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1.0 INTRODUCTION

Congress, in the Cean Air Act Amendnents of 1990 (CAAA)
anended Title | of the Cean Air Act (CAA) to address ozone
nonattai nment areas. A new Subpart 2 was added to Part D of
Section 103. Section 183(c) of the new Subpart 2 provides that:

Wthin 3 years after the date of the enactnent of the

[ CAAA], the Adm nistrator shall issue technica
docunents which identify alternative controls for al
categories of stationary sources of ... oxides of

nitrogen which emt, or have the potential to emt 25

tons per year or nore of such air pollutant.

These docunents are to be subsequently revised and updated as the
Admi ni strator deens necessary.

Nitric and adipic acid manufacturing have been identified as
categories of stationary sources that emt nore than 25 tons of
ni trogen oxides (NQ) per year. This alternative control
t echni ques (ACT) docunent provides technical information for use
by State and | ocal agencies to devel op and inplenent regul atory
prograns to control NOQ, emssions fromnitric and adipic acid
manufacturing facilities. The decision to include both
categories in a single ACT docunent is based on simlarities in
the process sources of NQ em ssions fromnitric and adipic acid
pl ants.

The information in this ACT docunent was generated from
previ ous EPA docunents and literature searches and contacts with
acid manufacturers, engineering and construction firns, control
equi pnment vendors, and Federal, State, and |ocal regulatory
agencies. Chapter 2.0 presents a summary of the findings of this
study. Chapter 3.0 provides process descriptions and industry
characterizations of nitric and adipic acid manufacturing. A
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di scussion of NQ, em ssion levels is presented in Chapter 4.0.

Al ternative control techniques and achievable controlled em ssion
| evel s are discussed in Chapter 5.0. Chapter 6.0 presents
control costs and cost effectiveness for each control technique.
Envi ronnental and energy inpacts associated with using NQ,
control techniques are discussed in Chapter 7.0.
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2.0 SUMMARY

The purpose of this docunent is to provide technica
information that State and | ocal agencies can use to devel op
strategies for reducing NO, emssions fromnitric and adipic acid
manuf acturing plants. This section presents a summary of the
information contained in this docunent, including uncontrolled
and controlled NQ, em ssions data, ACTs, capital and annua
costs, and cost effectiveness. Section 2.1 presents a summary of
the information relating to nitric acid plants. Section 2.2
presents a summary of the information relating to adipic acid
pl ants.

2.1 SUMMARY FOR NITRIC ACID PLANTS

Approxi mately 65 plants in the United States produce nitric
acid. The ammoni a-oxi dation process is the nost commonly used
process for producing weak (50 to 70 percent) nitric acid. The
absorption tower, comon to all ammoni a-oxidation nitric acid
production facilities, is the primary source of NQ, em ssions.
Three control techniques are predom nantly used to reduce the
| evel of NQ emssions in the absorber tail gas: (1) extended
absorption, (2) nonselective catalytic reduction (NSCR), and
(3) selective catalytic reduction (SCR). This section presents a
summary of NQ, control performance, control cost data, and
environnmental inpacts for each of the three control techni ques
applied to each of three nodel plants.

Table 2-1 is a sunmary of NQ, em ssions and a cost
conparison of the three alternative NQ, control techniques used
in nodel plants sized at 200, 500, and 1,000 tons of nitric acid
produced per day. Annual uncontrolled NQ, em ssions were



TABLE 2-1. NO, EMISSIONS AND COST COMPARISON OF ALTERNATIVE
CONTROL TECHNIQUES USED IN NITRIC ACID PLANTS

Uncon- Cost

Plant size, | trolled NO, NO, removed, Costs, $10° effectiveness,
tons/d emissions, |Control tons/yr ) $/ton NO,
tons/yr? technique Capital Annual removed

200 718 Extended 679 919 202 297
500 1,800 Absorption” 1,700 1,610 250 147
1,000 3,590 3,400 2,470 257 76
200 718 701 1,070 501 715
500 1,800 NSCR® 1,760 1,860 1,020 580
1,000 3,590 3,510 2,820 1,780 507
200 718 616 314 188 305
500 1,800 SCR’ 1,550 409 442 285
1,000 3,590 3,090 553 714 231
250 898 SCR® 873 548 252 289

®Based on the following: (1) uncontrolled NO, emissions factor of 20 Ib/ton,

(2) plant operating 359 days per year.
*Average control efficiency, 94.6 percent. Based on actual operating data.
‘Average control efficiency, 97.7 percent. Based on actual operating data.

dControl efficiency, 86 percent (required to reduce uncontrolled NO, emission

level down to new source performance standard (NSPS) level, 3.0 Ib/ton).

Estimates provided by Engelhard Corporation.
“Control efficiency, 97.2 percent. Based on actual operating data.
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cal cul ated based on an uncontrolled em ssion factor of 20 pounds
per ton (Ib/ton) of nitric acid produced. Annual NQ, em ssions
reductions were cal cul ated using the average control efficiency
for each control technique. The average control efficiencies
used in the calculations are as follows:

1. Extended absorption-94.6 percent;

2. NSCR-97.7 percent; and

3. SCR-86 percent and 97.2 percent (see Table 2-1).
Table 2-2 summarizes the environnental inpacts of the NQ contro
techni ques used in nitric acid manufacturing plants.
2.2 SUMMARY FOR ADIPIC ACID PLANTS
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TABLE 2-2. ENVIRONMENTAL AND ENERGY IMPACTS OF ALTERNATIVE
CONTROL TECHNIQUESUSED IN NITRIC ACID PLANTS

Environmental impacts

Control
technique Air Liquid [Solid Energy
Extended Reduces NO,; no secondary |None None Pumps and refrigeration
adsorption impacts
NSCR Reduces NO,; possible HC None Catalyst disposal Natural gas consumption; heat
and CO emissions (3- to 8-yr life) recovery possible
SCR Reduces NO,; possible None Catalyst disposal |Pumps, fans, minima energy

ammonia emissions

(2- to 10-yr life)

consumption

TABLE 2-3. NO, EMISSIONS AND COST COMPARISON OF ALTERNATIVE
CONTROL TECHNIQUESUSED IN ADIPIC ACID PLANTS

Cost
Uncontrolled NO, removed, Costs, $10° effectiveness,

Plant size, | NO, emissions, tons/yr . $/ton NO,

10° tong/yr tons/yr Control technique Capital Annual removed
190 5,040 Extended 4,330 2,830 425 98

adsorption

300 7,950 Thermal reduction 6,480 7,050 3,240 500
350 9,280 Thermal reduction 7,560 8,000 3,720 492

TABLE 2-4. ENVIRONMENTAL AND ENERGY IMPACTS OF ALTERNATIVE
CONTROL TECHNIQUESUSED IN ADIPIC ACID PLANTS

Environmental impacts

Control technique  |AI" Liquid Solid Energy

Extended absorption |Reduces NO,; no abatement |None None Pumps and refrigeration
of N,O used

Thermal reduction Reduces NO,; possible HC ~ |[None None Natural gas consumption;
and CO emissions heat recovery possible
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Four plants in the United States produce adipic acid. Three of
the plants, producing over 98 percent of the total output,

manuf acture adi pic acid using the cycl ohexane-oxi dati on process.
The NQ, absorption tower, common to all three plants, is the

maj or source of NQ, em ssions. Two control techniques are used
to reduce the level of NQ em ssions in the absorber tail gas:
(1) extended adsorption and (2) thermal reduction. The fourth
pl ant, which produces adipic acid as a byproduct of caprol actam
production, uses the phenol - hydrogenation process. The ngjor
sources of NQ emssions fromthis plant are nitric acid storage
tanks and the adipic acid reactors. Funmes containing NOQ, from
these sources are recovered by suction and recycled to the
caprol actam process. This section presents a summary of NQ
control performance, control cost data, and environnental inpacts
for extended absorption and thermal reduction.

Table 2-3 is a summary of NQ, em ssions and a cost
conparison the two alternative control techniques used in the
three adipic acid plants. Annual uncontrolled NOQ, em ssions were
cal cul ated based on an uncontrolled em ssion factor of 53 |b/ton
of adipic acid produced. Annual NOQ, em ssion reductions were
cal cul ated using controlled em ssion factors estimated from
reported data and data obtained from an adipic acid screening
study perforned in 1976. Table 2-4 sunmarizes the environnental
and energy inpacts of the NQ, control techniques used in adipic
acid manufacturing plants.
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3.0 DESCRIPTION OF NITRIC/ZADIPIC ACID MANUFACTURING

This chapter describes nitric and adi pic acid manufacturing.
Section 3.1 deals primarily with "weak" nitric acid and its uses,
production processes, and industry characterization
Concentrated nitric acid, though produced in considerably |esser
guantities, is also presented with a brief process description.
Adi pic acid manufacturing is described in Section 3.2.

Simlarly, this section characterizes the adipic acid industry,
di scusses various uses of adipic acid, and describes the two
princi pal production processes.

3.1 NITRIC ACID MANUFACTURING

Nitric acid, HNGQ, is considered to be one of the four nost
i mportant inorganic acids in the world and places in the top
10 chem cals produced in the United States. This nearly
colorless, liquid acid is (1) a strong acid due to its high
proportion of hydrogen ion, (2) a powerful oxidizing agent,
attacking nost nmetals except gold and the platinumnetals, and
(3) a source of fixed nitrogen, which is particularly inportant
to the fertilizer industry.?

3.1.1 Uses and Industry Characterization

The | argest use, about 70 percent, of nitric acid is in
produci ng anmonium nitrate. This conpound is primarily used for
fertilizer.

The second |argest use of nitric acid, consumng 5 to
10 percent, is for organic oxidation in adipic acid
manufacturing. Terepthalic acid (an internediate used in
pol yester) and other organic conpounds are also obtained from
organi ¢ oxidation using nitric acid.*** Ntric acid is also used
commercially for organic nitrations. A principal use is for

3-1



nitrations in explosives manufacturing, but nitric acid nitration
is also used extensively in producing chem cal internediates such
as nitrobenzene and dinitrotol uenes.

In 1990 there were 67 nitric acid production facilities in
the United States, including governnent-owned munitions plants.
Twenty-four of these plants had a capacity of at |east
180, 000 tons per year, as conpared to only 13 plants with such
capacity in 1984. Total plant capacity was about 11.3 mllion
tons of nitric acid as of January 1990.%° Actual production has
remai ned steady from 1984 to 1988, with an average annua
production of about 7.5 million tons of acid.®

Since a principal use of nitric acid is to produce ammoni um
nitrate for fertilizer, the heaviest concentrations of nitric
acid production facilities are located in agricultural regions,
primarily in the Mdwest, the South Central, and the Qulf States.
3.1.2 Production Process

Nitric acid is commercially available in two forns: weak
(50 to 70 percent nitric acid) and concentrated (greater than
95 percent nitric acid). Different processes are required to
produce these two forns of acid. For its many uses, weak nitric
acid is produced in far greater quantities than is the
concentrated form Concentrated nitric acid production is
di scussed in Section 3.1.4.

Virtually all commercial production of weak nitric acid in
the United States utilizes three common steps: (1) catalytic
oxi dation of ammonia (NH) to nitric oxide (NO, (2) oxidation of
nitric oxide with air to nitrogen dioxide (NQ), and
(3) absorption of nitrogen dioxide in water to produce "weak"
nitric acid.? The basic process is shown in Figure 3-1
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Figure 3-1.
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3.1.2.1 Oxidation of Ammonia. The first step of the acid
production process involves oxidizing anhydrous ammoni a over a
pl ati num rhodi um gauze catal yst to produce nitric oxide and
water. The exothermic reaction occurs as follows:?®

4NH, + SO, - 4NO + 6H,0 + heat

This extrenely rapid reaction proceeds alnost to conpletion,
evol ving 906 kil ojoules per nole (kJ/nole) (859 British thernmnal
units per nole [Btu/nole]) of heat. Typical ammonia conversion
efficiency ranges from 93 to 98 percent with good reactor
design.®

Air is conpressed, filtered, and preheated by passing
t hrough a heat exchanger. The air is mxed with vaporized
anhydrous ammoni a and passed to the converter. Since the
explosive limt of ammonia is approached at concentrations
greater than 12 nole percent, plant operation is normally
mai ntained at 9.5 to 10.5 nole percent.® In the converter, the
ammoni a-air mxture is catalytically converted to nitric oxide
and excess air. The nost common catal yst consists of 90 percent
pl ati num and 10 percent rhodi um gauze constructed from squares of
fine wire.® Up to 5 percent palladiumis used to reduce costs.?

QOperating tenperature and pressure in the converter have
been shown to have an influence on ammoni a conversion
efficiency.® GCenerally, reaction efficiency increases with gauze
tenperature. Oxidation tenperatures typically range from 750° to
900°C (1380° to 1650°F). Higher catalyst tenperatures increase
reaction selectivity toward NO production, while |ower catalyst
tenperatures are nore selective toward | ess useful nitrogen (N,
and nitrous oxide (NO.° The high-tenperature advantage is
of fset by the increased |oss of the precious nmetal catalyst.
| ndustrial experience has denonstrated and the industry has
general ly accepted conversion efficiency values of 98 percent for
at nospheric pressure plants at 850°C (1560°F) and 96 percent for
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pl ants operating at 0.8 negaPascals (MPa) (8 atnospheres [atm)
and 900°C (1650°F).?

As nentioned earlier, the ammonia oxidation reaction is
highly exothermc. In a well-designed plant, the heat byproduct
is usually recovered and utilized for steam generation in a waste
heat boiler. The steam can be used for |iquid ammonia
evaporation and air preheat in addition to nonprocess plant
requi renments.

As higher tenperatures are used, it becones necessary to
capture platinumlost fromthe catalyst. Consequently, a
pl ati num recovery unit is frequently installed on the cold side
of the waste heat boiler. The recovery unit, conposed of
ceramc-fiber filters, is capable of capturing 50 to 75 percent
of the lost platinum?

3.1.2.2 Oxidation of Nitric Oxide. The nitric oxide forned
during the anmmoni a oxidation process is cooled in the cooler/
condenser apparatus, where it reacts noncatalytically with oxygen
to formnitrogen dioxide and its liquid dinmer, dinitrogen
tetroxide.* The exothermic reaction, evolving 113 kJ/nole
(107 Btu/nole), proceeds as follows:?

2NO + Q, = 2NO, = N0, + heat

This sl ow, honpbgeneous reaction is highly tenperature- and
pressur e- dependent . Lower tenperatures, below 38°C (100°F), and
hi gher pressures, up to 800 kilopascals (kPa) (8 atm, ensure
maxi mum production of NQ and nininum reaction tine.*
Furthernore, |ower tenperatures and higher pressures shift the
reaction to the production of NGO, preventing the reverse
reaction (dissociation to NO and Q) from occurring.?

3.1.2.3 Absorption of Nitrogen Dioxide. The final step for
producing weak nitric acid involves the absorption of NQ and NO,
in water to formnitric acid (as NO, is absorbed, it rel eases
gaseous NO . The rate of this reaction is controlled by three
steps: (1) the oxidation of nitrogen oxide to NG, in the gas
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phase, (2) the physical diffusion of the reacting oxides fromthe
gas phase to the liquid phase, and (3) the chemcal reaction in
the liquid phase.” The exothermnmic reaction, evolving 135 kJ/nole
(128 Btu/nole), proceeds as follows:?

3NO(g) + HQ(() ¥ 2HNO(aq) + NO(g) + heat

The absorption process takes place in a stainless stee
tower containing nunerous |ayers of either bubble cap or sieve
trays. The nunber of trays varies according to pressure, acid
strength, gas conposition, and operating tenperature. N trogen
di oxi de gas from the cool er/condenser effluent is introduced at
the bottom of the absorption tower, while the liquid dinitrogen
tetroxide enters at a point higher up the tower. Deionized
process water is added at the top, and the gas fl ows
countercurrent to both liquids. Oxidation occurs in the free
space between the trays, while absorption takes place in the
trays. Because of the high order of the oxidation process in
absorbers, roughly one-half the volunme of the absorber is
required to absorb the final 3 percent of nitrogen oxide gas
concentration.® Because |ower tenperatures are favorable for
maxi mum absorption, cooling coils are placed in the trays.

Nitric acid in concentrations of 55 to 65 percent is wthdrawn at
the bottom of the tower.

Secondary air is used to inprove oxidation in the absorption
tower and to bleach remaining nitrogen oxides fromthe product
acid. Absorption efficiency is further increased by utilizing
hi gh operating pressure in the absorption process. Hi gh-pressure
absorption inproves efficiency and increases the overal
absorption rate.

Absorber tail gas is reheated using recovered process heat
and expanded through a power recovery turbine. 1In a well-
desi gned plant, the exhaust gas turbine can supply all the power
needed for air conpression with excess steam avail able for
export .
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3.1.3 Plant Design
Corrosive effects of nitric acid under pressure precluded

the use of pressures greater than atnospheric in early plant
designs. Wth the advent of corrosion-resistant materials,
nitric acid producers were able to take advantage of the
favorabl e effects of increased pressure in the NO oxidation and
absorption processes. Al nodern plants incorporate increased
pressure at sonme point in the process. Currently, two plant
pressure designs are in use: single-pressure and dual - pressure
processes.

3.1.3.1 Single-Pressure Process. The single-pressure
process is the nost commonly enployed nethod of nitric acid
production in the United States. This process uses a single
pressure—tow (atnospheric), nmedium (400 to 800 kPa [4 to
8 atm )—er high (800 to 1,400 kPa [8 to 14 atn]) in both the
anmoni a oxi dation and nitrogen oxi des absorption phases of
production. The majority of new smaller capacity (less than
300 tons per day) nitric acid plants use the high-pressure
process. (Qperating at atnospheric pressure offers advantages
over higher-pressure processes: the catalyst lasts |onger
(6 nmonths) and ammoni a conversion efficiency is increased. These
advant ages are far outweighed, however, by |ow absorption and NO
oxi dation rates (pronpting the need for several |arge absorption
towers).® Atnospheric plants still in existence generally
operate in a standby capacity, and no new atnospheric plants are
likely to be built.” The nediumpressure process utilizes a
singl e higher pressure throughout the process. Though ammoni a
conversion efficiency and catalyst life are somewhat decreased,
the econom c benefits of nedium pressure downstream are
substanti al . Singl e-pressure-type plants require significantly
smal l er, | ess expensive equi pnent for oxidation, heat exchange,
and absorption.” A sinplified single-pressure process flow
diagramis shown in Figure 3-2
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3.1.3.2 Dual-Pressure Process. The dual -pressure process
conbines the attributes of |ow pressure anmoni a oxidation with
hi gh- pressure absorption, thus optimzing the econom c benefits
of each. Popularized in Europe, this process is finding
increasing utility in the United States. A sinplified dual-
pressure process flow diagramis shown in Figure 3-3
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In the dual -pressure process, amonia oxidation is usually
carried out at pressures fromslightly negative to about (400 kPa
[4 atn).? This mmintains the advantages of hi gh ammonia
conversion efficiency and extended catalyst life. The heat of
reaction is recovered by the waste heat boiler, which supplies
steam for the turbine-driven conpressor. After passing through
the cool er/condenser, the gases are conpressed to the absorber
pressure of 800 to 1,400 kPa (8 to 14 atm. Absorption is
further enhanced by internal water cooling, which results in acid
concentrations up to 70 percent and absorber efficiency to
96 percent. Nitric acid fornmed in the absorber is usually routed
t hrough an external bleacher where air is used to renove (bl each)
di ssol ved oxides of nitrogen. The bl eacher gases are then
conpressed and passed through the absorber. Using excess ammoni a
oxi dation heat, tail gas is reheated to about 200°C (392°F) and
expanded in the power-recovery turbine. *"?®

At nospheri c ammonia conversion is |imted (due to | ow gas
| oadi ng at atnospheric pressure) to about 100 tons per day of
equi val ent acid.*® Consequently, for large plants, severa
ammoni a converters and waste heat boilers are required.

Mor eover, nitrous gas conpression requires the use of stainless-
steel conpressors. These costs require an investnent for dual -
pressure plants from one and one-half to two tines the anount for
singl e-pressure plants. However, these costs are offset by

i nproved ammoni a efficiency, reduction of platinum catalyst |oss,
hi gher absorption efficiency, and higher power recovery.?’

3.1.4 Concentrated Nitric Acid Process

In some instances, such as organic nitrations, nitric acid
concentrations as high as 99 percent are required. Nitric acid
forms an azeotrope wth water at 68.8 weight percent (sinple
distillation will not separate the water fromthe acid). The
nmet hod nost comonly enployed in the United States for attaining
highly concentrated nitric acid is extractive distillation
Anot her nethod, the direct strong nitric process, can produce 95
to 99 percent nitric acid directly from amoni a.*?® However, this
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process has found limted comercial application in the United

St at es.
The extractive distillation nethod uses concentrated

sul phuric acid as a dehydrating agent to produce 98 to 99 percent
nitric acid. The process is shown in Figure 3-4
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Strong sulfuric acid (typically 60 percent concentration)
mxed with 55 to 65 percent nitric acid enters the top of a
packed tower and flows countercurrent to ascendi ng vapors.

Ni nety-nine percent nitric acid vapor containing small anmounts of
NO, is recovered at the top of the tower. The vapors are then

bl eached and condensed, |eaving weak nitric acid, NQ, and
oxygen. The gases are subsequently passed to an absorber, where
they are converted to nitric acid and recovered.*?

The direct strong nitric acid process (DSN) produces
concentrated nitric acid directly from anmonia. While severa
DSN processes exist, the Uhde process has denonstrated commercia
application in the United States. The Uhde process is shown in
Figure 3-5
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Air and gaseous amonia are m xed and reacted. Heat of
reacti on produces steamin the burner/waste-heat boiler. Upon
cooling, the reaction products condense to form weak nitric acid.
After separating the liquid nitric acid, the remaining NO is
oxi di zed to NQ, by passing through two oxidizing colums. The
vapors are then conpressed and cooled to formliquid dinitrogen
tetroxide. At a pressure of 5 MPa (50 atm), the liquid NO,
reacts with 0, to formstrong nitric acid of 95 to 99 percent
concentration. Because NQ, fromthe absorber is a valuable raw
material, tail gas em ssions are scrubbed with water and
condensed N,0,. The scrubber effluent is then mxed with the
concentrated acid from the absorber colum. The conbi ned product
is oxidized in the reactor vessel, cool ed, and bl eached,
produci ng concentrated nitric acid.?®
3.1 ADIPIC ACID MANUFACTURING

Adi pic acid, COOH (CH,) ,-COOH, was the 48t h-highest-vol unme
chem cal produced in the United States in 1985 and is considered
one of the nost inportant comnmercially available aliphatic
di carboxylic acids. Typically, it is a white crystalline solid,
soluble in al cohol and acetone.®
3.2.1 Uses and Industry Characterization

Ni nety percent of adipic acid manufactured in the United
States is used to produce nylon 6/6 fiber and plastics. Esters
used for plasticizers and lubricants are the next |argest
consuner. Small quantities of adipic acid are also used as food
aci dul ants. ®*

There are four adipic acid manufacturing facilities in
operation: (1) Allied-Signal, Inc., in Hopewell, Virginia, with
an annual production capacity of 15,000 tons; (2,3) DuPont
Chemicals in Orange and Victoria, Texas, with annual production
capacities of 190,000 and 350,000 tons, respectively; and
(4) Monsanto Chem cal Conpany in Pensacola, Florida, wth an
annual production capacity of 300,000 tons.® Total annua
production reached 865,000 tons in 1989."

3.2.2 Production Process
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Two met hods of producing adipic acid are currently in use.
The basic process is shown in Figure 3-6
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Ni nety-ei ght percent of adipic acid produced in the United
States is manufactured from cycl ohexane in a continuous
operation. Cyclohexane is air-oxidized, producing a
cycl ohexanol - cycl ohexanone (ketone-alcohol, or KA) mxture. This
mxture is then catalytically oxidized using 50 to 60 percent
nitric acid, producing adipic acid. Phenol hydrogenation
followed by nitric acid oxidation is the |esser-used nethod. ®*

3.2.2.1 Oxidation of Cyclohexane. |In commercial use, two
approaches predom nate the air oxidation of cycl ohexane process:
cobal t-catal yzed oxidation and borate-pronoted oxidation. A
third nethod, the high-peroxide process, has found |imted
conmerci al use.

Cobal t-catal yzed air oxidation of cyclohexane is the nost
wi dely used nethod for producing adipic acid. Cyclohexane is
oxidized with air at 150° to 160°C (302° to 320°F) and 810 to
1,013 kPa (about 8 to 10 atm) in the presence of the cobalt
catalyst in a sparged reactor or nultistaged columm contactor.
Several oxidation stages are usually necessary to avoid over-
oxidizing the KA mxture. Oxidizer effluent is distilled to
recover unconverted cycl ohexane then recycled to the reactor
feed. The resultant KA m xture may then be distilled for
i nproved quality before being sent to the nitric acid oxidation
stage. This process yields 75 to 80 nole percent KA wth a
ketone to alcohol ratio of 1:2.1'°

Bor at e- pronot ed oxi dation denonstrates inproved al coho
yields. Boric acid reacts with cycl ohexanol to produce a borate
t hat subsequently deconposes to a thernally stable borate ester,
highly resistant to further oxidation or degradation. Another
key feature of the borate-pronoted oxidation systemis the
renmoval of byproduct water fromthe reactors using inert gas and
hot cycl ohexane vapor. Reaction yields of 87 percent and a K A
ratio of 1:10 have been achieved. ™

The hi gh-peroxide process is an alternative to maxim zing
selectivity. Noncatalytic oxidation in a passivated reactor
results in maxi mum production of cycl ohexyl hydroperoxide. This
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is followed by controlled deconposition to KA Achievabl e
reaction yield is as high as 84 percent KA '

3.2.2.2 Phenol Hydrogenation. Phenol hydrogenation is
anot her net hod of producing cycl ohexanol and cycl ohexanone.
Mol ten phenol is typically hydrogenated at 140°C (284°F) and 200
to 1800 kPa (2 to 18 atn) hydrogen pressure over a nickel,
copper, or chrom um oxide catalyst. These catalysts
predom nantly yield cycl ohexanol. Cycl ohexanone, typically an
i nternedi ate product for manufacturing caprolactam is favored by
using a palladium catalyst. Cyclohexanol yield is typically 97
to 99 percent; however, given sufficient reactor residence tine,
conversion efficiency of 99+ percent is achievable. %%

3.2.2.3 Nitric Acid Oxidation of Cyclohexanol-
Cyclohexanone. The second step in commercial production of
adipic acid is nitric acid oxidation of the cycl ohexanol -
cycl ohexanone mixture. The reaction proceeds as follows:?®

cycl ohexanol + nitric acid - adipic acid + NO, + H,O + heat

cycl ohexanone + nitric acid - adipic acid + NQ + HO + heat

As the reaction is highly exothermc, heat of reaction is usually
di ssipated by maintaining a high ratio (40:1) of nitric acid to
KA mxture.®

Nitric acid (50 to 60 percent) and a copper-vanadi um
catalyst are reacted with the KA mxture in a reactor vessel at
60° to 80°C and 0.1 to 0.4 MPa. Conversion yields of 92 to
96 percent are attainable when using high-purity KA feedstock.
Upon reaction, nitric acid is reduced to nitrogen oxides: NGO,
NO, N,O and N, The dissolved oxides are stripped fromthe
reaction product using air in a bleaching colum and subsequently
recovered as nitric acid in an absorption tower.'?"

The stripped adipic acid/nitric acid solution is chilled and
sent to a crystallizer, where crystals of adipic acid are forned.
The crystals are separated fromthe nother liquor in a centrifuge

3-20



and transported to the adipic acid drying and/or nelting
facilities. The nmother liquor is separated from the remaining
uncrystallized adipic acid in the product still and recycled to
t he reactors.

3.3
1.

10.

11.
12.
13.
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SIONS

4.0 CHARACTERIZATION OF NO, EMIS

This section presents a description of NQ formation and
em ssion levels fromnitric and adi pic acid manufacturing.
Section 4.1 describes uncontrolled NQ emssions fromnitric acid
manuf acturing. The uncontrolled NOQ, em ssions from manufacturing
adipic acid are described in Section 4. 2.

4.1 NO, EMISSIONS FROM NITRIC ACID MANUFACTURING

Nitric acid production is one of the |arger chem cal
industry sources of NQ. Unlike NQ found in conbustion flue
gas, NQ fromnitric acid production is part of the process
stream and is recoverable wth sone econom c value. Vent gas
containing NQ is released to the atnosphere when the gas becones
too inpure to recycle or too low in concentration for recovery to
be economically practical."’

Section 4.1.1 describes how NQ is fornmed as a result of the
basi ¢ anmoni a oxi dation process of nitric acid manufacturing.
Several factors affect the level of NQ em ssions froma typical
nitric acid plant. These factors are presented in Section 4.1.2.
Finally, Section 4.1.3 discusses the sources of NQ, em ssions and
typi cal levels of uncontrolled NO emssions. Furthernore, this
section describes how tail gas plunme color and opacity are
related to the level of NQ in the gas.

4.1.1 NO, Formation

The chem cal reactions for each of the nitric acid
producti on process steps (Chapter 3) denonstrate that NQ nust
first be created before nitric acid can be produced. The first
reaction,

4NH, + 50, -~ 4NO + 6H,0 + heat, Eq. 1
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shows NO forming fromthe reaction of NH, and air. The NOis
then oxidized in the second step,

2NO + O, - 2NQ, # N,O, + heat, Eq. 2

producing NGO, The NO, is subsequently absorbed in water to
produce nitric acid. However, as the absorption reaction,

3NO(g) + HOQ(P) = 2HNO(ag) + NO(g) + heat, Eq. 3
shows, one nole of NO is produced for every three noles of NG
absor bed, making conpl ete absorption of the NQ, inpossible. The
unabsorbed NQ, if not controlled, is emtted in the absorber
tail gas.

4.1.2 Factors Affecting NO, Emission Levels

Many interrelated factors affect the efficiency of the
absorber and the |evel of uncontrolled NQ, em ssions. These
factors are described bel ow

As noted in the previous section, the production of nitric
acid necessarily results in the formation of NO  Using bl eacher
air, NO nust be reoxidized to NQ prior to being reabsorbed. Two
l[imting factors are present. First, reoxidation of NOto NG is
a very slow reaction. As nore air is added, the reaction becones
increasingly slower as the reactants becone diluted with excess
nitrogen. Second, increased tenperatures due to the exothermc
absorption reaction tend to reverse the reaction equation
(Equation 3).? These factors inpose econonmic limts on
absorption efficiency and, consequently, mnust be addressed when
consi dering absorber design.

Maxi mum absorber efficiency is a primary concern of process
designers. Hi gher absorber efficiency translates to [ower NG
em ssions. Maxinum efficiency is achieved by operating at |ow
tenperatures, high pressure, |ow throughput, and |Iow acid
strength with a long residence tinme.? Altering any of these
design criteria affects the level of NQ em ssions. Furthernore,
proper operation and mai ntenance practices are vital to
m nimzing NQ em ssions.

Low tenperature (less than 38°C [100°F]) is a key factor for
hi gh absorption efficiency but is also one that is difficult and
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expensive to control.® The difficulty of maintaining a | ow
tenperature arises fromthe addition of heat from two sources:
heat of reaction and anbient heat. Heat fromthe exothermc
absorption reaction is carried away by cooling water that is
circulated through the absorption tower. However, high anbient
tenperature reduces the heat renoval capacity of heat transfer
equi pment.* This, in turn, reduces absorber efficiency and

i ncreases NQ, em ssions.

Qperating pressure is another inportant consideration for
i ncreasing absorber efficiency. Gas volune in the tower
contracts as the absorption reaction proceeds; therefore,
conpl etion of the reaction is aided by increased pressure.? As
nmentioned in Chapter 3, nbst new nitric acid plants use high
pressure (800 to 1,400 kPa [8 to 14 atnj) in the absorption tower
to increase absorber efficiency.

Nitric acid plants are designed for a specified production
rate, or throughput. Throughput ranges from 50 to 1,000 tons per
day (100 percent nitric acid). Operating outside of the optinal
t hroughput affects the levels of NQ, em ssions. Increasing the
production rate typically increases the NQ em ssion rate by
decreasing residence tine in the absorption tower. Typica
residence time for absorption of NQ in water is on the order of
seconds for NQO, absorption and m nutes for NO+Q, absorption
reaction (NO does not absorb into water).®> Decreasing the
residence time mnimzes the oxidation of NO to NO, and decreases
t he absorption of NQ. Conversely, operating bel ow design
t hroughput increases residence tine, and |ower NQ, em ssions
woul d be expected.®

It is not always true that NQ em ssions are a function of
plant rate. Since the hot gas expander acts as a restriction
device in the tail gas system increasing the rate actually
i ncreases the pressure and conversely |owers em ssions because of
greater absorption efficiency. The absorber volunme requirenent
is a function of the cube of the absorber pressure; therefore,
unless the tail gas is vented or bypassed around the expander,
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NO, wll be lower |eaving the absorber if all other variables
remai n the sane.’

Acid strength is another factor designed into the process.
I ncreasing acid strength beyond design specifications (e.g.
60 percent nitric acid) typically increases NQ em ssions. Lower
em ssions woul d be expected from reduced acid strength.®

Finally, good maintenance practices and careful control of
operations play inportant roles in reducing em ssions of NQ.
Repairing internal |eaks and perform ng regul ar equi pnent
mai nt enance help to ensure that NQ, | evels are kept to a design
m ni mum *
4.1.3 Uncontrollled NO,_Emission Levels

The main source of atnospheric NQ em ssions fromnitric
acid manufacturing is the tail gas fromthe absorption tower."%?®
Uncontrolled NO, em ssion levels vary fromplant to plant due to
differences in plant design and other factors previously
di scussed. Typically uncontrolled em ssion levels of 3,000 ppm
(wth equal amounts of NO and NQ) are found in |ow pressure
(atnospheric) plants. Medium and high-pressure plants exhibit
| ower uncontrolled em ssion levels, 1,000 to 2,000 ppm due to
i nproved absorption efficiency.®®° These levels apply to single-
and dual - pressure plants.

Typi cal uncontrolled NO, em ssions factors range from?7 to
43 kg/My (14 to 86 Ib/ton) of acid (expressed as 100 percent
HNQ,) .° This range includes atnospheric, medium, and high-
pressure plants. Factors that affect the em ssion rate are
di scussed in Section 4.1.2. The average em ssion factor (from
AP-42) for uncontrolled tail gas emssions is 22 kg/My
(43 Ib/ton) of acid.® As discussed in Chapter 3
(Section 3.1.3.1), atnospheric plants operate only in a standby
capacity and no new atnospheric plants are likely to be built.
Using the average NO, concentration (1,500 ppm) for nedium and
hi gh- pressure plants, an uncontrolled NO em ssion factor of
10 kg/ metric ton (20 Ib/ton) can be calculated. This em ssion
factor will be used throughout this text for uncontrolled NO
em ssions fromnitric acid plants. This emssion factor is
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typical for steady-state, continuous operation. Startups,

shut downs, and mal functions increase the uncontrolled em ssion
levels.® A typical NQ emnission level from concentrated nitric
acid production is 5 kg/My (10 Ib/ton) of 98 percent nitric
acid.?

Col or and opacity of the tail gas plune are indicators of
the presence and concentration of NQ, specifically NOQ (NOis
colorless). A reddish-brown plune reveals the presence of NQ.
Plume opacity is directly related to NOQ, concentration and stack
dianeter. The rule of thunb is that the stack plume has a
reddi sh-brown col or when the NGO, concentration exceeds 6,100 ppm
divided by the stack dianeter in centinmeters."’

Ni t rogen oxi des em ssions may occur during filling of
storage tanks.® However, there is no information on the
magni t ude of these em ssions.

4.2 NO, EMISSIONS FROM ADIPIC ACID MANUFACTURING

Ni t rogen oxides created in the adipic acid production
process, like those created in the production of nitric acid, are
considered part of the process stream and are recoverable with
sonme econom c value. Tail gas fromthe NQ, absorber is rel eased
to the atnosphere when the gas becones too |ow in concentration
for recovery to be economically practical.

Section 4.2.1 describes how NQ is fornmed as a result of the
KA oxidation process (using nitric acid) used in producing adipic
acid. Factors affecting the |level of uncontrolled NQ em ssions
in the absorber tail gas are discussed in Section 4.2.2.

Section 4.2.3 describes the source of NOQ, em ssions and presents
data show ng typical levels of uncontrolled NO em ssions.
4.2.1 NO, Formation

Adipic acid is produced by oxidizing a ketone-al coho

m xture (cycl ohexanone-cycl ohexanol) using nitric acid as

fol | ows: 1o

Cycl ohexanone + nitric acid - adipic acid + NQ + water Eq. 1
Cycl ohexanol + nitric acid - adipic acid + NQ, + water Eq. 2
The oxidation process creates oxides of nitrogen in the form of
NO, NQ, and NO with some N, also formng. ™"
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The NQ, is stripped fromthe reaction product using air in a
bl eachi ng columm, and NO and NQ, are subsequently recovered as
nitric acid in an absorption tower. The N, and N,O are rel eased
to the atnosphere. The absorption tower functions in the sane
manner as the absorption tower used in the nitric acid production
process. N trogen oxides, entering the |ower portion of the
absorber, flow countercurrent to a water stream which enters
near the top of the absorber. Unabsorbed NQ, is vented fromthe
top while diluted nitric acid is withdrawn from the bottom of the
absorber and recycled to the adipic acid process.

4.2.2 Factors Affecting NO, Emission Levels

The absorption tower used in adipic acid production
functions in the same manner as the NQ, absorber used in nitric
acid production. Consequently, factors affecting uncontrolled
NO, em ssions from both absorbers are expected to be simlar.
These factors are described in detail in Section 4.1.2 and
include the follow ng: high absorber pressure, |ow tenperature
in the absorber, long residence time, and |ow throughput.

4.2.3 Uncontrollled NO,_ Emission Levels

The main source of atnospheric NQ, em ssions from adipic
acid manufacturing is the tail gas fromthe absorption tower.!!"
O her sources of NQ, emssions include nitric acid storage tanks
and off-gas fromthe adipic acid refining process. However, NQO,
em ssions fromthese two sources are mnor in conparison. All
four adipic acid manufacturing plants were contacted in order to
obtain uncontrolled NO, em ssions data. The data received did
not contain any uncontrolled NOQ, em ssions factors. However, one
plant did report uncontrolled NQ, concentrations of 7,000 parts
per mllion by volume (ppnmv) in the tail gas of the KA oxidation
absorber.® The 1976 screening study reported uncontrolled NQ
em ssion rates for tw plants (capacities of 150,000 and
175,000 tons/yr of adipic acid) as 1,080 and 1,400 pounds per
hour . ®

The AP-42 cites an em ssion factor of 27 kg per nmetric ton
of adipic acid produced (53 Ib/ton) for uncontrolled NQ
em ssions in the absorption tower tail gas.™ This emnission
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factor represents NQ in the formof NO and NOQ, only. Large
quantities of nitrous oxide (N,O are also formed during the
oxi dation process. The effect of NO on the ozone |ayer is
currently under investigation by the Air and Energy Engi neering
Research Laboratory. However, one plant reports that the NO
produced at that facility is recovered by a private conpany to be
used in dental offices.®™

The adipic acid refining process, which includes chilling,
crystallizing, and centrifuging, is a mnor source of NQ
em ssions. The AP-42 cites an uncontrolled NQ, em ssion factor
of 0.3 kg per netric ton (0.6 Ib/ton) of adipic acid produced for
the refining process.® No enissions factor for the nitric acid
storage tanks was reported; however, one plant cited an
uncontrol l ed NQ concentration of 9,000 ppnv.®
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5.0 CONTROL TECHNIQUES FOR NITROGEN OXIDES FROM
NITRIC/Z/ADIPIC ACID MANUFACTURING

This chapter describes the techniques used to control NQ
em ssions fromnitric and adi pic acid manufacturing plants.
Section 5.1 discusses control techniques for nitric acid
manufacturing and Section 5.2 discusses control techniques for
adi pic acid manufacturing. Each of these sections describes the
control techniques, discusses factors affecting the performance
of each control, and presents data illustrating the achieved
| evel s of control for each device.

5.1 NITRIC ACID MANUFACTURING

Several control techniques have been denonstrated that
reduce NQ, em ssions fromnitric acid manufacturing plants. O
the avail able control techniques, three nethods are used
predom nantly: (1) extended absorption, (2) nonselective
catal ytic reduction (NSCR), and (3) selective catalytic reduction
(SCR). Al three of these control techniques are suitable for
new and existing plant applications. Sections 5.1.1, 5.1.2, and
5.1.3 describe these control techniques, discuss factors
affecting their performance, and provide data that denonstrate
the |l evel of achievable NQ, control. In Section 5.1.4, a table
is presented that summarizes the level of control and contro
efficiency. Section 5.1.5 briefly describes other NQ, control
techniques with nore limted use: (1) wet chem cal scrubbing
(ammoni a, urea, and caustic), (2) chilled absorption (CDL/VITOK
and TVA), and (3) nol ecul ar sieve adsorption
5.1.1 Extended Absorption

Ext ended absorption reduces NQ, em ssions by increasing
absorption efficiency and is achieved by either installing a
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single large tower, extending the height of an existing
absorption tower, or by adding a second tower in series wth the
existing tower.' Increasing the volune and the nunber of trays
in the absorber results in nore NQ, being recovered as nitric
acid (1 to 1.5 percent nore acid) and reduced emi ssion |evels.?
Ext ended absorption can be applied to new and existing plants;
however, it is considered an add-on control only when applied to
existing plants. Typically, retrofit applications involve adding
a second tower in series with an existing tower. New plants are
generally designed with a single large tower that is an integra
conmponent of the new plant design. New nitric acid plants have
been constructed with absorption systens designed for
99. 7+ percent NQ, recovery.*'

The follow ng sections discuss extended absorption used as a
NQ, control technique for nitric acid plants. Section 5.1.1.1
describes single- and dual -tower extended absorption systens.
Factors affecting the performance of extended absorption are
di scussed in Section 5.1.1.2; and Section 5.1.1.3 presents
em ssions test data and di scusses NQ, control perfornmance.

5.1.1.1 Description of Extended Absorption Systems.
Figure 5-1
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is a flow diagram for a typical nitric acid plant with an
ext ended absorption systemusing a single large (typically 100 to
130 feet tall) tower.™® Follow ng the normal ammoni a oxidation
process as described in Chapter 3, NQ, is absorbed in the
"extended"” absorption tower. The |ower portion (approximtely
40 percent of the trays) of the tower is cooled by nornmal cooling
water available at the plant site. The remaining trays are
cooled by water or coolant to approximately 2° to 7°C (37° to
45°F), which is usually achieved by a closed-l1oop refrigeration
system using Freon or part of the plant ammoni a vaporization
system “>® Absorber tail gas is then heated in a heat exchanger
which utilizes the heat of the anmonia conversion reaction. The
heat is subsequently converted to power in a turboexpander.
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is a flow diagramfor a nitric acid plant with an extended
absorption system using a second absorption tower. The second
tower is the "extended" portion of the absorption system
Fol l owi ng the normal amoni a oxi dation process as described in
Chapter 3, NQ, is absorbed in the first absorption tower. The
tail gas fromthe first absorber is routed to the base of the
second absorber. As the gas flows countercurrent to the process
water in the second absorber, the remaining NO, is absorbed to
formadditional nitric acid. The weak acid fromthe second
absorber is then recycled to the upper trays of the first
absorber. Consequently, no liquid effluent waste is generated.
The weak acid entering the top of the first tower absorbs rising
NO, gases, producing the product nitric acid. Tail gas fromthe
second absorber is heated in a heat exchanger and recovered as
power generated in a turboexpander. In order to mnimze the
size of the second absorption tower, inlet gas to the first
absorber is generally pressurized to at least 730 kPa (7.3 atm
and additional cooling is provided. One conpany's process uses
two cooling water systens to chill both absorbers. The entire
second absorber and approximtely one-third of the trays of the
first absorber are cooled by refrigerated water at about 7°C
(45°F). The remaining trays in the first absorber are cool ed by
normal plant cooling water.">?®

5.1.1.2 FEactors Affecting Performance. Specific operating

paranmeters nust be precisely controlled in order for extended
absorption to reduce NQ, em ssions significantly. Because this
control technique is essentially an extension of the absorber, a
conmponent conmon to all weak nitric acid production processes,
the factors that affect its performance are the sane as those
that affect uncontrolled em ssions |evels as discussed in detai
in Chapter 4. These factors include maxi mum NQ, absorption
efficiency achieved by operating at |ow tenperature, high
pressure, |ow throughput and acid strength (i.e., throughput and
acid concentration within design specifications), and |ong
resi dence tine.
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5.1.1.3 Performance of Extended Absorption. Tabl e 5-1
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TABLE 5-1. NITROGEN OXIDES EMISSIONS FROM NITRIC ACID PLANTS
USING EXTENDED ABSORPTION™
Nitric acid Average
Absorber inlet |production rate, Acid emission factor Control
Plant Absorber pressure, atm tons/d strength, % Ib/ton acid efficiency, %°
C Single 9 271 56 1.3 97
D Single 9 538 57 2.75 93.6
G Single NA 375 62 2.55 94
Single NA 300 55 2.74 93.6
J Single 9 530 56 2.13 95
H Dual 9 1,056 54 2.81 93.5
E Dual 7 220 57 1.8 96

NA = not available.
®These figures calculated using average uncontrolled emissions level of 43 Ib/ton (from AP-42).
Notes: The following are provided for comparative purposes.

1

From AP-42, NO, emission levels from nitric acid plants

a  Emissions:

uncontrolled--22 kg/metric ton; 43 Ib/ton
extended absorption--0.9 kg/metric ton; 1.8 Ib/ton

b. Control efficiency:
uncontrolled--0%

extended absorption--95.8%

From NSPS, alowable NO, emission levels from nitric acid plants

Emissions:

1.5 kg/metric ton; 3.0 Ib/ton
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illustrates the levels to which extended absorption can reduce

NO, emissions fromnitric acid plants. The em ssion factors are
based on conpliance tests (using EPA Method 7) performed on seven
new plants using extended absorption that are subject to the new
source performance standards (NSPS) since the 1979 review.
Actual production capacities during testing ranged from 200 to
960 netric tons (220 to 1,060 tons per day [tons/d]) expressed as
100 percent nitric acid. Acid concentration is simlar for six
of the plants, ranging from54 to 57 percent, while one plant
produces acid at a concentration of 62 percent. Five plants
operate with a single Iarge absorption tower, and two use a
second tower

The em ssion factors range from 0.59 to 1.28 kg of NQ, per
metric ton (1.3 to 2.81 Ib/ton). No trends are indicated
relating NQ em ssion levels to plant size, production capacity,
or acid strength. Additionally, there is no correlation between
absorber design (single vs. dual) and controlled em ssion |evels.
However, the em ssions data do illustrate the effectiveness of
extended absorption on reducing NQ em ssions. From AP-42, the
average uncontrolled emssions level for nitric acid plants is
22 kg per nmetric ton (43 Ib/ton) of nitric acid.® Furthernore,
AP-42 gives an average control efficiency of 95.8 percent for
extended absorption. Fromthe em ssions data in Table 5-1, the
control efficiency for extended absorption at the seven plants
ranges from93.5 to 97 percent. For further conparison, the data
denonstrate that for all seven plants, extended absorption
reduces NQ, em ssions below the NSPS |evel of 1.5 kg per netric
ton (3.0 pounds per ton).
5.1.2 Nonselective Catalytic Reduction

Nonsel ective catalytic reduction uses a fuel and a catal yst
to (1) consune free oxygen in the absorber tail gas, (2) convert
NOQ, to NO for decolorizing the tail gas, and (3) reduce NO to
el emental nitrogen. The process is called nonsel ective because
the fuel first depletes all the oxygen present in the tail gas
and then renoves the NQ. Nonsel ective catalytic reduction was
wi dely used in new plants between 1971 and 1977. It can achieve
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hi gher NQ, reductions than can extended absorption. However,
rapid fuel price escalations caused a decline in the use of NSCR
for new nitric acid plants, many of which opted for extended
absor ption.

Despite the associated high fuel costs, NSCR offers
advant ages that continue to nake it a viable option for new and
retrofit applications. Flexibility adds to the attractiveness of
NSCR, especially for retrofit considerations. An NSCR unit
generally can be used in conjunction with other NQ, control
techni ques. Furthernmore, NSCR can be operated at any pressure.®
Addi tionally, heat generated by operating an NSCR unit can be
recovered in a waste heat boiler and a tail gas expander. The
heat recovered can supply the energy for process conpression
needs with additional steam available for export.!

The follow ng sections discuss NSCR used as a NQ, control
technique for nitric acid plants. Section 5.1.2.1 describes an
NSCR system including its conponents and operation. Factors
affecting the perfornmance of NSCR units are discussed in
Section 5.1.2.2, while Section 5.1.2.3 presents data and
di scusses NQ, control perfornmance.

5.1.2.1 Description of Nonselective Catalytic Reduction
Systems. Figure 5-3
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is a flow diagram for a typical nitric acid plant using
nonsel ective catalytic reduction. Absorber tail gas is heated to
the required ignition tenperature using ammonia converter
effluent gas in a heat exchanger, and fuel (usually natural gas)
is added. Available reducing fuels and associated ignition
tenperatures are as follows:>®

Euel Tenperature, °C (°F)
Nat ural gas (nethane) 450- 480 (842-896)
Pr opane/ but ane/ napht ha 340 (644)
Ammoni a pl ant purge gas/ hydrogen 250 (482)
Car bon nonoxi de 150- 200 (302-392)

The gas/fuel mxture then passes through the catalytic reduction
unit where the fuel reacts in the presence of a catalyst with NQ
and oxygen to form el enental nitrogen, water, and carbon dioxide
when hydrocarbon fuels are used.

The follow ng reactions occur when natural gas is used as
the reducing fuel:®

CH, + 20, -~ CQ, + HO + heat (oxygen consunption) Eq. 1
CH, + 4NQ, - 4NO + CO, + 2H,0 + heat (decolorizing) Eq. 2
CH, + 4NO -~ 2N, + CQ, + 2H,0 + heat (NQ, reduction) Eq. 3

The second reaction is known as the decolorizing step. Though
total NQ, em ssions are not decreased, the tail gas is
decol ori zed by converting reddi sh-browmn NGO, to colorless NO  Not
until the final reaction does NQ, reduction actually occur.

Heat from the catalytic reduction reactions is recovered as
power in a turboexpander. Depending on the type of NSCR unit,
si ngl e-stage or two-stage, heat exchangers or quenchers may be
required to reduce the outlet gas tenperature of the NSCR unit

because of thermal limtations of the turboexpander. Tenperature
rise associated with the use of NSCR is discussed in greater
detail in the follow ng paragraphs.

Catal yst nmetals predom nantly used in NSCR are platinum or
m xtures of platinum and rhodium Palladium exhibits better
reactivity and is cheaper than platinum However, palladium
tends to crack hydrocarbon fuels to el enental carbon under upset
conditions that produce excessively fuel-rich mxtures (greater
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than 140 percent of stoichionetry). Consequently, excess oxygen
reacts with deposited carbon and produces a surface tenperature
sufficiently high to nelt the ceramc support. Platinum

catal ysts have been known to operate over extended periods of
time at 150 to 200 percent of stoichionetry (fuel: Q) on natura
gas w thout exhibiting coking.'” Catalyst supports are typically
made of alumna pellets or a ceram c honeyconb substrate,

al t hough the honeyconb is preferred due to its higher gas space
velocities. Gas space velocity is the nmeasure of the vol unme of
feed gas per unit of time per unit volune of catalyst. The gas
space velocity (volunetric flue gas flow rate divided by the
catal yst volune) is an indicator of gas residence tine in the
catalyst unit. The |lower the gas space velocity, the higher the
residence tinme, and the higher the potential for increased NQ,
reduction. Typical gas space velocities are 100,000 and

30, 000 vol unmes per hour per volune for honeyconb and pellet-type
substrates, respectively.>*

The reactions occurring wthin the reduction unit are highly
exothermc. Exit tenperature typically rises about 130°C (266°F)
for each percent of oxygen consunmed when hydrocarbon fuels are
used. Alternatively, if hydrogen fuel is used, the correspondi ng
tenperature rise is 150°C (302°F) for each percent of oxygen
consuned. Due to catalyst thermal limtations, the fina
reduction reaction nmust be limted to a tenperature of 843°C
(1550°F). This corresponds to a maxinmum tail gas oxygen content
of about 2.8 percent to prevent catalyst deactivation.?®
Therefore, the gas nmust be cooled if oxygen content exceeds

2.8 percent.
Energy recovery inposes greater tenperature constraints due
to construction material thermal limtations (650°C [1200°F]) of

t he turboexpander. To conpensate for these tenperature
limtations, two nethods of nonselective catalytic reduction have
been devel oped, single-stage and two-stage reduction.

Si ngl e-stage units can only be used when the oxygen content
of the absorber tail gas is less than 2.8 percent. The effl uent
gas fromthese units nust be cooled by a heat exchanger or
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guenched to neet the tenperature limtation of the turboexpander.

Because of the specific tenperature rise associated with the
oxygen consunption and NQ, renpval, two-stage units with an
i nternal quench section are used when the oxygen content is over
3 percent.? Two systens of two-stage reduction are used. One
system uses two reactor stages with interstage heat renoval. The
ot her two-stage reduction system involves preheating 70 percent
of the feed to 482°C (900°F), adding fuel, and passing the
m xture over the first-stage catalyst. The fuel addition to the
first-stage is adjusted to obtain the desired outlet tenperature.
The remaining 30 percent of the tail gas feed, preheated to only
121°C (250°F), is used to quench the first-stage effluent. The
two streans plus the fuel for conplete reduction are m xed and
passed over the second-stage catalyst. The effluent gas then
passes directly to the turboexpander for power recovery. This
system elimnates the need for coolers and waste-heat boilers;
however, performance of the two-stage system has been |ess
satisfactory than that of the single-stage system®>?®

5.1.2.2 Eactors Affecting Performance. Factors that can
affect the performance of an NSCR unit include oxygen content of
the absorber tail gas; fuel type, concentration, and flow
distribution; type of catalyst support; and inlet NG
concentration. The oxygen content of the tail gas entering the
catalytic unit nust be known and controlled. As nentioned in the
previ ous section, excess oxygen content can have a detrinenta
effect on the catal yst support and turboexpanders. Even m nor
oxygen surplus can |lead to catal yst deactivation

The type of fuel selected is based |largely upon
availability. However, it is inportant to select a fuel that is
conpatible wth the thermal constraints of the catalytic
reduction system The tenperature rise resulting from oxygen
consunption is higher for hydrogen than for hydrocarbon fuels.?
Fuel concentration is also inportant in achieving nmaxi mum NQ,
reduction. Natural gas nust be added at 10 to 20 percent over
stoichionetry to ensure conpletion of all three reduction
reactions. Less surplus fuel is required when hydrogen is used.?®
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Poor control of the fuel/oxygen ratio can result in carbon
deposition on the catalyst, thereby reducing its effectiveness.
Excessive fuel consunption can be mnimzed by close control of
fuel/tail gas m xing and adequate flow gas distribution into the
catal yst bed (to prevent rich or |ean gas pockets).'

Al though simlar catalyst netals are typically used,
differences in catal yst support can have an effect on the system
performance. Honeyconb supports offer relatively |ow pressure
drop and high space velocity. The increased surface area of the
honeyconb structure allows greater exposure of the tail gas to
the catalytic material, thereby resulting in inproved NG
conversion. However, honeyconbs are nore easily damaged by
overheating. Alternatively, pellet beds have proved to be nore
durabl e but offer |ess gas space velocity. Furthernore, catalyst
fines from pellet beds have been reported to cause turboexpander
bl ade erosion. ***

Mal functi ons upstream of the catalytic reduction unit wll
also affect the level of NQ reduction. Upsets in the absorption
colum that result in NQ, concentrations in the 9,000 to
10,000 ppm range can inhibit catalytic activity by chem sorption
(weak chem cal bonds forned between the gas and the catal yst
surface). The effects of chem sorption of NOQ are not pernmanent,
however, and the bed recovers imedi ately after the upstream
abnormality is corrected.

5.1.2.3 Performance of Nonselective Catalytic Reduction
Tabl e 5-2
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TABLE 5-2. NITROGEN OXIDES EMISSIONS FROM NITRIC ACID PLANTS
USING NONSELECTIVE CATALYTIC REDUCTION

Design Actual Emission

capacity, | production, % | No. of Catalyst | factor, Ib/ton® Control
Plant tons/d design stages |Fuel support? efficiency, %°
AY 195 89 1 Natura gas NA 1.13 97.4
B 350 107 2 Natural gas H 0.4 99.1
c® 55 127 1 Purge gas P 2.3 94.7
D 55 100 1 Purge gas H 0.7 98.4
E* 900 NA NA Natural gas P 0.4 99.1

NA = not available.
®H = honeycomb; P = pellet.
®From test reports (EPA method 7).

“These figures caculated using average uncontrolled emissions level of 43 Ib/ton (from AP-42).

Notes: The following is provided for comparative purposes.

=

From AP-42, NO, emission levels for nitric acid plants using NSCR
a. Natural gas--0.2 kg/metric ton; 0.4 Ib/ton
b. Hydrogen--0.4 kg/metric ton; 0.8 Ib/ton
c. Natural gas’hydrogen (25%/75%)--0.5 kg/metric ton; 1.0 Ib/ton
2. From AP-42, control efficiency for nitric acid plants using NSCR
a. Natura gas--99.1%
b. Hydrogen--97-99.8%
c. Natural gas’hydrogen (25%/75%)--98-98.5%
3. From NSPS, allowable NO, emission levels from nitric acid plants
Emissions:
1.5 kg/metric ton; 3.0 Ib/ton
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illustrates the level of control that has been denonstrated by
five nitric acid plants using NSCR as the exclusive neans of NQ
control. Production capacities range from50 to 819 netric tons
(55 to 900 tons) per day (expressed as 100 percent nitric acid).
Both pellet bed and honeyconb catal yst supports are equally used,
al t hough single-stage units are the predom nant NSCR nethod. Two
common fuel types are used: natural gas (nethane) and ammoni a
pl ant purge gas (65 percent hydrogen).

The emi ssions data for plants A and E are taken fromtest
reports and represent the average of nultiple test runs (EPA
Met hod 7) at each plant. Em ssions data for plants B, C, and D
are taken from sunmaries of test reports and represent the
average of three test runs (EPA Method 7). Em ssion factors
range fromO0.2 to 1.0 kg of NQ, per netric ton (0.4 to
2.3 Ib/ton) of nitric acid (expressed as 100 percent acid). On
limted data, no trends are apparent relating the catalytic unit
(i.e., the nunber of stages, fuel type, and catal yst support) to
em ssion factors. However, it should be noted that the plant
operating at 127 percent of its design production capacity has
t he highest NQ, em ssion factor. Regarding fuel type, AP-42
cites NQ emssion factors of 1.5 pounds per ton for purge gas
and 0.6 pounds per ton for natural gas. A possible correlation
can be made between control efficiency and the rate of acid
production. As discussed in Chapter 4, production rates in
excess of design can adversely affect absorber efficiency.
Consequently, the NQ, concentration of the gas at the inlet of
the NSCR unit may be increased to the point of inhibiting
catal yst activity (discussed in Section 5.1.2.2), resulting in
decreased control efficiency.

The data in Table 5-2 indicate NQ, control efficiencies
ranging from94.7 to 99.1 percent. This denonstrated |evel of
control is consistent wwth the control efficiency data presented
in AP-42.

5.1.3 Selective Catalytic Reduction

Selective catalytic reduction uses a catalyst and ammonia in

t he presence of oxygen to reduce NO, to elenental nitrogen. The
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process is called selective because the amonia preferentially
reacts with NQ in the absorber tail gas. The follow ng sections
di scuss SCR used as a NQ, control technique for nitric acid
plants. Section 5.1.3.1 describes an SCR systemincluding its
components and operation. Factors affecting the performance of
SCR units are discussed in Section 5.1.3.2. Section 5.1.3.3
presents em ssion test data and di scusses NQ, control

per f or mance.
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5.1.3.1 Description of SCR Systems. Figure 5-4
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Figure 5-4. Selective catalytic reduction system for NO, control
at nitric acid plants.
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is a flow diagram for a typical nitric acid plant using SCR
Fol l owi ng the normal anmoni a oxi dation process, absorber tail gas
i s passed through a heat exchanger to ensure that the tenperature
of the gas is within the operating tenperature range (discussed
bel ow) of the SCR unit. The gas enters the SCR unit, where it is
m xed with amonia (NH;) and passed over a catal yst, reducing the
NO, to elenental nitrogen (N,).

The reactions occurring in an SCR unit proceed as
fol l ows: &1

8NH, + 6NQ, - 7N, + 12H,0 + heat Eq. 4
4NH, + 6NO - 5N, + 6H0 + heat Eq. 5
4NH, + 3Q, - 2N, + 6H,0 + heat Eq. 6

Reactions 4 and 5 proceed at nuch faster rates than Reaction 6.
Therefore, NQ, is reduced w thout appreciable oxygen renoval.
Proper operation of the process requires close control of the
tail gas tenperature. Reduction of NQ to N, nust be carried out
wWithin a narrow tenperature range, typically 210° to 410°C (410°
to 770°F).Y The optinum operating tenperature range varies wth
the type of catalyst used. The SCR catalysts are typically
honeyconbs or parallel plates, allowng the flue gas to flow
through with mninum resi stance and pressure drop while
maxi m zing surface area. Several catalyst materials are
available. In general, precious netal catalysts (e.g., platinum
pal | adium) vyield higher conversions of NQ to N, with | ow excess
amoni a usage at |ower tenperatures than the base netal oxides
(e.g., titanium vanadiun) or zeolites.'' However,
titani a/vanadia catalysts are nost comonly used in nitric acid
plants. ®

Reducing NQ, using SCR results in a reduction in acid yield
and increased ammonia use.™ Acid yield is slightly reduced
because NO, is destroyed rather than recovered as wth extended
absorption. Al though ammonia is an expensive reagent, |ess fuel
is required than for NSCR because conplete Q consunption is not
required. Furthernore, ammonia is readily available since it is
consuned as feedstock in the nitric acid process.?
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Several advantages of SCR nake it an attractive alternate
control technique. The SCR process can operate at any pressure.
The lack of pressure sensitivity makes SCR a viable retrofit
control device for existing |lowpressure nitric acid plants.®
Selective catalytic reduction is also well suited for new plant
applications. Cost savings are a primary benefit of SCR
Because the tenperature rise through the reactor bed is small (2°
to 12°C [36° to 54°F]), energy recovery equipnent is not
required. The need for waste-heat boilers and hi gh-tenperature
t ur boexpanders as used for NSCR is elimnated.?®

5.1.3.2 Eactors Affecting Performance. Three critica
factors affect the NQ, renoval efficiency of SCR units:

(1) NH/NO, nole ratio, (2) gas stream tenperature, and (3) gas
residence tinme.* The reaction equations in the previous section
show that the stoichionetric ratio of NH, to NQ is 1:1
Therefore, stoichionetric quantities of ammonia nust be added to
ensure maxi mum NQ, reduction. Amonia injected over
stoichionetric conditions permts unreacted amonia to be
emtted, or to "slip." Figure 5-5

5-22



HOx REMOYAL EFFICIENCY

100~
z
g e
st
&)
£
Wi 50
-t
=
)
3 ol -l -
== :
-l
14 o
- 10 :j
- 2]
=5
P b
NH3 st - z
o -la
0.6 07 o8 0.8 0

NH- MO RATIO

Figure 5-5. SCR catalyst performin% as a function of NH,/NO,
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illustrates NQ renoval efficiency and NH, slip as a function of
NH/ NO, nole ratio. Ammonia slip can be nonitored and is easily
controlled to |l evels below 20 ppm (where odor may becone a

probl em . "

Catal yst activity varies according to the catal yst
conposition and tenperature. The active tenperature range of
catalysts used in nitric acid plants are typically 210° to 330°C
(410° to 626°F).' The gas tenperature in the SCR reactor chanber
must be within the active tenperature range of the catalyst to
obtain efficient operation. At |ower tenperatures, anmoni um
nitrate salts can be fornmed, causing possible danmage to the
downst ream t ur boexpander and piping system Above 270°C (518°F),
NO can be produced by the reaction between NH, and Q as
fol l ows: *

4NH, + 50, - 4NO + 6H,0 + heat Eq. 7
A der plants may require preheating of the tail gas prior to the
SCR unit in order to accommpdate the catal yst tenperature
limtations.?

Gas residence tine is primarily a function of the flue gas
flow and the catal yst volune or surface area. Residence tine is
expressed as space velocity in m/hr/nf or area velocity in
m/ hr/nf. Figure 5-6
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illustrates NQ renoval efficiency and NH, slip as a function of
area velocity. As the area velocity increases, the residence
time of the gas within the catalytic unit decreases.
Consequently, NQ, renoval efficiency decreases and unreacted
ammoni a begins to slip.

5.1.3.3 Performance of Selective Catalytic Reduction.

Sel ective catalytic reduction is used in many nitric acid plants
in Europe and Japan. However, only three nitric acid plants

usi ng SCR have been identified in the United States: (1) First
Chem cal Corp. in Pascagoula, Mssissippi, (2) E I. DuPont de
Nenours in Orange, Texas, and (3) E.I. DuPont de Nenoburs in
Victoria, Texas.
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TABLE 5-3. NITROGEN OXIDES EMISSIONS FROM NITRIC ACID PLANTS
USING RHONE-POULENC SCR TECHNOLOGY''

NQ, reduction, ppm Contr ol Em ssi on

Start efficiency, factor,

Location |date I'nl et Qutl et % | b/ t on®

G eece 1985 1, 300 200 84. 6 2.87

G eece 1985 1, 500 200 86. 7 2.87

G eece 1985 1, 200 200 83.4 2.87

Fi nl and 1986 1, 500 200 86. 7 2.87

Nor way 1987 1, 200 200 83. 4 2.87
®Cal cul ated based on inlet/outlet data.

°Cal cul at ed based on NSPS ratio of 3.0 Ib/ton:209 ppm Exanpl e:

X I b/ton

2.87 Ib/ton

out | et, ppm()’}ﬁgﬂﬁéﬁ??) =
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amABBE45i-#L usN1aREOGENe OXEDESS Edfl SSPONSEFRAM avl TRIG eAGKD IBLANTS
USING BASF SCR TECHNOLOGY®®

NO, reduction, ppm

Start Capacity, Control Emission
Location date tons/d Inlet Outlet efficiency, %* factor, Ib/ton®
Germany 1975 270 450-800 <150 67-81 <2.15
Germany 1975 270 450-800 <150 67-81 <2.15
Germany 1976 225 1,300 <400 >69 <5.74
Germany 1977 270 450-800 <150 67-81 <2.15
Germany 1977 270 450-800 <150 67-81 <2.15
Germany 1979 270 500 <200 >60 <2.87
Sweden 1979 225 2,000-2,500 <500 75-80 <7.18
Sweden 1980 225 2,000-2,500 <500 75-80 <7.18
Sweden 1982 300 550 <200 >64 <2.87
Portugal 1982 360 500 <200 >60 <2.87
Sweden 1982 390 2,000-3,000 <500 75-83 <7.18
France 1982 920 850-950 <500 41-47 <7.18
Portugal 1982 360 500 <200 >60 <2.87
Norway 1983 450 500 <200 >60 <2.87
Belgium 1985 650 200 <110 >45 <1.58

#Cadlculated based on inlet/outlet data

bCalculated based on NSPS ratio of 3.0 Ib/ton:209 pom. Example:

x Ib/ton = outlet, ppzralg)m: 150 ppmﬁgg;:n 2.15 Ib/ton

5-28




European plants using SCR. The data are from European technica
papers di scussing NQ, reductions using SCR fromtwo process
l'icensors.' ' Descriptions of the test data and test nethods are
not reported. Control efficiencies are calculated using the
inlet and outlet test data and range from 44 to 86.7 percent.

Em ssion factors are calculated using a ratio established for the
nitric acid NSPS (3.0 |Ib/ton:209 ppm) and the outlet NQ
concentration. The em ssion factors range fromless than 0.72 to
3.3 kg of NO, per netric ton (1.58 to 7.18 Ib/ton) of nitric

acid. The data do not indicate a trend relating SCR contro
performance to inlet NQ concentration. It should be noted,
however, that high em ssion factors (greater than 3.0 |Ib/ton) may
indicate |l ess stringent standards rather than | ow SCR control

ef ficiency.

First Chem cal Corporation in Pascagoula, Mssissippi, is a
new nitric acid manufacturing facility producing 250 tons per day
of nitric acid. Selective catalytic reduction is used in
conjuction with extended absorption for NQ, control. Conpliance
testing, using EPA Method 7, was perforned in April 1991. A
summary of the conpliance testing data is as follows:*

NO, em ssion factor: 0.29 kg/nmetric ton (0.57 |b/ton);

NO, concentration: less than 60 ppm and

Stack plume opacity: zero percent.

No information was obtained regarding the uncontrolled (exit the
NQ, absorber) NQ, level. However, because First Chemcal is a
new facility, it is reasonable to assume an uncontrolled NQ,

em ssion factor of at least 10 kg per nmetric ton (20 Ib/ton).’
Based on this uncontrolled NO em ssion factor of 10 kg per
metric ton (20 Ib/ton), the controlled NQ, em ssion factor

(0.29 kg/netric ton [0.57 Ib/ton]) represents a contro
efficiency for SCR of 97.2 percent. Again for conparative
purposes, the NQ, em ssion data from First Chem cal (0.57 |Db/ton;
<60 ppnm) denonstrate that SCR is capable of reducing NQ,

em ssions to well below NSPS |levels (3.0 Ib/ton; 209 ppm.

5.1.4 Control Technique Performance Summary
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Tabl e 5-5 summarizes the NQ, control data presented in
Tables 5-1 through 5-4. For each control technique, the
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TABLE 5-5. SUMMARY OF NO, CONTROL TECHNIQUE PERFORMANCE NITRIC
ACID PLANTS

Emission factor, kg/metric (Ib/ton) Control efficiency, %
Control technique Range Average Range Average
Extended adsorption 0.59-1.28 (1.3-2.81) 1.05 (2.3) 93.5-97.0 94.6
NSCR 0.2-1.05 (0.4-2.30) 0.5 (1.0) 94.7-99.1 97.7
SCR (European)? 0.72-3.26 (1.58-7.18) <1.67 (<3.67) 44-86.7 70.8
SCR (U.S)" 0.29 (0.57) 97.2

®SCR data are from European plants where less stringent (compared with U.S. standards) standards are imposed. The
SCR is used to bring NO, emissions down to required levels only.

*Based on compliance test data from a single plant using SCR with extended absorption (First Chemical
Corporation).chemical reaction.
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following data are presented: range of achievable control,
average achievable control, range of control efficiency, and
average control efficiency.

5.1.5 Other Control Techniques

Several other control techniques for nitric plants have been
devel oped and denonstrated. However, poor NQ, control
performance or other disadvantages have excluded these controls
from common use. These NQ, control techniques are (1) wet

chem cal scrubbing, (2) chilled absorption, and (3) nolecul ar

si eve adsorption. Each of these techniques is described briefly
bel o