Mass Transfer in the Absorption of Nitrogen

Oxides in Alkaline Solutions

The absorption of mixtures of nitrogen oxides into aqueous solutions
of NaOH in the range of partial pressures of 0.004- to 0.05-atm NO and
0.002- to 0.015-atm NO, was investigated. Absorption experiments
were conducted in a gas-liquid contactor that permitted independent
variation of the gas and liquid mass transfer coefficients. The results
were analyzed in terms of a model which accounted for diffusion, reac-
tion, and formation of higher oxides and oxyacids in the gas and in the
liquid phases. Absorption of both HNO, and N,O;, formed in the bulk gas
and within the gas diffusion film, were found to be significant. Using a
rate coefficient of 8.8 x 1072 mol/s - cm® - atm® for the formation of
HNQO, in the gas phase (England and Corcoran, 1975), a value of the
absorption factor, H+/Dk, for N,O, of 2.6 x 1072 mol/s cm? atm was
determined at 25°C. This value was found to decrease with temperature
andwas 1.2 x 1072 at 40°C. The use of concentrated base as an absor-
bent solution prevented the formation of nitric acid mist, a problem
encountered in many previous studies of NO, absorption.
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Introduction

The absorption of mixtures of nitric oxide and nitrogen diox-
ide into aqueous alkaline media is important in many industrial
processes, both in the area of pollutant emission control and in
the production of inorganic nitrogen chemicals.

Absorption into solutions or slurries is conducted in the pro-
duction of sodium and calcium nitrite, which are sold as spe-
cialty chemicals, and ammonium nitrite, an intermediate in the
production of caprolactam. Mixtures with lower NO, concen-
trations, produced as off-gases from nitric acid production or
usage, are scrubbed using alkaline solutions. In addition, gas
mixtures containing NO and NO, are contacted with alkaline
compounds in the process of flue gas desulfurization, in either
wet scrubbers or spray dryers. Recent developments have
focused on combining scrubbing with a variety of gas-solid cata-
lytic processes, where SO, and NO are oxidized to SO, and
NO,, compounds which are much easier to remove by alkaline
scrubbing.

While the absorption of nitrogen dioxide has been studied for
many years, the absorption of NO/NO, mixtures has been the
subject of far fewer studies. Joshi et al. (1985) have recently
reviewed the literature on nitrogen oxide absorption.

Correspondence concerning this paper should be addressed to G. Carta.
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Nitrogen oxide chemistry

The absorption of nitrogen oxides involves a number of chem-
ical reactions, both in the gas and liquid phases. The gas-phase
reactions occurring in the process are

2NO + 0, — 2NO, (1)
2NO, = N,0, )

NO + NO, = N,0, 3)

NO + NO, + H,0 — 2HNO, (4)
3NO, + H,0 — 2HNO, + NO (5)

Reactions 2 and 3 are very rapid and can be considered to be
in equilibrium for typical absorption processes. Reaction 1 pro-
ceeds at a rate which is proportional to the square of the NO
concentration and which decreases as temperature is increased.
Some estimates are available for the rate of reaction 5 (England
and Corcoran, 1975) and the equilibrium constant can be calcu-
lated. When the NO partial pressure is comparable to or greater
than that of NO,, the equilibrium concentration of nitric acid is
very small for typical process conditions.
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Reaction 4, that leads to the formation of nitrous acid, has
been the subject of numerous kinetic studies, because of its
importance in both chemical processing and the chemistry of the
atmosphere. Table 1 summarizes the results of a number of
these studies, which have yielded widely varying results. Some
investigators have found a fourth-order mechanism, i.e., second
order in the water partial pressure and first order in the partial
pressures of NO and NO,. The second-order dependence on
water was attributed to catalysis by water adsorbed on the glass
surfaces of their reactors. More recent studies have used reac-
tors with a very large volume to surface ratio and very low NO,
partial pressures in an attempt to eliminate the occurrence of
heterogeneous phenomena.

Schwartz and White (1983) have reviewed the equilibrium
constants of the above reactions.

In the liquid phase, the following reactions may be consid-
ered:

N203 + Hzo = 2HN02 (6)
N204 + Hzo = HN03 + HN02 (7)
2NO, + H,0 — HNO, + HNO, (8)

In basic media, the neutralization of the acids is also impor-
tant:

HNO, + OH™ — H,0 + NO,” )
HNO, + OH™ — H,0 + NO,~ (10)

Except for the two oxyacids, HNO, and HNO,, the gas-phase
species have low solubilities in aqueous solutions, and the kinet-
ics of reactions 6 through 8 must be obtained from absorption
rate studies. Reactions 9 and 10 can be assumed to be instanta-
neous proton transfer reactions. Reaction 8 has been investi-
gated by Lee and Schwartz (1981) who found that this reaction
is important at low NO, partial pressures. Schwartz and White
(1981) and Joshi et al. (1985) have reviewed the available infor-
mation on the physical solubility of the various species in
water.

Figure 1 (Carta, 1984) summarizes the mechanism of absorp-
tion of NO, in alkaline solutions. NO is oxidized to NO, which is
dimerized to form N,0,. The latter species is absorbed and leads
to the formation of equimolar amounts of NO,™ and NO,~. NO
and NO, react to form N,O; which is absorbed forming NO,".
In presence of water vapor, NO and NO, also react to form

Table 1. Rate Constants for Homogeneous
Gas-Phase HNO, Formation, 25°C

Third-Order Fourth-Order
Authors mol/cm’® . atm® . s mol/em® . atm* . s

Wayne and Yost (1951) 1.54
Leighton (1961) 3 )
Graham and Taylor (1972) 8.18 x 107* 6.76 x 102
England and

Corcoran (1975) 8.83 x 107?
Chan et al. (1976) 1.49 x 103
Kaiser and Wu (1977) 1.09 x 10°3
Sakamaki et al. (1983) 2.05 x 107*
Pitts et al. (1984) 1.49 x 107}
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Figure 1. Diffusion/reaction network for absorption of
nitrogen oxides in alkaline solutions.

HNO, which is quickly absorbed forming again NO,™. Reaction
8 is neglected in this model as this reaction is significant only at
very low partial pressures (Joshi et al., 1985). The occurrence of
this network of reactions results in an interesting optimization
problem in the production of nitrites. Tetravalent nitrogen (NO,
and N,O,) must in fact accompany divalent nitrogen (NO) to
permit the formation of N,0; and HNO, which are absorbed
readily to form nitrites. However, because of the occurrence of
reaction 7 (and 8 at very low partial pressures), the presence of
tetravalent nitrogen decreases the yield in nitrites as a result of
absorption of N,O,. An appropriate choice of process conditions
is thus needed to minimize the loss of fixed nitrogen in nitrates,
while at the same time maintaining a sufficiently high rate of
absorption.

Absorption of nitrogen oxides in aqueous solutions

The absorption of NQ, in water has been studied extensively.
All studies indicate that at partial pressures of NO, greater than
about 0.002 atm the absorption of tetravalent nitrogen in water
occurs via N,0O, following a fast, pseudofirst-order reaction
mechanism. The rate of absorption is thus proportional to the
square of the NO, partial pressure. The absorption parameter
H Dk for N,O, was found to be in the range 4.7 — 11 x 10~°
mol/s - ecm? + atm. Several reviews on this subject are available
(Sherwood et al., 1975; Schwartz and White, 1983; Joshi et al.,,
1985).

There also have been a number of studies on the absorption of
NO, into alkaline solutions (Chambers and Sherwood, 1937;
Gray and Joffe, 1955; Kameoka and Pigford, 1977; Takeuchi
and Yamanaka, 1978; Sada et al., 1979; Komiyama and Inoue,
1980; Weisweiler and Deiss, 1981; Aoki et al., 1982). These
studies indicate little or no effect of added base on the absorp-
tion rate. This indicates that hydrolysis of N,O, is the rate con-
trolling step.

Contrary to the wealth of information on the absorption of
N,O,, the published information on absorption of N,O; is very
limited. Corriveau (1971) and Hofmeister and Kolhaas (1965)
found that the rate of absorption of divalent nitrogen into water
is proportional to the partial pressure of N,O, and assumed that
the absorption process occurs with a fast pseudofirst-order reac-
tion of N,O; with water. The values of the absorption factor,
H Dk, for N,O, determined by these authors were 1.59 x 107*
and 5 x 107* mol/s - cm?® - atm, respectively. Komiyama and
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Inoue (1980) have investigated the absorption of NO/NO, mix-
tures diluted with nitrogen into 0.01 M NaOH and have found
an approximate ¥ power dependence of the rate of absorption of
divalent nitrogen on the product of the partial pressures of NO
and NO,. Aoki et al. (1982) have investigated the absorption of
mixtures of NO (0.00066 to 0.012 atm) and NO, (5 x 1075 to
0.002 atm) into NaOH and buffer solutions. They found that
the rate of absorption of divalent nitrogen is proportional to the
partial pressure of NO, at a given partial pressure of NO. Like
previous studies, this result was attributed to absorption of N,0O,
occurring in the fast pseudofirst-order reaction regime, but the
absorption rate was two orders of magnitude greater than that
predicted by the results of Corriveau (1971). In the theory pro-
posed by the authors, the presence of the hydroxyl ions elimi-
nated undissociated nitrous acid, which retarded the hydrolysis
of N,O, in Corriveau’s experiments.

Carta (1984) has developed a theoretical model for absorp-
tion of NO and NQ, into alkaline solutions. In this work it was
theorized that, with a sufficiently fast rate of formation of
HNO,, the gas phase limited mass transfer of HNO, could be
enhanced by formation of HNOQ, in the gas film. If one uses the
kinetic data of England and Corcoran (1975) and the data of
Corriveau (1971) for the absorption of N,O; in water, enhance-
ment can be shown to occur at high partial pressures of NO,
with the gas-side coefficients typically found in gas absorption
towers.

The present study investigates experimentally the absorption
of NO/NO, mixtures in alkaline solutions. The effects of simul-
taneous mass transfer and chemical reaction occurring both in
the gas and in the liquid phases are investigated. Bulk condensa-
tion of nitric acid in the gas phase is eliminated in this work by
using a sufficiently concentrated alkaline solution as the absor-
bent. A diffusion/reaction model based on the film theory is
developed and numerical results are compared with experimen-
tal data obtained in a laboratory contactor. The absorption fac-
tors for absorption of N,O, and N,O; in the fast pseudofirst-
order reaction regime are determined, using literature values for
the rate constant for the formation of HNQO, in the gas phase.
Analysis of the experimental results in terms of the model shows
that absorption of HNO, formed in the bulk gas becomes signif-
icant at low NO, partial pressures when NO is in excess. The
presence of gas-phase mass transfer resistance reduces the par-
tial pressure of NO, (and N,0,) at the gas-liquid interface
thereby depressing considerably the formation of nitrates.

Transport Equations

When concentrated bases are used, HNO, is completely ion-
ized in the liquid and does not influence transport of the other
diffusing species in the liquid film. In this case, the absorption of
N,0, and N,O, in the liquid can be assumed to follow a fast,
pseudo-first order mechanism. Thus, the fluxes of N,O, and
N,O, may be written as

b0, = (H W)NZOJ) .03 (11)
Pny0, = (H '\/I—)E)NZQP N:O4 (12)

where P, and Pj,o, are the partial pressures of N,O; and
N, O, at the gas-liquid interface.

The fluxes in the gas film must be matched to those in the
liquid and the bulk gas to determine the interfacial partial pres-
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sure of the diffusing species. Neglecting the presence of nitric
acid in the gas phase and assuming that diffusion occurs through
a stagnant gas layer of thickness & adjacent to the gas-liquid
interface, the transport equations for the gas film take the form

D, d*p, &

R+ 2 Wiria tviar ) =0, i= 1,6 (13)

where the r,,’s are the rates of the forward gas phase reactions
2, 3, and 4, the r_,’s are the rates of the reverse of these reac-
tions, and the »,, the stoichiometric coefficients of species i in
reaction n. The six species, #, for which these equations are writ-
ten are NO, NO,, N,0,, N,0,, HNQO,, and H,0. By assuming
that chemical equilibrium exists in the gas film for the forma-
tion of N,0O; and N,O, according to reactions 2 and 3, two equa-
tions can be eliminated by substitution of the equilibrium condi-
tions and addition and subtraction of equations. Four boundary
conditions must be specified at each boundary of the film. Six of
these are straightforward. If é is the film thickness (§ = D/
kIRT), and if x = 0 at the gas-liquid interface, then at x = &
four of the partial pressures (we used NO, NO,, H,0 and
HNO,) are equal to the corresponding partial pressures in the
bulk gas. At the gas-liquid interface (x = 0) the partial pres-
sures of water and HNO, are those corresponding to physical
equilibrium with the liquid. For a strong base absorbent, the
HNO, back pressure is zero. The partial pressure of water is
approximately equal to the saturated vapor pressure of the aque-
ous solution.

The two remaining boundary conditions are found by equat-
ing fluxes on the gas side of the interface to those in the liquid.
For divalent nitrogen (NO* = NO + N,0;) the boundary con-
dition is

. DN o) dPN ) DNO dPNO
k i _ s 23 —_—
(HVDk)n0,Pivo, RT ( dx Jro T RT\ dx Jemo 14

For tetravalent nitrogen (NO¥ = NO, + 2N,0,) the boundary
condition is:

(HVDk)n0,PN:0: + 2(H Dk)n0,PN:00
_ Dyyo, (dP N103) 2DN20. (dP N204)
x=0 x=~0

RT \ dx RT \dx
Do, (dPyo,
— = 15
RT \ dx /x-0 {15)

As for the equations, the number of species in the boundary con-
ditions may be reduced to four by substitution of the two equilib-
rium conditions for N,0; and N,0,.

The partial pressures of HNO, and H,O in the bulk gas are
determined from overall material balances. If the absorption
process occurs in a CSTR with a gas volume ¥ and the gas molar
flow rate is F, the following equations may be written

2k3VProPro Prso — 2k_3VPiino,

F , DHNO dp HNO,
F B _ 2 (27 HNO; 16
—{-P(PHNOz Pyno,) — A4 RT( dx  [x-s (1)
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~k3VPnoPro,Puo + k-3VP%{N02

F Duo [dP,
+ = (Pho — Pyg) = A 220 |10 17
p (Po = Puo) RT( ax s (D

In these equations, A is the gas-liquid interfacial area in the con-
tactor.

The solution of the diffusion equations was obtained by
orthogonal collocation using shifted Chebyshev polynomials of
the first kind. The bulk gas material balances, Eqgs. 16 and 17,
were solved simultancously to the film equations to determine
the bulk concentration of nitrous acid and water vapor. Details
of the solution algorithm are given in Newman (1988).

For use in cases where formation of HNO, in the gas film has
minor importance, a simplified mass transfer model was also
developed. In this model the diffusion coefficients of NO, NO,,
N,O; and N,0, are assumed to be equal, and equal to the diffu-
sion coefficient of NO, since this species limits the rate of
absorption when NO is in excess. Under these assumptions, the
film theory diffusion equations can be integrated twice, yield-
ing

Pnor = % (Plo+ — Phor) (18)
no; = % (Pho; — Pio}) (19)

where
¢not = Pno + P, (20)

is the flux of divalent nitrogen and

nor = Pno, + Do, + 2080, 21n

is the flux of tetravalent nitrogen (both excluding HNQO,), and

6 = Dy,0/ kyRT. The flux of HNO, formed in the bulk gas is.

given by

D
®uNo, = SRT P’ﬁNoz (22)

The fluxes in the gas must be equal to the corresponding fluxes
in the liquid, according to Eqs. 14 and 15. These equations can
be combined with Egs. 16 and 17 and with the equilibrium con-
ditions for the formation of N,0O, and N,O, to determine the
partial pressures at the gas-liquid interface.

Experimental
Absorption apparatus

Absorption experiments were conducted in a stirred gas-lig-
uid contactor of the type developed by Levenspiel and Godfrey
(1974). A cross section of the reactor is shown in Figure 2. The
contactor was constructed of 10.2-cm-ID Plexiglas tubing, 10.2
cm long in the liquid section, and 5.1 c¢m long in the gas section.
Perforated Plexiglas plates of various thickness with 0.635-cm
holes, were inserted between the center flanges of the reactor.
Twenty or 36 evenly spaced holes were used. The gas-liquid
interface in the reactor was maintained flush with the bottom
surface of the plate. Four baffles, located 90 degrees apart, were
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Figure 2. Cross section of experimental gas-liquid con-
tactor.

attached to the bottom and sides of the liquid section. The gas
compartment of the reactor was stirred by a turbine agitator
with four flat blades, 8.9 ¢cm in diameter. The liquid was stirred
by a 5.1-cm diameter propeller agitator.

A complete diagram of the apparatus is shown in Figure 3.
The reactor was mounted inside a water bath with temperature
control of £0.5°C. The gas side of the reactor was operated with
continuous flow; the liquid side was operated in the CSTR or
batch mode. In experiments on the absorption of nitrogen oxides
into alkaline solutions the batch-mode was most practical, since
accumulation of nitrite and/or nitrate in the liquid does not
affect mass transfer and control of the liquid level in the reactor
is easier. For batch experiments, the absorbent solution was
pumped into the reactor and the liquid level was adjusted using
a syringe checking by visual observation of the holes and with an
inclined sight glass tube, mounted externally to the contactor.
Liquid samples were taken using a syringe at the end of a batch
run. For continuous operation, a constant-head tank was used to
provide a steady liquid flow. In this case the liquid level in the
contactor was precisely controlled by passing the effluent flow
through a leveling tank adjustable with a micrometer screw.

Nitrogen, nitric oxide, and nitrogen dioxide were obtained
from cylinders and metered through rotameters. The nitrogen
dioxide was vaporized by placing the cylinder in a water bath
maintained at 35°C and passing the gas through a section of
tubing located in the bath. The rotameter for NO, was also
maintained at 35°C by a water jacket, in order to keep the
degree of dimerization of NO, constant.

The gas effluent from the reactor was analyzed continuosly
by a flow-through gas analyzer (BINOS UV-VIS, Leybold-
Heraeus GMBH, Hanau), which used UV spectrophotometry to
measure the NO, concentration, and non-dispersive IR to mea-
sure the NO concentration. The absorption flow cuvettes of the
analyzer were thermostatted at 60°C to eliminate condensation
and to insure reproducibility. The apparatus has two measure-
ment ranges of 0~1% and 0-3% with an accuracy of +2% of the
full scale reading. The concentration of nitrite in solution was
determined spectrophotometrically. Nitrate was analyzed by
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Figure 3. Experimental apparatus.

the 2,6 xylenol colorimetric technique of Hartley and Asai
(1963).

Determination of mass transfer coefficients

Liquid side and gas side mass transfer coefficients were deter-
mined as functions of stirring speed, for water or dilute aqueous
absorbents at 25°C and ! atm total pressure. The liquid-side
mass transfer coefficient, k¥, was determined by measuring the
uptake of pure CO, into water, using a continuous water flow to
minimize CO, accumulation in the liquid. The uptake was mea-
sured volumetrically with a soap film meter. k¥ was found to
vary linearly with agitation rate between 1.5 and 3.5 x 10~ cm/
s in the range 200-600 rpm. These values of k{ are sufficiently
large to insure that hydrolysis of N,O; and N,O, will occur in
the fast-reaction regime. The gas-side mass transfer coefficient,
kg, was determined by measuring the rates of evaporation of
water into nitrogen and the rates of absorption of ammonia into
1 kmol/m* aqueous solutions of H,SO,. A liquid stirrer speed of
400 rpm was used for these experiments. The results are shown
in Figure 4. The mass transfer coefficient appears to be again a
linear function of the stirring speed, except at very low agitation
rates, when the mass transfer process becomes entirely con-
trolled by diffusion through a truly stagnant gas film. In this
case the gas-side mass transfer coefficient is independent of the
stirrer speed and is approximately equal to the diffusion coeffi-
cient divided by the plate thickness.

Results and Discussion

Aqueous solutions of sodium hydroxide, 24% by weight, were
used as the absorbent to carry out experiments on the absorption
of nitrogen oxides. At this concentration of sodium hydroxide
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there is no liquid-side resistance to HNO, absorption, and
HNO, formed from N,0; and N,O, hydrolysis is instantly neu-
tralized. Furthermore, at this concentration of sodium hydrox-
ide, the vapor pressure of water is sufficiently low that conden-
sation of nitric acid is prevented, even at partial pressures of
NO, 0f 0.01-0.015 atm (Newman, 1988). Calculations based on
equilibrium reveal that nitric acid condensation may have
occurred in many published studies. In fact, in the presence of

20 5 T T T
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- o 36 £
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Ng 12r &5 16mm plate

E vd

. 08F A .

4

O

04 % 95mm plate

1 Il

0 200 400 600 800
Stirrer speed, rpm.

Figure 4. Gas-side mass transfer coefficient as a func-
tion of stirrer speed.

Data were determined by evaporation of water in nitrogen and
absorption of ammonia into 1 kmol/m? sulfuric acid, 25°C, 1 atm.
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pure liquid water, condensation of HNO; is thermodynamically
possible at any NO, concentration level.

Absorption of NO,

Absorption of NO, was studied experimentally over a range
of partial pressures of 0.0045 to 0.012 atm, at constant kg. The
9.5-mm-thick plate was used in these experiments to provide
sufficient gas-side resistance to minimize the absorption of ni-
tric acid formed in the bulk gas. The gas stirrer and liquid stirrer
speeds were 155 and 400 rpm respectively. The flux is plotted
against the interfacial partial pressure of N,O, in Figure 5. The
flux of tetravalent nitrogen was obtained from overall material
balances and the interfacial partial pressure of N,O, was calcu-
lated solving the diffusion equation for the gas film. The ratio of
nitrite and nitrate concentrations in the liquid was found to be
very close to unity in these experiments. A least-squares fit of
the data resulted in a value of the absorption factor, H Dk, of
3.3 x 10~° mol/s - cm? + atm. This value is somewhat smaller
than that obtained by other authors for absorption into water.
Chambers and Sherwood (1937), on the other hand, found that
the absorption rate decreased with NaOH concentration, and
found values of H Dk between 2.3 and 6.0 x 10~° for 23.6%
NaOH. It is likely that two competing effects are present. As the
sodium hydroxide concentration is increased there is a slight
increase of the rate constant for the hydrolyic reaction of N,O,
(Eq. 7). However, at the same time, the solubility and diffusivity
are decreased. At high concentrations of NaOH the latter effect
appears to be dominant as the absorption factor, H+yDk,
decreases.

Absorption of mixtures of NO and NO,

Absorption rates were determined for different values of the
gas-side mass transfer coefficient, k2, and NO partial pressure,
using a constant value of 0.01 + 0.001 atm for the partial pres-
sure of NO,. The flux of nitrite produced minus that of nitrate
produced is plotted in Figure 6 as a function of the gas side mass
transfer coefficient, kI, for different partial pressures of NO at
25°C. The liquid stirrer speed was 400 rpm in these experi-
ments. The results for absorption of NO/NO, mixtures are
reported here in terms of the difference between the nitrite and

35 : ' : ;
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2 . 108
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-
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Figure 5. Nitrate flux as a function of interfacial partial
pressure of N,O,, 25°C, 1 atm.
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Figure 6. Nitrite flux minus nitrate flux as a function of

the gas side mass transfer coefficient.
1% NQ,, 25°C, 1 atm. Lines are calculated according to par. set 1.

nitrate production rates, rather than simply the nitrite produc-
tion. Since nitrite and nitrate are produced in equimolar
amounts by N,O, absorption, subtraction of the nitrate flux
reduces the remainder by the nitrite flux produced by N,O,
absorption, if absorption of HNO; is neglected. The remaining
flux, therefore, represents nitrite produced by N,0; and HNO,
absorption.

Calculations based on the film-theory diffusion equations,
Eqgs. 11-17, were compared with the experimental results. The
model equations contain several reaction equilibrium constants,
diffusivities, reaction rate constants, and the absorption factors
for absorption of N,O; and N,0,. The equilibrium constants
used for the gas-phase reactions were those given by Carta
(1984). The gas-phase diffusivities of the various species were
either literature values or they were determined using available
estimation methods, as indicated in Table 2. The absorption fac-
tor for absorption of N,O, was obtained from our results for
absorption of NO,. The remaining two parameters are the rate
coefficient for HNO, formation, k,; and the group H+/Dk for
absorption of N,0,, assuming a fast, pseudofirst-order reaction.
Since there is considerable disagreement among the literature
values of these parameters, they were fitted to the experimental

Table 2. Model Parameters at 25°C, 1 atm

Parameter ky (HVDk)nyo,
Set mol/cm® + atm® - s mol/cm? - atm - s
1 8.83 x 1073* 2.50 x 1073
2 2.05 x 1074*# 3.50 x 1073
3 0.90 1.59 x 1074**#

(H D)0, = 330 x 107 mol/cm?® - s - atm

Dro = 0.23%; Dyo, = 0.14%; Dyyo, = 0.111; Dy, = 0.098%; Diano, —
0.14%; Dyyo = 0261 cm?/s; V = 411 em* 4 = 11.4 cm? F = 2.7 %
107% — 4.2 x 10~ mol/s

*England and Corcoran (1975).
**Sakamaki et al. (1983).

***Corriveau (1971).

tFuller equation, Sherwood et al. (1975).
1Chambers and Sherwood (1937).
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results. One parameter was fitted at a time while the other
parameter was selected from literature values before the fitting
was performed. Each parameter was fitted from selected data
which were most significant for that parameter. To determine k,
given a literature value of H+/Dk for N,0,, the data used were
those at low k), where the formation of HNO, in the gas film
would have the greatest significance. To determine H Dk for
N,O, given a literature value of k;, the data used corresponded
to high values of kJ, where the gas-side resistance is at a mini-
mum.

The parameters obtained using this procedure are listed in
Table 2. Parameter set 1 corresponds to a situation where the
bulk gas is approximately in equilibrium, but formation of
HNO, in the gas film is significant only at very low values of the
gas-side mass transfer coefficient; parameter set 2 represents a
case where the flux of HNO, is limited by its rate of formation in
the bulk gas for high values of kJ; parameter set 3 finally corre-
sponds to a case where formation of HNO, within the gas film is
important at all values of kJ and significant enhancement of gas
phase transport occurs. In the latter case the bulk gas is of
course at equilibrium.

The experimental absorption rate data for 3.2 mol % NO are
shown in Figure 7 in comparison with model predictions based
on the three parameter sets listed in Table 2. Calculated fluxes
based on parameter sets 1 and 2 appear to fit the data rather
well at both high and low k{ values. The data at high k3, how-
ever, are inconsistent with calculations based on parameter set
3, for which k, was fitted using data at low kg. Of course, a fit
that on average would be better than the one shown could be
obtained by using a sufficiently high value of k;; however, this
approach would result in a lack of fit at low kj, and the resulting
value of &, would be inconsistent with any previous results
obtained from studies where the gas phase formation of HNO,
was directly investigated. The calculated fluxes converge at low
values of k for all parameter sets. The reason for this behavior is
that at low values of kg, the formation of either HNO, or N,O,
near the gas-liquid interface becomes limited by the availability
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Figure 7. Nitrite flux minus nitrate flux as a function of
the gas side mass transfer coefficient. Compar-

ison of model and experimental results.
3.2% NO, 1% NO,, 25°C, | atm. ——: par. set 1; ----: par. set 2;
----- . par. set 3.
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Figure 8. Nitrite flux minus nitrate flux as a function of
%NO,. Comparison of model and experimental

results.
PyofProy = 2.4, ki = 1.6 x 107" mol/s . cm? - atm, 25°C, 1 atm.
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of NO,, the limiting reactant when NO is in excess. The avail-
ability of NO, is limited in this case by mass transfer and diffu-
sion of this species tends to control the overall absorption pro-
cess. Since the model appears to be somewhat insensitive to the
value of k; a best fit determination of this parameter was not
attempted. Analogous results were obtained from similar calcu-
lations for data at 1.5 and 4.9% NO.

At low values of the partial pressure of NO, and at a low gas-
side mass transfer resistance, fluxes obtained from calculations
using parameter sets 1 and 2 are significantly different. Figure 8
shows calculated fluxes for these conditions in comparison with
experimental results. The data appear to conform more closely
to calculations based on parameter set 1.
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Figure 9. Nitrite flux minus nitrite flux as a function of
%NO. Comparison of model and experimental

results.
1.5% NO,, k} = 1.6 x 107* mol/s . cm® - atm, 25°C, 1 atm. ——:
par. set 1; ----: par.set 2; .---- : par. set 3,
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The maximum value of the partial pressure of NO, was lim-
ited in the experiments by the need to avoid condensation in the
reactor. A maximum of 0.015 atm for Py, was estimated based
on nitric acid/water vapor-liquid equilibrium data and the
vapor pressure of the 24% sodium hydroxide solution. Figure 9
shows experimental and calculated fluxes of nitrite minus
nitrate at k) = 1.6 x 107 mol/s - cm” atm and a partial pres-
sure of NO, of 0.015 atm with varying partial pressures of NO.
The experimental results are again in fairly good agreement
with calculations based on parameter set 1.

Figure 10 shows the flux of nitrate as a function of k] at a
partial pressure of NO, of 0.01 + 0.001 atm, 25°C, and several
levels of NO partial pressure. The experimental data are com-
pared to calculations based on parameter set 1, although calcu-
lations for the different parameter sets gave only slightly dif-
ferent results. As the partial pressure of NO is increased at
constant kg, while the nitrite flux is increased the nitrate flux is
reduced. In fact, as the NO partial pressure is increased,
increasing quantities of NO, are required for N,O, formation.
The result is an increased gradient in the NO, partial pressure
across the gas film, which results in an extremely low partial
pressure of N,O, at the gas-liquid interface. Calculated partial
pressure profiles across the gas film are shown in Figure 11. The
presence of mass transfer resistance reduces the NO, partial
pressure at the gas-liquid interface to very low values and
depresses the formation of nitrates. The concentration profile of
HNO, is non-linear showing that some enhancement in the gas
phase transport of this species occurs.

Calculations showing the effect of gas-phase mass transfer
resistance on nitrite produced by absorption of N,0;, N,O,, and
HNO, are shown in Figure 12. The calculations shown are
based both on the exact film diffusion model, Egs. 1115, as well
as on the approximate model described by Eqgs. 18-22. At high
values of & the two models diverge (although not significantly)
in the prediction of the flux of N,0,, because of differences in
the diffusivities of the various species, which are not taken into
account in the simplified model. For these conditions, HNO,
formation in the film is negligible. At low values of k), when the
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Figure 10. Nitrate flux as a function of gas side mass
transfer coefficient. Comparison of model and

experimental results.
Parameter set 1. 1% NO,, 25°C, 1 atm.
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Figure 11. Calculated partial pressure profiles across the

gas film based on parameter set 1.
4.9% NO, 1% NO,, k¥ = 1.5 x 10~* mol/em’ - atm - s, 25°C, 1
atm.

flux of N,0, is limited by the diffusion of NO,, the two models
diverge in the prediction of the flux of HNO, as the simplified
model does not account for formation of this species within the
gas film. For the conditions investigated, the nitrite flux is over
twenty five times greater than the nitrite flux for high values of
kg and low partial pressure of NO. The nitrite flux increases
instead to over one hundred times the nitrate flux at low values
of k9. Finally, the effect of partial pressure of NO, is given in
Figure 13 which shows the calculated contribution of the various
species to the formation of nitrite. These calculations are based
on parameter set 1. It is interesting to note that at low partial
pressures of NO,, for a constant ratio of NO/NO,, HNO,
becomes the primary source of nitrite.

The absorption of mixtures of NO and NO, at 40°C and a

6 T v r T .
Exact modet
> g || ——~ Approx. solution
~
§ 4
k]
g
. 3f
x
3
bN 2 o
Z
1+
N©,
0 — - el T n

0 03 06 09 12 15 18
ka, mole/cms atm =10%

Figure 12. Calculated contribution of absorbing species
to nitrite flux as a function of the gas-side

mass transfer coefficient.
1.5% NO, 1% NO,, 25°C, 1 atm.
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Figure 13. Calculated contribution of absorbing species
to nitrite flux as a function of NO, concentra-
tion.

Constant value of Pno/Pno, = 2.4, k§ = 1.6 x 107* mol/
cm?® - atm - s, 25°C, 1 atm.

partial pressure of NO, of 0.01 = 0.001 atm was also investi-
gated as a function of the gas-side mass transfer coefficient for
different values of the partial pressure of NO ranging from
0.015 to 0.049 atm. The film diffusion model was again fitted to
the experimental results in a manner similar to that used for the
data at 25°C. Calculations based on a value of 8.8 x 107* mol/
cm?® - atm?® . s for the rate constant for HNO, formation, k;, and
a value of 1.2 x 1073 mol/cm? - atm s for the absorption factor
for N,O,, HVkD, were found to be in best agreement with the
experimental data. A value of HvkD for N,O, equal to the
value found at 25°C was found to provide a good fit of the nitrate
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absorption data at 40°C. For the model calculations, the gas-
phase diffusivities and the mass transfer coefficient were cor-
rected for the effect of temperature using existing correlations
(Sherwood et al., 1975). This correction, however, did not
exceed 8% for our experiments. The fluxes obtained at low k)
values are similar in magnitude to those obtained at 25°C. How-
ever, at high kg, the flux is significantly reduced by elevating the
temperature. At high values of kJ, the flux of nitrite minus that
of nitrate is approximately equal to the flux that can be calcu-
lated by assuming that the nitrous acid in equilibrium in the
buik gas diffuses alone through the gas film. These results con-
firm the conclusion reached for the lower temperature data that
formation of nitrous acid in the gas film is only moderately
important and that the absorption process is dominated by the
absorption of nitrous acid formed in the bulk gas and nitrogen
trioxide that diffuses in equilibrium with NO and NO, through
the gas film.

The data obtained at a partial pressure of NO, of 0.01 +
0.001 atm at 25 and 40°C can be plotted as single lines for each
temperature for all values of the partial pressure of NO by divid-
ing the flux of nitrite minus that of nitrate by the partial pres-
sure of NO to the 0.7 power as shown in Figure 14. This is an
empirical relationship, representing an averaging of effects of
formation and diffusion of N,O; and HNO, and mass transfer
limitations caused by the NO, concentration gradient in the gas
film.

Concluding Remarks

The results of this study indicate that a value of H vDk for
N,O, absorption of 2.5 x 10~ mol/s + cm® . atm and a value of
8.8 x 1072 mol/s - cm’ . atm® for the rate constant for the
homogeneous gas-phase formation of HNO, accurately describe
the absorption of mixtures of nitrogen oxides in concentrated
NaOH in a partial pressure range of 0.015- to0 0.05-atm NO and
0.002- to 0.015-atm NQ, at 25°C.

The value obtained for H YDk for N,O; is about ten times
larger than that obtained by Corriveau (1971). This difference
may be accounted for on the grounds that the reverse of reaction
6 may have been important in Corriveau’s studies, thereby
reducing the observed absorption rates. The viscosity and ionic
strength effects of the 24% sodium hydroxide solution used in
our studies may account for the lower absorption rates that we
obtained compared to those obtained by Aoki et al. (1982). The
viscosity and ionic strength effects would lower both the diffu-
sion coefficient and the solubility of N,O, in the liquid. More
importantly, Aoki et al. neglected the effect of HNO, absorption
in the evaluation of their results. While the approximate first
power dependence of the nitrite flux on Pyo x Pyo, that they
obtained would tend to indicate the dominance of N,O, absorp-
tion, it also corresponds to the effect of the partial pressures on
the forward formation rate of HNO,. Therefore, HNO, absorp-
tion should be considered, especially if the gas phase is far
enough from equilibrium that the reverse reaction can be
neglected.

Selectivity for nitrite formation compared to nitrate forma-
tion is increased by a high ratio of the partial pressures of NO
and NO,. When the gas-phase mass transfer resistance is signif-
icant and NO is in excess over NO,, selectivity is further
enhanced as the partial pressure of NO, at the gas-liquid inter-
face is greatly reduced relative to the partial pressure value in
the bulk gas. In situations where the process is limited by NO,
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diffusion through the gas film, selectivity in the production of
nitrites is enhanced by an increase in temperature. The nitrite
flux is only affected to a small degree by temperature, since it is
limited by NO, diffusion. However, the nitrate/nitrite ratio is
reduced because of the greater temperature dependence of the
equilibrium constant for formation of N,0,, compared with the
equilibrium constant for formation of N,0;, combined with an
increase in the rate of absorption of HNO,.

Notation

A = gas-liquid interfacial area, cm?
D; = diffusion coefficient for species j, cm’/s
H = Henry’s law constant, mol/cm® . atm
HDk = absorption factor for fast pseudofirst-order reaction, mol/
s - cm? . atm
F = gas molar flow rate, mol/s
kg = gas-side mass transfer coefficient in the absence of reaction,
mol/s - cm? + atm
k) = liquid-side mass transfer coefficient in the absence of reac-
tion, cm/s
k., = reaction rate constant for forward reaction n
k_, = reaction rate constant for reverse reaction n
P, = partial pressure of component j, atm
Pf_ = partial pressure of component j in the bulk gas, atm
P; = partial pressure for component j at the gas-liquid interface,
atm
P — partial pressure for component j at reactor inlet, atm
7. = rate of forward reaction n, mol/cm’ - s
r_, = rate of reverse reaction n, mol /cm3 .8
T = temperature, K
V = gas phase reaction volume, cm®
x = distance from gas-liquid interface, cm

Greek letters

& = diffusion film thickness, cm
v; +n = Stoichiometric coefficient for component j in forward reaction
n
v, = stoichiometric coefficient for component j in reverse reaction
n
¢; = flux of component j, moi/cm® - s
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