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Abstract : Attempt hasbeen madetoinvestigatethe
reaction kineticsof scrubbing of nitric oxideinto aque-
oussodium hypochloritescrubbing solutioninalab scae
bubbling reactor. Theeffect of variousoperation vari-
ablessuch asnitric oxideand sodium hypochlorite con-
centration, initial pH, and temperature etc. was criti-
cally examined. Nitric oxide absorption reached to
maximum valueat aninitial pH of 5.5 and thereafter
absorption decreased dowly dueto reduced oxidizing
ability of scrubbing solution ashigher pH. Theabsorp-
tion processfollowed first-order kineticswith respect
to both nitric oxideaswell assodium hypochlorite. The

INTRODUCTION

Nitrogen oxides (NO,) and sul phur oxides (SO )
are the main air pollutants found in the flue gases
emitted from chemical plantsand power plants. Tech-
nologiesfor removal of sulphur oxides has attained
an advanced stage of development, however, it is
not so in case of controlling NO_emission. More
than 90% of NO, emitted from power plants consist
of nitric oxide (NO) which isrelatively inert.

Absorption of NO can be carried out either by
using strong oxidative absorbent or by complex form-

pre-exponentid frequency factor and activation energy
were determined. The absorption rate of nitric oxide
into agueous sodium hypochlorite solution under the
fast-reaction regime may be expressed by:
R,,=\k,xDxC. xC

NOi NaOCl
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ing reagents. Wet scrubbers have been the work-
horses of the chemical industry for decades and suc-
cessfully used for removal of several acidic gases.
In general, additives are added into scrubbing sys-
tem to oxidize relatively inert NO into NO, which
can be subsequently removed by a kaline absorbent.
Aqueous sol utions of numerous oxidative absorbents
such as hydrogen peroxidel¥, per acidi?, organic ter-
tiary hydro peroxides!®, sodium chloritel* -3,
KMnO,* % and chlorine dioxide™-*? have beenin-
vestigated to determine their efficiency in the re-
moval of NO..
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Several other liquid absorbents, namely FeSO,/
H,SO,, Fe(I)EDTA, Na,SNaOH, Na,S,0,/NaOH,
Na,SO,, FeSO,/Na,SO,, and urea have also been
exploredinthe past to removeNO, from the exhaust
gases. Kustin et a™ reported the absorption of NO
in agueous sol ution of FeSO, and found that the re-
action followsfirst order kinetics both with respect
to NO and FeSO,. Sada et a!** studied the kinetics
of NO absorptionin agueous alkaline KMnO, solu-
tions and reaction was found to be first order with
respect to both NO and KMnO,. Uchidaet al'* also
studied NO absorption in aqueous a kaline solutions
of KMnO, in astirred tank absorber. Absorption of
NO in agueous mixed solutions of NaClO, and
NaOH has been studied by Sada et al.[*® The reac-
tion was found to be second order with respect to
NO and first order with respect to NaCIO,. Baveja
et al™ have studied the kinetics of liquid phase oxi-
dation of NO in agueous H,O, solutions and reac-
tion was found to befirst order with respect to both
NO and H,O,. Takeuchi et all*® investigated that the
absorption of NO in agueous solutions of Na,SO,
was accompanied by a fast pseudo-second order
reaction with respect to NO and zero order with re-
spect to Na, SO,

Teramoto et al* measured the absorption rates
of NO in agueous solutions of Fe (I1) EDTA. The
reaction was found to be first order with respect to
both NO and Fe (11) EDTA. Warshaw!*® studied the
absorption of nitrogen oxides into aqueous acidic
ureasolution. Itispertinent to mention herethat aque-
ous acidic urea solution cannot be used for an ex-
haust gas which contains mostly NO (asin the case
of fluegasfrom power plants). Khan and Adewuyi*l
studied the absorption-oxidation process of NO by
aqueous solution of Na,S,0, in abubbling reactor.
Na,S,0, proved an economical agent for NO, re-
moval in gas-liquid contactors due to its low cost
and environmentally benign nature. Guo et d'® used
Fenton reagent for NO removal. Kineticsof NO ab-
sorption in aqueous iron (I1) thiochelate solutions
were investigated by Shi et a? Recently, Mondal
and Chelluboyana®! investigated combined SO, and
NO removal from simulated gas stream by NaOCI
and observed 100% SO, and 92% NO removal effi-
ciencies respectively. Chen et a® aso used so-

dium hypochlorite asthe oxidative absorbent for NO
absorption.

Sodium hypochlorite has high oxidative ability
in acidic medium and can be used as an effective
additivefor NO,_control inwet flue gasdesulfuriza-
tion scrubber. Inadequate studies have been madeto
investigate the oxidative absorption of NO into so-
dium hypochlorite solution; therefore, the present
manuscript attemptsto study the absorption kinetics
of NO into sodium hypochlorite solution and to ex-
aminetheeffect of various operation variables such
as concentration of NO and sodium hypochlorite,
initial pH value, and reaction temperature etc.

THEORETICAL BACKGROUND

Henry’s constant for NO in water is very small
i.e.1.218x10° M/atmat 45°C.[4 |t suggeststhat NO
has poor solubility inwater. Therelatively inert NO
is firstly oxidized into NO, which is subsequently
absorbed into scrubbing solution. Hypochlorous acid
formed by acidic hydrolysisof sodium hypochlorite
will oxidize NO into NO, (Eq. 2) followed by ab-
sorption (Eg. 3) of the later into agueous HOCI so-
lution. The plausi ble mechanism of reaction between
NO and sodium hypochloritein presenceof sulphuric
acid may be summarized asfollows:
2NaOCl + H,SO, — 2HOCI + Na,SO, (1)
NO + HOCI — NO, + HCI (oxidation) (2)
2NO,+ HOCI + H,0—»2HNO_+ HCI (absorption) (3)

From the above steps, the overall reaction be-
tween nitric oxide and agueous sodium hypochlo-
rite may be written as:

2NO + 3NaCIO + H,0 — 2HNO, + 3NaCl (4)
EXPERIMENTAL

Kinetic study of scrubbing of NO into NaOCI
solution was carried out in a lab scale lab scale
bubbling reactor. A schematic diagram of the experi-
mental system is shown in Figure 1. The flue gas
cleansing unit included a simulated flue gas supply
system, bubbling reactor, pH control system, and data
acquisition system.

The ssimulated flue gas was obtained by con-
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Figure 1 : A schematic diagram of the experimental apparatus

trolled mixing of NO and N, using mass flow con-
trollers (MFC). The bubbling reactor is made up of
acrylic material. The inner diameter and height of
the reactor are 15 and 45 cm respectively. Continu-
ous stirring was provided by mechanical agitator
with a speed of 250 rpm. The temperature of the
absorber and regeneration reactor was controlled
by water thermostat (WBC-1506D, JEIO TECH,
Kored). The pH of reaction solution was controlled
by using an auto-pH control system (KFC-MK-250,
Korea) by continuous addition of 0.2 M H,SO, so-
lutionwith the help of peristalsis pump (Cole-Palmer
Co., USA). Thesimulated flue gas was obtained by
controlled mixing of SO,, NO, and N, using mass
flow controllers (MFC). Air was introduced into
reactor using air pump to maintain the dissolved O,
concentrations at the desired level. The inlet and
outlet NO, concentrations were anadyzed using the
NO, analyzer (Chemiluminiscent type, Model : 42C,
Thermo Environmental Instruments, USA) after re-
moving the moisturein the sample conditioner.

RESULTSAND DISCUSSION

Reaction kinetics

The absorption rate (R, ;) of NO into aqueous
sodium hypochl orite solution can be expressed by:
Ryo = Ke(Prop ~Proi) = EK (Cyo; - Cros) ()

Here ‘E’ is the enhancement factor, which is a
function of the Hatta number (H_ ). Since concen-
tration of NaOCI inthe bulk liquid being much greater
thanthe NO interfacial concentration, thusthekinet-
ics of the reaction becomes pseudo-first order and
in such instantaneous reaction, Hatta number is as-
sumed to be equal to enhancement factor ‘E’. The
Hatta number can be calculated asfollows:

H,=—.k D,.C

aT (m+n)~ NO

L (6)

Further, k; and k_in Eq. (5) are the gas phase
and liquid phase mass transfer coefficients respec-
tively. The magnitude of and can be obtained by us-
ing the method as described by Deshwal and Lee®!.
Partial pressure of NO at interfacei.e. can be cal-
culated by using Henry’s law:
Proi = HuoCro; (7)

Here is the interfacial concentration of NO in
sodium hypochlorite scrubbing solution, which is
related to the ionic strength (1) of the solution as
follows:

NaOCl
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NO,i

log = -(K naoct ! naoct + K HzSO4I H2504) (8)

where and are the salting-out parameters for the
electrolyte NaOCI and H,SO, respectively. Due to
small concentration of acid, the effects of H* and
SOion on can be neglected, so Eq. (8) reduces to:

NOJi

lOg - (K NaOCIl NaOCI) (9)

NO,iw

The salting-out parameter (K) of an electrolyte
is obtained by addition of respective terms for the
anions, cations and the gas. In short, it can be given
by:

K =X, +X.+X, (10)

The values of X for various species are avail-
ablein literature:

XNa+ = -0.0183 [2g]

X , = 0.0183[26]
SO4

X, o= -0.1825[14]

However, is not available in the literature, thus
the contribution of hypochlorite ion is assumed to
be the same as that of chloriteion:

X _ = 0.3497
clo

The rate of reaction between nitric oxide and
acidic sodium hypochloriteis assumed to be m" or-
der with respect to NO and n" order with respect to
NaOCIl. Thus the absorption rate of NO into aque-
ous NaOCl solution could be expressed by the gas-

liquid mass transfer theory as proposed by
Danckwerts:[?7

2 m+. n
RNO = \/(m_HXK(m+n)XDNOXCNO§ XCNaOCI (11)

Whereisthe diffusion coefficient of NO, which can
be calculated from the Wilke-Chang equation as
shownin Bird et a.[?8 and itsvalue was found to be
4.47 x 10° cm?st at 50°C.

After determining thevalue of mand n, thereac-
tion rate constant can be calculated from Eqg. (11).
The value of rate constants were obtained at vari-
ous temperatures ranging from 298 K to 328 K and
then activation energy ‘E_’ and pre-exponential fre-
quency factor ‘A’ were obtained from Arrhenius
Equation.

Order of Reaction with respect to NO

Experiments were performed to investigate the
effect of gas-liquid NO concentration on its absorp-
tionrateat pH =6.0, T=328K, and C ., ,Of zero,
0.04 M and 0.08 M. NO concentration was varied
from 200 ppm to 1000 ppm. Theeffect of gas-liquid
interfacial NO concentration on its absorption rate
is shown in Figure 2, which clearly shows that the
absorption rate of NO increased with theincreasing
gas-liquid interfacial NO concentrations.
Danckwerts?” indicated that during gas-liquid reac-

1E-4
L
A
e S
P =
— 8~
_ 1E-3
'z B [NaClO]=0
e ®  [NaClO],=0.04mol/T.
=]
= A  [NaClO],= 0.08mol/T
o 1E-§ —
,.-'.'--- =
/'/-/ ---i--r-
,/’.’/-/7/
1E-
162 TE-3
. -3
(;\'O,i (mol m)

Figure 2 : Effect of gas-liquid NO conc. on its absorption rate at pH = 6.0 at 328K
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tion, if 1<< /M <<E, then gas-liquid reaction can
be assumed to be a pseudo mt" order reaction, where
M is close to the fast reaction enhancement factor
and E is the enhancement factor for instantaneous
reaction. As shown in Figure 2, the values of the
enhancement factor and the i nstantaneous enhance-
ment factor for this study meet the requirement of

1<< /M <<E, as aresult, the absorption rate of

NO into agueous sodium hypochlorite solution can
be expressed by Eq. (11). It isobvious that thereis

alinear relationship between logR,,, and logC,,; and

ORIGINAL ARTICLE

the average slope of theselinesiscloseto 1, that is
to say, (m+1)/2isequal to 1, thus the value of m
comes out nearly onei.e. the reaction isfirst-order
with respect to NO.
Order of Reaction with respect to NaOCI
Experiments were performed to investigate the
effect of NaOCI concentration on NO absorption rate
aT=328K, pH=6.0and Cyy;=8.58 x 10" mol/

L. NaOCI concentration was varied from 0.02 M to
0.1 M. Figure 3 shows the effect of NaOCI concen-
tration on NO absorption rate. Thereisalinear re-

8E-3

4EH

20

40 60 80 100 12

) 3
(._\_ﬂoc],o(mol m)
Figure 3 : Effect of NaOCI conc. on NO absorption rate at 328K, pH = 6.0 and Cy; = 8.58x107mol/L respectively.
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Figure 4 : Effect of initial pH value on NO absorption rate at 328K, and C,, ; = 800 ppm
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Figure 5 : Effect of temperature on NO absorption rate at C,,, = 800ppm and initial pH of 6.0

|ationship between logR,, and logC,,..,;. The slope
of thislineis about 0.5, i.e. = 0.5, so the reaction
follows 1% order kinetics with respect to NaOCI.

Putting the value of order of reaction of NO and
NaOCl, the absorption rate under the fast-reaction
regime can be expressed by:

I{Noz\/1<2 ><I)NO X CIZ\IO\ X CNaOCI
Effect of initial pH

Experiments were performed to investigate the
effect of initial pH valueon NO absorptionrateat T
=328K, C,,,=800ppmand C ., ,0f 0.04 M and
0.08 M. Figure 4 shows the effect of initial pH on
NO absorption rate. Initial pH of the solution was
varied from 4 to 7. NO absorption rate increased
with the increasing pH value and reached to maxi-
mum value at pH 5.5, thereafter NO absorption rate
decreased with increasing pH value. The low pH
valueisunfavorableto NO, absorption, which even-
tually hinders NO absorption rate.

The reduction half-reaction of HOCI in acidic
medium may bewritten as:

HOCI + H* + 2e »>— CI'+ H,0 E! = 1.482 Vi (13)

The reduction potential of above reaction may
be cal culated by Nernst equation:

(12)

. 2.303RT [Cl ]
E=FE - |
F C[HOCIH ] (14)
1
. pH =log—— (15)

[H]

So Eq. (14) may be written as:

230RT[ O] | .
e | Jrnocy P (16)

Itisevident from the Eq. (16) that the reduction
potentia will decreasewith theincreasing pH value,
thereby decreasing the oxidizing ability of the scrub-
bing solution. Asaresult of reduced oxidizing power
at higher pH, the absorption rate of NO decreased
too.

E=FE" -

Effect of temperatureon NO absor ption rate

Effect of temperature on NO absorption ratewas
examined a C,,, = 800 ppm, initial pH of 6.0,
Cheocio0f 0.04 M and 0.08 M by varying the tem-
perature from 298 K to 328 K. It is obvious from
Figure 5 that NO absorption rate increased with in-
creasing temperature. Though higher temperature
will certainly decrease the solubility of NO in the
scrubbing solution, but the diffusion coefficient of
NO and moreover the rate constant increased with
temperature. The latter effect seemsto play signifi-
cant role on NO absorption process.

Activation Energy and Pre-exponential Fre-
quency factor

It iswell known that rate constant is markedly
affected by the temperature. The value of rate con-
stants were obtained at various temperatures rang-
ing from 298K to 328K and then graph was plotted
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between log k vs. 1/T. The activation energy ‘E’
and pre-exponential frequency factor ‘A’ were ob-
tained from slope and intercept of the Arrhenius plot
using logarithm form asfollows:
EA
2.303RT
Theactivation energy ‘E_’ and frequency factor
‘A’ were found to 7.2 x 108 m¥(mol s) and 2.44 x
10* Jmol, respectively.

logk =logA - (17)

CONCLUSION

Thekinetic study on scrubbing of NO into NaOCl
solution was performed in alab scal e bubbling reac-
tor. The operating variablesincluded 200-1000 ppm
NO, 0.02-0.1 mol/L NaOCl solution, pH of 4-7, and
temperature of 25-55C respectively. Thereactionwas
found to befirst-order with respect to both NO and
NaOCl. NO absorption reached to maximum value
whentheinitial pH value of NaOCI solutionistaken
5.5. Thepre-exponential frequency factor (A) and the
activation energy (E,) werefound 7.2 < 10® m*/(mol
s) and 2.44 x 10* JJmol respectively. It is obvious
from the experimental study that sodium hypochlorite
isan efficient oxidative absorbent for controlling the
NO, emission of theexhaust gases.
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