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Iron Oxide Sorbents for Regenerative

Sorption of NO,

Supported ferric oxide can remove oxides of nitrogen from hot and cold

gases, 20°C to 350°C, containing NO in the range of 50 to 1000 ppm
when sufficient oxygen is present. Rates of sorption and capacities increase
with oxygen concentration. The sorbent can be regenerated with air at

400° to 450°C an indefinite number of times.

Reduced iron oxide sorbs nitric oxide more rapidly than the ferric oxide
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and has a higher capacity. It can be regenerated with hot reducing gases.

SCOPE

Combustion of a fuel in air results in the formation of
small but potentially harmful concentration of nitric ox-
ide. To remove this air pollutant from flue gases and
exhaust an effective sorbent is needed.

To estimate the size of potential sorbers from labora-
tory data it is desirable to obtain differential rate data.

Page 840 September, 1974

Such kinetic data are required for an estimate of the size
of a rotary type sorber in which the sorbent is continu-
ously regenerated (Gidaspow and Onischak, 1973). For
the design of the more conventional fixed bed sorbers,
capacity data is needed. Capacity data can be obtained
from integrating the time dependent differential rate data.
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Molecular sieves have been shown to have a high
capacity for sorption of NO in the presence of oxygen
(Joithe et al., 1972). However, due to interference by
water vapor, they are not useful in treating flue gases and

exhaust. The previously developed ferrous sulfate sorbent
(Onischak and Gidaspow, 1973) is not useful at tempera-
tures as high as 100°C or above and requires the use of
an expensive catalyst for regeneration.

CONCLUSIONS AND SIGNIFICANCE

Exploratory data show that iron oxide sorbents have
a potential application in treating flue gases and exhaust.
They sorb NO; at flue gas temperatures, at say 200° to
350°C. The ferric oxide sorbent can be regenerated with
air at about 450°C. It sorbs NO in the presence of oxy-
gen but unfortunately shows interference with water
vapor. Water vapor does not interfere with the sorption
of NO with the reduced oxide. The reduced sorbent is
regenerated with 19, CO which is frequently present in
the exhaust. The capacity of the reduced sorbent is a

function of the method of preparation. Alumina coprecipi-
tated with iron oxide gives an order of magnitude greater
capacity than deposition of iron nitrate on porous alu-
mina,

Differential rate and capacity data systematically ob-
tained and correlated at 270°C for a supported ferric
oxide powder allow a preliminary estimate to be made of
the size of sorbers for a given duty. Breakthrough curves
obtained for a reduced form of the iron oxide allow a
limited scale-up of potential fixed bed sorbers.

Nitrogen oxides are produced whenever a fuel is burned
in air. To remove this potentially toxic gas, scrubbing and
catalytic conversion techniques are being developed
(Lawrence, 1972). Most of the effort in connection with
mobile sources such as automobiles has gone into the
development of catalytic reactors (Koehl et al., 1971).
To reduce nitrogen oxides into nitrogen and oxygen cata-
lytically it appears that a reducing atmosphere is neces-
sary (Patterson and Henein, 1972, p. 211). This requires
operating the engine at less than optimum efficiency and
conversion of the carbon monoxide thus inevitably pro-
duced in a second reactor into harmless carbon dioxide
with addition of excess air. Figure 5.2 in Patterson and
Henein shows that one pays a penalty of several miles per
gallon in fuel economy by operating at less than optimum
air-fuel ratio. Furthermore, catalysts intended to reduce
the njtrogen oxide frequently produce ammonia instead
(Meguerian and Lang, 1971). The ammonia produced
in the first reactor will then burn in the second reactor
giving back toxic nitrogen oxides. In addition, it has been
demonstrated (Balgord, 1973) that catalysts containing
nickel may produce air pollution by particles. Some com-
bustion modifications for pollution control in stationary
sources may also result in less than optimum fuel economy.

A method of removing oxides of nitrogen from mobile
and stationary sources that does not have the above men-
tioned problems has been proposed by Gidaspow (1970).
It involves sorbing oxides of nitrogen with a deposited
chemical that can be regenerated, producing a highly
concentrated mixture of nitrogen oxides. This concentrated
gas is then returned to the source where it reacts with
the fuel or is thermally decomposed. The object of this
paper is to present inexpensive chemical compositions to
make such schemes practical.

A number of sorbents had been previously proposed for
removing nitric oxide from gases. Gidaspow and Onischak
(1973) had successfully used ferrous sulfate mixed with
silica gel. However, to prevent a slow aging of the sorbent
by oxidation an expensive catalyst, platinum, was added
to restore its activity with hot reducing gases. The gases
had also to be cooled to near room temperature for best
sorption. Molecular sieves (Brennan, 1962; Joithe et al,,
1972; Sunderason et al., 1967) can sorb NO and can be
regenerated. But they are known to sorb water preferen-
tially to other gases and are therefore seriously considered
only for applications such as nitric acid plants. The ferric
oxide-sodium oxide sorbent (Ogg and Ray, 1954) pro-
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posed cannot work with multiple sorption and regenera-
tion due to the conversion of the alkali oxide into a nitrate
or carbonate that cannot be decomposed at reasonably
low temperatures. Otto and Shelef (1970) experimented
with a composition similar to the one under consideration
for the purpose of possibly using iron oxides as catalysts
for decomposition of nitric oxide. However, in their study
of adsorption of pure nitric oxide they reported that the
process is irreversible and spoke of inhibition by oxygen.
We find that our ferric oxide sorbents can be thermally
regenerated and do not sorb nitric oxide at high tempera-
ture (200°C and higher) unless oxygen is present in the
gas stream. This was therefore an unexpected observation
in view of the paper by Otto and Shelef. Closer to the
observations of Otto and Shelef we do find that reduced
iron oxide does sorb NO much better than the unreduced
oxide except, of course, when we have high concentrations
of oxygen in the gas. It is thus possible to remove NO;
from gases containing, say 2% oxygen and more as well
as from reducing gases.

APPARATUS

The apparatus is similar to that in Gidaspow and Onischak’s
(1973) study. A significant addition is the use of an NO,
converter, manufactured by Thermo Electron. It converts all
NO; and ~80% of NHj3 in the stream into NO. The nitric
oxide analyzer is LIRA-200, manufactured by Mine Safety
Appliance. It analyzes NO in the ranges 0 to 1000 ppm and
0 to 2000 ppm.

A channel type sorber similar to the one used by Onischak
and Gidaspow (1973) was built for this study to operate at
high temperatures but was found inconvenient to use re-
peatedly due to problems with leaks. All data reported in this
paper were obtained in a packed tube type reactor. It con-
sisted of a quartz tube, 19 mm O.D., 16 mm LD., and 047 m
long. The sorbent was packed between two lumps of glass
wool in the center of the tube. The length of the packing was
about 25 mm.

SORBENTS

Three different sorbents, all iron oxides deposited on or
coprecipitated with alumina, were tested. The first one, desig-
nated as FA, is a commercial hydrogenation catalyst (Fe-0303
P, supplied by Harshaw). It is FesO3 mounted on high activ-
ity alumina.

The second one, designated as FC, was prepared by im-
pregnating an inert carrier (chromatographic alumina F-20,
supplied by ALCOA) with an aqueous solution of ferric nitrate
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TABLE 1. PrysicaL DATA rorR Ferric OXIDE SORBENTS

FA FC FO
Iron content, wt. % 6.4 6.7 31.9
BET area fresh, m2/g 138 178 37
Apparent bulk density, g/cm3 1.09 0.85 1.42
Solid density, g/cm3 3.44 4.18

TABLE 2. TypicalL. REGENERATION WITH A HiGH FLow RATE
oF NITROGEN AT 186° 1O 450°C

Time, min. 1 2 3 4 5 6 7 9 11 13
NOx,ppm 45 15 75 445 665 310 95 172 38 10

TABLE 3. RATE oOF REGENERATION WITH NITROGEN AT
SoRPTION TEMPERATURE

Temperature = 271°C
Time, min. 2 4 6 8 10
Rate (10~¢ g NO/g sample-min) 1.25 037 0.2 0.14 10.1

and decomposing the nitrate at 500°C for 5 hours, similar to
the preparation method used by Otto and Shelef (1970).
The above procedure was repeated in order to deposit more
iron on the alumina. The impregnated sorbent was sieved
and only those particles that fell through a 100 mesh screen
and were retained on a 150 mesh screen were used.

The third sorbent, designated as FO, was prepared by
coprecipitation of ferric nitrate and aluminum nitrate (AVCO,
1969) as described in detail for sorption of SO,. Physical data
for the sorbents are given in Table 1.

EXPERIMENTAL PROCEDURE

The sorbent in the reactor was heated to the desired tem-
perature for sorption. A dry NO-N, mixture from the cylinder
was further mixed in the stream with dry air from another
cylinder to give desired nitric oxide and oxygen concentra-
tions. The mixed stream was monitored through the bypass and
analyzed with the NO; converter-Lira combination. At zero
time, the’mixed stream was switched to pass over the sorbent
in the reactor and the outlet stream was continually analyzed
for NO; concentration until the sorbent was almost saturated.

For regeneration, pure nitrogen was passed over the sorbent
while the sorbent was heated up rapidly to 450°C. The
regeneration was deemed to be complete when no NO; could
be detected in the outlet stream from the reactor. The sorbent
was then ready to sorb NO again. Typical regeneration data
are given in Tables 2 and 3.

RATE DATA CALCULATION

Outlet concentration data from the Lira infrared analyzer
are converted into rates of reaction by the following equation

rate = Q Mg(Cig — Cout)/w (1)

Onischak and Gidaspow (1973) have already in great detail
shown that for high enough flow rates, rates of reaction calcu-
lated using Equation (1) are differential reactor rates. Flow
rate variation studies were also made for iron oxide studies
by Leung (1973).

MATERIAL BALANCES

The material balances showing the amount of NO, sorbed
and the amount of NO; regenerated are fairly good for sorp-
tion runs at 270°C or lower temperatures (Leung, 1973).
However, at 350°C, the amount of NO; regenerated was con-
sistently less than the amount sorbed. Some of the NO, could
have decomposed catalytically at the high temperature.

For most regeneration runs, the total NO; was measured by
means of the NO; converter and the Lira analyzer. In some
runs, the NO; converter was bypassed and it was found that
more than 90% of NO; regenerated was in the form of NO.
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RATES OF SORPTION

For ferric oxide sorbents, the sorption of NO was not sig-
nificant without the presence of oxygen. This is not surprising
if a nitrate or nitrite is formed since both reactions require
oxygen as a reactant. For all sorption runs, the rate of sorption
dropped with time. At 270°C the rate of sorption drops ex-
ponentially for various NO and O inlet concentrations at a
constant temperature. Rate data for sorption of NO on sam-
ple FA are shown in Figures 1 and 2. The rate for each run
can be correlated by means of the relation:

(2)

The dependence of « and g on NO concentration, at a fixed
temperature, at 270°C, and at roughly the same concentration
of oxygen, 2.8%, is shown in Figure 3. This initial rate « is
first order with respect to NO concentration which is typical
of many gas-solid reactions. The intrinsic rate g is also linear
with respect to NO concentration but the intercept is signifi-
cantly different from zero. The least square fitted equation is

rate = 0.713 X 10—86 « Cno + e~ (0-285X103-Cxo+0.149)t  (3)

rate = a ¢~ Bt

The dependence of « and g on O concentration at a fixed
temperature and at roughly the same concentration of NO,
360 ppm, is shown in Figure 4. The intrinsic rate is linear
with a nonzero intercept while the initial rate increases with
oxygen concentration in a nonlinear manner.

The least square fitted equation is

rate = 1.53 X 104 + C,0-56 « @—(0.0827-Co, +0.153)t  (4)

Notice that the intercept constants, 0.149 from the variation
of NO concentration data and 0.153 from the variation of O

7
s TEMPERATURE ~ 270°C
N NO CONCN O CONCN
\O RUN _NO. _ (ppm) )
a f\ O FAPSD 830 278
\\ A FAP9B 680 2.60
3 D FAP9A 485 2.47
A YV FAPSC 395 2.22
= O FAPSE 285 2.85
£
5 2 N LEAST SQUARE FIT FOR
s 0 EACH INDIVIDUAL RUN
§
1’3
o <o
~N
o
2
104
2% AN
=z 8 \)L\ \\
S - ONIN BN
& X N\h
3 . RAVANN
: X
© 4
M
5, R
._\ \
2 v \{
0%
) 2 4 6 8 0 i2

TIME (min) A-73-1100

Fig. 1. Rate of sorption of nitric oxide on sample FA at various

nitric oxide concentrations and approximately the same oxygen con-

centration (FA refers to sorbent FA and P refers to data taken
in the packed tube).

AIChE Journal (Vol. 20, No. 5)



concentration data, are not significantly different. This sug-
gests that all the rate data can be correlated into a general

form
rate = ki Cos™ CNo €~ (kCo, Cro+k)t (5)

The least square fitted values of the parameters are

Constant Standard deviation
ki — 0.421 x 10—¢ 0.350 x 10—7
n — 0561 0.541 x 10-1
k = 0.105 x 10-3 0.197 x 10—¢
k' = 0.132 0.413 x 10—t

At lower temperatures the rate of sorption no longer fol-
lows an exponential relation. This made it impossible to evalu-
ate activation energies and heats of reaction as was done with
sorption of NO on nickel oxide (Cholera, 1973). In the nickel
oxide study rates of reaction decreased exponentially with
time at both room temperature and at 100°C.

At 195°C, rate data for sorption of NO on sample FC were
correlated by a sum of two exponential terms. At an oxygen
concentration of 3.5%, the rate equation was assumed to be
of the form

rate = k; Co e~ ¥Cnot 4 Cnp e— 3t (8)

The least square fitted values of the parameters turned out to
be

Constant Standard deviation
ki = 0.301 x 108 0.298 x 10—7
k = 0.709 x 10—4 0.846 x 105
vy = 0.767 x 10—¢ 0.342 x 107
d = 1.085 0.047
6 TEMPERATURE ~ 270 °C
s\ NO CONCN Op CONCN'
\ RUN NO. _ (ppm) (%)
4 O FAPSD 365 2.8
A FAPSC 363 9.65
3 O FAPSE 354 7.7
V FAPSF 340 3.35
= O FAPSBA 365 2.06
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Q
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Fig. 2. Rate of sorption of nitric oxide on Sample FA at various

oxygen concentrations and approximately the same nitric oxide

concentration (FA refers to sorbent FA and P refers to data taken
in the packed tube).
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Fig. 3. Dependence of initial rate () and intrinsic rate (8) on nitric
oxide concentration at o constant temperature and oxygen concen-
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Fig. 4. Dependence of initial rate (a) and intrinsic rate (8) on
oxygen concentration at constant temperature and nitric oxide
concentration.

A plausible explanation for two exponential terms is that there
are two parallel reactions at this temperature, The second reac-
tion may be explained as physical sorption only (Leung, 1973).

MODEL

The correlation given by Equation (5) agrees with the
theoretical prediction of the continuum model based on
the concepts of first-order kinetics with respect to both
gaseous and solid concentrations, diffusion into the sor-
bent, and pore closing. Gidaspow (1972) presented the
original model for an irreversible reaction, and calculated
effectiveness factors for a number of solid-gas reactions,
such as the sorption of H,S by CaO (Squires, et al., 1971).
Similarly for a reversible gas-solid reaction of the type
(Leung, 1973)

va A(gas) + S(solid) 2y P(solid) {(7)
a material balance for S, in this case ferric oxide, gives
d
ps§= — 1y €s+fv,€pMs/'yMp (8)
Defining the solid concentrations as
Cg =pi€§ (9)

in more conventional terms Equation (8) can be written
as
dCs

dt
Equation (10) also follows directly from the Law of

Mass Action. The mass balance for the solid P gives the
relation

=kA Cs CA—kA’ Cp (10)

Cp = (Cpo + ¥ Cso) — Cs (11)

Upon integration of Equation (10) and with the assump-
tion of no solid product present at zero time, the rate of
sorption of A, in this case nitric oxide, becomes
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dc dc

th = _YA_gs':yAkA CA Csoe—(k4C4+k4”y)t (12)
This is the expression for the rate when the solid reactant
is completely accessible. When diffusion into the particle
is important and the pores close due to a difference in the
molar densities between the solid reactant and product,
a diffusion equation with a chemical reaction has to be
solved. Gidaspow (1972) and Leung (1973) found that
for the case of ultimate incomplete solid reactant utiliza-
tion, the rate of sorption of A is given by Equation (12)
multiplied by an effectiveness factor, that is,

dC,
dt

In Equation (13) # is the conventional effectiveness factor
for catalytic reactions in a porous sphere (Satterfield and
Sherwood, 1963). Now compare Equation (13) to the
least square fitted Equation (5). From the exponential
term we see that k Co, is ks, the forward rate constant,
and Kk’ is 4 times ky’, the backward rate constant. The
reason that the effect of oxygen concentration occurs in
the rate constant is that its concentration is so much
higher than that of NO and hence it behaves as a pseudo
rate constant. In the initial rate, we see that k; Co," is
1 va ka Cso.

Satterfield and Sherwood (1963) give the expression
for x in terms of the Thiele modulus ¢; as

= 5 y4 ka Ca Csp e~ kaCathamit (13)

3 1 1
SR (R S (14)
©s tanh @, ¢ ©s
The Thiele modulus is defined by
R2k,
2 —
P = (15)

In this case, the rate constant k, is simply k Co,. When ¢
is large, we have the approximate relation

1 1
(————— - —-—) ~1 (186)
tanh ¢, ©s
Therefore from Equation (14), we have
8
n~— (17)
Ps

This shows that » is proportional to Co, 05,

Using this fact in Equation (13) we see that the initial
rate should be proportional to Cg,%5, Our data correlated
by Equation (5) gave us n = 0.56, a value very close to
the number 0.5 predicted theoretically.

We note that Uno et al. (1970) in their study of the
reaction of SO, with MnO and O, reported a half order
dependence of rate on oxygen concentration, but ex-
plained it by postulating a dissociation of oxygen.

CAPACITY FOR SORPTION OF NO

The total capacity for sample FA can be obtained by
integrating the rate Equation (5) fromt = Oto ¢t = .

q = J; [0.421 X 10-¢ . 0020.56 * Cno
. e—(0.105x104-C02-CND+0.132)t]dt

_ 0.421 X 1076 - C,058 - Co
7 0.105 X 103 - Co, - Cno + 0.132

Equation (18) resembles a Langmuir type isotherm. As

(18)
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an example, for Cp, = 2.78% and Cno = 830 ppm, we
have
g = 1.64 X 103 g NO/g sample (19)

If we assume that one mole of iron absorbs one mole of
nitric oxide, knowing that our sorbent contains 6.5 iron
by weight, the ideal total capacity becomes 0.0343 g
NO/g sample. We then find that the total capacity from
the rate data is only 4.789% of the stoichiometric capacity.
The effectiveness factor may be attributed to the inac-
cessibility of most of the solid reactant. Our theory sug-
gests that we look for better methods of preparing
sorbents to make all of the iron oxide effective for reaction.

Breakthrough curves further illustrating the capacity of
ferric oxide sorbents are given by Leung (1973). A quan-
titative relation between breakthrough curves and the
differential rate data has been derived and discussed else-
where (Leung and Gidaspow, 1973; Leung, 1973).

COMPARISON TO LITERATURE DATA

Otto and Shelef (1970) have obtained data for sorp-
tion of pure NO on ferric oxide. The capacity for sorbing
NO for 6 to 24 hours for their sample at 150°C is esti-
mated to be 1.05 X 10~3 g NO/g sample after extrapolat-
ing their data to 830 ppm NO concentration. Our data
gave 1.64 x 1073 g NO/g sample at 270°C in the pres-
ence of oxygen. This shows that our sorbent sorbs NO
better, due to the presence of oxygen.

REDUCED IRON OXIDE

Otto and Shelef (1970) found that reduced iron oxide
adsorbs pure NO better than the unreduced oxide, In
order to improve the capacity and/or rate of NO sorption,
we reduced our ferric oxide sorbent also. A typical run
consisted of three parts:

1. Reduction with CO at about 450°C. The inlet con-
centration of CO was 1.6% and the flow rate was 1.6 lpm.
The rate of CO consumption dropped as time went on.
Reduction was stopped when the outlet concentration of
CO reached 1.49%.

2. Sorption of NO at various conditions.

3. Thermal regeneration of the sorbent with nitrogen as
already described for the ferric oxide.

After reduction, the sorbent was black in color. We
found that the reduced iron oxide sorbed NO better than
the unreduced iron oxide with respect to both rate and
capacity. The reduced oxide sorbs NO with or without
the presence of O,.

Breakthrough Data

The degree of reduction indicated in the procedure was
sufficient because further reduction did not improve the
rate or the capacity for sorption of NO. For all runs with
the reduced iron oxide without the presence of oxygen,
the amount of NO, regenerated was consistently much
less than the amount sorbed. Probably, NO was reduced
as well as sorbed by the reduced iron oxide. In the pres-
ence of oxygen material balances were again achieved.
The rate of sorption of NO on reduced iron oxide without
the presence of oxygen was so fast that our packed tube
and parallel plate reactors were incapable of measuring
differential rates of reaction. Reaction was over too
quickly for small samples. Large samples used in the
parallel plate reactor were in the diffusion controlled
regime. Only breakthrough data could be obtained, such
as those displayed in Figure 5. The graph shows that
when outlet concentration is plotted versus the product
of flow rate and time, all data at various flow rates fall
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on a single breakthrough curve. These facts indicate that
the sorption is capacity limited.

For an infinitely fast irreversible reaction with no dis-
persion in the gas and solid phases a material balance
gives the shock velocity
dxa _u MsCin

dt

where u is the superficial velocity of the gas through the
bed and ego is the initial fraction of solid reagent. In prac-
tice esp may be the effective fraction of solid reagent. In
Equation (19) it was assumed that only the solid stores
mass, as is certainly true in the present situation. Amund-
son and co-workers (Leung and Gidaspow, 1973) had
obtained similar expressions for shock velocity for the case
of Langmuir type isotherms. M. N. Y. Lee (1972) shows

shock velocity = (20)

PSY €S0

800
NO INLET CONCN: 868 ppm
TEMPERATURE : 21°C v
FLOW RATE
(ipm)
O FCP2D
600 |- A FCP2B
O FcP2C
v FCP2F
[od

FCP2E

400

OUTLET CONCN OF NITRIC OXIDE (ppm)

how the shock velocity or the stoichiometric front velocity
and the dispersion in Figure 5 which is related to the
LUB concept (Leung and Gidaspow, 1973) can be used
to design adsorbers. Our breakthrough data can be used
similarly to design sorbers, The deviation of data from a
perfect vertical line in Figure 5 cannot be quantitatively
explained due to lack of rate data for the reduced iron
oxide and analysis that couples our diffusion model to
flow in the space between the particles.

Effect of Oz, CO2, H20, and Method of Preparation

Table 4 gives the breakthrough data for sorption of
NO on reduced iron oxides, showing the effect of O,, CO,,
moisture, and preparation method.

The sorbent FO prepared by coprecipitation had the
highest capacity but a somewhat lower rate as indicated
by immediate breakthrough, followed by a slow rise in
outlet concentration of NO,. For the reduced iron oxide,
FC, the presence of O; increases the capacity for sorption
of NO. The rate, however, is somewhat lower because a
smaller space velocity is required to reduce the NO con-
centration to zero in the exit stream. Also, the oxygen in
the stream oxidized the reduced iron oxide back to the
ferric oxide. Therefore reduction is necessary each time
after regeneration,

Limited data in Table 4 indicate that the presence of
CO, and a small amount of moisture did not decrease the
sorption capacity of our reduced iron oxide sorbents.
Moisture interference was found with the commercial
ferric oxide sorbent, FA. It is; however, possible that some
hydrates may be more effective sorbents, as is true in the
case of sorption of H,S with supported iron oxide (Goll-
mar et al., 1965) used in the gas industry.

COMPARISON OF DATA

After extrapolating the data of Otto and Shelf (1970)
to 830 ppm. we found that their sorbent had a sorption
capacity of 12 X 1073 g NO/g sample for pure NO at
150°C. At 195°C our reduced sorbent had sorbed 3.47
X 10-3 g NO/g sample when Coy was 85% of Cix. The

200 - somewhat smaller quantity we obtain is not surprising
since Otto and Shelef’s sorption runs lasted as long as 24
hours as compared to 15 minutes for our runs.

2 The coprecipitated sorbent had a capacity of almost an
order of magnitude higher. Note that its BET surface area
is only one fifth that of the sorbent prepared by deposition.

N | Such a lack of relation of BET surface area with capacity
o U " " - " o is consistent with the observations reported by the AVCO
' research group (AVCO, 1969) and others, and our inter-
TIME X FLOW RATE {iiters) pretation of the mechanism of sorption. The final capacity,
Fig. 5. The breakthrough curve generated by sorption of NO on if made accessible by means of small iron oxide particle
reduced iron oxide at several flow rates. sizes and sufficiently large void volume, is measured by
TABLE 4. BREAKTHROUGH DATA FOR SORPTION OF NO wiTH REDUCED IrRON OXIDE
Run no. FCP 11 FCP 16A FCpP 16C FO28 FO32
Temperature, °C 195 195 195 270 270
Flowrate, Ipm 27 0.3 3.7 3.04 3.03
Wt. of sample, g 2.26 2.26 2.26 3.74 3.74
Space velocity, hr—=1 61,000 6,780 83,500 70,000 70,000
Nitric oxide conc., ppm 868 918 740 800 800
Oxygen conc., % 0 3.2 2.4 0 0
CO; conc., % 0 0 12.5 0 0
Moisture content, °F dewpoint dry dry 55 56 dry
Time to breakthrough, min 16 14 2 ~0 ~0
Capacity to breakthrough,
103 g NO/g sample 2.23 2.7 3.2 ~0 ~0
Capacity to —— = 0.85
apacity to ——— = 0. 347 4.07 7.0 27.8 26.8

f
(10-3g NO/; sample)
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the amount of iron oxide used and not by the total BET
area. The BET surface area number is only useful because
it may measure the size of the iron oxide agglomerate
that must be sufficiently small for the solid reagent to be
accessible to the gas (Gidaspow, 1972). In this manner
solid-gas reactions in which the solid is consumed differ
from catalytic solid-gas reactions, where it is sometimes
best to express rates based on BET area.
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NOTATION

A denotes gaseous pollutant to be sorbed

C4 = concentration of gaseous reactant A, moles/liter

Cin = inlet gaseous concentration, moles/liter

Cno = nitric oxide concentration, ppm

Co, = oxygen concentration, mole %

Cout = outlet gaseous concentration, moles/liter

Cp = product concentration g/cm3

Cpo = initial product concentration g/cm3

Cs = solid concentration g/cm?

Cso = initial solid concentration g/cm?

D, = effective diffusivity within a particle, cm?/s

ka = forward rate constant defined by Equation (10)

ks’ = backward rate constant defined by Equation (10)

k= forward rate constant defined by Equation (5)

kK = backward rate constant defined by Equation (5)

ki = initial rate constant, defined by Equation (5)

k, = rate constant defined by Satterfield, corresponds
to ky COz

M; = molecular weight of gaseous reactant, g/mole

Mp = molecular weight of solid product, g/mole

Ms = molecular weight of solid reactant, g/mole

n = exponent of Cg, in Equation (5)

P denotes product of reaction

Q = volumetric flow rate, lpm

q = total amount of gaseous reactant sorbed, g NO/g
sample

R = radius of a particle

rate = rate of sorption, g NO/g-sample-min

Ty = forward rate per unit volume of solid reactant

o’ = backward rate per unit volume of solid product

S = denotes solid reactant

t = time, min

« = apparent linear velocity, cm/s

w = weight of sorbent, g

x4 = spacial coordinate parallel to flow direction, cm

Greek Letters

a = initial rate g NO/g sample-min

B = intrinsic rate, min—1!

y = parameter for data correlation, see Equation (6),
also stoichiometric coefficient, see Equation (7)

ya = stoichiometric coefficient for reaction, see Equa-
tion (7)

) = parameter for data correlation, see Equation (6)

ee = volume fraction of solid product

es = volume fraction of solid reactant

eso = initial volume fraction of solid reactant

7 = conventional effectiveness factor

ps = density of solid reactant, g/cm?
@s = Thiele modulus, (R?k,/D,)%3

LITERATURE CITED

AVCO Corp., “A Survey of Metal Oxides as Sorbents for
Oxides ofp Sulfur,” U.S. Department of Commerce, PB 185

196 (1969).

Page 846 September, 1974

Balgord, W. D., “Fine Particles Produced From Automotive
Emissions-Control Catalysts,” Science, 180, 1168 (1973).

Bartok, W., A. R. Crowford, and A. Skopp, “Control of NOx
Emissions from Stationary Sources,” Chem. Eng. Progr., 67,
64 (1971).

Brennan, J. A., “Removal of Nitrogen Oxides from Combus-
tion Gases,” U.S. Patent 3,015,369 (1962).

Cholera, V., “Kinetics of Regenerative Sorption of Nitric Oxide
on Supported NiO and FeSOg4,” M.S. thesis, Illinois Inst. of
Technology, Chicago (1973).

Gidaspow, D., “Process for Supressing the Formation of NO
in Mobile and Stationary Sources,” Patent Application Case
No. 70-612.

.» “A Fluid-Porous Solid Reaction Model with Struc-

tural Changes,” 7th IECEC Meeting Proc., San Diego, Calif.

Sept. (1972}, also “Separation of Gaseous Mixtures by

Regenerative Sorption on Porous Solids, Part I” in Recent

Developments in Separation Science, N. N. Li, (ed.), Vol

II, pp. 59-70, Chemical Rubber Co. (1972).

.» and M. Onischak, “Regenerative Sorption of Nitric
Oxide: A Concept for Environmental Control and Kinetics
for Ferrous Sorbents,” Can. J. Chem. Eng., 51, 337 (1973).

Gollmar, H. A,, W. ], Huff, and N. C. Updegraff, “Manufac-
tured Gas Purification” in Gas Engineers Handbook, pp. 3-
94, The Industrial Press (1965).

Joithe, W., A, T. Bell, and S. Lynn, “Removal and Recovery of
NOyx from Nitric Acid Plant Tail Gas by Adsorption on
Molecular Sieves,” Ind. Eng. Chem. Process Design De-
velop., 11, 434 (1972).

Koehl, W. J., D. J. Osterhout, and S. E. Voltz, “Accomplish-
ments of the I.LE.C. Programme for Control of Automobile
Emission” in Air Pollution Control in Transport Engines,
Inst. Mech. Engineers, New York (1971).

Lawrence, A. A., “Nitrogen Oxides Emission Control,” Pollu-
tion Control Review No. 9, Noyes Data Corp. (1972).

Leung, L., “Regenerative Sorption of Nitric Oxide,” PhD thesis
Hlinois Inst. of Technology, Chicago (1973).

., and D. Gidaspow, “Design of Reaction Controlled
Sorbers for Environmental Control,” presented at the 66th
AIChE Annual Meeting, Philadelphia (1973).

Meguerian, G. H,, and C. R. Lang, “NO, Reduction Catalysts
for Vehicle Emission Control,” SAE Transaction Paper No.
710291 (1971).

Nannen, L. W., R. E. West, and F. Kreith, “Removal of SO,
from Low Sulfur Coal Combustion Gases by Limestone
Scrubbing,” J. Air Pollut. Control Assoc., 24, 29 (1974).

Nebel, G. J., and M. W. Jackson, “Some Factors Affecting the
Concentration of Oxides of Nitrogen in Exhaust Gases from
Spark Ignition Engines,” ibid., 8, 213 (1958).

Ogg, R. A. and ]J. D. Ray, “Method of Recovering Dilute Ni-
trogen Oxides from Gaseous Mixtures,” U.S. Patent
2,684,283 (1954).

Onischak, M., and D. Gidaspow, “Kinetics of Regenerative
Sorption of Nitric Oxide by Solid FeSO4 for Environmental
Control,” AICKE Symp. Ser. No. 134, 69, 54 (1973).

Otto, K., and M. Shelef, “The Adsorption of Nitric Oxide on
Iron Oxides,” J. Catalysis, 18, 184 (1970).

Patterson, D. J., and N. A, Henein, Emissions from Combus-
tion Engines and their Control, p. 211, Ann Arbor Science
Publ., Mich. (1972).

Rose, A. H,, Jr., “A Summary Report of Vehicular Emission and
Their Control,” presented to Am. Soc. Mech. Engrs. New
York (1966).

Satterfield, C. N., and T. K. Sherwood, The Role of Diffusion
in Catalysis, p. 60, Addison-Wesley, Reading, Mass. (1963).

Squires, A. M., R. A. Graff, and M. Pell, “Desulfurization of
Fuels with Calcined Dolomite. I. Introduction and First
Kinetic Results,” Chem. Eng. Progr., Symp. Ser. No. 115,
67, 23 (1971).

Sunderason, B. B., C. I. Harding, P. P. May, and E. R. Hen-
drickson, “Adsorption of Nitric Oxides from Waste Gas,”
Enwviron, Sci. Tec;:., 1, 151 (1967).

Uno, T., S. Fukui, M. Atsukawa, M. Higashi, H. Yamada, and
K. Kamei, “Scale-up of a SOz Control Process,” Chem. Eng.
Progr., 66, 61 (1970).

Manuscript received February 21, 1974; revision received and ac-

cepted May 14, 1974.

AIChE Journal (Vol. 20, No. 5)



