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ABSORPTION OF DILUTE NITRIC MONOXIDE IN
AQUEOUS SOLUTIONS OF Fe(Il)-EDTA AND MIXED
SOLUTIONS OF Fe(ll-EDTA AND Na,SO;

Masaakl TERAMOTO, SHin-ICHIRO HIRAMINE,

Yuzo SHIMADA, YosHiHIRO SUGIMOTO AND

Hirosar TERANISHI

Department of Industrial Chemistry, Faculty of Industrial Arts,
Kyoto Institute of Technology, Matsugasaki, Kyoto 606

Absorption rates of NO in aqueous solutions of Fe(II)-EDTA chelate as well as in mixed
solutions of Fe(I)-EDTA and Na,SO; were measured using a stirred vessel with a free flat gas-

liquid interface and a bubble column.

The rate constants of the complexing reaction of NO with Fe(ID-EDTA were determined
on the basis of the theory of gas absorption accompanied by a reversible reaction. The
chemical equilibrium constants were also determined at various pH values. Tt was found that
the rate constant was of the order of 10° //g-mol-sec and that the equilibrium constant was
about 10° //g-mol at 25°C. These values are much higher than the corresponding values of

the reaction between NO and Fe(II) in the absence of EDTA.

The mechanism of the absorption of NO in mixed solutions of Fe(II)-EDTA and Na,SO;
was deduced from the observation that the absorption efficiency decreased in the early stage of
absorption and then increased to some steady value. The absorption rates were satisfactorily
explained on the assumption that NO coordinates to Fe(Il) (EDTA) (SOj ") irreversibly.

It was also found that the absorption rate of NO in the aqueous solution of Fe(I)-EDTA
was much higher than those of other liquid absorbents so far investigated.

Introduction

Removal of NO, in flue gases has recently become
important preventing air pollution, and many pro-
cesses to remove NO_ by liquid absorbents as well as
solid-catalyzed reactions have been proposed. Re-
cently it was shown that aqueous solutions of Fe(Il)
chelates, especially Fe(II)-EDTA chelate, are prom-
ising liquid absorbents of NO because of their
very fast absorption rates and easy regeneration*'#),

When NO is absorbed into Fe(Il) chelate solutions,

Received September 16, 1977. Correspondence concerning this article
should be addressed to M. Teramoto. S. Hiramine is now with Kao Soap
Co., Ltd., Tokyo 103 and Y. Shimada is at The Inst. for Chem. Res., Kyoto
Univ., Kyoto 611.
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it coordinates to Fe(II). As absorption proceeds, the
absorption rate decreases because of the consumption
of Fe(lI)-EDTA and the reversible nature of the
complexing reaction. However, if some reducing
agents such as Na,SO;, which can reduce NO co-
ordinating to Fe(Il), are added to the solution, high
absorption rate can be maintained.

The purpose of this paper is to investigate the
chemical equilibrium and the kinetics of the complex-
ing reaction between NO and Fe(II)-EDTA and the
absorption mechanism of NO both in the absence and
in the presence of Na,SO;, using a bubble column and
a stirred vessel with a free flat gas-liquid interface.
The effect of experimental conditions on the con-
version of NO to N,O was also examined.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



1. Experimental

Two types of gas absorbers were used, i.e., a bubble
column and a stirred vessel. The bubble column was
2.5 cm in diameter. A nozzle (1.6 mm) or a ball filter
(G1, 15 mm) was used as the gas distributor. The
liquid volume was 80 m/ and the gas flow rates were
about 300 and 600 Nm//min.

The stirred vessel, 7.5 cm in diameter, was equipped
with four vertical baffles and two stirrers, a Teflon-
coated magnetic stirring bar (4.0 cm in length) in the
liquid phase and a propeller-type stirrer (4.4 cm in
diameter) in the gas phase. In most of the experi-
ments, the stirring speed of the liquid phase, n,, was
adjusted at 450 rpm and that of the gas phase, ng, at
1800 rpm. The vessel was filled with 300 m/ of the
solution and the mixture of NO and N, was introduced
above the free liquid surface at a flow rate of 300 or
600 Nm//min. and NO was absorbed through the free
gas-liquid interface. The concentration of NO was
measured by a Shimadzu CLM-201 type NO,
monitor, and the absorption rate of NO was calculated
from the gas flow rate and the difference between the
concentrations of NO in the feed and effluent gases.
The determination of N,O in the effluent gas was
carried out by a gas chromatograph (column packing:
Porapack Q, 2 m; carrier gas: helium; column tem-
perature: 50°C). The chelate solutions were pre-
pared by adding equimolar amounts of FeSO, and
EDTA-2Na to deionized water in an atmosphere of
nitrogen, and pH of the solution was adjusted by
NaOH or H,SO,.

The details of the experimental apparatus and
procedure were described elsewhere®'".

2. Predictions of Physical Properties and Mass Trans-
fer Coefficients

The gas-phase and liquid-phase mass transfer co-
efficients at the free gas-liquid interface of the stirred
vessel used in the present work were correlated with
the stirring speeds of the impellers by the following
equations at 25°C™™,

ky=4.33x 10724 (SO, in N) 0
k,=3.19% 10~#%7  (CO,-water) )

The values of k, and k,; for the transfer of NO
under other conditions were estimated by the following
empirical equations®.

kgoo(pg/pe)”* DY? (3)
kroo(pr/ur)"*"DY? €

The liquid-phase diffusivities of NO and Fe(II)-EDTA
and the gas-phase diffusivity of NO were estimated
by Wilke-Chang’s equation® and Chapman-Enskog’s
equationV, respectively. In estimating the molar
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Table 1 Physical properties of liguid absorbents
Temp. [Fe(Il)- [Na,SO;] o u“ D x10° H

b 5] [ e

.0 0.89 2.51 521

25 0.01 0 1
25 0.02 0 1.0 0.907 2.48 521
25 0.03 0 1.0 0.917 2.47 521
25 0.01 0.75 1.09 1.32 1.77 951
25 0.02 0.25 1.03 1.02 2.20 637
15 0.02 0.25 1.03 1.28 1.70 532
35 0.02 0.25 1.03 0.852 2.74 763
10 N T T T T I T T T T ] T T T T
RN [Fe(D)-EDTA1=0.01M -
L \\ ¥ =296 ppm ~
N Q =600 Ncc/min
[ = \\\ pH: 7.47— 7.53 -
\
1 05| N K =1.67x10° l/mol  —
o i /\'\\ Experimental :
Eqg.(16)
0 TR S N A N N B B | l~‘.—_ 1
0 50 100 150

Fig. 1 Time-course of 7 in the absorption of NO
in Fe(I1)-EDTA solution (bubble column with ball
filter)

volume of Fe chelate, the contribution of Fe was not
taken into account because the atomic volume of Fe
had not been reported. It was confirmed, however,
that the error due to this approximation was at most
5% because of the very large molar volume of EDTA
compared with the atomic volume of Fe. Solubility
of NO in the liquid absorbent was evaluated by the
method of van Krevelen and Hoftijzer'®.
o =10FsT ®)
ky=x,(NO)+x,(Na*)+x,S0%7) 6)
where x,(NO) is —0.1931'®, x,(Nat) is —0.0183™",
x,(SO%) is 0.3275" and «a, is 0.0430 m//m/® at
25°C. Under the conditions studied the concentra-
tion of Fe(Il)-EDTA was relatively low (<<0.04 M),
and therefore the contribution of Fe(I)-EDTA to the
solubility was neglected. The physical properties of
the absorbents are summarized in Table 1.

3. Results and Discussion

3.1 Absorption of NO in Fe(II)-EDTA solutions

1) Chemical equilibrium constant The equilibrium
constant of the complexing reaction (a) was measured
by means of a flow method.

NO-+Fe(I-EDTA = Fe(ID(EDTA)(NO) (a)
The diluted NO was. introduced into the bubble
column containing 80 m/ of Fe(II)-EDTA solution,
and the time-course of %, the absorption efficiency of
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Fig. 4 N, vs. A; (stirred vessel, [Na,SO;]=0)

NO, was measured. A typical example of the data is
shown in Fig. 1. The absorption efficiency gradually
decreased and when chemical equilibrium was attained
no more NO was absorbed. Based on this figure, the
value of the equilibrium constant K was calculated
from the following equations.

K=[Fe(II)(EDTA)(NO)L./(INOI[Fe(I)-EDTA],)

0
[NOJ,—Py,/H
[Fe(ID)-EDTA],=[Fe(l)-EDTA],,,
—(GMyf/L)S:n di+[NOJ, ®)

[FeaD(EDTAXNO)]e=<6Myf/L)§:v dt—[NO,
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Figure 2 shows the temperature dependence of K at
various pH values, where the data of Tanaka et al.*¥
are also shown. The value of K is in the order of
10° l/g-mol and is about four orders of magnitude
over that in the absence of EDTA®Y.

2) Reaction rate constant The effect of pH on ab-
sorption rate was investigated with the stirred vessel,
and is shown in Fig. 3, where y, is the concentration
of NO in the effluent gas. This figure indicates that
N, does not change with pH above 4.6, whereas at
pH=243, N, is quite low. This is explained as
follows. In the pH range above approximately 4,
Fe(ID-EDTA (normal chelate) is almost quantita-
tively formed from the equimolar amounts of FeSO,
and EDTA, whereas at pH=2.43, the concentrations
of Fe(I)-EDTA and Fe(I)-HEDTA (protonated
chelate) formed under the condition shown in Fig. 3
were calculated to be 0.0017 and 0.0040 M, respec-
tively*?, and the total concentration of these chelates
was only 0.0057 M. This low concentration is the
cause of the low absorption rate.

The plots of N, vs. 4, for various concentrations of
Fe(I)-EDTA are shown in Fig. 4. Absorption rate
was not increased by adding excess of EDTA. The
reaction rate constant of reaction (a) was determined
from the theory of gas absorption accompanied by a
reversible chemical reaction. The approximate ab-
sorption rate based on the film model is expressed by

NA:,BkL(Ai_AO) (9)

with

B=I[ré{Utanh (FEN(B — DI(Bo— B)+(B—1)(Ao/4.)}
—reqo(B’— B)—[r&AUsinh(rE}(B.— DB —B)
F(B—1)(Ao/ AN Ao/ A)—1 g (B — B.o)] (10)

where

= «/m_xa//% (11
e= sz =5 () (12)

U=(B—D{(F’ —18)'1_(18_1)(A0/Ai)}{l_'(Al}/Ai)} (13)
Here 8., is the reaction factor for the case when the
reaction (a) is instantaneous and reversible!®, and 5’
that corresponding to an instantaneous irreversible
reaction®.

Bo=14KByro/(1+KA;ro[rz) (14)
B'=1+rzqp (15)

There absorption rate based on the penetration model
was approximated by Egs. (9)—(15) in which the terms
representing diffusivity ratio are replaced with their
square roots. Because absorption mechanism through
a free gas-liquid interface follows the penetration
model rather than the film model*®*" the former
model was adopted in this work. As initial reaction
rates were measured, the value of 4, in these equations
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could be taken as zero. The value of k thus obtained
at 25°C is 1.7x 10® //g-mol-sec in the pH range 4.6-
8.0. At pH=7.7, the values are 0.8 x 10® and 2.6 X
108 I/g-mol -sec at 15°C and 35°C, respectively. Under
the conditions studied, g, ranged from 5.6x10* to
6.5%10% 7 from 1800 to 3400, 8 from 1480 to 2970,
8’ from 1.7x10* to 2.2x10°, 8., from 2900 to 20600,
ys from 75 to 300 ppm and y, from 29 to 160 ppm.
The rate constant is markedly high and about 300
times higher than that of the complexing reaction
between NO and Fe(II) in the absence of EDTA®),
and about 50 times higher than that of the reaction
between NO and KMnO,’™. The solid lines in Fig. 4
represent the absorption rates calculated by Egs. (9)-
(15) with k=1.7x10®% //g-mol-sec and K=1.6x10°
l/g-mol. The agreement between observed and cal-
culated results is satisfactory.

3) Interpretation of » vs. time curves Simulation of
the time-course of 7, which was obtained with the
bubble column and is shown in Fig. 1, was carried out
based on the assumption that the effluent gas was in
equilibrium with the liquid because of very fast chemi-
cal reaction rate. Based on this assumption, » at the
start of absorption is unity because no NO complex
exists in the liquid and therefore reaction (a) can be
considered irreversible at #=0. This initial condition
was approximately satisfied in the present absorption
system, as shown in Fig. 1. The % vs. time relation
is expressed as follows:

LN Cl)) ot SR St/ N
(m+1y 7 mtlm(i—y)+1

where m=KPy;/H and n=[Fe(I[)-EDTA);;L/Gyy;.
It is seen from Fig. 1 that the calculated line based on
Eq. (16) agrees fairly well with the experimental result.
It must be noted that Eq. (16) cannot be applied to
the case where the reaction rate is not so fast.
3.2 Absorption of NO in mixed solutions of Fe(II)-
EDTA and Na,SO;
1) Reaction mechanism When Na,SO; is added to
Fe(ID-EDTA solution, the colour of the solution
changes from yellow to deep yellow. It was found
from the UV and visible spectra of the mixed solutions
of Na,SO; and Fe(I[)-EDTA that the presence of
Na,SO, markedly influences the spectra, indicating
that there exists an interaction between Fe(II)-EDTA
and SO%~.

Fe(I[)-EDTA } SO%~ = Fe(I(EDTA)SO2")  (b)

When NO is absorbed into mixed solution of Fe(II)-
EDTA and Na,SO,;, NO probably coordinates to
Fe(Il) according to reaction (c), and then it is sup-
posedly reduced by Na,SO; to produce N,O, sodium
sulfamate, sodium disulfamate and sodium dithio-
nate'®.

(16)

YOL. 11 NO. 6 1978

Fe(I(EDTA)(SO%™)

+NO = Fe(I(EDTA)(SOZ™)(NO) (©)
The time-courses of 7 observed with the bubble
column are shown in Figs. 5(a)-8(a). At the early
stage of the absorption, » is quite high. However,
as the absorption proceeds 7 decreases to a minimum
value 7., and then increases to a value slightly
lower than the initial value. As shown in Fig. 5(a),
as [Na,SO;,] increases, 7.,;, decreases and 7 is restored
to the higher value. It is shown in Fig. 6(a) that
Pmin and the time required to reach »,,;, decrease with
an increase in y;, the concentration of NO in the feed
gas. Based on these very interesting phenomena the
following reaction mechanism may be deduced. The
decrease of » in the initial stage of the absorption is
probably due to the accumulation of NO complex and
the consumption of Fe(II) chelate. In this stage the
reduction rate of NO complex is not so fast that con-
siderable amount of NO complex may accumulate in
the liquid. The rate of elimination of NO by Na,SO,
from the NO complex which is formed in the early
stage of absorption is probably slow. However, this
complex gradually converts to some complex which
can be easily regenerated by Na,SO; to form NO free
Fe(Il)-EDTA, and this results in the increase in 7
with time. The supporting evidence that the fast
reduction of NO complex proceeds in the second
stage is the fact that the evolution of N,O begins to
increase in this stage as shown in Figs. 5(b)-8(b).
Furthermore, Fig. 9 shows the 7 vs. time relation
observed when Na,SO; was added to the liquid in the
course of absorption into Fe(II)-EDTA solution. It
is seen that » increases rapidly just after the addition,
and thus the reduction of Fe(I(EDTA)(NO) which
has been formed in the absence of Na,SO; is consid-
ered to be rapid. Although the detailed mechanism
is not clear, the following mechanism is presented

here.

Fe(II)-EDTA4-80; ™ = Fe(IN(EDTA)SO0:~) (b)
Fe(ID(EDTA)(SO;™)+NO = Fe(II)(EDTA)(SO:™)}(NO) (c)

I S03-
© -S037{(d)

—~(SO3~)(NO)(e)
Fe(II)-EDTAE(gg)s—Fe(II)(EDTA)(NO)

NO
(@)

When NO dissolves in the mixed solution of Fe(II)-
EDTA and Na,SO;, both Fe(ID(EDTA)NO) and
Fe(II) (EDTA) (SO27) (NO) are formed via reactions
(a) and (¢). The former is easily reduced by Na,SO,
via reaction (g), as shown in Fig. 9. The latter is
considered to be produced much more than the former
because the equilibrium of reaction (b) shifts to the
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Fig. 8(a) Effect of temperature on %

right. The complex Fe(IDN(EDTA)(SO:~)(NO) re-
leases SO~ to produce Fe(I)(EDTA)(NO), which
can be easily reduced by Na,SO; with the formation
of Fe(IN(EDTA)(SO2™) (reaction (g)). There is some
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possibility of reactions (¢) and (f). In the presence
of NO, Fe(ID-EDTA probably does not react with
SO%~ to a great extent because of marked reactivity
of NO with Fe(IDEDTA. If it is assumed that reac-
tions (d), (¢) and (f) are slow compared with reaction
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(g), and also that gradual conversion of Fe(Il)-
(EDTA)(SO0?7) to Fe(ID)-EDTA through reactions (d)
and (e) occurs during the reaction, the behavior shown
in Figs. 5-8 can be satisfactorily explained in the
following manner. When [Na,SO;] is high, the equi-
librium of reaction (b) shifts to the right and .,
decreases. However, after most Fe(I(EDTA)(SO?™)-
(NO) is converted to Fe(I)(EDTA)NO), higher con-
centration of Na,SO; makes reaction (g) faster, the
steady-state value of [Fe(Il[)-EDTA] higher and there-
fore the restored value of % higher, as shown in Fig.
5(a). When y; is high, relatively high concentration
of Fe(IND(EDTA)(SO:)(NO) accumulates in a short
time, and 7.;, as well as the time required to reach
Vmin decrease, as shown in Fig. 6(a). Effect of [Fe(1I)-
EDTA] is shown in Fig. 7(a). It is a matter of course
that »,,;, increases with an increase in [Fe(I[)-EDTA].
As shown in Fig. 8(a), a considerable temperature
effect was observed. With increasing temperature,
Pmin iDCreases. This is probably due to the high
activation energies of reactions (d) and (g) compared
with those of reactions (a) and (c).

It was also confirmed by absorption of NO,
diluted by helium and free from N, in a mixed solu-
tion of Fe(II)-EDTA and Na,SO,, that N, was not
formed in the reduction of NO-Fe(Il) complex by
Na,SOs.

The molar ratio of NO absorbed to SO~ consumed
was determined under the following conditions; y,:
2000, 5000 ppm; [Fe(I)-EDTA]: 0.01, 0.02, 0.03 M;
[Na,SO,]: 0.1, 0.25M; pH 7; temperature: 25°C.
The concentration of SOZ~ was determined by redox
titration using a pH meter with a platinum electrode.
The ratio thus obtained was about 1.4, irrespective
of the reaction condition.

2) Absorption rate Figure 10 shows the effect of
[Na,;SO;] on absorption rate in the stirred vessel. It
is seen that N, does not depend on [Na,SO;] in the
range 0.05-0.25 M. From the concentration depend-
ence of N, shown in Fig. 11, N, can be empirically
expressed by

N, =+ k'[Fe(I)-EDTA]D ,A4; )
This equation corresponds to the gas absorption rate
accompanied by an irreversible pseudo first order
reaction in the range y>3%. It was also found that
N, was not influenced by k;. Thus it is concluded
that the reaction (c) can be considered irreversible,
probably owing to the interaction of NO with SO}~
which coordinates to Fe(II). The rate constant is
1.4 10® J/g-mol-sec at 25°C, and this is a little smaller
than the rate constant of reaction (a). The ranges of
the values of the parameters in this experiment are as
follows; y and B: 1810-3430; 8’: 1.8x10%-2.3x10%;
Vo: 36-160 ppm. It was found that the rate constant
was little dependent on temperature in the range
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Fig. 11 N, vs. A; (stirred vessel)

from 15 to 35°C.

To study the effect of the experimental condition
on the absorption rate at relatively high values of &k,
a series of experiments were carried out with the
bubble column. The value of k, for “large bubbles”
(>2.5 mm in diameter) estimated by the equation of
Calderbank et al.® was 0.036 cm/sec, and about 12
times larger than that at the free surface of the
stirred vessel. The plots of R, vs. (y);, for various
concentrations of the chelate are shown in Fig. 12.
The following equation is derived by assuming that
the flow pattern of the gas is plug flow and that Eq.
(17) also holds in this case.

R, =Sk [Fe(I)-EDTAID ,P(y)1n/ H (18)
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Fig. 13 Comparison of absorption rates of NO
in various liquid absorbents

The ranges of the estimated values of the parameters
are as follows; y: 90-260; B’: 1.0x10*-2.9x 10%.
These values satisfy the relation B'>y>3, the con-
dition for Eq. (17) to hold. It can be seen that the
plots shown in Fig. 12 are in accordance with Eq. (18).
The total gas-liquid interfacial area estimated from
Eq. (18) with k'=1.4x108%//g-mol-sec was about
40 cm?.
3.3 Comparison of absorption rates into various
liquid absorbents

Comparison of the absorption rates of NO into
various liquid absorbents is shown in Fig. 13. All
these data are absorption rates of NO through the
free gas-liquid interfaces of stirred vessels under con-
ditions where the gas-phase mass transfer resistances
were negligible, absorption proceeded in the region
of pseudo m-th order reaction and its rate was not
influenced by k,. It is clearly shown in this figure that
the absorption rate of NO in the aqueous solution of
Fe(Il)-EDTA is markedly high in spite of quite low
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concentration of Fe(II)-EDTA.

Conclusion

The equilibrium constant and the reaction rate con-
stant of the complexing reaction of NO with Fe(Il)-
EDTA were determined. These values were very
large, of the order of 10° //g-mol and 10® //g-mol-sec,
respectively.

A plausible mechanism of the absorption of NO
into mixed solution of Fe(II)-EDTA and Na,SO;,
which can explain the experimentally observed time-
course of 7, was presented. Based on the absorption
spectra of the mixed solutions, the presence of the
interaction between Fe(I)-EDTA and SOj~ was con-
firmed. This interaction was considered to play an
important role in this absorption system.

The absorption rate of NO in Fe(II)-EDTA solu-
tion was found to be markedly high compared with
those in other liquid absorbents in spite of very low
concentration of Fe(II)-EDTA.

Nomenclature
A = concentration of NO in liquid [g-mol/cm?]
B = concentration of Fe(I[)-EDTA [g-mol/cm?]
C = concentration of Fe(Il) (EDTA) (NO)
[g-mol/cm?]
D = diffusivity [em2/sec]
Gy = total molar flow rate of gas [g-mol/sec]
H = Henry constant [atm-cm?/g-mol]
1 = ionic strength [g-ion/l]
K = equilibrium constant of reaction (a) [cm?®/g-mol]
k = reaction rate constant of reaction (a)
[cm?®/g-mol - sec]
k’ = reaction rate constant of reaction (c)
[cm?/g-mol -sec]
ke = gas-phase mass transfer coefficient
[g-mol/cm?-sec-atm]
ky, = liquid-phase mass transfer coefficient [cm/sec]
ks = salting-out parameter [//g-ion]
L = liquid volume in absorber [cm?)
Ny = absorption rate of NO [g-mol/cm?-sec]
ng = rotational speed of gas-phase impeller [rpm]
ny, = rotational speed of liquid-phase impeller [rpm]
P = total pressure [atm]
q7 = Jo/d; (J=B, C) [—]
R4 = absorption rate of NO [g-mol/sec]
ry = Dy;/D4 (J=B, C) [—]
S = total gas-liquid interfacial area [cm?]
t = time [sec]
Xa, Xe, X; = contributions of anion, cation and solute
gas to ks, respectively [//g-ion]
y = concentration of NO in gas phase
[mole fraction or ppm]
YN0 = concentration N,O in gas phase
[mole fraction or ppm]
a = Bunsen absorption coefficient
[N m//m/ solution]
B = reaction factor —
8 = reaction factor for infinitely fast
irreversible reaction [—1
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Beo = reaction factor for infinitely fast
reversible reaction [—1
14 = «/k[Fe(T) —EDTA]D j/k; or

i = absorption efficiency (fraction of NO
removed) -]

P B _@—1,<ﬂ>

Pl B'—1 B'—1\4,

viscosity [poise]
= density [gfem?]

> " M
I

2N

Subscripts)>
= NO
= Fe(ID-EDTA
= Fe(ID(EDTA)YNO)
= equilibrium
feed
gas
= gas-liquid interface
initial
liquid
= water
= bulk liquid

i
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