MONTANA

STATE UNIVERSITY

Kinetic studies on absorption of NOx by alkali carbonate-metal oxide sorbents
by Christopher John Evoniuk

A thesis submitted in partial fulfillment of the requirements for the degree of DOCTOR OF
PHILOSOPHY in Chemical Engineering

Montana State University

© Copyright by Christopher John Evoniuk (1978)

Abstract:

Mixtures made from alkali carbonates and transition metal oxides were tested for their NOx (NO +
NO?2) absorption capabilities. A packed bed reactor and a recycle reactor were used in testing the solid
sorbent mixtures and a NOx Chemiluminescent Analyzer was used to measure NO and NOx
concentrations. The sorbents were tested in the form of powders and as flat plates with test gases
composed of 1000 to 9000 ppm NOx , 0 to 10% O2, and 0 to 15% CO2. Sorbents were also tested to
determine the effect of SO2 and H20 on NOx absorption.

Of the sorbents tested, Kg2CO3+ Fe203 , K2CO3 + MnO2, and Na2CO3 + MnO2 were the
most-promising absorbers or NOx . It was found that 7.5 grams of these sorbents at temperatures
ranging from 360 to 450°C could absorb 99% of the NOx from a gas stream flowing at a rate of 620
ml/min and containing 9000 ppm NOx , 2% 02 and 15% CO02. The rate of NOx absorption could be
increased by increasing the O2 concentration and by decreasing the C02 concentration. Capacities of
the sorbents were equal to the theoretical amount of NO required to convert the alkali carbonate to an
alkali nitrate. SO2 was absorbed by the sorbents forming an alkali sulfate which did not absorb NOx.
H20 was found to not have any effect on absorption.

Regeneration of the sorbents was accomplished by heating them at temperatures ranging from 500 to
700°C. Sorbents made with Na2CO3 required lower temperatures to desorb than those made with
K2CO3 .

It was found that sorbents made with MnO2 underwent changes when heated above 560°C which
reduced their NO absorption ability. Sorbents made with Fe203 did not show a loss in NOx absorption
ability when desorbed at temperatures as high as 700°C. The NO absorbed by the sorbents can be
recovered at concentrations greater than 10% when the sorbents are regenerated.
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ABSTRACT

Mixtures made from alksli carbonates and transition metal oxides
were tested for their NO_ (NO + NOQ) absorption capabilities. A packed
bed reactor and a recycle reactor were used in testing the solid
sorbent mixtures and a NO_ Chemiluminescent Analyzer was used to
measure NO and NO# concen%rations. The sorbents were tested in the
form of powders and as flat plates with test gases composed of 1000 to
9000 ppm NOX, 0 to 10% 0., and O to 15% CO.. Sorbents were also test-
ed to determine the effect of SO2 and H20 on NOk absorption.

Of the sorbents tested, K., CO_, + Fe,0_, K.CO. + MnO., and Na.CO_ +
MnO, were the moét.pf@mising a%sogbers gf3NO ? %t was %ound tha% 3
T.5grams of these sorbents at temperatures ¥Fanging from 360 to 450°C
could absorb 99% of the NO_ from a gas stream flowing at a rate of
620 ml/min and containing $000 ppm NO , 2% 0. and 15% CO,,. The rate
of NO_ absorption could be increased ﬁy incréasing the O, concen-—
tratidn and by decreasing the CO, concentration. Ceapacifies of the
sorbents were equal to the theoretical amount of NO required to con-
vert the alkali carbonate to an alkali nitrate. SO0, was absorbed by
the sorbents forming an alkall sulfate which d4id no% absorb‘NOX. Héo
was found to not have any effect on absorption.

Regeneration of the sorbents was accomplished by.heatihg them

at temperatures ranging from 500 to TO0°C. Sorbents made with l\Ta2CO3
reguired lower temperatures to desorb than those made with KZCO .

It was found that sorbents made with MnO, underwent changes wheé
heated above 560°C which reduced their N x absorption ability. Sor-
bents made with Fe20 did- not show a loss™in NOX absorption ability
when desorbed at temperatures as high as TO0°C.” The NO. absorbed by
the sorbents can be recovered at concentrations greakérxthan 10% when

the sorbents are regenerated.




I. INTRODUCTION

The oxides of nitrogen, NO and NO, are components in the formation

2

of\photochemical smog and are considered air pollutants. Mixtures of
NO and NO2 are termed NOX but emission sources and standards are based

on NO2 under the assumption that the NO is ultimately oxidized to NO2

by the reaction NO + 1/2 O2 = N02. Bartok reported that in 1968 sta-

tionary sources accounted for 60% of the total NO2 emitted in the
United States (Bartok et al. 1968). Of that 60%, electric power gener—
ation accounted for 38%, industrial boilers 29%, stationary combustion
engines 21%, small combustion sources 10%, and noncombustion sources 2%.
Fossil fuel combustion, coal and éas, accounted for 40% of the NO_
emisgsions from stationary sources (Bartok 1971).

Current EPA emission standards for NOx from coal fired steam gen-
erators are 0.70 1lb. of N02 per million BTU's of heat inbut or approx-—
imately 600 ppm (Walters and Goodwin 1974). The amount of nitric oxide
(NO) present in flue gases is dependent on the concentration of oxygen
and nitrogen, temperature, and type of fuel used iﬁ the cémbustoru
Nitric oxide is formed in the high temperature comﬁustion zone of the
burners by the chémical reactions:

| N, + 92 = 2NO

fixed fuel nitrogen + 02 = 2NO

U.S. coals contain from 1.15% to 1.T4% fixed nitrogen and this will

produce 880 — 1330 ppm NO if 40% of the fixed N,

is converted to NO
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2
(Pershing 1973). Current estimations of the NOx emissions from the °
MHD process, which uses temperatures approaching 3000°K, rénge from
600 ppm to 30,000 ppm (3%) depending upon the combuétipn scheme used
(Hals and Lewis 1973).

Current technology for the control of NO_ (NvO + N02) consists of
cbmbﬁstion modification, denitrification of the fuel, catalytié re-
duction and ébsorption by solids or liquids. Combustion modificatidn
includes staged combustion, flue gas recirculation and low excess air
firing. The problems encountered in combustion modificatian are re-
ducéd efficiency, excess CO formation and unresolved slagging and coﬁ—
rosion problems (Pershing 1973). In the case where NOx is derived from
the nitrogeﬁ.in the fuel, reducing the oxygeh supply is required to
reduce 1\IOx emissiops rether than reducing the temperature of the com-
bustor (Clay 1975, Pershing et al. 1973, Turner et al. 1972). The ad~
vantages of combustion ﬁodification are iowlcost and ease 6f iﬁplimen—
tation.’ Catalytic reduction systems need to operate in a net reducing
atmosphere and thus it is necessary to carry out combﬁstion under sub-

stoichimetric oxygen conditions or it is necessary to add CO, H, or CHH

2
to the flue gas (Bartok 1971). In either case emissions from. the un-
combusted material occur resulting in overall combustion inefficiency.
Selective reduction of NO with ammonia using a catalyst in a net oxidiz-

ing atmosphere has proven to be effective. However, catalyst poisoning

and the cost of ammonia present a problem for large scale applications




3
of the process; It has been estimated that if catalyzed ammonia‘ré—
duction systems for NOx were used extepsively.in Japan, consumption of
ammonia would reach 400,000 tons/yr. This is about half of Japan's cur-
rent nitrogen fertilizer use (Ricci 1977).
Liéuid scrubbing systems have been found to be useful for_Sbg but

NO has to be oxidized to at least .50% NO, before efficient absorption

2
occurs because absorption is due to the mixed oxide N203 (Koval gnd
Roberts 1960, Chappell 1973, Hals and Lewis 1973).' Other problems
associated with liquid scrubbing are low capacity, limitations in oper-"
ating temperatﬁre due to high vapor pressure of liquids, and the pos-
sible formation of volatile pollutanﬁ compounds espécially in the case.
of the ammonia and amine solutions which are reportedly the best ab-
sorbers of NO (Chappell'1973).

.~Solid sorbents show a technical promise primarily for the absence
of some of the basic problems affecting the liguid systéms.' They have
the advantage of higher oﬁerating teﬁperature, and the  absence of proﬁ-
lems of flue gas rehesting, contacting liquids or slurries.with gases
and the crystallization phenomena that is usually associasted with flue
éas scrubbing (Clay 1975). Although a'solid sorpfion system looks
promising there has been limited data published. éorb¢nt attrition
under the conditions required for flue gas treatment is anothei' problem

facing the application of solid sorbents. However, the technology

needed to prevent sorbent attrition has been reportedly developed in the
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Shell Flue Gas Desulfurization Process which uses a solid sorbent fo
gbsorb S0, (Groenendaal 1976). |

An area in which absorption of NOx could be valuabie is in the
MHﬁ electrical generation process.l‘This system operates at high.tém—
peratures and conseqﬁently is capable of forming large amounts ovabf
It has been reported.(Wrigﬁt and Youdérian 1976, Hals and Jackson 1969)
that the sale of nitric acid recovered from the NO produced in a 1000
MW MHD generator could produce more income than the sale of the eléc—
tricity. An alterqative which would not produce nitric acid but
would reduce l\TOX levels is to absorb the NO from the flue gas with a
sorbenﬁ thén dgsorb the NO and recycle it to the combustion chamber

where it would decompose to equilibrium levels. The remaining NO

would then be reabsorbed and the cycle repeated.

Typical Conditions Encountered

In gpplying sorbents for the absorption of NO#, other materials are
present which could interfere, such as H20, 02, SO2 andrparticulate
natter. Table 1 presents an approximate analysis of the other flue
gas components. Other parameters of importance include flow rates and
temperatures. Gas flow rates are as high as 75 x 106 scf/hr. for a
1000 MW (electrical) MHD plent and 7O x 108 sef/hr. for a T50 MW
(electrical) gas fired plant (Bartok 1971). Combustor temperatures

range from 2727°C for an MHD plant, 1650-2090°C for a typical coal fired

plant to 671-1204°C for e fluidized bed combustor and the flue gas tem-
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perature ranges from 127-177°C (Kube and Gronhovd 1977). Due to these
high tempefatures and flow rates, NO oxidation is limited and the NO

comprises gbout 90% of the NOx (Bartok 1971).

Table 1. Typical Flue Gas Compositions (Chappell 1973)

Volume % from Combustion of

Component Coal oiir Gas
N, | 76.2 7 72.3
co, 4.2 12 ‘ 9.9
H,0 . 6.0 8 | 16.8
0, | 3.3 3 1.8
50, ' : .2 SRt —
Mo, . ? | .07 ?
Particulate : .5 ' , .01 . —_—

' NO Absorption

As was mentioned earlier the absorption of NO by aqueous scrubbing

requires that some of the NO (at least 50%) be oxidized to NO. before

2
efficient ébsorption can occur. The aBsorption of NO is due to the
formation of the mixed oxide N203 (WO + Noz) which is absorbed by the
water to form nitrous acid (HNOE). For NO to be absorbed by aqueous,
solutions of other materials such as alkali sulfites and hydroxides,

“the NO'alsd has to be oxidized to NOz'(Chappell 1973). Although the

liquid scrubbing methods are attractive because of the low cost of the
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materials, there are major problems associated with them. The most
prominent one is the oxidation of NO to NOQ.

It has already been found in the casé of nitric acid plants to be
highly uneconomical to limit NOx emissions below 1500 ppm by agueous
scrubbing (Newman 1971). The reason for this is the size of the equip-
meﬁt which would be necessary to carry out the oxiaation 6f NO. The

oxidation reaction is NO + 0, = 2NO2 and the rate of oxiddation is

2

written as:

a(No) _ 2
- = k (NO) (02)

where: k = reaction rate constant which decreases with temperature
 (NO) and (02) = partisl pressure of each component'
t = time |
When the NO concentration is decreased by a factor 2, tﬁe rate of oxi-.
dation decreases by a factor of 4. It is evident that as the NO con-
céntration drops, the volume needed (holding time) to oxidize thg NO
increases quite fast. fo further complicate matters, the reaction faté
constant decreases with increasing temperature.

For aytypicdl energy generating.process, thé amount of flue gas
produced is quite high and the NOx concentration is quite low. These )
‘two factors along with the fact that the flué gas temperatures arel
usﬁally above 100°C mskes absorption processes requiring priof'oxidation

of NO not very desirable. If the rate of oxidation was incressed,
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there would still remain the problem of disposal of the weak acid>

hsolution.formed‘by agqueous scrubbing of N In the case of the al-

203.
kali solutions, disposal of the nitrate and nitrite solutions formed
when 1\T203 is absorbed, would also be a problem.

It is apparent that a process which would absorb NO Without prior
oxidation would prove to be valuable. If the absorbed NO could then
be desorbed to produce a more concentrated NOx stream, the process
would be eveﬁ more valuable. The concentfated Ndx stream céuld bez
elther made into nitric acid or fed to an efficient NOx reducing sys-
tem. Liquid absorption processes do not look promising at this time.

However ,the following discussion on solid sorbents indicates that there

" are some sorbents which may be useful for NO (NOX) emission control.

Previous Studies on Solid Sorbents
A number of sorbents have been reported in the literature which

absorb NO at temperatures ranging from 26°C to T00°C. Ogg énd‘Ray

developed a sorbent by decomposing a 2:1.1 mole mixture of.NaNO +

3

Fe 0, at 700-900°C (Ogg and Ray 1954). Using 7.8 grams of the mixture

and a gas flow rate of .16 ft?/min., they were able to absorb better
than 90% of the NO at 400°C from a gas containing .7% NO and an un-
determined amount of 02.

pxidation of the NO is not required, the absorbed NO formed nitrates

and not nitrites and the NO cen be reéovered by heating the sorbent at

The advantages of this sorbent' are that prior
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T00-900°C. No mention was made of the amount or effect of CO., H.O

2> 72
or O, on the NO absorption. It was reported (Leung and Gidaspow 19T4)
that this sorbent could not be used for flue gas treatment due to the
formation of carbonates or nitrates which could not bé decomposed at
reasqnable temperatures. However, Leung and Gidaspow did not present
evidence to substantiate this claim.

Eveniuk had gathered data on the NaNO3 + Fe203 sorbent developed
By Ogg and Ray and had found it also to be an active absorbér of NO
(Evoniuk 1976). The absorbed NO could be easily desorbed at tem-
perstures between 500 and 600°C. However, absorption'of'NO was sig-
nificantly decreased when 002 was present in the gas. Evoniuk also
tested alkali carbonates, transition metal 6xide§ and mixtures of the
two. It was found that neither the carbonates nor the metal oxides
were good absorbers of NO, but mixtures of the two were very active
'ébéorbers'of‘NO. The sorbent Na2003 + Fe203

active as.the NaNO3 + Fe203 but CO2 also decreased its NO absorption

ability. In light of this data the claims made by Leung and Gidaspow

was found to be just as

appear to be unjustifiable. But,Adué to the effect of CO2 dn NO ab-
sorption, the sorbents may not be suitable for flue gas treatment.

However, EQoﬁiuk had found that the sorbent K2003 + Fe203 Waé cababie
" of absorbing NO in the presence of 002. This sorbent had a capacity
of .2 gm of NO/gm of sample at a temperature of 460°C and was capable

of absorbing.better thén 90% of the NOX from a gas containing 9000 ppm
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NOX, 17.5% O2 and 15% COQ. By desorhing the NO_ at temperatures rang-
ing from 500—700°C; the sorbent was regenerated and at the’same time a
concentrated stream of NOx was produced. Slnce the K,.CO. + Fe, O_ sor-

2°°3 23

bent appears to be very promising, it is one of the sorbents which wiii
be further investigéted in this work. | |
Gidaspow et al. had also developed & high capacity NO sorbent
(Gidaspow et al. 1977). The éorbent has a capacity of .1282 gm of
NO/gm of sorbent aqd was made from a.solution containing 15.17 gm
- FeS0) . TH,0, 16.96 gm CO(NO ) 6H 0 and Na2003 The pH of the solution
was adjusted from T - 9.7 and the precipitates washed and then cai;
cined at 650?0. In Table 2 the conditions under which the sorbent was
tested is shown along with data for other sorbents tested by Gldaspow
and his associates. Although the capa01ty of the sorbent is hlgh the

effects of CO 50, or H20 on NO absorption were not determined. It

2’ 2
was reported that the low capacity sorbents (showﬁ in Table 2) were
affected by H20 and woﬁld probably be not suited for- flue gas treat-
ment. The high capacity sorbent was thermally regenersble at 520°C
but showed a decline in NO eapacity after continuous sorption and de-
sorption of NO.

A study performed by Onischak and Gidaspow indicated that FeSOh +
LiCl éupported on silica gel Was.an active absorber of NO between 21°
and 93°C (Onischak and Gidaspow 1973). The capacity of the sorbent was

-3

less than 1.9 x 10 gm of NO/gm of sorbent. It was noted that dry
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Tgble 2. Data on Sorbents Tested by Gidaspow et al.

Sorbent . Temp. Capacity Diffefential Rate
‘gm NO/gm:samp;e constant 1/gmole.min

Cobalt Oxide ;3 , )
Alumins Coprecipitated 270°C 2.56 x 10 1.8 x 10
Chromium Oxide ' -3 I
Alumina (Harshaw Cr-140L4) 25 3.0 x 10 2,0 x 10°
Mangenese Oxide _ -3
Alumina (Harshaw Mn-0201) 25 4.85 x 10 . -
Manganese Oxide : _ ' ‘ ﬁ .
Alumina Coprecipitated - 25 7.2 x 10 3.52 x 10

- - - #
FeSOh CoNO3 Na2003 300 .1282 ' 52

- feed composition was 680 ppm NO, 3% 0, and o%;cog.
*® _ capacity was measured up to NO out = 85% of the NO in and the.‘

feed rate was TOO ml/min.

FeSOh did not absorb NO and a hydroscoplec material like LiCl is needed

to draw in H20. This was attributed to a complex similar to

+
Fe(HQO)SNO +~being formed. The sorbent could be used for flue gas

treatment if temperatures were below 100°C and the gas was saturated

with H,0. Regeneration of the sorbent was done at 204°C using CO or

'Hz. The researchers also tested dry coconut‘charcoal, dry molecular

sieves, saturated coconut charcoal and silica gel at room temperature

and found that they were less efficient-than FeSOh + LiCLl for absorbing

NO. Effects of co,, 80, and 0

5 on NO absorption by FeSOLL + LiCl were

ﬁot reported.
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Leung and Gidaspow reported that supported ferric oxide and re-
Quced ferric oxides were better for absorbing NO than-FeSOh + LiCl;
‘because the FeSO) + LiCl was not useful for NO absorption above 100°C
and it required an expensive catalyst for regeneration (Leung and
Gidaspow 19TLk). The ferric oxides could absorb NO between 200°C end.
350°C a#d be regenerated with air at 450°C. Unfortunately, water va-
por interfered with the NO absorption. Reduced ferric oxides are not
affected by water vapor and can be regenersted with 1% CO. Gidaspow,
Leung and Dharia reported the capacity of feduced ferfic oxide as beiﬁg
.054 gm of NO/gm of sample at 270°C (Gidaspow et al. 1974). However,
thg presence of wéter vapor at cogcentrétions gréater'than 1% reduced .
the caﬁacity of the sorbent. Oxygen also decreased the capacity since
it oxidized the reduced ferric oxidé. Due-to the effects of szland O2
on the sorbent, if does not appear that it would be useful for flue
gas treatment.

Molecular sieves, which ére also affected by weter (i.e. absorb it
preferentially), have been uégd for control NO emissions from nitric
acid plantsr(Ricci 1977). 1In the process the gas is dried prior to
passing it to the.moléculaf_sieve bed. The sieve bed catélytically:

oxidizes the NO to NO2 and then éelectively absorbs the N02 (Brennan

1962, Joithe 1972, Sunderson et al. 1967). Because the molecular sieve

préferentially absorbs water it could not be used in the treatment of

flue gases Whére the water vapor is usually over 6% and the gas flow
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rates are high. Also, the cost of molecular sieve processes 1s about
the same as for cafalytic reduction systems but their enefgy require-
ments‘are higher (Ricei 1977)-.
In summary, very few solid ‘absorbents are avéilable which have a

large capacity for absorbing.NO and are not affected by 002, 0, or H20..

2

Of the sorbents reviewed the alkali carbonate-metal oxide mixtures

2773

appear to be the most promising (i.e. the K.CO. + Fé203). The high
) capacity_sorbeﬁt developed by Gidaspow et al. contains cobalt which is

éxpensivé and the sorhent loses capacity with continual use. It is

evident that further resegrch is warranted to determine if the K2CO3 +

Fe203 sorbent and others similar to it are useful for controlling NOx

(NO- + NOE) emissions. Applicability of the sorbent can only be deter-

oo
are known. Determining

mlngd if the effects of CO2, 02, HQO and 802

these effects is the objective of this research along with developing

‘new. sorbents for NOx absorption.




II. OBJECTIVE

The objectives of this research are:

L.

investigate in detail the effects of €Oy, 0Op, NO,, HpO
and S02 on the ébsorption of NO, by the alkali carbonatej

transitibn métai oxide sofbenfs, and the NaNO3-Fe203 sor-

bent'develdped by Ray and Ogg.

determine the effect of changing the ratio of the two

- compounds in the mixture on absorption of NOy.-

determine the effect of 02 and CO2 on the desorptidn of

!
NOyx from'the sorbent. . !

gather thermodynamic data on selected sorbents.




III. EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 is & schematic diagram of the research aﬁparatus. Gas
flows of individual feed components were measured by rotameters and
then passed to phe main feed line where they mixed. A magnetic sfirrer.
was placed in the line to facilitgte mixing but it was found that the
‘mixing provided by the stirrer did not change the gas compositionv
' (i.e. thé amount of N02 formed from the NO) or the experimental re-
sults. Further analysis indicated that under laminsr flow éonditions,
diffusiop would causé almost completé mixing within the first 10 cen-..
timeters of the line for the gas flow rates used (?erry and Chilton
1973). The pressure downstream of the rotameters was kept coﬁétant~at.
10 inches of.mercury by adjusting the wvalve downstream of the manometer.
Meintaining the pressure constant assured a constant reproducible flow
rate at verying pressure drops across the reactor. The feed gas could
bypass the ;eactor system and be fed directly to the NOx anaiyzer

where the inlet concentrqtion of NOx (NO + NO,.) and NO were determined.

2
Gas sampies for determining 002 and O2 could be taken thfough a sample
port located on fhe bypass line.

| After determining the NOX, COé aﬂd 02 concentrations in fhe feed
véas, the bypéss line was closgd and the gas ﬁixture passed to the
reactor system snd back to the NOx anélyzer. If gas flow réteé_were

below thaf needed to operate the analyzer a diluting gas could be. fed

to the’stream to bring the total flow rafé up.
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Figure 1.

Experimental Apparatus
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Sampling pprté were loc;ted upstream and downstream of the reac-
tor to pefmit sampling of the eﬁtering and exiting gas. A water
cooling Jjacket and a glass wool filter‘were used for cooling the exit-
ing gas and removing sorbent fines. The pressure downstream of
the reactor was measured by a mercury manometer and kept slightly
above atmospheric pressure. A recycie line equipped with a stainless
steel metal bellows pump (Metal Bellows Corporation) was used.Qhen
the recycle reactor was in-operation.

Figure 2 is é schematic diagram of -the reactor and hoﬁsing. The
reactor consisted of a 20 inch stainaess steel pipe (85-316), 7/8"
0.D. and 5/8" I.D., with appropriate fittings for attaching a thermo-
couple well and inlet-exit lines. The first 10 inches of the reactor
servea as ; preheat.section for the‘feed and recycle gas. A thgrmo;
couplé well made of 1/8 inch stainless tubing extended up throuéh the
preheat section. Attached 1 inch below the top of the thérmoqouple
well was a perforated stainless steel disk and gcreen whichﬂserved_as.
a sufport for the sorbents. When powdered sorbents were tested, a
layer of sand was poured over the disk to prevent material from fallipg
through. Another layer of sand was poured over the ﬁowder'ahd then a
retaining ﬁipe (which served as a weight) and screen wéré put on the
send. Glass wool was inserted in the top of the reactgrito catéh any
powder which worked out of the sand. The sand, glass_wool and feé

taininé pipe were found to have no.effect on the experimental results
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(i.e. they did not absorb NO, or change the composition of the gas).

When pellets or plates of sorbents were tested the sand and rétaining

pipe were eliminated froﬁ the reactor.
The reactor was surrounded by a stainless steél block 18 inches

long, 3 inches 0.D. and 15/16 inch I.D. Two sets of beaded nichrome

wire (6.5 feet long, .9 ohm/ft.) were wrapped around the block and the

voltage across the heater.coils was controlled by transformers.
A 10 inch diameter housihg 19 inches high, filled with zeolite,
surrounded the reactor heating block. The temperature at the center
of the reactof was monitored by an iron-constantan thermocouplé

)

attached to a continuous recorder. Estimated accuracy of the tem~

. persture reading was # 1.5%.

Analytical Equipment.

NO# and NO concentratiops were determined using a ?hermo—Eléctroﬁ
Model 10-A Self Contained Chemiluminescent Analyzer. The instrument
ﬁas capable of meaéuring in a range of‘8 scales from 0-10,000 ppﬁ NO
or NOx‘(NO + N02) with an accuracy of # 1% of each scale. To operate
the instrumgnts,a constant flow of at least 400 ml/min. of sample was
required. . Therefore, when flow rates used to test sorbents were béf

2

sary to increase the l\TOX converter temperasture from the recommended

low this value a mekeup stream of N Wés added. It was found neces-

650°C to 850°C to eliminste 0, interference. The analyzer was calib-
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rgted using a’'certified standard 5050 ppm NO in N_ -gas mixture

2
(Matheson Co.).

Nitrogen and oxygen analyses were‘performed on an Aerograpﬁ~Gas
Chromatograph usiné a column of molecular sieve type 13-X at a tem-
perature of 50°C. Carbon dioxide analysis was performed‘on the‘same'
chromatograph using a column of Porapak.Q—S (Waters Associates).
Accuracy of the chromatographic methods is estimaféd at + 5%.

Standards for 02, 062 and N2 enalysis were made by pressurizing a
tank to 50% -of each component in nitrogen and then succéséively dilut-
ing the mixture by feducing the pressure and repressurizingvﬁith Ngf
An ideal gas state was assumed in calculating the compositions since
the pressure was below 2 atm. Mixing of the gas was accomplished by
suspending a plastic'vape inside of the fank and then tilting the tank,
to cause the vane t§ mix the gas. Accuracy of the pressure readings
used to determine the asmount of dilution is estimated at % .5%.  This
accﬁraéj was achieved by using a manométer which could be read within
.05 inches of mercury.

Suifur dioxide. analysis was attempted on a Varian gas chroma-
tograph using the Porapak Q-S packing. The paéking and .operating con-

. ditions of the column were the same as for the CO, analysis. Due to

2

the inability to change the chromatograph operating COnditioﬁs without

" analysis the 80, peaks were of such

interfering with the COé and O2

pobr qualify that an accurate determination of the 802 concentration
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in gas could not be made. An estimation of the 802 concentration was

done by measuring the amount of pure{SO2 or 802 in N2, that flowed

through the calibrated rotameters. From this flow rate and the total

flow rate of the feed the concentration of SO2 was calculated.

It was also decided that if a solid sorbent was affected by 802
(i.e. became deactivated) then a gravimetric procedure would be used to
determine if_the_SO2 was converted to a sulfate. A precipitatidn
method using BaCl2 to p?ecipitate any soz formed by fhe absorp£ion of
802 was used and was fouﬁd to be acceptable for determining how much

802 was absorbed. - The water soluble fraction of the sorbent con-

3

CO? speéies befbré Ba012 was’ added. From the gravimetric analyses and

the calculation of the amount of SO2 in the feed, the amount of SO2

taining soi end CO_, ions was treated with HC1l acid to‘decomposejthe

absorbed could be determined..

Gas Mixtures

N CO, and O2 were delivered from cylinders containing the gases

2° 2
- and calcium sulfate was used to remove moisture from. the 002 and Oé'

streams. Nitricvoxide was taken from cylinders containing either pure
WO or a mixture of NO and N2; An approximate 9% NO in N2 mixture was
made by pressurizing‘a cylinder to 90 psia with pure NO, theén pres-~

surizing to iOOO'psig with N2. The 9% NO mixture was then diluted in

the process of mixing with the other components in the feed gas to
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either approximately 1000 ppm or 9000 ppm.
A 2000 ppm 50, mixture in N, was made in a similar fashion as the

NO mixbures. The Né + 802 mixture was substituted for the pure N2 used

in the feed gas when the 502 tests were made. Since N2 comprised ap-

prbximately 83% of the feed gas mixture, the substituted 802 + N2 gave

a calculated concentration of 80, close to 1660 ppm.

Test gaseé contalning water vapor were made by bubbling N2
through water. A 3% water vapor composiﬁion.was calculated from the

vapor pressure of water at the tempersture of the container.

Sorbent Preparation

A Nal\TO3 + Fe203 sorbent was made by heating a dry mikture of 2:1.1

mole ratios of NaN03 + Fe203 in a rotating canister over a bunsen bur-

ner. Decomposition was assumed complete after 1 hour of heating. Al-

kali carbonate and transition metal oxide sorbents (e.g. Na 003 + Fe203,

K2003 + Fe203) were made by intimateiy ﬁixing the dry chemicals

(reagent grade) together in a beaker. ‘ Other sorbent matérials were

prepgred similarly. One series of K2CO3 + Fe203 sorbents Were'pfepared

3 in a minimum of water and then adding the Fe203 to

the solution. The mixture was then heated to dryness on a hot plate

by dlssolv1ng K

and ground to a powder. No difference in absorption performance was

found between sorbents made by dry,mixing and those made by'dissolviné-‘

in water.
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" Plates of sorbent were made by compressing 1.88 gm of powder on
rectaﬁguiar stainless steel channels. Afhe channelé were 3 inches long,
7/16 in. wide and 5/16 in. high. Sorbent material was pléced oniy oﬁ
thé first two inches of the plate. .To secure the sorbent in the chan;
nel, & stainless éteel_screen was formed and laid in the bottom of
the channel. Total area of the sorbent surface, as measured by plate
surface area, was approximately .875 square inches (5.65 cm2).

Sodiﬁm and potassiﬁm carﬂonaﬁes were also deposited on manganese

dioxide and ferric oxide pellets. The 1/8 inch pellets were Harshaw

on Al,.0._) and Mn—-0201 (19% MnO, on silica).. Each

Fe-0301 (20% Fe203 203 5

of the carbpnates were dissolvgd in a minimum amount of water and then
9 gm 6f pellets were added to absorb all the solution. A basis of

i:l mole ratio of carbonate to transition metal oxide waé used to cal;_
culate thé amount of glkali carbonate to use. The ferric oxide peliets
appeared to absorb the carbonatgs internally while the manganese ai-
éxide'péllets when dried had clumpy deposits of the alkali .carbonate

on the exterior surface.
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IV. REACTOR ANALYSIS

In determining the effects of 002, 02, NOX, 802, H20 and.sorbent
composition on the I\TOx absorption rate, two types of reactor systems
were used. One system used was the fixed bed integral reactor in

"which the observed NOx absorption is the integrated result of the mﬁ—

terial passing through the reactor bed. In the classical case the to-

A

tal conversion_(XA) of species A undergoing & redction at a rate r, is:

Vv XA

dV/FA = §’ dXA/--rA

0 0

where FA = constant feed rate of component A.

v

volume of reacting mass including voids.

-The assumptions uséd in this equation are a uniform diétribﬁtion of
mass in a tubular-reactdr in which there are no axial or radial gra-
dients of temperature and mass transport of materisl by.diffgsion is
negligible. Under condition where the conversion is smali, the in-

tegral reactor can be treated as a differential reactor (Smith, 1970).

The expression for the rate of reaction then becomes:

-ry =X, (FA/V)
This expression is more useful for treating expérimental data than the
integrated expression -since the exact form of rate equatidn does not

have to be known.
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The second type of reactor system used was the recycle reactor.
When the ratio of recycle to feed is greater than 20:1, it can be as-.
sumed that the sysﬁem_behaves as a backmix reactor (Cgrberry 1976,
Berty 1974). The well known expression describing this_systém is a

_material balance:

V/FA = XA/—rA

1l

-r, =X, (FA/V)

While this expression has‘the same form as the equation for the dif-
ferential reactor, it is valid over a conversion range from O to ldO%.

- As is true'ip many cases the application of theory to experiment
is difficult. In the case of the recycle reactor which is iéeal for
defermining'kinetic data, the pressure drop across.packed beds becomes
.exceésive at high recyqle rates. This problem was solved by using
plates'of absorBent but thé potential of diffusion controlled kinetiéé
becdmes & féétor. However, for calculating rates the reéycle ex-
pression is better than the integral or differential expression.  This
is due to the fact that it 1s almost impossible to achieve fhe idegl
operating conditions needed to satisfy the assumption for the ihtegral )
or differential expressions. Therefore, the recycle ekpres$ion wiil
be used to calculate rates (i.e. NO, ‘absorption rates) from experimental
date from the récycle reactor.. Data from experiments With‘the integral

reactor (packed beds) will be represented as %N0x~absorbed at specified
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conditions, with the understanding that ideal conditions do rot ac-

tually exist.
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V. RESULTS

Analysis of Feed Composition
In Figure 3 the fraction of NO originally in the feed which is.

unconverted to NO, in the feed line is plotted against the amount of

2

O, in the feed-at 0% and 14% CO,. The conversion of NO to NO, follows

normal trends at high concentrations of NOX,and'at low concentrations

of l\TOx with 002 (i.e. more conversion of NO to NO2 with increased O2

concentration). But at low concentrations of NO with no CO ‘the nor-

29

mal trend is reversed. The explanation of this behavior was found in
the manner in which the gases were fed to the main line. C02, 9%’NO in

Ne,.and 0

o were fed_together upstream from the N2, and the flow of 002

was normally greater than that of NO or 02. When the 002 flow rate was
decreased the residence time and concéntration of NO and O2 increased in
the section of line upétream from the l\T2 inlet. This caused a rqpid

oxidation of the NO to N02.

At high concentrations of NO the flow rate of the NO + N2 mixture

was large enough that the residence time did not have as large an effect

on NO, formation as did the O

o concentration, hence the normal decline .

2

" in NO as. the 02 was increased. At low concentrations of-NO,(low_floW

rates of NO + N2) and zero flow rate of 002, the increased O2 flow rate

(increased % of Oé) decreased the residence time and hence depréased

 the amount of NO converted to NO,.
The oxidation of NO to NO, in the feed gas prior to the -feed
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reaching the reactor is not highly desirable because NO_, is rapidly

2

absorbed by compounds which do not readily absorb_NO. Furthermore, in
typical flue gases which contain less than 1000 yejsiil NOX, NO usually
compromises 90% of the total NO_ (Bartok 1971).

The effect of the N02 formation when screening éorbents is an im-
portant factor. But if the same gas composition is used for all sor-
bents and the amount of NO2 present is . known, then sorbents which gb-
sorb more NOx than the known amount of NO2 in the feed gas present are

probably also absorbing NO. However, when the effects of O2 ahd 002

are determined the results would be inconclusive becgause it is possible-
1

that increased absorption is due to more formation of NO,. when the 0

2 2

is increased or the 002 decreased. ., It is also necessary to test the

.sorbents under conditions where the NO concentration approaches that
found in actual feed conditions. Figure 4 is a plot of the equilibrium

fraction of NO in the total NOx (NO + NO,) as calculated from the

2
thermodynamic values (Chilton, 1968). At 450°C the fraction of NO in

NO, is from .67 to .8 and at 400°C from .47 to .7. The values in'the
feed are below the values in Figure L, indicating that the N02 formed
would have to decdmpose if equilibrium conditions were to be reéchedh
Therefore, the feed system was modified so a minimﬁm of NO, would be

formed. This was accomplished by having the N_, NO + N, 'and CO,. enter

2° 2 2

upstream from the O This insured that the NO would be diluted from

X

the 9% value to a low concentration before contacting the O2 and a
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‘change in the flow of CO, would not affect NO2 formation.

2

Figure 5 shows the effect of 002 and O2 on NO coﬁversion in the
modified fegd line. No effect of COé on the oxidation of NO in the feed
line was found and the amount of NO oxidized at the 900 ppm level was
kept to legs than 10%. NO oxidation at‘the 8800 ppm level hés been kept
to less than or near the equilibrium values for temperaturés from 400 -

450°C.

Sorbent Comparisons on Flat Plates with Unmodified Feed Line

The percent and initial rates of NOX absorption by various car-
bonates and ferric.oxide when testéd in the recycle reactor are shown
in Table 3. Cesium carbonate (CSQCO3) was-the most active absorber of
l\IOX but it was found that the material evéporaﬁed off the plate during
the.absorption process. The déta also iﬁdicates that.the temperature
at which maxiﬁum absorption occurs increases with moleculaf.weight of
the alkali metal carbonéte, Of the alkaline earth carboﬁates only mag-
nesium carbonate showed some NOX absorption ability.

Ferric oxide showed no observable NOX absorptioh. In a previous
study (Evoniuk 1976) it was shown that the first row transition metal
oxides (TiOQ—CuO) showed very little or no capacity for NO_ absorption
under test conditions similar to those used for the ferric oxide.

Table 4 shows the performance of sodium and potassium carbonates

when mixed.with the metal oxides. Included in this table are the re-
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Table 3. NOX Absorption by Carbonates and Fe203
Compound Rate % Absorbed Temperature °C
g NO g NO - _

min-g sorbent min-cm .
Li, 00, 3.7x 107 1.22 x 107 1a 350
Na,C0, 5.1 " 1.6 " 1.2 425
Kg‘co3 53.3 " 8.67 " 8.1 Y
Cs2COé 154.3 " 51.3 " j k5.6 585
MgCO3 29.8 v 9.91 w 9.9 250-300
Mg003 29.8 " 9.9 " 9.9 A L00-k20
Ca003 . 0 0 A Q' . 50-620
SrCO3 : 0 0 o 50-620
Fe,0, . 0 | 0 | 0 50620

‘ ﬁeed 626 ml/min, 2% 0,5 15% CO,, and éhoo-9ooo ppm NO_

Recycle 12.5 liters/min

Sorbent materialvwas placed on 5.65 cm2 of surface parallel to flow
Approximaetely 1 gram of material was used

Rates are initial vaiues which were constant for the first 30 min.

Temperatures reported are for where absorption was maximum

% Absorbed was calculated from the expression: 100 x (Nogrin - No_ out)

(Nox in)
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Table &. NO_ Absorption by Mixtures of Oxides and Carboﬁates

Cdmpound ' Rate % Absorbed Temperature °C
g NO g NO
min-g sorbent min—cm2
NaNO+Fe,0,  1.28 x 1073 2.11 x 107 "19.3 425
. it tt
Na2003+Fe203‘ .95 ;.86 , 17.2 &25
un " .
K2003+Fe203 2.8 3.72 : 35.3 . hts
u t ' '
K2003+00203 .63 1.11 | | 1.09 470
K2CO3+N10 ~1.0k n 1.8 u 17.6 470
K2003+Mn02 3.45 u 6.1 v 524 L0
n . 1"t . ‘
Na Co3+cc>203 1.05 1.86 17.0 Loo
Na,CO+N10 .70 u 1.24 " 11.5 415
1 1" o
Na2003+Mn02 2.80 k.96 47.6 400
Na2003+MO3 0 0 0 50-620
Na2003+WQ3 0 0 .Q 50620
14 1" 3
CS2CO3+Fe203 1.63 | 2.88 2.47 | 500

ﬁecycle 12.5 liters/min.
, Sorbent material was placed on 5.65 cm2 of surface parallel to flow
Approx1mately 1 gram (1:1 mole ratlo) of materlal was used. -

Feed 620 ml/min., 2% a, o 15% €0,, and 8009000 ppm o, .

Rates are initial values and temperatures are for Where‘abéorption was.

maximun.
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sults for the decomposed NaNO3 + FeEO3 sorbent developed by Ogg and .

Ray. Sorbents made from the sodium carbonate and sodium nitrate ab-
sorb the maximum NO_ at approximately 410°C while the potassium mix-

tures absorb I\TOx best at 460°C. The most efficient sorbents are K2CO3 +

3 + MnO2 and Na2003 + Mh02.

After regenerating the sorbents by desorbing the NOX at high tem—

Fe203, Keco

peratures (500-T00°C), selected sorbents were again tested for their NOX

absorption ebility. Compounds which showed a large loss in absorption
ability are shown in Table 5. Manganese dioxide mixed with sodium car-—
bonate showed the least amount of deactivation after desorption, but
each additional desorpﬁion continued to lower its performance. _Ihe
amount of NO_ absorbed drépped from 47.6% to approximately:20% and
then remained constant. Also the temperature at which the absorption
was maximum changed from 400°C to approximately 430°C. Ferric oxide
mixed with either potassium or sodium carbonates did not show any_change
in the absorption temperature or in the amount of NOx absorbed after
regeneration.

Table 6 shows the performance of calcium compounds mixed with

ferric oxide (1 to 1 mole ratio). Other mixtures tested are also shown

in Table 6. The calcium mixtures performed poorly under the test con-

ditions used. Potassium permanganate showed an initial high NOk ab-
sorption‘but as was Showh in Table 5 absorption ability drops off after

desorption.
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Table 7+ Compounds Showing Deactivation after Desorption.,

Compound , 4 Abs5rption .
_ ' Tnitial _ After 1 Desorption

.‘l:;,KéCO3Af Ni0 : 17.6 | : 5 9 h‘

;:;_KéCOB + MnO,, R 52.& . :\2h b

K0y S k5.6 . - 18.5

Na2003 + MnO, . ' o ’h7.6 | , 39:5"

1 Kzzco3 5 Fe203 .5 Co,0 505 37;8 . 2;.& |
1 K?CO .5 Fe2 3 .5 Mnoz___. | 44,0 | '28:h4 |

1 Nazco3 .; Fe203 .5 ylno2 37.5 | . | 34,00

Feed 620 ml/min., 2% 0y, 157 CO,, and ‘84005000 ppm NO_ .
Reeycle 12 S'liters/min.
Sorbent materlal was placed on 5 65 cm? of- surface parallel to flow

Approx1mately 1 gram (l 1 mole ratlo) of mgterlal‘was used.
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Table 6. Miséellaneous Compounds

Compound Rate % Absorbed Temperature °C
g NO g NO ' . )
min-g sorbent min-cm
CaO+Fe,0, .22 x 1073 o Thx 107 6.1 217
. 1 " u
Qa(OH)EfFe203 .15 .50 hfs 200
CaCO+Fe,0, 0 0 , 0 50-629
Li,C0 +Fe 0, 0 ‘0 0 100-620
KMnO), 154 v 5.11 45.6 400-460
u T
Pb02+Fe203 <53 1.76 16.1 | 395
Pb0,+K,C0, .89 n 2.97 " 25.8 355-500
‘ ‘ t 1" p
KQSOu+Fe203 .37 1.2k | 10.9 230,
Fe,S0), R .24 v 11.1 95-300
Silica Gel 37 " 1.2 ™ 11.1 100-250
g0 +Fe,0, 22 T 6.4 3908400

Recycle 12.5 liters/min.
Sorbent material was placed om 5.65 cm of surface parallel to flow.
Approximately 1 gram (1:1 mole ratio).of material was uéed.

15% CO

Feed 620 ml/min., 2% O,, 5 aﬁd 8400-9000 ppm NO_.

Rates remained constant in the temperature interval listed.
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Table 7 is a list of materials tested in an earlier packed bed
reactor system. The reported NOx aBsorption percentages are larger
than for the plates but this is probably due to the presénce of more

sorbent méterial, better contacting in the packed bed, larger O2 con-

centration and the absence of CO,. The high concentration of 0 isl

2 2

probably causing a large fraction of the NO to be oxidized to NO2 which
is more easily absorbed by the solid sorbents. A comparison of the
data in Table 7 with the previous data gives an indicatiéon of the im-

portance of testing sorbents with gas compositions that are closer to

actual flue gas compositions.

on NOx Absorption using the Flat Plates and the

Effec# of‘O2 and 002

Unmodified Feed Line

Figures 6 and 7 show the effect of O2 and CO2 on NOx absorption

by K2003 + Fe203, NaNO3 + Fe203 (decomposed) and Ne,CO, + Fe203 for
high levels of Nok. As sboﬁn in Figure 6, all three sprbents showed

a strong dependency of NO# absorption on the oxygen concentration. The
potassium carbonate system performed better than the ofher two sor-
bents at all levels of oxygen. It is not possible to conclude that NO
1s being absorbed by the sodium carbonate and decomposed épdium hitfate
mixtures because the percent NO2 in the feed is greater than the total
NOx absorbed. However, fof the potassium carbonate mixture in Figure 6,

it is clear that NO is being absorbed at 02

concentrations below 10%.
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Table T. Materials Tested as Powders
Ny : v ‘ . '
Compound Temperature °C
K,CO +Fe, 0, . koo
CaCO3+Fe203 ' 300
CaCO3+an2 ‘ 325
CaCO3+00203 325
CaCO3+NiO 325
CaO+Fe203 . ' 370
Ca0+in0, o375
Ca0+00203 : : 270
MgCO, - : 300
Ca(NO, ), +Fe 0, h25
SrCO3+Fe203 300
Sr(NO,) ,+Fe, 0, 375
Ba(NO3)2+Fe203 : | k25
CaQ+sand 350

Feed = 500 ml/min., .8% NO_, 21% 0,5 0% €O, -

.Sorbent = .025 moles of 1:1 mole mixture.

% NO, Absorbed

1 99.5

66.0
83.8
68.8

' 66.3

89.4

61.1-76.3

T7.5
31.3

.25 )

25
56.8

4o

Material was tested in s packed bed reactor with no recycle.

The tempersture was veried at a constant rate and the ﬁémperature‘at

which maximum absorption occurred is listed.

J
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FigureT. Effect of co, Concentration on NO_ Absorption

(High NOX)




L.

Lo _
In Figure T the effect of CO2 on NOX absorptibn is shown. But,

due to the dependence of NO2 formation on 002 concentration it is im-

éossibie to conclude that the increased absorption is due té thé de-
crease in CO2 concentration.

The effect of oxygen concentration on NOx absorption at ldw levels
of l\TOx is shqwn in Figure 8. Of the three sorbeﬁts, sodium carbonate +
ferric oxide shoﬁed.the most oxygen depeﬁdepéy. Absorption with no CO2
present is shown by'the three points in the upper left hand corner.
A1l the sorbents absorb more NOx when no CO2 is present. Aéain it"is

affected NO absorbtion since the

not possible to conclude if 002 or O2

amount of N02 was much greater than the total NOx absorbed.

The results of testing the carbonates for 0. dependency is shown -

2

in Figure 9. An oxygen dependency was found but no CO dependency>was

2
seen even though the CO, was varied from O to 15%. This indicates that
002 may interfere with a step in the mechanism of absorbing NOX_Which

takes place on the ferric oxide. The data also shows fhat the car-

bonates alone do not have a high rate of NOx absorption.

Effect of O

o and 002 Using Modified Feed Line

Figures 10 and 1l show ‘the effect of O2 and 002 on absorption By

* the three sorbents at high levels of NOx. Oxygen effects stgyed

apbroximately the same but. the effect of_CO2 has beccme more pronounced

for the Nal\TO3 and Na2003 sorbents. The K2003 system shows approximately
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the same 002 interference as before and all three sorbents absorbed

less NOx than before probably because there is less NO, in the feed.

2

At low concentrations of NO the .performance of the sorbents dra-

matically changed. Figures 12 and 13 show the effect of Oe,and CO2 at

low NOx levels. The K2003 + Fe203 system was the only sorbent that

was able to &bsordb appreqlable amounts of NOx and itIShowed a strong

02 and COé dependency. The NaNO3 and Na2003 system absorbed signifi-

cant amounts of NOx only when CO2 was absent from the feed. Some NOx
was absorbed initially by both sodium mixed sorbents. This initial

"amount increased as the oxygen increased but if the 0., was cut back .

2

from 10% to 2% some~NOx was then desorbed. Desorption of NO_ occurred

if the CO, concentration was increased from 3% to 15%. The behavior of

the sodium system indicates that their absorptidn abilify.is strongly

affected by the amount.of NO,, present in the feed.

2

Effect of the Ratio of Carbonate to Metal Oxide on Absbrpfion

Figures 14 and 15 show the effect of changing the ratio of K,CO

2.3
to Fe203 on NO absorption. The total mass of material ‘tested was kept
constant but the molar ratio of‘K2CO3 to Fe203 was changed. Absorption

increased with an increase in ferric oxide and leveled out ét about a
ratio of 1:2 for feed compositions containing from 5% to 10%_02. At
2% O2 and 15% CO2 an increase in ferric oxide did not increase Nok‘ab—

_Ssorption as greatly as with 0% €O, and 2% 0,. This data indicates that
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002 interference is important at low concentrations of O2 and is some-

what nullified at high concentrations of O At ratios of 1:.5, ab-

o

sorption is unaffected b‘y,CO2 and as the ratio is increased CO2 in-

terference increases. This indicates there is a rate controlling ab-

sorption step on the Fe which is influenced by CO, and ,0,. The

2 el _
is the fact that for any

2%3
evidence for a rate controlllng step on Fe2 3

gas composition the rate of NOx absorption increases with an increase

in Fe203 002 and 02 are also affecting the rate of absorption since

at 1:1 molar ratioc an increase in O2 or a decrease in COé increases

'NOX absorption.

Effect of Gas Composition on Desorption of NOX from Flat Plates

The effect of gas composition on desorption of loaded NaNO3 +

Fe, 0. (decomposed prior to loading) and 1:1 K CO is 'shown in

273 3 3

Figure 16. Higher temperatures'are fequired for desorption of KECO

+ Fe20

3

+ ¥ Fe O.. N +
Fe203 than for NaNO3 Fe2 3 a2003 Fe203 desorption tempepatures

were the same as those for the NaNO3 + Fe203 All three sorbents re-

quired higher temperatures to desorb with increased.O2 cencentratioﬁ

and lower temperatures with increased CO2 concentration.

Effect of_O2 and NOX on Absorption using Packed Beds

The effect of O2 concentration on_NOx absorption by packed beds

containing 1.8 grams of sorbent material is shown in Figure 17.-
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K2003 + Fe203

plates. This would be expected because a bed of powder offers moré

sorption ability increased greatly above thet from the

fluid-solid contact than a pressed plate of material. Absorption did

273

not increase dramatically for the Na2003 + Fe 0, at high NOx concen-~
tration but there was significant absorption at low NOx concentrations.

NaNO3 + Fe203 absorption increased with increasing O2 concentration for

both low and high I\TOx concentration. All three sorbents show the same
general dependency on oxygen. Analysis of the feed and exiting gas
showed that for every 2 moles of NO absorbed, 1 mole of 002 was’ de-~

sorbed and 1.5 moles of 0, were consumed. This indicates a reaction

2
of the form:

'M2003 + 2NO + 1.5 02'= 2MNO3 + 002

.Where M2CO3 is either K2003’or Na2CO3. The fraction of NOx absorbed by

» + + Fe 0 i ‘ 8 1
K2003 Fe203 and.N32C03 Fe2 3 at high and low levgls of NOx is

gpproximately the same. This indicates that the reaction order for NOx
in the system for these sorbents is close to unity. The reactidn

order for NOx with decompdsed.NaNO3 + F6203 appears to be greater than

unity because the percent absorption is greater for higher.NOX con-

centrations than for lower NOx concentrations.
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Loading Studies using Packed Beds

Figures 18 and 19 are the results for the loading studies of 1.88

grams of 1:1 K + Fe 0, for 820 and 8800 ppm of NO_ respectively.

2003 * Fep03

From the loading curves the amount of NOx absorbed was dalculated and
the results show the capacity of the sorbent is equal to the theoretical
amount of NO required to convert all of the K2CO3 to KNOB. For 1:1

molar ratio of K, CO_ + Fe20 the capacity at 450°C is .2 gram NO/gram

2773 3
of sorbent and the capacity is unaffected by the concentration of NO in
the feed. Figure 19 shows that the material either becomes more reac-
tive or changes occur in the bed &after the material is desorbed. It
was found that by shéking the reactor housing the absorption rate
could be increased but the total NO absorption capacity was unaffected.
This indicates that possibly channeling, bulk diffusion, changés in the

bed structure or other processes are occurring. These processes are

probably responsibie for the differences in the curves.

Effect of Mole Ratio of Carbonate to Oxide on Absorption

The effect of the molar ratio of K2CO3 to Fe203 on capacity and

absorption rate is shown in Figure 20. As was evident before, the ca-
pacity decreased with a decrease in the amount of K2003. However, the

amount of K2003 converted to KNO3 before the exit concentration reached

600 ppm increased with increasing Fe ‘'The conversion for 1:1, 1:2,

0..
23
1:3 and 1:4 was respectively 68%, 71%, T4% and 76% of the theoretical
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capacity. These figures give an indication of a faster rate of absorp-
tion, but due to the possibilities of channeling the proof is not as
conclusive as that with the plates.

- Bimilar results were found for mixtures of KQCO + MnO2 and

3

NaECO3 + Mn02'(see Figure 21). The loading of the sorbent before the

exit concentration reached 600 ppm for the 1:1 K2CO3 + Mh02, 1:2 K2003'

+ MnO,, 1:1 Na,COj + MnO, and 1:2 Na,CO, + MnO, was 39%, 61%, 45% ana

66% respectively.

Absorption Using Carbonates Impregnated on Harshaw Pellets

Potassium carbonate and sodium carbonate were deposited on é&m—‘
mercial Harshaw catalyst pellets as described in the Experimental
Procedures. The 1/8 inch pellets, Fe-0301 (20% Fe,05 on A1,0,) and
Mn-0201 (19% MnO2 on silica), were sosked in solutions of the carbonates
and then dried. Results of these runs are shown in Table 8.

Ig all tests except the second run with NaQCOB,On Fe203, the ini-
tial material was more active than the desorbed material (i.e. second
_run)f This can be attributed to eithérlsurface changes;or pore chan-
ges on fhe sorbent support or a change in bed arrangement. Surface
and pore changes seem the most likgly since the desorbed material
éould easily flui over the surface and reduce the total accessible

surface area. The fact that the carbonates are active when deposited

on commercial supports containing the oxides may be important for in-




in)

out )/ (NO

(NO

25

Time/810 min

Figure 21. Effect of the Molar Ratio of KECO3 + MnO2 and

Na2CO3 + Mn0,, on Absorption (Packed Bed)

1.0 ///)y’
9t /0
8F
s P
Na,.CO :Mn02
6] K00,
5 ¢ qi3ul
(Molar ratios)
sk T.5 grams of Sorbent
Feed - 620 ml/min
3t 15% Co,
2% O2
ol 8600-9000 ppm NO_
A1F
T 600 ppm level
O il ' L A A 1
0 5 b .6 .8 3.0




56

Table 8. Carbonates on Oxide Pellets

% NOx Absorbed

" Sorbent Temperature °C Run 1
Fe203 26-600 0
KQCO3 on Fe203 4315-510 87.2
Na2003 on Fe203 400 2k, 7
Mno2 26-600 0
K2003 on MnO, Lho 98.1
Na2003 on Mno2 ho6-h39 88.2

Feed 620 ml/min., 15% O,

2% 0,, 9000 ppm NO_.

Run 2
o.

6k

N7

96.6
374 |

Absorption remained constant in the temperature range listed .

Run 2 was done after desorbing the NOx from run 1.
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dustrial application. To be able to optimize the proper ratioc of car-
bonsate £o oxide it would be necessary to make surface ares measure-
ments and determine pore size distributions for which equipment was not
-avallable. These measurements along with fhe ebsorption fates would

indicate what factors to vary to maximize absorption.

" Effect of SO2 and H_.O on Absorption

2

No effect of H20 on the absorption rate or capacity of the sorbents

was found. The results from experimental runs made with the H_O pre-

2

sent were identical to those made when H2O was absent. SO2 was found

to reduce capacity and reduce the rate of absorption. The SO2 test

consisted of feeding 1460 ppm 80,5 8700 ppm of NO_, 15% Co, and 2% 0,

at 620 ml/min. to 1.88 grams of 1:1 KyCO4 + Fe,0,. Basing the initial

capacity of the sorbent at 100%, the capacity dropped to 50% after one
loading, and was down to 9% of theoretical after the second absorption.
The rate of absorptioh dropped proportionglly to the amount of material

left unreacted with the 802. After complete deactivation with SOé the

sorbent was tested for sulfate by BaSOh precipitation.and the test

showed that all the KECO3 was converted to KQSOh. This indicdates that

possibly S0, is oxidized and absorbed in the same manner as NO. Tests

2
also showed that SO2 would cause desorption of NOx. in this test the

sorbent was loaded with NOx and then a stream containing the S0, was

2

fed to the reactor under the same cohditions as used for absorption.
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The NOx concentration leaving the reactor was 2100 ppm indicating that

better than T0% of 80, was absorbed (assuming an equation of the form:

3 o)

" Tests also showed the SO2 would desorb NOX from the sorbent when

2KNO,, + 802 = K2soh + 2NO

NOx was present in the feed at a concentration of 8700 ppm. Sorbent
capacity could not be regained after desorption st 600 to TO0°C, which

indicates that the sulfate formed does not decompose significantly.

Desorption Studies

'From the plate studies it was evident that desorption should bgl
done with pure COe'streams to get the maximum concentration of NOX;
.Figure 22 shows the effect of temperature on desorption of loaded 1:1
Na2003 + MnO and 1: 1 K2CO3 + MnO2 Ihe temperature was incréased at.‘
a rate of 5°C/min. and the amount of NOx desorbed was recorded. When
the temperature rise was interrupted,aﬁd the tempefature held coﬁstant

the conceﬁtratioﬁ of NOx also leveled out. This indicates that no
transient effect was éffecting the recorded NOx concentration. As-was
evident with the plate studies, the sorbent containing sodiﬁm desorbs
at a lower temperature than the sorbent containing potassium. Com-
parisoh of Figure 23, which shows the effect of temperature.on desorp-
tion for 1:4 K CO3 + Fe 03, with Figure 22 indicates that sorbents made

with K CO3 + MnO2 have somewhat different desorptlon characteristics

than those made from K2003.+ Fe203 for temperatures below 600°C.
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However, tké difference appears to diséppear at temperatures past 600°C
sipce the NOX concentrations become appfoximately the same. In general,
desorption was dependent on temperature, gas composition and the type
of cafbopate used, and independent of the type and qpantity of oxide
used for aﬁsorption.
Figure 24 shows the results for desorption of 1:1 Nazco + MnO

3 2

up to a temperature of 650°C. The graph shows that around 600°C the

NOx and O, concentration rises sharply. The fraction of NOx that was

2
NO was less than .01 (1%) at the flow rate used. If the flow rate was

increased to 600 ml/min. it was found that the NO would increase to 90%
of the NOX. This indicated that the NO is being oxidized to N02 by the

02 given off during desorption. After the ipitial rise in NOx and O

2!
the concentrations steadied out to approximately 24% and 6% respectively

at 655°C._ITﬁis indicated a desorption equation of the form:

2NaNO3 +.CO2 = Na.2C03 + 2NO2 = .5 O2

This equation gives the observed ratio of Ndé to 02'of 4:1 and is con-

sistent with the tests showing that when CO, is present the material is

2
converted to a carbonate. 'When desorption is done with O2 and no CO2

the material is converted to a mixture of alkali oxide and metal oxide.
In the case of K2CO3

manganate is probably formed, this was evident by a purple-blue color

+ MnO2 when no CO2 is present a potassium per-

. formed on dissolving the desorbed material which is characteristic of

‘permanganates.
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The sharp increase in 0_ concentration is attributed to a chemical

2
change in the Mn02. Figure 25 is a graph of the O2 desorbing .from
Mn02 as temperature is increased. The observed incresse in O2 is from

the decomposition reaction:

2Mn02 = M'n203 + .5 92

which takes place at 400 to 600°C (Samsonov 1973). In comparison to

Figure 23 where Fe was used, no sharp peak of O was observed but

203 2

there is some initial O2 given off which cannot be attributed to ni-

trate decomposition.

Figurés 26 and 27 are graphs showing desorption of 1:1 K2003 +

Fe203 and 1:2 K2CO3 + Fe20' at constant temperature. A number of pos-~

sibilities.exist which may explain the desorption curve. The rate of
desorptioﬁ cduld be controlled by a diffﬁsional process in which the

desorbed NOx'has to diffuse out of the sorbent material, by heat trans-

+ fer limitations in which the rate at which energy is transferred is

controlling, or by the kinetics of the desorption mechanism. However,-

when'the flow of CO2

600°C ovérnight, no sharp peak of NOx is observed when the flow of CO

is cut off and the material is allowed to set at
2
is started again. This would rule out diffusion, heat transfer and
kinetic limiﬁations,.since these processes would have continued to in-

crease the Nb# concentfatioh.' The sensitivity of NOx concentraﬁion to

temperature also indicated a kinetic or equilibrium situation. Since

kinetic limitations Wéré checked out as describéd above, the eéuilibrium
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. situation remains. ir eéuilibrium is assuﬁed then the slow drop with
time would have to be due to a temperature gradient in tﬁe reactor.
The repid drop would then be attributed to the complete depletion of the
materigl and the final slow decline would then be due to diffusién out
of the porous structﬁre. Approximate measurements of the volume of the
material after it was tgken out of the reactor indicated that the ma-.
terial could be compacted to at least 50% of its original volume, in-
dicating that the material was highly porous. The compaction was done
in élgraduated cylinder by teaking a piéce of the mgterial and taﬁping
it with an iron rod. Evidence for diffusion in the last stage was the
slow or nonexistent increase in NOx concentration when the tempefature
was increased. Other evidence for equilibrium is that loaded and par-
tially loaded sorbents give the same'NOx concéntration when desorbed
at the samé fgmperatures. Also when K2003 + Feé03 was completely de-
sorbed and then brought to.550°C -and a gas containing NOx was fea to
the reactor, the concentratiph ofNOx leéving was approximately the same
as the NOx céncentration during deso?ption at 550°C. rThis indicates a
very fast reaction was océurring which permitted equilibrium to_ﬁé
‘reached before the gas left the béd.

Figure 28 is a graph ofldesorptioﬁ‘of lzl.NaQCO3 + MnO, at 55060._.
This desorption curve ié similar to those in Figures 26 and 27. The
slight rise in-.NOx condeptration during the eérly stage of desorption is

due to increasing the temperature from 540°C to 550°C. of thé NOX de-
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sorbed approximately 2% or less is NO and the remainder is NOQ.

Absorption After Desorption

It Waé found that for the MnQ2 sorbent mixtures fhe temperature
at which'maximum absorption occurred changed from 336-36500 to~h00— ‘
L460°C if the first desorption was carried out above 560-‘600°c. Mix-
tures made from ferric oxide did not have a change in absorption tem-
perature. It was also found that if desorption of MnO2 nixtures took
Pplace below 550°C the absorption temperature did not change. This can

be attributed to little or no conversion ofAMnO2 fo Mn203.

Mechanism Study

Metal oxides were tested for their ability to oxidize NO to N02

under conditions used during absorption. The results of these tests

are shown in Figures 29 and 30. Although total conversion of NO to l\TO2

would be a function of surface area the effect of temperature would be

unique for each material.- .It was found that MnO, and 00203 had op-

timum temperstures in the 300 to 360°C range. While NiO, Cu0. and Fe,0

2°3

had optimum temperatures around 400°C. Experimentally it was found

that the fraction of NO oxidized to NO, by the metal oxides was not

2

_changed -even if 15% co,

: did affect the frac-

caguse in the earlier studies it was found that CO2

tion of NOx aﬁsorbed by mixtures of alkall carbonate and metallbxide..

Comparing Figure 29 with Figure 4 (equilibrium curve for NOzland NO)

was added to the feed. This is interesting be-.

I |, N 4
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indicafes that the MnO2 oxidizes the NO to equilibrium or near equilib-
" rium is reached for most of the oxides.at temperatures of hOOQC.' Silver.
oxide (AgéO) oxidized NO guite well initially, but after heating above
400°C and then cooling down the material oxidized less than 30% of the
NO. Mixtures of AgQO and sodium carbonate absorbed less than 20% ‘of
the NOx fed to the reactor. The temperature at which absorption was
marimum for mixtures of carbonate and Mn02 or Fe203 corresponds rery
ciosely to‘tbe optimuﬁ temperatures found for the oxidation of NO to
NO,, (see Figures 31 and 32). It was also found that during the oxi-
datiob studies of NO to NO2 with the metal oxides that veryilittle
(less than 1-5%) of the NO_ was being absorbed. This gives very con-
clﬁsire evideﬁce that the metal oxide acts as an intermediate (catalyst)
for the absorption procesé. Further evidence for tbis'is shown in

Figure 33 where the Na had been separated from the MnO and the NOX

3 2

and NO leaving the reactor was measured. The results show that even

though 50% of the NO_ is converted to NO, not much of the NO, is ab-

sorbed by the Na2CO “In Figure 31 where the materials were mixed to-.

-
gether strong abéorption occurs. This indicates tbat a sdrface specieé
and surface diffusion is taking place. Investigators have shown that
when NO is absorbed on a metal oxide the nitrate (NOE) species is
formed (Knozinger 1976, London and Bell 1973) and if'Nog diffuses on :

the surface it is possible that it is the reactive intermediate formed.

The effects of O2 and Cthcan be explained in the following'manner.
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3

reacts with the carbonate, then reoxidation of the surface would be

If the NO reacts with the metal oxide to produce NOzlor NO_ which then

. important and affected by the 02 concentration. 002 depéndeﬁee could
be attributed to interference with the surface diffusion process, by
either absorption on active oxidation sites or interferencé with the
reaction with the carbonate. The plate studieé with pure carbonate in-
dicated that 002 did not severeiy affect the absorption of NOX. How-
ever, Figure 3l shows that some interference is found for the packed
bed. K2003 absorbs NOx at low temperatures and absorptioq drops off

as the temperature increases. The material began to desorb NOX at
400°C until ‘the absorbed NO_ was mostly depleted.

If the temperature is again increased no absorption will take place

" is shut off,‘ab—

and desorption will start again. However, if the CO2

sorption increases until the temperature reaches 600-620°C. Therefore,
some CO2 interférence can be attributéd to the carbonate but not all of
it. It hgs been reported that NO and 002 can exist together on an oxide -
surface but NO is more strongly bonded and will eventually displace the
CQé (Alexeyev and Terenin 1965). During a loading stﬁdy it was found
that ifhthe 002 was shut off absorptioﬁ would increase sharply and
level off. However, if CO2 was then added tg the feed,'abéorption
slowly dropped off and gradually leveled out to -the p;évioué value.
This type of responsé would appear to fit fhe data présented in the

. literature, indicating that the bulk of CO interference occurs on the

2
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metal oxide.
In summary, the absorption process appears to be made of the fol;

lowing steps. Absorption of NO on the surface oxide, followed by oxi-
3

the carbonate where it reacts to form a nitrate. The migration of the

dation of NO %o N02 or NO_- and then migration of the oxidized NO to
oxidized NO to the carbonate could not be a rate limiting step for the
following reason. No significaﬁt difference in NOx absorption was
found between sorbents made by dry mixing the materials together and
those made by dissolving the carbonate ;n water and then adding the
metal oxide. The amount of intimate contact between materials i1s
conclevably quite different for the two methods of preparation. This
difference should have affected absorption if migration was limiting.
Désorption occurs by spontasneous decomposition of the nitrate or by
regction of 002 with the nitrate to form the'carbonate. I£ is inter-
esting to note that desorption of K2CO3 sorbént increased fastest at
about 620°C, ﬁhich is the tempersature at which absorption drops off for
the pure carbonate (see Figure 34).

A question that remains is why do the oxides not oxidize NO at low
temperatures (26°C to 300°C)? In an article by Halpern and Germain
(1975) thé desorétion of oxygen from transition metal oxides was
studiéd. They had found that there were a series ofldesorption O2

peaks from the different oxidés as the temperature was increaSed;

There were three states labeled O, 1 and 2 and an activation energy
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associated with each state. For example Fe203 had 3 states 0 = 16 keal/

mole, 1 = 39 kecal/mole and 2 = 62 kecal/mole while MnO_ had 2 states

2
' 0 = 16 kcal/mole and 1 = 30 kcal/mole. A comparison of their data

with Figures 29 and 30 (oxidation of NO to NO,) indicated that after
peaks having a desorption enérgy from 37 to.48 kcal/mole, the tem—
perature corfesponding to the minimum in their curve corresponded to the
temperature of maximum ebsorption and oxidation of NO in Figures 29-32.
This indicates that sites left vacant by O2 having a desorption energy
from 37 to 48 kceal/mole are active for NO oxidation. lFurther evidence

2°3
energies of 37, 30, 39, 37, 44, 48 (kcal/mole) respectively and also

for this is that Cr.0 Mn02, Fe203, Co30u, Ni0 and CuQ have desorption

showed an oxidation of NO to N02. MnO2 has the lowest energy and also

shows the lowest temperature for NO oxidation. Furthermore, V205 had’

its first desorption state energy of 57.5 kecal/mole and did not show

an abllity to oxidize NO to NO Since equilibrium of NO to NO

. comes.
2 :

2
into play around 400°C, the increase in NO after the minimum is prob-

ably due to thermodynamic limitation.




VI. THERMODYNAMIC AND EQUILIBRIUM RELATIQNSHIPS

Tgble 9 lists the equilibrium constants for selected chemical
reactions calculated from the data in Table 11. Conversion of the car-
bonates to nitrates is favored below 500°C and the reverse reaction is
favoréd at T00°C. The resction of 802 with the nitrates and carbogates

to form sulfates is also favored below 500°C. It can also be predicted

2O would not affect thé loading

from the equilibrium calculations that H
capacity of fhe sorbents since the assumed reaction is not favored.

The equilibrium concentration of NO was calculatgd for several
initial gas compositions and the results are shown in Teble 10. Al-
though the results are subject to the accuracy of the original-déta,
they give a very gopd indicagtion of what NO éoncentraxions can be ex-
pected. ThermodynamiC'data'for the nitrateé above 450°C hgs the
greatest error because thelequations used were derived from éxpéri—
mental date for temperatures below 450°C. The equations expressing
" enthalpy as a function of temperature were fitted to the experimental
datﬁ between 26°C to h50°0. This equation was then used to calculated
thermodynamic values at T00°C. Since the nitrates are liquias abbve
340°C it is possible ﬁhax salutions are formed with either the metal
oxides or .the carbonates which afe both solids at TO0°C. The formation
.of a solution would nullify the assuﬁption of unit aetivity for thé

nitrates-and carbonates'which was used in calculating the equilibrium

compositions.




81

Table 9. Chemical Equilibrium Constants (I{eq)

Reaction ’ Témperature °c
koo L70 T00
_ 9 -10
cho3 + 2NO + 1.5 o2 = 2KN03 + co2 1.30x107 7.7kx10
. _ T
Na,CO4 + 2NO + 1.5 0, = 2NaNOj + CO, 2.60x10 _ .523
OKNO.. + SO, = K.S0, + 2NO + 0 T 1.43x10%°
3 * 50 = 1550, % |
_ 13
2NaN03 + 80, = Na,yS0) + 2NO + 0, 3.12x10
DKNO. + H.0 = 2KOH + 2N0. + .5 0. | 2. Thx107 L8
3 2 . 5t -5 0y ) .
32

2NaN03-+ H20 = gNaOH_+ 2No2 + .5 02 1.16x10
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Table lO7 Equilibrium Compositions at Atmospheric Preséure

K.QCO3 + 2N0O + 1.5 02:= 2KN03 + C02
Initial Composition (%) *  Approximate Equilibrium Concentration
, of NOrat Temperature
7O : o
N, CO, 0, NO . -l0°C 700°C
82.2 15 2 8000 ppm 400 . ppm
82.9 15 2 1000 ppm _ 200 ppm
83.0 15 2 - Q | 209
0. 100, O Q- - 57%
Na2003 + 2NO + 1.5 02 = 2NaN03 + CO2
Initial Gas Compositions (%) . Approximate Equilibrium Concentration
of NO at Temperature
O o
N, co, 0, NO . Loo°c T00°C .
82.2 15 2 8000 ppm 1200 ppm
82.9 15 2 - 1000 ppm /1000 ppm
83.0 15. 2 0" . 2L.7%
0 100 0 ) : 54.4% -
- Yeo
‘calculated from K= = 2
eq
Y 2 v 1.5 P2.5
NO© O .
2
vhere Y =

mole fraction

P

i

total pressure




Table 11.

~ Data for the KNO. and NalNO

1964;- all other data are from JANAF Thermochemical Tables (1965).

Selected Free Energies of Formation

673k
~227,977

-573073

-225,0L41

-273,480

—77,288
- 19,575
17,891
41,433

-9k, 496

-k1,032

-71,623

-50,250

0

3

Th3og
-60,390

-223,156

~282,346

‘7h3958

19,364
18,958
43,975
-94,530
-2,390
-71,997
49,369
.

3

9730k
-17,667

-207,711

-36,256

~205,719

18,670
22,468
52,260
-94,619

-42,390

0

wvere taken from the article by Jang, et al.
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From the equikl_ibrium expressions it can be inferred that NO ab-
sorption is favored by an increase in pressure, a decrease in 0,5 or.

an increase in O, concentration. Desorption of NO would be favored by

2
jusf the opposite factors. The experimentally observed trends follow
those projected by the- equilibrium expressions and therefore give some

va*lidit_y for tl:le assumed chemical reactions.




VII. MATHEMATICAL CORRELATIONS

To be.able'to cérreiate the date into a model it is necessary to
know if mass transfer limitations are affecting the kinetics. For
laeminar flow. over a flat plate the gas. film bouﬁdary layer can be
approximated bj:the Blausiﬁs solution for fluid flow. The boundary
layer thickness is invérsely proportional to the square root of the
free stream velocity. Therefore by increasing the flow. rate the
boundary layer should decrease in thickness and if diffusion through

- this la&er is controlling an increase in absorption shoﬁld.be seen.
Film diffusion was checked for in tﬁe plate studies by increasing’the
recycle flow rate gnd no increase in absorption was found. Howeveg,
‘more absorptionkoccﬁfred for the packed powder beds of sorbent ma-
terial than for the piafes of sorbent material.. This indicates, that
in part, diffusion through the sorbent material was controlling f%e
absorption rate for the plate studies. Diffusion effects are less im-
portent for the packed bed studies from the evidence of the effeét~of
temperature on abSorptioq and the "S" shaped loading curves. If dif-

fusion weré limiting, an:increase in temperature should continually

increase absorption by iﬁcreasing the diffusion coefficient. Alsé, an
increase in témpératur? should increase the rate of chemical reaction.
Experimentally, absorption reached a maximum ét a particular temp;ra—
ture and quickly dropped off as the témperature was further incre;sed.

The "S" shaped loading curwve indicates that absorption is affected by
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the asmount of sorbent maﬁeriél while a steady absorption rate would
have indicated a diffusion controlled‘feactioﬁ.
From thé results of the loading data the mathematical model will
have to be ablé té describe -the change in absorﬁtion rate with time.
A gimple expression developed by Chu and Houser (196k4) and Vogel ét‘al.
(197k) which can be used to describe fhe loading curves is:
C i - krEV - .eroE

log 0 -~ 1
C } 2-3F 2.31“.@

t

- where: Cb = concentration of reactant at inlet mole/cc.
C = exit conceﬁtrant of resctant.
t = reamction time in minutes.
Me = Maximum ca%abity mo}e/cc. sofbent.

k= reaction raté constant in.-min. " (pseudo).
C = gas reactagt concentration,'mole/cc;
E = véid volume of sorbent cc/cc.:of sorbent.
v = voluméAof so;bent, cc.
F = total gas fléw rate cc/min.

The model assumes: |

1. Plug flow through a bed of sorbent material.

2. Sorbent capacity decreases as material is abscrbed.

am _ o, m_

3t = k.CE (1 . )

m = loading capacity at time t. ‘
C = gas reactant concentration.
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3. That the effects of other gaégous species present (CO2 and 62)
cgn be neglected. (i.e. assumed constant ).
b, The capacity of sorbent is much greater than the éoncen—
fration.bf the material being removed.

The validity of the‘modél can be checked by plotting the log (Co/Ce—l)
vs t and determining if a straight line is produced. .Figure 35 is the
curve produced when the data from Figure 18 was plotted. - The line
producea is not straight indicating that the moéel doeé not éxactly
-describe the process. Deviations fronlthé stfaighf line can fe attfib—
. uted to changes in the void fraction, channeling.aqd diffusion 1limi- ‘
tations and other factors which have becn neglected. Gidaspow et al.
has @nalyzed the absorption of NO on solid sorbents taking into
account diffusion and structural changes of the sorbent (Gidaspoﬁ
et al. 1976 and 1977, Leung and Gidaspow 19Tk, Gidaspow et al. 19Th).
Although their model attempts to describe the effecté of diffusion,
channeling in the bed is not considered. For an irreversible reéctioﬁ
their modei reduces to‘tﬁe same type of expression as that of Vogel's.
Gidaspow has performed research on sorbents similér to those pre;ented
in this work (i.e. powder metal oxides with other materials added)
and has calculated rate constants from pécked bed reactor data b;

plotting the data in the same manner as wes used for Figure 35. For

ease of calculation;_the rate constant was defined as:
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§ Data plotted for KQCO +Fe203 taken from
figure 18 3
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Figure 35. Log Plot for Data from Figure 18
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k=%k E liter/g mole-min.

o

Table 12 lists the rate constants and capacities for ﬁhe curves pre-

sented in Figures 18, 20 and 21; The reported rate constant of 52 L/

g mole-min. for the high éapacity sorbent in Table 2 (Gidaspow's) agrees

fairly well with'rate constants in Table 12. However, the highest‘

capacity sorbent in Table 12 exceeds Gidaspow's by a factor of 2.k

even in the presence of 002.
The analysis presented here indicates a fairly good agreement

with data gathered by other authors working in the same area. Aithough

the maﬁﬁématical model is far from perfect, it does giye a basi; on

Which'experimental data can be compared (i.e. by the pseudo calculated

rate constant and the sorbent capacities).
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Table 12. Loading Capacities and Rate Constants

For Feed 620 ml/min, 15% Co,, 2% 02, 9000 ppm NO (7.5 gr of sorbent)

Moiar Ratio Totgl Capacity Capacity to Capacity to Rate Constant

gr NO/gr sorbent 90 ppm 600 ppm .l/g mole-min

K,CO, + Fe203

1:1 .2 ©.093 1L 40.0

1:2 13 - .066 - .092 63.2

1:3 .0976 .057 071 - 40.8

“1:4 - .076 .034 .058 o 53.3
K,ZCO3 + Mno2

1:1 - .264 . L08L - .10 51.3

1:2 ' .19 . .088 .17 T1.7
Na,CO, + MnO,

1:1 - .31 136 .20 . 35.9

1:2 .215 .099 .14 30.9

For Feed 620 ml/min, 15%'002,'2% 0,, 820 ppn NO (1.88 gr of sorbent)
K,004 + Fe 0,

11 . .20 .02 a5 57.7




VIII. " ECONOMIC- CONSIDERATIONS

Table 13 lists the material costs per'pound of sorﬁents and the
costs per pound of absorbed NO. Cosfs were based on priceé of indiv-
idual chemicals reported in the.Chemical Marketing Reporter as of
Febrﬁar& 20, 1978. Other factors which can enter into the selection
of a sorbent.arg the operating costs and_regenerating‘tempgratures

for the sorbent. .The sorbents containing MnO2 and Fe203 have max—'

imum absorbing temperatures at 360°C and 400 - 460°C respectively.

Howevér, if Mn0O, is regenerated above 560°C its absorbing temperature

2

increases to 400 - 460°C. 'Sorbents containing Na can be regen-

2003
erated at aspproximately 100°C lower than sorbents containing K2C03.
© The Na2CO3 + Fe203 sorbents cannct be used for Nbx control because

their absorption rate is too low in the presence of CO Thefefore,

o

the two cheapest sorbents are the 1l:1 K2CO3 + Fe203 and the 1:1

,Na2CO + Mn02. From the standpoint of regenerating costs the 1:1

3
Ne,CO5 + Mn0,

on desorption (i:e. change its desorption temperature and have a lower

would be the most inexpehsive if it would not change

rate of Nox-absorption). The - data iﬁ Table:l3‘also inﬁicatés'that if
the ca?konate conteﬁt‘éf‘the sorbent is.inc?eased, costs ﬁould éo
down.. :Ekperimentélly, increaéiné thé,carbéﬁété above a'i:i‘rétio
caﬁses the NOX-absorption rate to be lower.

For commercial application the powders would bé unsatisfﬁctory

because of the léfge préssure drop across the bed. Forming the sor-
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Table 13. Costs of Sorbents

$/pound -of- serbent . $/pound of absorbable NO

‘Sorbent
KéCdB + Fe203'
1:1 ﬁolar'ramio"“ 116 ' .5f6
1:2 "o .092 708
1:3 v . 4 .080 | 822
1:4 o .073 .960
K,CO, +.Mn02
1:2 % v .202 I 765
l:2 . " " .263 | 1.07
Na,CO, +'Mn02
TR I 208 I
1:2 0w 138 - ‘ 642
Na,C0, + Fe203
1.1 .0 o3 | ATh
l:2° " " , .0k16 E ,576

The cost per pound.of absorbable NO is ‘ealeulated by dividing
the cost per pound of sorbent by the NO L&p&Clty of the sorbent
(1b. of NO/ib. of sorbent ) ‘
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bents into pellets or plates would reduce -the pressure drop#bﬁt-the
sorption rate would decrease due to diffusion limitations.

A réugh'indication of sorbent material cost can be made using the
sorbent capacity and sorbenté cost. For a plant operating at a gas
flow rate of 75 x lO6 scf/hr. and containing .9% No; the total améunt
of NO to be recovered is 5.30 % 10" 1b/hr. or 94% of the NO (gssuming
an EPA sténdard of'600 ppm; Walters and Goodwin, 19T4). If the gas

3

contained only .1% NO (1000 ppm) then only 2.51 x 10~ 1b/hr. of NO hag

to be recovered. The loading curve for 7.5 grams of 1:1 K2003 + FeEOé
from Figure 20 gives a break-through at 600 ppm of 2.7 hr. for an hourly
space velocity of 4000 (volﬁme of gas passed per volume éf sorbent).
Using this data the amount of sorbent needed to control .9% Nb in
75 x lO6 sef/hr. is 9.46 x lO5 pounds. Since the sorbent has té be re- .
generated every 2.7 hr., two beds of material are needed and the ihitial
material cost is approximately $110,711 for 1:1 K,C05 + Fe,05. If the
_desorbéd NO is converted to nitric acid which is worth $.11/pound, the
income per hour is $12,243. Since the major expense ip a nitric_acid‘
" plent is the ammonis used for making-NO (Shrieve 1967), the rééovery
of NO.from stack gases by the solid sorbents could fe p£ofitable if
.other costs associated with the process are not formidable.

If nitric acid is not made, the sorbents can still be used td

absorb the NO. The desorbed NO can be cycled to the combustion chamber

- where it would be decomposed either thermally or catalyfically.to an
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equilibrium composition. Figure 36 is a plot of the equilibrium con- °
centration of NO at various temperatures. The remaining NO could then.

be reabsorbed and the cycle repeated.
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IX. GENERAL DISCUSSION

Borbents made by mixing KéCO3_or Na CO, with either Fe, O or

3 2°3
MnO have been shown to be active absorbers of NOX (NO + NO2).
Effects of 002, 02, NOx and 802 on absorption of NOx by the alkali

carbonate-metal oxide sorbents have been'shown to be very important
in the performance of the sorbents. 002 and soé réduce thé'rate of
NOX absorption and in'the case of SOE’ complete deactivafion of the
sorbent occurs. This indicates that gases containing SOe_Will require
a process for removal of 802 before the sorbents can be used. It may
be possible to use sorbents similar to fhe carbonate-oxide sorbeﬁts
for a 802 removel process.

Oxygen concentrations sbove 2% are needed if the sorbents are to
be used when CO2 is present. The increased gbsorption due to increased

2
At 2% oxygen the effect of CO2 starts to level out in the'rdnge of 5

0, starts to level out in'the range of 02 concentration from 5 to 10%;

to 10% 002. Of the sorbent mixtures those made with K2003 absorb NOX

the best and are least affected by CO2.

The molar ratio of carbonate to metal oxide is also an important

parameter in the absorption of NOX. For sorbents made Wlth.KZQCO3 and

Fe203 a l 1 or 1:2 ratio appears to be satisfactory. _Total capacity
of the sorbents is determined by the theoretical amount of NO re-
quired to-convert the carbonate to a nitrate. ‘The temperature at

which the sorbent is most active is closely reléted to the opfimum
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temperature at-which the metal oxide oxidizes NO to NOE'

Desorpﬁioh of the absorbed NOx is determined primarily_by the
type of carbonate; temperature, and the composition of the gas used
for desorption. In general, sorbents ma@e with sodium carbonate re- -
quire lower temperatures to desorb thaﬁ thosé_made ffom potassium éar—
‘bonate. The.presence of 02 causes the desorption rate to be lower at

increases desorption

any given temperatﬁre while the presence of 002

at any given temperature. Temperatures above 500°C are required to -
regenerate (desorb) the sorbents.
Nox‘can be recovered from the sorbents at concentrations of

when

greater than 10%. The composition of the NOx is primarily NO2

desorption is carried out at low flow rates (25 ml/min.), while at
higher flow rates (600 ml/min.) the NOx consists mainly of NO. This

indicates that NO is oxidized to NO, by the 0. given off during de-

2 2

sorption.

Sorbents made from Fe2’03 do not lose their absofpfion,ability'

after repeated desorptions., However, after desorption thelrate of
\ L .
absorptionlahd the temperature et which absorption of N0k~is maximum

changes for sorbents made froﬂ Mn02. These éhangés.ﬁere thought-

to be caused By the decomposition of'Mn02. Since gorbenté,madé from
.Mnozzhafe lpwér absorption temperatures thaﬁ those @ade frog F3203glit '
woula be advaﬁtaéeous if a'méthédhcﬁp be found Whichjwquid reverse the'“

‘changes-that occur in'Mnoé.
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Themody‘na.rpic calculations give an indication of what the max-
imum NQx concentration can be achieved for desorptién but due to data
approximations fhe values are only a guideline. ‘The mathematical
model, although it is very crude, enables a comparison to be made with
data reported by other researchers. Further work on a model is def-
initely needed if a preliminary design and cost estimations are to be
made. ﬁowéver, beforé the model can be accurately<construc£ed, the
sorbents have to be made into é commercially ﬁsable form such.as
plétes-and pellets;

In summary, this work has shown that the sorbents are affected
by a number of parameters which are important for their application.
The most promising sorbents are K2CO3 + Fe203, KZCO3 + MnQ2 and

Na,.CO. + MnO.. Due to the problems associated with MnO further

2 3 2 2’
work is needed to determine if its activity can be meintained. The
feasibility of making the sorbents into commercially usable forms

should be studied and a model which can be used to predict their

performance should be developed.




X. CONCLUSIONS

'The follbwing conclusions have been reached baéed on the ex~

perimental work performed:

1.

‘maximum NO oxidation occurred for Agzog,MnO'; Cr203; C9203, Fe

Potassium carbonate mixed with eiﬁher ferric oxide or manganese
ldioxide and sodium Earbonate mixed with mangenese dioxide can ab-
sorb 99 percent of the NOx present in gas streams containing 15%
C0,, 2% 0,, 3% H,0 and 1000-10,000 ppm No_ ot an hourly space ve-
locity of 4000 hr ~.
Maximum gbsorption occurs at 330-360°C for sorbents containing MnOé‘

and at 390-460°C for sorbents containing Fe The temperature

203h
at vhich maximum ebsorption occurs for MnO, shifts to 400-460°¢C

if desorption is carried out above 560°C and remains theré for re-
peated regeneration. .N/O.X absefption rates for sorbents containing

Mh02 dropped to approximately 50% of the initial rates after re-

peated regenerations. Sorbents made with Fe203 did not show a .

.shift in sbsorption temperature or a decrease in the NOX absorption

rate after repeated regenerations.

'3NOx absorption ability of the mixtures is related to the ability of *

the metal oxide to oxidize NO to NO,. The temperatures at which

2

203’

Cu0 and NiO are respectively 250, 310, 360, 325, 400, 400 and k00°C.

Total absorption capacity of the mixed sorbents is determined by

the theoretibal.amouﬁt of NO required to' convert the carbonate to




100
nitrate. For 1:1 molar ratios of K2C03 + Fe203 the capacity is .2

grams of’NO per gram of sorbent and for 1:1 N

.+ '—
_a2003 MhO the ca

2
pacity is .31l grams of NO per gram of sorbent. Tdtal capacity

H_O or CO, concentrations at the absorp-

is gnaffected by NO, 02, 5 5

tion temperature.

5. The rate of absorption is determined by a combination of CO2

| and 02
concentrations, temperatgre, and the ratio of carbonate to oxide.
high O

High absorption rates are favoredrby low CO and a low

2° 2
ratio of carbonate to oxide.

6. Absorption rates and capacities are affected by SO, to the extent .

2
that the active alkall carbonates are converted to alkali sulfates.
802 will desorb NO in a ratio of 2 moles of NO for every mole of

SO2 absorbed. The rate of SO

5 absorption is comparable to the rate

of NO# abso?ption.

T. The reaction -order of NO with thg sorbents is approximétely 1 gnd
reactioﬁ rate constants agreé wifh the literature values for high
capacity sorbents. The stoichimetric eéuation which fité-tﬁe,ob—

served reaction is:

2773 3 2

M,CO, + 2NO ++1.5 0, = 2MNO, + €O, -
. where M is either Na or K.
8. Desorption of NOX from sorbents containing sodium cecurs at lower
teﬂperatﬁfeé than for those containing potassium. 0

5 ioﬁers the
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desqrbéd NO concéntratioq while the presence of CO
in ORS¢ R By b ) 4 .{. N . ‘o o

2

increases it.




XI. RECOMMENDATIONS

This research has indicated that mixtures of alkali carbonates

-.and metal oxides are capahie of absorbing NO under.apprgximatq,flue

gas compositions. Design data and cost estimates are now necessary to

eGaluéte the. sorhents for commercisl gpplication. -Thereforé the fol-

lowing work neéds to be done.

1. Check sorbents made wifh.commercial grade chémicals under exgéﬁ
flue gas compositions.

2. Using this data, develope a preliminary model for the absorption
and desorption pfocess and perform & preliminary economic analysis.

3. Sorbents shoﬁid be formed into pellets and plates with the aid of
high surface area supports and kinetic parameters evaluated.

4. Since SOE:deactivates the sorbent, & SO

5 removal process should be

'evaluated'iﬁ bonjunction with the NOX removal process.
Tb evalugte the kineticlparameters as accurately as possible a gradient-
less reactor system should 5e built or.purchased. Surface area measur-
ing equipment would glso be very valuéble for screeniqé éﬁpport

materials and determining kinetics.
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