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The invention provides a wet, regenerable scrubbing process using ammonium
hydroxide (NH,OH) solution to remove acid anhydride moiety gases, and trace amounts
of hydrogen chloride gas (HCI) and hydrogen fluoride (HF) gas in a gas-liquid contacting
reactor. In particular, the invention uses “aqua ammonia” or an aqueous ammonia
scrubbing liquor such as [NH, (aq)/ammonium hydroxide (NH,OH)] to extract certain
effluent compounds via acid-base or neutralization reactions. Generally, an effluent gas
is subjected to chemical scrubbing with aqueous ammonia or some other ammonia-
containing compound in a gas-liquid contactor reactor or a scrubber to remove gaseous
acid anhydride moieties. The chemical scrubbing produces ammonium salts of the
conjugate bases of the acid anhydride moieties. Thermal regeneration of the ammonia
scrubbing liquor occurs in an adjacent vessel or remotely.

Key wor ds: Harmful gases, Flue gas, regenerable scrubbing process.

The exhaust gas of amedium-speed four-
stroke Diesel engine is composed of numerous of
constituents. These come either from the
combustion air and fuel used, or they are reaction
products which form during the combustion
process. Only some of these are to be considered
as pollutantst2,

The typical composition of the exhaust
gasof an MAN B& W four-stroke Diesel engineis
shownintable 1.

Exhaust gascomponents

)| With sulphur content in the fuel oil of 3%
by weight asit istypical for marinefuels.

2 Total NO, emission calculated asNO,,.

3 Pure soot, without ash or any other particle-
borne components.

* To whom all correspondence should be addressed.
E-mail: baluiisc80@gmail.com

According to the present state of
knowledge, thefollowing of these constituentsare
considered to be harmful to the environment.
Carbon dioxideCO,

CO, actually isentirely nontoxicandisa
product of combustion of all fossil fuels. It isnow
considered to be one of the main causes of the
greenhouse effect.A reduction of the CO, emission
can only be achieved by improving the engine
efficiency or by using fuels containing a lower
concentration of carbon, such as natural gas.
Sulphur oxidesSO,

Sulphur oxides are formed by the
combustion of the sulphur contained in the fuel.
They are one of the main causes of acid rain. The
sulphur oxide emission is primarily influenced by
the amount of sulphur contained in the fuel used.
Much less influence can be taken by the fuel
consumption of the engine. The major part (90 %)
of sulphur oxides contained in the exhaust gas of
Diesel enginesis SO,
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Nitrogen oxidesNo, (No, No,, N.0)

Nitrogen oxides, which are generally
referred to as NOx , in the case of internal
combustion engines comprise nitrogen monoxide
NO (colorless, water-insoluble gas), nitrogen
dioxide NO, (a reddish-brown gas, highly toxic)
and dinitrogen monoxide N,O (laughing gas, a
colorless gas formerly wused as an
anesthetic).Nitrogen oxides, together with the
sulphur oxides, are the main causes of acid rain.
They also contribute essentially to ozoneformation
in the air at ground level. The high temperatures
and pressures produced in the combustion
chamber of aninternal combustion engine stimulate
the nitrogen contained in the air and also in some
fuel grades (such as heavy fuel ail) to react with
the oxygen of the combustion air. In this reaction
mechanism, the formation of nitrogen oxides
increases more than proportionally with rising
temperatures.

The NOx forming during the combustion
processin a Diesel engineis almost entirely NO,
which to aminor extent oxidizesto NO,, either in
the combustion chamber or in the exhaust gas
systems downstream (exhaust gas pi ping, exhaust
gas turbocharger); the exhaust gas as leaving the
enginetherefore generally consists of approx. 95%
NO and approx. 5% NO, . To simulate the process
of NO oxidation to form NO, in the atmosphere,
practically all legislators stipulates that in the
cdculation of theNO x massflow emitted, theentire
NO x isto betaken asNO, .The N,O concentration
inthe exhaust gas of medium-speed Diesel engines
isonly afew ppm and therefore be neglected from
the environmental protection point of view.
Carbon monoxideCO

Carbon monoxide is a colorless, highly
toxic gas which forms where the combustion of
fuels containing carbon proceeds under (possibly
local) deficiency of air. In MAN B&W four-stroke
Diesel engines, optimization of mixture formation
and turbo charging processes successfully
reducesthe CO content of the exhaust gases, even
with poorest quality fuel grades being used, to
such alevel that even the limits of TA-Luft, the
German regulations governing pollution emissions
totheair from stationary engine plants, which are
among the strictest intheworld, can be easily met.
None- burn hydrocarbonsHC

The hydrocarbons contained in the

exhaust gas are composed of amultitude of various
organic compounds. Asawhole, however, theHC
content of exhaust gasesof MAN B& W four-stroke
Diesel enginesisat avery low level.

Soot and dust

Solids contained in the exhaust gas of
Diesel engines consist not only of the soot
(carbon) resulting from incomplete combustion, but
also of dust and ash particles from the fuel, the
[ube oil, the combustion air and from abrasion
products. Although they constitute the main
source of visible dark coloration of exhaust gases,
soot particles only account a portion of the total
dust concentration, depending on the ash content
of the fuel and lube oil used.

Suitable for extraction and conversion
include, but are not limited to, carbon dioxide (CO,),
sulfur dioxide (SO,), sulfur trioxide (SO,), and
nitrogen oxides (NO, ). However, other extraction
candidates include hydrogen chloride/
hydrochloric acid (HCI) and hydrogen fluoride/
hydrofluoric acid (HF). Preferably, some of the
gaseous anhydride moieties initialy present are
oxidized to higher gaseous acid anhydride moieties
to improve their reactivity with ammonium
hydroxide.

These particular gaseous anhydride
moietiesto be oxidized include, but are not limited
to, sulfur oxides such as sulfur dioxide (SO,), and
nitrogen oxides such as nitrous oxide (N,O) and
nitric oxide (NO).The oxidation product moieties
or higher gaseous acid anhydride moaieties include,
but arenot limited to, sulfur trioxide (SO,),and nitrogen
dioxide (NO,). The step of converting the acid
anhydridesincludesreacting the oxidized anhydrides
with ammonia-contai ning compounds™.

The ammonia-containing compoundsare
water-sol uble compounds sel ected from the group
consisting of aqueous ammonia, ammonium
hydroxide, ammonium carbonate, ammonium
carbonate solutions, and combinations thereof*”.
Theremoval efficiency of carbon dioxide by aqua
ammonia can be as high as 99%, and aqua
ammonia’s loading capacity for carbon dioxideis
greater than unity, and can approach 1.20 kilograms
(Kg) of carbon dioxide for each Kg of ammonia.
Gaseous ammonialossinto the atmosphere can be
minimized by the placement of amist eliminator in
fluid communication with the gas-liquid contactor
reactor or scrubber. The mist eliminator comprises
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aplurality of heat exchanging surfaceswhich, when
combined with water, provides an exemplary means
for eliminating aqueous ammoniafrom any aerosol
secondary stream. Essentially, the water washes
out the ammoniain the gaseous phase.

MATERIALSANDMETHODS

The invented process generally
comprisesthefollowing: flue gasiscooled, passes
through a particulate collection device, then is
oxidized by strong oxidant prior to entering the
gas-liquid contactor reactor®. Inthe oxidizer, lower
acid anhydride moieties can be oxidized to higher
acid anhydride moieties, e.g., sulfur dioxide (SO,)
isconverted to sulfur trioxide (SO,), and nitric oxide
(NO) is oxidized to nitrogen dioxide (NO,). The
contactor reactor temperature is in the range of
from about 15° C. to 50° C. for the simultaneous
absorption of carbon dioxide (CO,), SO,, and
NO,.[5-8] Carbon dioxide, nitrogen dioxide, sulfur
trioxide, hydrogen chloride, and hydrogen fluoride
react with ammonia or ammonium hydroxide
solution in a scrubber to form ammonium
bicarbonate (NH,HCO,) and/or ammonium
carbonate ((NH,),CO,); ammonium nitrate
(NH,NO,); ammonium sulfate ((NH,),SO,);
ammonium chloride (NH,Cl); and ammonium
fluoride (NH,F), respectively, according to
Equations through

CO,+NH,0H—NH,HCO, 1)
CO,+2NH,+H,0-(NH,),CO, - 1(b)
2NO,+2NH,+H,0—>NH,NO+NH,NO,  ...2(a)
NH,NO,+%20,NH,NO, .2(b)
SO,+2NH,0H —3(NH,),S0,+H,0 e
HCI+NH,OH—NH,Cl+H,0 (4
HF+NH,OH—NH,F+H,0 (5)

The ammonium salt products of the
neutralization/acid-base reactions can be
dewatered by filtration or centrifugation for useas
fertilizers, or dried and crystallized. In the
alternative, the ammonium bicarbonate formed can

be decomposed to regenerate the ammonia.

There are at least three preferred
embodiments of theinstant invention. Thesethree
embodiments present options as to how to handle
the ammonium bicarbonate produced by the
instant invention. For the three preferred
embodiments described infra, theterms“ingress”
and “egress’ represent, in part, valves controlling
the flow and movement of gas, liquids, and solids.
In addition, for all three preferred embodiments,
movement of the flue gasis facilitated by one or
even two fans. Onefan can bean induced draft fan
(ID fan) which produces aslight positive pressure.
An ID fan is commonly installed in either the
chimney inlet in an effluent gas producing plant to
forcetheflue gasto flow upward to exit the smoke
stack, or after the particul ate control device (PCD)
infrato forcetheflue gasto flow through an acidic
gas scrubber (i.e., SO,) in a flue gas treatment
system®*, A fan can also be placed downstreamin
each of the three embodimentsto provide aslight
negative pressure which draws gases out of the
systems. The precise locations of the fan(s) will
depend upon the operating requirements of the
actual plants.Further, pressures throughout the
flue gas treatment system will also depend upon
the needs of the actual treatment plants.

General processdetail

An exemplary process for the
multipollutant control of SO,, NO,, CO,, and trace
acids such as hydrochloric acid (HCI) and
hydrofluoric acid (HF), with integrated reaction and
sorption steps, the process designated as numeral.
Generally, ambient atmospheric pressures of about
14.7 pounds per square inch absolute (psia) are
accommodated in this process, but pressures
ranging from approximately 10 psiato 300 psiaalso
are suitable.

First, hot flue gas, containing nitrogen,
oxygen, water vapor, and a number of acid
anhydride gases such as CO,, SO,, and NO,, is
first cooled by an “air preheater” Theair preheater
isaheat exchanger that transfersthe hot fluegas's
thermal energy to preheat ambient fresh air then
used in the ongoing combustion. The flue gas
subsequently entersinto the system?®2. After being
controlled to apredetermined temperature, theflue
gas entersaparticul ate control device (PCD) such
as a bag house and/or electrostatic precipitator
from which any collected particulate matter is
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removed at asuitable point of egress. Ingressinto
the PCD is controlled via a valve or some other
means for controlling ingressinto the PCD.

The flue gas subsequently has ingress
into an oxidizer reactor into which oxidants also
have ingress. The oxidants can be gases or
vaporized liquids or radiationsinitiated and have
ingress. The presence of the oxidantsin the reactor
causes SO, and/or NO, to be oxidized to SO, and/
or NO,, respectively. Oxidation of only NO may
occur. The now-oxidized flue gas, containing SO,
and NO,, then enters afirst scrubber at a suitable
point of ¥15, |n the scrubber, the oxidized moieties
contact ammonium hydroxide. The ammonium
hydroxide enters the scrubber at a separate point
of ingress. Inthefirst scrubber, al acid anhydride
gases are neutralized via acid-base/neutralization
reactions using ammonium hydroxide sprays or
some other means of high volume dispersion of
ammonium hydroxide. Preferably, the ammonium
hydroxide sprays enter the system viaa means to
prevent any pressure drop (an exemplary means
being a centrifuge spray nozzle), and at a
temperature from about 15° C. to 50° C.

The ammonium hydroxide concentration
in water can range from about 7 wt. % to 28 wt.
%.Nitrogen (N,), oxygen (O,), and water vapor exit
from the first scrubber at an egress point so
situated to minimize the likelihood of these gases
remixing with the product liquor, i.e., slurry. The
ammonium hydroxideisrecircul ated for the purpose
of the neutralization reactions. The products of
the neutralization reactions are ammonium salts
and exist initialy asthe slurry of crystalline salts
in water. This slurry of salts is dewatered by
filtration centrifugation, or some other meanswhich
will not decompose the salts. Any resulting
supernatant is recycled via a point of ingress to
the recirculation loop and the first scrubber.
Ultimately, the supernatant is mixed with the
contents of the first scrubber reactor. The sats
formed from the neutralization reactions contact a
crystallizer or some other drying means. The salts
have apoint of egress, viavalves, from the system
to be eventually used asfertilizer. All of the salts
from the crystallizer can be used as fertilizer.
Alternatively, the salts can pass a point of egress,
via valve, into regenerator where ammonium
bicarbonate (typically greater than 80 wt. % of the
slurry/salt mixture) is thermally decomposed to

ammonia and carbon dioxide at a predetermined
temperature. Decomposition temperatures of from
35° C. t0 80° C. can be used, with 60° C. being a
preferred temperature'®-8,

The other remaining ammonium salts (for
example, ammonium chloride, ammonium fluoride,
ammonium nitrate, and ammonium sulfate) havea
point of egressfrom theregenerator. The saltsfrom
the crystallizer can be used as is for use as a
fertilizer, regenerated or acombination of both end
uses. The gas mixture of carbon dioxide, anmonia,
and water vapor generated by the thermal
decomposition of ammonium bicarbonate has
ingress into a second scrubber. The second
scrubber provides a means for sequestering
ammonia entrained in the gas mixture. The
sequestering agent in the second scrubber iswater-
based (e.g., water) with a point of ingress. The
fina form of the sequestered ammoniaisammonium
hydroxide. Liquid-phase ammonium hydroxide
subsequently has egress from the second scrubber
andisrecycled. Dueto itsmuch lower solubility in
water, carbon dioxide exits the second scrubber
from a suitable means of egress and compressed
for either storage or subsequent use.
Downstream CO,-Processing Detail:

The instant invention also provides that
SO, and NO, are scrubbed with stoichiometric
amounts of ammonia with subsequent separate
scrubbing of CO,with ammonia. An aternate
exemplary process, designated asnumeral, for the
multipollutant control of SO,, NO,, CO,, and trace
acids such as hydrochloric acid (HCI) and
hydrofluoric acid (HF).[19-20] The processfeatures
integrated reaction and sorption steps in which
SO, and NO, are simultaneously scrubbed
stoichiometrically. CO,isnotinitially scrubbed. As
before, pressures of about 10 psiato 300 psiacan
be accommodated in this process, with 14 psiato
20 psiatypically encountered.

The flue gas, acid anhydride gases, inlet
pressure of the flue gas, ingress to the PCD,
particulate matter egress, ingress details of flue
gas to the oxidizer reactor, oxidants, and ingress
details of the oxidants are as aforementioned. As
before, the flue gas containing SO,and NO, inthe
oxidizer, subsequently hasingressto, or otherwise
contactsafirst scrubber. Ammonium hydroxide has
remote ingress into the scrubber in an amount
sufficient for stoichiometric reaction of the two
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acid anhydrideswith theammonium hydroxide. The
carbon dioxide also present is not reacted or
“scrubbed” due to the stoichiometric amount of
ammonium hydroxide used and the much greater
acid strength of SO, and NO, relative to the acid
strength of carbon dioxide*%. This differencein
acid strengths allows for differentiation between
the gases at this point in the process.

A partially treated stream containing
carbon dioxide (CO,), nitrogen (N,), oxygen (O,),
and water vapor have a point of egress from the
first scrubber, and a subsequent point of ingress
to asecond scrubber where the mixtureistreated.
Ammonium hydroxide also has ingress into this
second scrubber. Nitrogen (N,), oxygen (O,), and
water vapor have egress from the second scrubber.
As before, the products of the neutralization
reactions are ammonium salts and exist as first
dlurry and second slurry comprising crystalline salts
inwater. Any ammonium hydroxide not utilized in
the neutralization steps is subjected to a first
recirculation process and a second recirculation
process for subsequent reuse in those respective
neutralization steps®.

The first slurry contains ammonium
chloride, ammonium fluoride, ammonium nitrate,
ammonium sulfate, and slight amounts of
ammonium bicarbonate. The second slurry
contains only ammonium bicarbonate. The first
slurry and the second slurry are each dewatered
by afirst filtration or centrifugation and a second
filtration or centrifugation, respectively. Thefirst
supernatant and the second supernatant have a
first point of egress and a second point of egress
from the first filter or centrifuge and the second
filter or centrifuge, respectively, and then are
recycled via a first point of ingress to the first
scrubber and a second point of ingress to the
second scrubber, respectively.

The first slurry (ammonium chloride,
ammonium fluoride, ammonium nitrate, ammonium
sulfate, and possibl e trace amounts of ammonium
bicarbonate) and the second slurry (ammonium
bicarbonate) then go through a first crystallizer
and asecond crystallizer , respectively, to bedried
(e.g., aspray dryer or hot air forced circulation can
be utilized). After having been dried, thefirst lurry
cakeor crystal (now asolid salt mixture) and the
second slurry cakeor crystal (now solid ammonium
bicarbonate) have first egress and second egress,

viaflow control means such asafirst valveand a
second valve, respectively, from the system to be
eventually used asfertilizer. An optionisthat only
the second crystal or powder stream from the
second scrubber is sent to the regenerator and the
first crystal or powder stream from thefirst scrubber
isused directly asfertilizer or visa-versa.

The remaining ammonium salts
(ammonium chloride, ammonium fluoride,
ammonium nitrate, and ammonium sulfate) exit from
the regenerator via a separate means of egress™.
Gravity can serve asthemeansfor driving the flow
of all crystals or powdersthrough valves, into the
regenerators, and out of the system. Again as
described supra, the gas mixture of carbon dioxide,
ammonia, and water vapor generated by thethermal
decomposition of ammonium bicarbonate and
ammonium carbonate hasingressinto and contacts
a third scrubber which serves to sequester
ammonia. Water, with apoint of ingress, istypical
for use in the third scrubber. The ammonium
hydroxide subsequently has egress from the third
scrubber for recycling. Carbon dioxide exits the
third scrubber from adifferent means of egressto
be eventually sequestered or used.

In summary, in this second embodiment
carbon dioxide (CO,) is not scrubbed in the first
scrubber. The byproducts of the first stage
scrubber are primarily ammonium chloride,
ammonium fluoride, ammonium nitrate, and
ammonium sulfate. Carbon dioxideisabsorbed in
the second stage scrubber, where ammonium
bicarbonate is produced.

Scrubbing of SO,and NO, With Regener ation of
NH,and CO, from Ammonium Bicarbonate
Solution

Theinstant invention provides a process
such that SO, and NO, are scrubbed with
stoichiometric amounts of ammonia with
subsequent separate scrubbing of CO, with
ammonia. Regeneration of ammonia and carbon
dioxide occurs through the heating of the
ammonium bicarbonate solution or slurry.The
process, designated as numeral, provides
multipollutant control of SO,, NO,, CO,, and trace
acids such as hydrochloric acid (HCI) and
hydrofluoric acid (HF). The process comprises
integrated reaction and sorption steps in which
SO, and NO, are scrubbed stoichiometrically.[ 26]
CO, is not initially scrubbed and ammonia is
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recovered downstream by thermal decomposition
of an ammonium bicarbonate solution or slurry in
water. As before, ambient atmospheric pressures
of about 14.7 pounds per square inch absolute
(psia) aretypically accommodated in this process.

A flue gas, acid anhydride gases, ingress
of theflue gasto the PCD, particul ate matter egress,
ingress of the flue gas to the oxidizer reactor, and
ingress of the oxidants to the oxidizer reactor are
asaforementioned. Asbefore, theflue gasexit from
the oxidizer, with SO, and NO, present, and
subsequently has a point of ingress into a first
scrubber?”, Ammonium hydroxide entersthat same
first scrubber through apoint of ingress. Asbefore,
the amount of ammonium hydroxideissuch that it
allowsfor stoichiometric reaction of the two acid
anhydrides. Any carbon dioxide present is not
reacted or “scrubbed” due to the much greater
acid strength of SO, and NO,.As before, carbon
dioxide, nitrogen, oxygen, and water vapor exit via
apoint of egressfromthefirst scrubber, with entry
through a subsequent point of ingress to a second
scrubber.

Ammonium hydroxideisintroduced into
the second scrubber through a point of ingress.
The contact of the carbon-dioxide containing gas
with ammonium hydroxidein the second scrubber
resultsin nitrogen, oxygen, and water vapor exiting
the second scrubber via a point of egress. As
before, the products of the neutralization reactions
(ammonium salts) exist initially asafirst Slurry and
a second solution or slurry of crystalline saltsin
water. Any residual ammonium hydroxide is re-
circulated back to the neutralization chambersfor
reuse via a first recirculation path and a second
recirculation path.

The first slurry contains ammonium
chloride, ammonium fluoride, ammonium nitrate,
and ammonium sulfate, and a possible trace
amount of ammonium bicarbonate. The second
solution or slurry contains only ammonium
bicarbonate or ammonium carbonate. The first
slurry isdewatered viaameansto effect filtration
or centrifugation. Any supernatant, exits from the
filter or centrifuge via a point of egress, and is
recycled for reuse through a point of ingress back
to the first scrubber.

Thefirst salt batch (ammonium chloride,
ammonium fluoride, ammonium nitrate, and
ammonium sulfate and a possi bl e trace amount of

ammonium bicarbonate) issubjected to acrystalizer
(dryer).[28] After having been dried, the first salt
batch (now acrystal or powder stream) leavesthe
system through a point of egress to be eventually
used as fertilizer. The second solution or slurry
(ammonium bicarbonate) enters, through a point
of ingress, into aregenerator wherein the solution
or dlurry is heated to decompose the ammonium
bicarbonate to ammonium hydroxide and carbon
dioxide.

The regenerated ammonium hydroxide
stream is recycled for carbon dioxide absorption
purposes, via a point of ingress back into the
second scrubber. As before, the product carbon
dioxide from the thermal decomposition of
ammonium bicarbonate can be sequestered.
Ammoniaand carbon dioxide are regenerated from
the ammonium bicarbonate solution or slurry by
directly heating the slurry in a heater/regenerator
up to atemperature of from about 60° Cto 80° C.

RESULTSAND DISCUSSION

In all three processes described supra,
the dewatered slurries of ammonium salts can be
sold asfertilizer without thedrying or crystallization
steps disclosed therewith. Thus, those steps and
that equipment can be bypassed or even omitted
from the system if needed. A myriad of oxidizing
agents are utilized in the invented method,
including various chemical and mechanical means.
For exampl e, suitable oxidizing agentsinclude, but
are not limited to, ozone (O,), chlorine dioxide
(CO,), hydrogen peroxide (H,0,), and irradiation
initiated techniques.

Table 1.

Exhaust gas component Approx . ca
Nitrogen . N2 75.0
Oxygen. ... 02 % by vol  12.3

Inert gases Ar, 0.9

Carbon dioxides Co2 5.6

Steam. .......... H20 6.0
Sulphur dioxide SO2 12.0
Nitrogen oxide o/kWh 11.0-16.0
NO X (NO 2) 0.7

Carbon monoxide CO 12
Hydrocarbons. HC 0.3

Soot and dust
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Thefollowing examplesarefor illustrative
purposes only. Absorption/Regeneration Examples
as mentioned below:

A smulated fluegas[15mole(mol) % CO,
and 85 mol % nitrogen, N,] was utilized in this
example. Thereactor comprised adouble-jacketed
glass column packed with structured packing (BX
Gauze, Koch Engineering Company, Wichita,
Kans.) at 85° F. (29° C.). The flue gas flowed
countercurrent to the ammonia solution.

Test results of CO, capture by ammonia
solution in three different concentrations at 85° F.
(29° C.). The packed bed was 21 inches (in) in
height. As expected, a higher ammonia
concentration givesgreater carbon dioxideremoval
efficiency.

Another series of experiments of an aqua
ammoniaprocessfor CO, capture were conducted,
under conditions similar to those for the data in

41

Table 1, to simulate asteady-state condition under
semi-continuous recycle absorption and
regeneration operation. Three different solution
concentrations were used, 14%, 10.5%, and 7%
ammoniaby weight (wt.). The procedureinvolved
using a continuous flow of simulated flue gas
which contained 15% CO, and 85% nitrogen. After
the aguaammonia sol ution was saturated with flue
gas using a bubbler, the absorbent solution was
regenerated by heating to separate CO, from the
CO,-rich absorbent solution. The first-time
regenerated solution was then used to reabsorb
CO,. After the second CO,-absorption, the agua
ammonia sol ution was once again regenerated by
heating to release absorbed CO,.

The absorption/regeneration cycle was
repeated for athird time. The CO, loading capacity
of the original fresh aqgua ammonia solution
dropped after the first absorption/regeneration

Table 2. Solidsin the exhaust gas

Fuel Gases ail Heavy fuel oil
Ash content, fuel 0.01 0.1
Ash content, lube oil % 15 4.0
Solidsinthe exhaust gas:
Soot (carbon) mg/m3 50 (0.30) 50 (0.30)
Fuel ash (g/kwh) 4 (0.03) 40 (0.25)
Lubeoil ash 3(0.02) 8(0.04)
Table 3. cycle. However, no detectable CO, loading capacity
decrease of the solution was observed between
S NH, conc. NH,/CO, CO,%removal  the second and third absorption/regeneration
No wt. % molar ratio efficiency cycles. This observation indicated that the
simulated testing had reached a steady-state
1 280 10.1 9 condition in the second and third absorption/
g 15669 2(1) % regeneration cycles. Thus, an agua ammonia

solution can most likely be used for many

Table 4. Steady-state |oading capacities for the three agua ammonia solutions used

SNO AguaAmmonia Concentration (wt. %) L oading Capacity (g CO,/g solution)
1 14 0.068
2 105 0.053
3 7 0.04

2NH HCO (ag)—(NH,),CO,(a0)+CO,(g)+H,0AH

= 6.4 kcal/mol (26.7 kJ/mol)

NH,HCO,(ag)—NH,(ag)+C0O,(g)+H,0 AH, = 24.1 kcal/mol (101 kJ/mol)
(NH,),CO,(aq)—2NH (ag)+CO,(g)+H,0 AHg = 15.3 kcal/mol (64.0 kJ/mol)
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absorption/regeneration cycles.

Theloading capacitiescomparefavorably
to current MEA technology. The lowest aqua
ammonia CO,-loading capacity, at the anmonia
concentration of 7 wt. %, iscomparabletothe CO,-
loading capacity of 20 wt. % MEA. This
demonstrates that more CO, can be transferred by
alesser concentration of agua ammonia solution
(and thus alesser mass of ammoniathan of MEA)
relative to the performance of aqueous solutions
of MEA.

The heat of reaction for the MEA
absorption process has been reported to be 20.0
kcal/mol (83.7 kJ/mal). In addition to the heat of
reaction and sensible heat requirements, a major
contributor to the energy requirementsfor aMEA
process is the heat of vaporization to generate
steam to carry the CO, overhead in a MEA
regenerator. A reflux ratio of 2.0 moles of water
(steam) to each mole of CO, iscommon. Theenergy
required to regenerate this amount of steam is an
additional 18.9kcal/mol (79.1k¥mol) of CO,. Since
the regeneration of the aguaammoniasolutionsis
conducted without this steam energy requirement,
an additional energy savingsisrealized as opposed
to the requirements for a MEA-based process.
Depending upon which reaction (Equations 6-8)
the regeneration step of an absorption/
regeneration cycle follows, a 50% to 65%
improvement in thermal efficiency isrealized by
using the agua ammonia process as opposed to a
MEA-based process.

CONCLUSON

Theinvented processisrelatively simple
and quick, generates little or no waste products,
thus providing aless costly process with little or
no waste disposal problems, and provides useful
products. Affordability of the process is offered
by the simultaneous removal of all acid gases
through a single aqua ammonia process. In
addition, the instant invention provides asingular
method and device for the capture and separation
of gases such as CO, and other environmental
compounds from effluent gas streams via the use
of aguaammoniaor aqueous ammonium hydroxide
as a scrubber solution. Further, the gaseous acid
anhydrides can be oxidized before any additional
treatment occurs.

This feature provides a ssmpler process
at considerable cost savings. The solvent, agua
ammonia or ammonium hydroxide can be
regenerated and used for additional neutralization/
regeneration cycles thus alowing for additional
cost savings. Further, the solvent has a superior
loading capacity for greenhouse gases such as
carbon dioxide. The absorption products can be
used asfertilizer, or, in theinstance of ammonium
bicarbonate, thermally decomposed to regenerate
the ammonia for subsequent reuse in the aqua
ammonia scrubbing process, and to regenerate the
carbon dioxide for use or storage. This further
reducesthe cost of the overall air pollution control
process. While the invention has been described
with reference to details of the illustrated
embodiment, these detailsare not intended to limit
the scope of the invention as defined in the
appended claims.
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