A primary advantage of this
process compared to other wet processes is that the resulting effluent can be used in
other commercial applications compared to the effluents from traditional wet
processes that create disposal issues.

Dry Scrubbers. One of the main problems with wet scrubbing systems is that the
combination of water and SOx forms sulfuric acid, which is highly corrosive. It
would be very advantageous if a dry scrubbing system could be used to avoid the
problem of corrosion. Such systems have been developed where an electrostatic
precipitator (ESP) is used to separate the SOx out of the exhaust stream instead of a
solid–liquid separator in the case of a wet scrubbing system. Figure 8.7 shows some
schematics of common dry flue gas desulfurization processes [31].

The principle of most dry scrubbers is to inject dry alkaline particles into the
flue gas stream to react with the SOx. Depending on the process, the particles may be
injected into the combustor and/or the exiting exhaust gas stream. Figure 8.8 shows
an example of a limestone flue-gas desulfurization process. These particles are then
removed by the ESP where the collected dry solids can be disposed of along with
other waste solids such as fly ash, usually in a landfill. This is often simpler and less
expensive than dealing with the sludge produced by wet scrubbers. One reagent that
is used is CaO:

CaOþ SO2! CaSO3 ð8:21Þ

where the CaSO3 is oxidized to CaSO4 prior to reaching the ESP where it is
removed. However, the efficiency of the process is such that considerable excess CaO
may need to be injected, which increases the reagent costs. An alternative is to use
more efficient reagents like NaHCO3 or Na2CO3, which are also much more
expensive.

Garea et al. [32] have shown that the concentration of CO2 in flue gases at low
and medium temperatures can affect the desulfurization process in dry scrubbing.
No effect was observed on the desulfurization process by the CO2 concentration
at lower temperatures (<100�C or 212�F). However, CO2 concentration was
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found to have a significant impact on desulfurization at medium gas temperatures
(350�–450�C or 660�–840�F) where CaCO3 is formed and reacts differently with SOx

compared to the reaction at lower temperatures. It is preferred to minimize CaCO3

in order to increase desulfurization.

Figure 8.7 Flue-gas desulfurization processes. (From Ref. 31. Courtesy of Springer.)
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Maziuk and Kumm [33] note that, while dry hydrated lime is often the reagent
of choice in dry scrubbers, sodium-based sorbents such as sodium bicarbonate
(NaHCO3), nacholite (which is naturally occurring sodium bicarbonate), and trona
(Na2CO3	NaHCO3	2H2O) can be preferred in certain applications. In certain cases,
sodium-based sorbents can be less costly to implement, operate, and maintain than
calcium-based sorbents, especially in areas where a source of natural sodium-based
materials is close by. Calcium hydroxide is considered a hazardous material whereas
sodium bicarbonate and trona are only considered to be nuisance dusts from the
occupational exposure standpoint.

Wet–Dry Scrubbers. Wet–dry scrubbing systems, also referred to as semidry
scrubbing, use features from both wet and dry scrubbers. The most common
wet–dry scrubber is a spray dryer where a slurry consisting of reagent dissolved in
water is injected into the flue-gas stream through some type of atomizing nozzle
to generate a fine mist (see Fig. 8.9). Another version of this type of scrubber is
where a hydrated lime slurry is used as the absorbing medium and is formed by
‘‘slaking’’ lime:

CaOþH2O! CaðOHÞ2 ð8:22Þ

Figure 8.8 Limestone flue-gas desulfurization process. (From Ref. 9.)
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Figure 8.9 Spray dryer flue-gas desulfurization process diagram. (From Ref. 9.)
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The absorbed SOx is then neutralized in the suspended alkaline material according to
the overall reaction:

CaðOHÞ2 þ SO2! CaSO3 þH2O ð8:23Þ

The heat from the hot exhaust products vaporizes the water in the reagent
slurry leaving the dry reagent particles, which can then react with the SOx. In this
type of scrubbing system, a wet slurry is used to add the reagent to the flue-gas
stream but dry solids are collected for disposal; hence, its name as a wet–dry
scrubber. Any unreacted dry reagent particles fall to the bottom of the spray-
dryer chamber where they are collected and then recycled for reuse. In this case,
using excess reagent is less of a problem because whatever does not react with
SOx is reused.

Zheng et al. [34] studied the conversion of a spray-dry absorption product
(SDAP) into gypsum in a wet flue-gas desulfurization process. They showed
it was possible to reuse the SDAP and that residual products generated in the
process could be used to reduce limestone consumption and increase SO2 removal
rates.

One of the limitations of the wet–dry scrubber is how much water can be
sprayed into the spray dryer. This depends on how much energy is available in the
flue-gas exhaust stream being treated to vaporize the water added in the reagent
slurry. If too much water is injected then not all will be vaporized, which will tend to
clog the collection system at the bottom of the dryer and cause corrosion in the
scrubber. Another issue in wet–dry scrubbers is that the reaction conditions are
multiphase involving liquids and solids in a slurry and, therefore, not as ideal as in a
wet scrubber.

Gas Treatment and Sulfur Recovery. In certain applications it may be preferable
and more economic to recover SOx emissions where they can either be reused in the
given process, sold as a chemical, or more easily disposed of in the captured form.

Claus Process. Petrochemical plants produce off-gas streams containing high
concentrations of sulfur that must be treated prior to emission into the atmosphere.
The sulfur-containing gases are commonly referred to as ‘‘sour gas’’ and are typically
by-products from high-sulfur content crude oils often referred to as ‘‘sour crude.’’
The sulfur-containing gases are typically in the form of hydrogen sulfide (H2S). In
the Claus process, the H2S-rich gas stream is reacted with one-third of the
stoichiometric quantity of air, which produces SO2 with some of the H2S remaining.
These are then reacted in the presence of a catalyst (e.g., bauxite) to produce
elemental sulfur. This process can be significantly enhanced by using pure O2 instead
of air since the high concentration of N2 in air dilutes the process and makes
separation more expensive. However, there is a cost for using pure O2 so this must be
weighed against the process improvements. This technique can have up to 97%
sulfur recovery.

Desulfurization. Martin et al. [35] describe a process called ELSA to be used in
conjunction with Claus units. SO2 removal efficiencies of up to 90% have been
demonstrated on a laboratory and pilot scale with the ELSA process, which features
a sorbent (magnesium sulfate) that can be regenerated. Longer residence times
significantly increase removal efficiencies. The sorbent showed better activity levels
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than those of conventional sorbents after many cycles of use. Figure 8.10 shows an
example of a commercial absorption system for SOx removal [36].
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