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Abstract— A mathematical model for an absorption of nitrogen oxides into water in packed column was

developed based on the mass-transfer coefficient in packed column and the chemical reaction accompanying
NO, absorption produces HNO3 and HNO; in the liquid phase. The subsequent dissociation of HNO; in the
liquid-phase results in the formation of HNO3 and NO gas, and then this NO gas follows to be oxidized by O,
in air. The important factors influenced on the absorption of NO,, are the oxidation state of NO gas and the
partial pressure of nitrogen oxides in the gas. The efficiency of NO, absorption increases with the increase of
the partial pressure of NO,. The most critical value for using the model is the constant of (/—D—K—SIH)N204~ The
selection of 11 x 10-¢ kg-mol/atm-mZ.sec for (m;/H)N204 is resonable for this model.

INTRODUCTION

The scrubbing of NO, (nitrogen oxides) from gase-
ous mixtures of air and NO, is very important process
in production of nitric acid as well as in air pollution
abatement of industial process. Interest in this
absorption process is increasing due to current
problem in air pollution and resource recovery. The
absorption of gasecus NO, into water and dilute
HNO,;, and the gas-phase oxidation reaction of NO
provide the basis for one method of NO, removals.
Such an absorption process is accompanied by the
reactions of NO, with water, resulting in the produc-
tion of HNO, This scheme is attractive for the
proposed application because the produced HNO,
could be reused in the plant.

The most pronounced effect on the NO, conver-
sion was dependent on the variation in the oxidation
state of the gas. The second largest effect was produced
by the variation in the partial pressure of NO, in the
feed gas. In general, the NO gas has a much lower
solubility and reactivity than the NQ, , defined as the
sum of the NO, concentration and the product of two
times its equilibrium polymer concentration, N,O,
(1,2]. The higher NO, partial pressure produces a
larger proportional amount of higher molecular weight
species, which are more absorbable and reactive.

The NO,-N,0, equilibrium and the absorption of
gaseous N,0, into water are simulated mathematically
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and combined into an equation for N,O, absorption
based on the mass-transfer in the packed column. The
disappearance of liquid HNO, is simulated, resulting
in the production of gaseous NO. NO is oxidized with
O, in the gas phase. Then a mathematical expression
was developed for NO, absorption in the packed
column,

ABSORPTION MECHANISM ASSOCIATED
WITH CHEMICAL REACTION

The nitrogen oxides of interest in the gas-phase are
NO, NO, and N,0,. The basic chemical reactions at
the steady-state absorption of NO, compounds into
water or dilute HNO, may be written as follows [3-6]:

2NO, (g) ©N,0, (g) oy
N0, g)eN,0, () (2)
N,0, (¢) +H,0 (#) »HNO, (&) +HNO, () (3)
3HNO, (9) «HNO, () +2NO (g) +H,0 (0}  (4)
2NO ({g) +0, (g) ~2NO, (g) (5)

where (g) and () indicate gas and liquid species,
respectively. A review of the literature indicates that
the following assumptions about the overall reactions
may be made:

1) The NO, and N,O, are in continuous gas-phase
equilibrium[6-8],
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2) Reaction of N,Os with water proceeds by
means of a fast pseudo first-order liquid-phase reac-
tion[2,5,8-15]. When the partial pressure of NO,
is higher than 0.0! atm, this is the predominant ab-
sorplion reaction(2],

3) Liquid HNO, decomposes as described by
reaction (4) [16], and

4) Oxidation of gaseous NO occures as an overall
third-order gas-phase reaction [17-21],

Reaction (3) and (4) are sometimes combined as
{9,10,13]

3/2N,0, (g} +H,0 (1) »2HNO, (1) +NO (g)  {6)

Reaction (1) through (5) adequately describe the ab-
sorption process if the gaseous NO concentration is
below 1,000 ppm or the gaseous NO, concentration is
moderately high.

The gas phase is assumed to be saturated with
H,O consistent with the temperature and liquid HNO,
concentration. The partial pressure of HNO, is usually
taken to be zero by comparing with the NO, partial
pressures. The HNO, partial pressure is usually
smaller than the H,O partial pressure and is always
assumed to be equal or below the saturated partial
pressure.

At NO,-N;0, equilibrium, Py o, and Py, may be
calculated using the quantity a that represents the
degree of dissociation of N,O,. The partial pressure of
N,0, and NO, can be expressed in terms of NG, and
al22).

The hydrolysis of N,O, during the absorption of
N,O, into water or dilute nitric acid is essentially ir-
reversible due to low concentrations of HNO, and
HNO, in the liquid phase. The decomposition of
aqueous nitrous acid in the liquid phase is genevally
expressed as a reaction {4). The NO generated by the
decomposition of HNO, is oxidized with O, in the gas
phase. The hydrolysis of N,O,, the decomposition of
aqueous nitrous acid and the oxidation of NO in the
gas phase were interpreted in the previous paper{22].
The values of (/DK;/H)y,o, and reaction constants of K,
and K are used with the same values in the previous
papers[22,23]. Where K, and K; are the reaction rale
constant for reaction (4) and (5).

THE CALCULATION OF THE FLUX OF NO, NO,
AND N,0,

The steady-state transport of each absorbing com-
ponent, j, across both the gas and liquid film is ex-
pressed by Danckweris{24] as

[,= ~kq, (P! -P,) = (Ek,), (C!-C,! (7}

In the case of physical absorption or desorption,
the enhancement factor, E, is taken to be unity. The
absorbing species are NO, and N,O, and the desorbing
species are NO and HNO,,.

A flux of components, j, through the gas film may
be represented by [6]

D, dP

I=- 3525

o1 a5 1=k, P,-P}) (8)

A flux of component NO," through the gas film in a
steady-state process may be expressed by
INO:=IN02+21N20‘ (9)

The local absorption rate of NO,™ and NO is expressed
in terms of the gas-film mass-transfer coefficient as

APy, dp .
1N02 RT (Dnoe dNO +2DN204 szzo‘) (10
and
1 DuodPu .
ho=RT & 0

The gradient of N,O, in the gas film may be expressed
as follows:

g% :2K1P~ozd§§°’ 1
Substituting Eq. (12) into Eq. (10) gives
~lwot= RT Do+ 4Dyy0, K, Pra,) di;"’ 13
Separating the variable and integration yields:
Lo* =Ko, Pro, = Plo,)
2k om0, K1 Pho, = Pho,) ™ (14
and
Ivo=Keno Pro~Phol (i3l

The difference of NO, and NO can be expressed as:
Ia=lio} —Ino {16
Utilizing Egs. (14) and (15), 1, may be represented by
In=Kano, Pro, ™ Phoy) + 2K a0 K Fho, = Pho,)*t
=Ko Pro = Plo) {17

The absorption/desorption of the indicated gas
species through the liquid film is represented by:

or= (Ek,) NO,[CKOZ“‘CN\)J
+2 (Ekl_)Nzo‘ [C;zo‘—CNZO‘] (18
and

vo= (Ek.) v (Clo — Cyo) 19
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Difining E to be for physical absorption and assuming
that the gas-phase resistance to the absorption rate of
N,0, is negligible and that the hydrolysis reaction of
Ny, is fast pseudo-first order, i.e. Cyg, and CN204 are

negligible, Eq. (18} and (19) become to be

INOZ kLVOZCN02+2 (/DK )N204CN104 (20
and
Lvo=Kpno [Cho~ Cro) 21

Using the assumption that Henry's Law applies at the
gas-liquid interface, [C'=HP')

k. DK,

ot = (55 10,Pl, +2 (052), 0 Pl o
or
Iyoy= %)NO,PLDZH(EK)N,OJ& (Pio,)’ @3
o= () waPho ~ KinoCoo 24
and
L= a‘;{)mzmoﬁz(j:_ Yo Ko (Pho, )’
— ),0Pho +K1oCro 29

Utilizing Eq. (14) and (23), after some rearrangement,

2K, (O, o 42K Kot Phoy) 4 10,

+kc.noz} Pytqoz - ZKlku,szp:o, - kG,VzQ‘PNQZ:O
26)

Eq. (26) is a quadratic formuta of P'NOZ, and then P/ NOy
may be obtained by takmg the positive root.

The bulk-phase concentration of NO, Cyg. is
calculated from a modified Abel-Schmid’s expres-
sion[16],
~ PNo _

"N":H =
NO

Clsmoz V12 i)
) @7
( K. CH‘CNog

Substitution and rearrangement of Eq. {17) into Eq.
(25) become to be

1
Mo- ¢
Pro Ko+ (kL/}{)NO [4( Nol kmmﬁpmz
K,
+ H )NID‘K +2kcnzo‘ (Pm), a~o2pm)2
- Zka.nzo‘KIP;oz+ka.No+kL.~ocnoJ (28)

P'vo and P'yo, are determined, and then the flux of
NO,, N,O4 and NO are calculated as:
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k
To,= G )wo:Pho, @9
DK,
IN,04= ( O 3,)N20‘P:.‘,o4 (30
and

Ky

INO_ "H )NOP:(O kL,NOCNO (31)

THE CONVERSION OF NO TO NO, IN THE GAS-
PHASE OF A PACKED COLUMN

Bodenstein studies the gas-phase oxidation of
gaseous NO and confirmed the third-order kinetics
consistent with the following rate equation[17].

- 7N0:K5Pfiopoz 32

The gas flowing through a packed column is con-
sidered to be in plug-flow. At steady state the material
balance for NO around a differential gas space is

Input =Output +Disappearance

of NO of NO by reaction 63

The system is represented by the following equation

such as GPyof(RT), GPyoloy/(RT), and [G-7yol
RT] r . [nserting these terms in Eq. (33), which, after re-
arrangement and division by RT, yields:

G Pyo) ndXno= — ywodV 34
Further rearrangement yields an integral form,
1 v No 4 X
| gV = CAno -
G (Puo) n l '[; ~ Mo (33)

The reaction rate may be expressed as:

~ Iuo=Ks [ {Pro) i (1 Xxo)lz(Poz)m

(Puo)in .
(1- Z%X“} (36)
Combining terms and integration yields:
Ks Pyo) in Poy) iV 1 (1
G 1- (PNo)m/2(Poz)m 1_XN0

NO) m/z (Poz ) mX«No
I—XNO

GDNO)M/Z(POz)m 1—‘ (P
Poin "

Z(Poz)m

+ t=Q

1_

37
Solution of this polynomial involves finding the root,

X0 between zero and 1. This solution is accomplished
using a simple bisection routine.
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A MODEL FOR NO, ABSORPTION ON THE
PACKED COLUMN

The absorption phenomena involved in the
scrubbing of NO, from gas streams have been simulat-
ed for an incremental column volume as shown in Fig.
1. The change in component partial pressures and
concentrations, as well as gas and liquid flow rates in
the increment, may be neglected. The gas-phase is
assumed to be ideal and isothermal conditions. The
mathematical model is developed to be used in the
computation of the partial pressure of gas species
leaving the increment and concentration of liquid
species entering the increment. The mathematical
model developed is based on mass-transfer data for
packed column and chemical reaction information for
the NO,-H,0-HNO, systems.

The steady-state gas-phase performance equation
for the incremental absorption phenomena of NO,*
and NO may be expressed as

input =output +disappearance +disappearance/

due to gas-  appearance due

phase reaction to absorption

or desorption
38
In the above equation, the disappearance terms are
positive while the appearance terms are negative. The
molar input of the component, j, to the column incre-

S\

(Cx NOgJin (PNO)our
{CHM)a)m |PN02 * Jout
a.
(Chnoglow (PNO)in
(CHNOour (N0 i

M

Fig. L. Representation of Incremental volume in
a packed column.

ment may be represented as (P),/RT, while the out-
put is (P),/RT.

The extent of the gas-phase oxidation of NO to NO,
occurring in the increment, Xy, is computed and used
to adjust the molar rates of NO and NO, leaving the
increment as +{G Pyo Xy /(RT)}.

The molar rate of disappearance or appearance of
NO," and NO in the incremental gas-phase is obtained
asa ([No; a-AV) and (Iyga4V). The termV is the incre-
mental column volume. The developed mass balance
equation in the gas-phase performance yields[23]:

G (Pno:) m_ G (Pm):) out

— (o, + 20, 2" AV

RT RT
GPut .
G (PN())ln — G (PNO)out+ aNo) aAV+ GPNOXE@O)

RT RT RT

An overall steady-state performance equation for
the liquid-phase of the incremental absorption reaction
phenomena with respect to aqueous nitric and nitrous
acids may be expressed as:

input of=output of — production from
HNO, HNO, reactions

—production from
decomposition of HNO, 41

input of =output of - appearance
HNO, HNO, from reaction

~+decomposition
of HNO, 42

The production of nitric acid in the increment due
to the decomposition may be represented by {1/2
k; no [Cno=Chol} and the appearance of nitrous acid
by {-3/2 k. no (Cno=Cho)}- Incorporating these rela-
tionships into the liquid-phase performance equations
yields:

L (CHNO,) m=L (CHNoz) out™ (1/ZIN02+IN20‘) a-Av

+1/21yo a-AV #3)
L (CHNoz) w=L (CHNOZ) out (1/21N0+IN20‘) aAv
—3/21y0a- AV 44

By knowing or assuming (Pyg,)i (Pnoda (Cinogour
and (Cyno,)ou the absorption efficiency of NO,, Xyo .
may be calculated at the increment from Eq. (39) and
(40) provided Iyo,, In,0, and Iyo may be calculated. By
using multiple increments, the NO, removal perfor-
mance of a packed column of any finite height can be
modeled. An incremental height of 1 cm was used in
these calculation.

Korean J. Ch. E. (Vol. 6, No. 4)
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For the mass-transfer coefficient in the packed
column the values of k; and a were calculated from
correlation by Onda et al.{25].

kRT o G erp He aas -2.0
——— =2 i —)% (=) ’ <
oy 20 az#c) ‘PGDG) (a,d,) 43
a (Oc o1 ¢ g 0.1
£ —1- —1.45(=*¢ (—
. 1-exp(—1.45 aL) a!m)
2 72
(L i a, ) -0.08 (.._Lf"g 02 {46)
piE pLo.a;

Also, the value of k, was taken from experimental
results by Mohunta et al.[26].

. Al 2,9 . ﬂL_)l/9 — P ,ULL/?,_a‘tB? 14
k.a (ﬁgm ) Lg—rpL 0.0025 (= R )
ML 2 -
(e (4.>
DISCUSSION

The program is designed to predict NO, absorption
efficiencies. The program moves increment by incre-
ment up to the top of a column iteration. Column itera-
tions that are at least equal to the number of incre-
ments are required, due to the gas-liquid equilibrium
expressed in reaction (4). When a molar balance of
acid produced to NO, absorbed is achieved, the pro-
gram becomes to be converged to a solution.

The most effect on the absorption of NO, is the
oxidation state of the gas because the solubility of NO
gas is much lower than the NO, and N,O,. The next
largest effect is the partial pressure of nitrogen oxides
in the feed gas. The higher partial pressure of nitrogen
oxides give more absorbable and reactive. This is ex-
plained by the increase of the driving force for the
NO, absorption.

The most critical value is the constant of (DK
Hy,0,, ranging from 5.7x107 to 11x10™* kg-mol/
atm-m’sec. Model prediction of Xno, were calcu-
as the value of (/DKyH)y,o, is reasonable through the
the various investigators. The NO, efficiencies pre-
dicted by this mode] are compared with the experi-
mental data in the next paper (part I){27]. As shown
in figures in the paper the model prediction shows
to be good agreement with the experimental data.
In this study to select 11x10™* kg-moliatm-m*sec
as the value of (/DK;/H)y,q (IS reasonable through the

comparison with the experimental data.
CONCLUSION

1. A mathematical NO, absorption model for
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packed column was developed based on mass-transfer
information, chemical reaction and mechanistic phe-
nomena specific to the NO,-HNO3;-HNO,-H,O system.

2. This model agrees with the experimental results
quite well. This model could be useful for NO, absorb-
er design.

NOMENCLATURE

a : gasliquid interfacial area per unit volune
(m%m?]

a, : total surface area of packing per unit volume
[m™]

G, : liquid-phase concentration of component j
[kg.mol/m’]

¢, interfacial concentration of component j [kg:
mol/m?]

D, : diffusivity of component j [m?s]

D, : diffusivity in the gas phase {m%s]

D, : diffusivity in the liquid phase[m¥s]

E . enhancement factor [-]

G : gas flow rate [m?s)

G’ : superficial mass velocity of gas [kg/m?-s]

L : superficial mass velocity of liquid [kg/m?-s]

g gravitational constant [m?s]

H, Henry's law constant of component j [m®
ativ/kg mol]

L . local absorption rate of component j [kg-mol/
ms]

K/ : rea]ction rate constant for reaction i {(kg-mol/
m) 7s]

kg, gas-phase mass-transfer coefficient for com-
ponent j[kg-mol/m%atm-s]

k,, liquid-phase mass-transfer coefficient for com-

ponent i [kg-mol/m*atm-s]
Kp 1 : pressure equilibrium constant for reaction (1}

[atm]
L . liquid flow rate [(m%s]
NO," - NO,+2N,0,
NO, : NO+NO,
P, : partial pressure of gas compoent j [atm]
R : gas constant [m*atm/kg-mol-K]
T : absolute temperature [K)
V. : volume of column [m?]

Xno ¢ conversion fraction of NO [-]

Greek Letters

T . residence time [S]

AV incremental column volume [m®%
o, . critical surface tension [kg/s]

o . surface tension [kg/s)

Ma : viscosity of gas [kg/m-s]
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10.

12.

Absorption of NOy in Packed Column (1)

: viscosity of liquid [kg/m:s]
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