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Removal of Atmospheric pollutants

(5) Absorption of Lean NOy in Aqueous Solutions of NaClO, and NaOH
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The absorption of such lean NOx as encountered in flue gases in aqueous mixed solutions
of NaClO, and NaOH was carried out using a stirred vessel with a plane interface at 25 °C and
atmospheric pressure. The rate of NO, absorption .was analyzed by the chemical absorption
theory under the fast-reaction regime. The reaction prevailed was found to be the parallel
reactions involving oxidation and hydrolydrolysis, and to be second-order with respect to NO,.
The second-order rate constant for the hydrolysis was evaluated as 3.09 X 108 L/mol s. The order
of reaction relative to ClIO~, was derived unity for the chlorite concentration greater than 1.0
molar. The third-order rate constant for the oxidation was derived as 7.32x10% (L/mol)?/s at

[NaOH]=0.20 molar. For the absorption of NO, there appears a gradual jump in absorption
rate at the interfacial concentration of NO ranginging from 5x 1077 to 2 107° mol/L. Above this
transition region, the order of reaction in NO approaches 2, whereas below the transition region,

the order of reaction becomes unity.

Introduction

More than 90 percent of the nitrogen oxides(NOx)
emitted from stationary combustion facilities it nitro-
gen monoxide. In order to effectively remove NOx by
wet scrubbing methods it is desirable to oxidize NO
to NO, in eithdr gas or liquid phase, because the
physical solubility of NO in aqueous absorbent is
much smaller than that of NO,. With respect to wet
scrubbing with liquid-phase oxidation, the alkaline
solution of NaClO, as well as the alkaline solution of
KMnO, have been found to be a practically promising
absorbent for NO. not only from the standpoint of the
degree of NO removal but also the chemical absorp-
tion mechanism, the process of absorption with li-
quid-phase oxidation has been assessed and analyzed

(Teramoto et al ., 1976a and 1976a, Sada et al., 1977).

In our previous paper (Sada et al.,1978a), tha ab-
sorption of NO in aqueous mixed solutions of NaClO,

This paper has been published in I & E C Proc. Des.
Develop., 275, 18 (1979).
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and NaOH was peformed using a semi-batch stirred
vessel with a plane gas-liquid interface at 25°C and
atmospheric pressure. The rate of absorption was
analyzed on the basis of chemical absorption theory
under the fast-reaction regime. The overall reaction
involved was found to be second-order in NO and
first-order in NaClO, is the range of NaClO, con-
centration greater than (.8 molar. The reaction rate
constants evaluated were exponentially decreased
with the NaOH concetration and correlated by k =k,
exp(—3.73 (NaOH) ).

But in our previous work, the gasphase composi-
tion of solute gas (NO) was restricted to percent-
order of magnitude. The concentration of NO in the
flue gases from stationary combustion sources is
generally less than several hundred ppm. Therefore,
it is necessary to discuss the absorption mechanism of
such lean NO by oxidative absorbents.

The present work was undertaken to establish the
chemical absorption mechanism of such.lean NO as
encountered in the flue gases. To this end, the absorp-
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tion of NO in aqueous mixed solutions of NaClO, and
NaOH was carried out using the stirred vessel with a
plane gas-liquid interface. Moreover, to obtain kine-
tic information on the second step reaction in the
reaction between NO and aqueous mixed solution_
of NaClO, and NaOH(@2NO+ClO;— 2NO,+Cl~
(1),4NO,+Cl0O; +40H —4NO3+Cl~+2H,O (II), the
absorption of lean NO, was perfomed into the same
absorbent.

Experimental

All experimental runs were using a stirred vessel
with a plane gas-liquid interface at 25°C and I atm.
The absorber used (I1.D.=80mm, Liquid volume=
500cm?®) is the same one as in our previous work

(Sada et al,1978a) The absorber was operated
continuously with respect to the gas phase and bathch
-wise with respect to the liquid phase. The stirring
speeds of liquid phase and gas phase stirrers were
kept at 162 and 500 rpm, respectievely.

Solute gas NO or NO, was supplied from cylinder

of 1% concentranced by N,. Both these gases were
further diluted with N, to the desired conentration.
All the inlet and outlet gas-phase compositions were
determined by UV derivative spectrophotometer ana-
lyzer (Yanaco UO-1 derivative spectrophotometer).
The absorption rate was calculated from the dif-
ference between inlet and outlet gas-phase composi-
tion and total flow rate.

Further details for experimental apparatus and
procedure can be found elsewhere(Sada et al ., 1978a).

Experimental Results and Discussitn

Liquid-Side Mass Transfer Coefficioent. In order to
convert experimental absorption rates to the en-
hancement factors,the liquid-side mass transfer coef-
ficient is required. In the previous work (Sada et al.,
1978b), the liquid-side mass transfer coefficient k°_
was determined by the physical absorption of pure N,
O into under various liquid-phases stirring speeds n.
and correlated to n. as k°.=9.89x 107°n,***(where n,
ranged from 60 to 280 rpm). The cefficient for NOy,
k®.; was predicted by a correlation

k°.(D1/Dnzo-k0)*"° o

as in the previous paper (Sada et al,, 1978b).

The gas-phase resistance was estimated to be less
than 7% of the total resistance by the empirical
correlation given by Hikita et al. (1975).

NO,-NaClO,, NaOH System. The reaction bet-
ween NO, and CIO;z in an alkaline solution is con-
sidered to be

4NO,+CIO;+40H —4NO3+Cl~+2H,0, (ID

and corresponds to the second-step reaction in the
reaction of NO with the same liquid-reactant. The
reaction involved is assumed m-th order relative to
NO, and n-th order relative to ClIO,. When the pro-
cess of chemical absorption lies under the fast-reac-
tion regime, the absorption rate NO, can be derived
as

Nz = MZchsocr;-‘ Dus (2)
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Fig. 1. Relationship between Naz and Cazi for
NO:-NaCIO;/NaOH system. Effect of
[NaClOz] on Nae.

In Figure 1, the absorption rate of NO,,N ., is plotted
against the interfacial concentration of NO,, Cu,i*
The interfacial concentration of NO, can be con-
verted fron the physical solubility and the gas phase
conentration at the interface. The physical solubility
of NO, in aqueous mixed solutions of NaClO, and
NaOH was calculated from the correlation (Onda et
al ., 1970):

10°~

log (a/aw=— Kzl +Kglg) (3)

where Kg and K; are the salting-out parameters for
the electrolytes B (NaClO,) and E (NaOH), respect-
ively and depend on the ion species and gas present.
The contribution of NO, to the salting-out para-
meter, however, is not available in the literature.

* The raw data on absorption rates have been stored
and can be prevailed in response to request by the
authors.
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Here the contribution of NO,, X,, is assumed same as
that of N,O. The physical solubility of NO, in water
was evaluated from the equilibrium concentration
reported by Andrew and Hanson (1961) . Then, the
Bunsen absorption coefficient &, of NO, in water was
calculated to be 0.914 at 25¢C.

Figure 1 shows that there is a linear relationship
between log N,, and Cay with a slope of 1.5. The
enhancement factors evaluated from the data falling
on the straight lines are ranged from 60 to 450 with an
increase in the chlorite concentration. Whereas the
value of Cgo, Caz is varied from 2x10° to 4x10°. So
the data on the straight lines are belived
. under the fast-reaction regime of pseudo-mth-order.
Therefore, he order of reaction in NO, is determined
as 2. The crosses in this figure denote data with
absorption of NO, in water. The relationship between
log N,, and log Cas also gives a stright line with a
slope of 1.5 and the order of reaction (hydrolysis) with
respect to NO, is determined as 2. For the hydrolysis
of NO, (2NO,+H,0—-HNO,+HNO;), the secondor
der rate constant is derrived as 3.09 X 10® L/mols from
eq 2. In addition, it can be seen from the figure that for
lower concentration of NaClO,, the hydrolysis pre-
dominates over the oxidation. Here, in order to cal-
culate the second-order rate constant ky,, from eq 2,
the diffusivity of NO, in aqueous mixed solutions of
NaClO, and NaOH was required. The reduction of
the diffusivity of NO, in the aqueous mixed solutions
was assumed as observed redustion in N,O diffus-
ivity. That is, NO, diffusivity under consideration
was estimated by

(D/Dw)no.=(D/Dwnso (4)

as proposed by Joosten and Danckwerts (1972) . The
diffusivity of N,O in the aqueous mixed solutions was
obtained in the previous work (Sada et al., 1978c) and
the diffusivity of NO, in water was assumed to be
equal to that of N,O,, which was available in the
literature (Kramers et al., 1961).

The absorption of NO, into water has been exten-
sively investigated (for example, Sherwood, Pigford
and Wilke,1975), but the gas-phase concentration of
NO, has been restricted to percent-order of magni-
tude, so that coexisting N,0O, in the gas phase would
have an important role in the hydrolysis of NO,.

In general, both the hydrolysis and the oxidation

are considered to proceed in parallel and thus, eq 2
should be rewritten by

N s :\/ﬁ(khyd +kCEo)CIH Dao (5)

On the basis of above experimental evidence, the
dependence of Cgo on Ny /C¥aziDaz and N2y, /(C3py
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Fig. 2. Effect of [NaClO2] on Naz2y/C%,:Da2 for NO2
for NO2-NaClO; /NaOH system.
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Fig. 3. Effect of [NaClOz] on N&z/(CiziDaz)-
(2/3)knya.

Das)— (2/3) kuya were assessed. As a result,Figures 2
and 3 were obtained. From these figues, following
information can be derived: When the chlorite con-
centration is lower than 0.2 molar, the accompanying
reaction is dominated by the hydrolysis. In this case,
the absorbent contains 0.2 molar NaOH, but the
neutralization with NaOH can be neglected in com-
parison with the hyirolysis. Figure 3 indicates that for
Cpo greater than 1.0 molar, there appears a linear
relationship with a slope of unity. Hence for such high
concentrations of NaClO,, the oxidation is the first
-order with respect to NaClO,. The third-order ((2.1)
th order) rate constant k can be calculated by eq 5
with an estimate of kyyq. The averaged value of k was
7.32x 108 (L/mol),/s. For the chlorite concentration
ranging from 0.5 to 1.0 molar, the dependence of Cgo
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Fig. 4. Relationship between Nas and Caz; for
NO:-NaClO:/NaOH system. Effect of
[NaOH] on Naz.

on N2, /(C?p2iDaz)— (2/3) kuya was very high and no
simple relationship between these two quantities
could be derived.

The influence of alkaline concentration on the rate
of absorption was investigated at a constant chlorite
concentration equal to 1.0 molar. The concentration
of NaOH was varied from 0.2 to 1.5 molar. Experi-
mental results were shown in Figure 4 as a plot of N,,
vs Cazi. The second-order dependence on NO, (that is,
slope 1.5) at different NaOH concentrations, on one
hand, remains unchanged. On the other hand, ap-
parent rate has a minimum value at a cerain NaOH
concentration. Assumisg that the prevailing reaction
is regarded as second-in NO,, the effect of the NaOH
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Fig. 5. Effect of [NaOH] on Naz/v/Ci2iDaz.

concentration on the absorption rate was calculated.
As a result, Figure 5 was obtained. For the sake of
comparison,experimental data with NO,-NaOH sys-
tem were plotted in the same figureIt is known that
the oxidative power of the chlorite increases with
decreasing the pH value of the solution (Sada et al,,
1978a). For the NaOH concentration smaller than 0.4
molar, the absorption rate in Figure 4 decreases with
the NaOH concentration, with corresponds to the
slowing down of the rate of oxidation with increaing
the NaOH concentration. Whereas it can be seen
from comparison with data on NO,-NaOH system
that the neutralization with NaOH would play an
important role in the absorption for the NaOH con-
centration greater than 0.6 molar.

NO—NaClO,/NaOH System. The reaction NO and
Cl0~, in an alkaline solution is considered to be (Sada
et al.,1978a)

2NO+Cl0~,—2NO,+CI~ (1

4 NO,+ClO,+40H —4NO;+Cl"+2H,0. (1D
The overall reaction reduces to

4NO+3Cl0; +40H™-4NO3+3Cl"+2H,0. (D

In our previous paper (Sada et al., 1978a), assuming
that the chemical reaction is regarded as m-th order
in NO and n-th order in ClO, the absoption process
was analyzed on the basis of the theory of absorption
with (m,n)th order reaction, where the gas-phase
concentration of NO, however, was restricted from
0.5 to 15 vol%. In the premsent experiment, such lean
NO as encountered in the flue gases was absorbed
into aqueous mixed solutions of NaClO, and NaOH.
Observed absorption rate of NO, N,,, was plotted
against corresponding interfacial oncentration of NO,
Cau. in Figure 6.That concentration of NaClO, was
varied from 0.25 to 2.0 molar, while the concentration
of NaOH was maintained at .10 molar. A group of
straight lines (lines 1—5) with slope of 1.5 in the same
figure represents the experimental results for high
NO concentration with percent-order of magnitude,
which was obtained in the psevious paper (Sade €j al.,
1978a). The experimental results for lower NO con-
centrations do not fall on exteded lines from lines 1
—b5. When the concentration of NaClO,,Cgo, is 1.5 and
2.0 molar, the slope of the relation of log N,, vs
logCay; is varied from 1.5 to 1.0 with decreasing Cyi;.
This implies that the order of reaction relative to NO
changes from 2 to 1. When Cgo becomes lower than 1.0
molar, there appears some gradual jump in absorp-
tion rate within the interfacial conentrations ranging
from 5% 1077 to 2x10™*mol/L. Above this transition
region,experiemntal rates gradually approach the
upper lines. Below the transition region, the slope of
plotted relations decreases from unity to slightyl less
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Fig. 6. Dependence of Cai on Nai for NO-
NaClO; /NaOH system.

with decreasing Ca.;. Therefore, the order of reaction
in NO is close to unity. The increase of absorption
rate in the transition region may be due to the pre-
sence of some intermediate species with more oxida-
tivee than ClO,. Thus, the problem in the near future
would lie in identifying the liquid-phase components.

Concluding Remarks

The absorption rate of lean NOy in aqueous mixed
solutions of NaClO, and NaOH -was measued using a
semibatch stirred vessel with a plane gas-liquid inter-
face at 25°C and 1 atm. The rate of NO, absorption
was interpreted under the fast reaction regime. The
reaction prevailed was found to be the parallel reac-
tions involving oxidation and hydrolysis, and to be
second-oredr with respect to NO,. The second-order
rate constant for the hydrolysis was evaluated as
3.09x10% L/mol s. The order of reaction relative to
ClO, was derived unity for the chlorite concentration
greater than 1.0 molar. The third order rate constant
for the oxidation was derived as 7.32x10® (L/mol)?/s
at [(NaOH)=0.2 molar. The effect of the NaOH
concentration on the absorption rate becomes signi-
ficant because of the neutralization as the concentra-
tion exceeds 0.6 molar.

For the absorption of NO, there appears a gradual
jump in absorption rate at the interfacial concentra-
tion of NO ranging 5x 1077 to 2x 107 mol/L, when the
chlorite concentration is lower than 1.0 molar. Above
this transition region, the order of reaction in NO
approaches 2 as previously derived. Below the transi-
tion region, the order of reaction in NO changes from
unity to slightly less. When the chlorite concentration

is higher than 1.0 molar, the order of reaction in NO
continuously varies from 2 to | with a decrease in the
interfacial concetration of NO.

Nomenclature

C = concentration in the liquid phase, mol/L or
M

D = diffusivity in the liquid phse, cm?/s

1 = ionie strength, g-ion/L

K = salting-out parameter, L/g-ion

k = second-order rate constant of hydorolysis
of NO;, L/mol s

Kpya = second-order rate constant of hydrolysis
of NO,, L/mol s

ke = liquid-side mass transfer coefficient, cm/s

m = order of reaction relative to absorbing gas

N = absorption rate, mol/s cm?

n = order of reaction relative to liquid-phase
reactant

n. = stirring speed in the liquid phase, rpm

Greek Letter

o = Bunsen absorption coefficient, cm?gas/
cm?-solution

Subscripts

= absorbing gas (NO)

= absorbing gas (NO,)

= liquid-phase reactant B (NaClQ,)
= liquid-phase reactant E (NaOH)
gas-liquid interface

= water

= initial value

os“'mw??

Superseript
= without reaction
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