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a b s t r a c t

Ammonia solution can be used to scrub NO from the flue gases by adding soluble cobalt(II) salts into the
aqueous ammonia solutions. The hexamminecobalt(II), Co(NH3)6

2+, formed by ammonia binding with
Co2+ is the active constituent of eliminating NO from the flue gas streams. The hexamminecobalt(II) can
combine with NO to form a complex. For the development of this process, the data of the equilibrium
constants for the coordination between NO and Co(NH3)6

2+over a range of temperature is very impor-
tant. Therefore, a series of experiments were performed in a bubble column to investigate the chemical
equilibrium. The equilibrium constant was determined in the temperature range of 30.0–80.0 ◦C under
itric oxide
examminecobalt(II)
bsorption
quilibrium constant
mmonia

atmospheric pressure at pH 9.14. All experimental data fit the following equation well:

Kp = (1.9051 ± 0.124) × 10−6 exp
(

5359.25 ± 280.13
T

)
(bar−1)

where the enthalpy and entropy are �H◦ = −(44.559 ± 2.329) kJ mol−1 and �S◦ = −(109.50 ± 7.126)
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J K−1 mol−1, respectively.

. Introduction

Removal of NOx from the flue gases has recently become very
mportant to comply with the strict environmental emission stan-
ards and many processes to remove NOx by liquid absorbents as
ell as solid-catalyzed reactions have been proposed. SCR (Selec-

ive Catalysis of Reduction) of NO by NH3 is the best-developed
nd worldwide used technology for controlling NOx emissions in
uel combustion from stationary sources [1]. Major concerns about
CR are the deleterious effects that SO2, dusts, and water vapor
resent in the flue gas poison the catalyst, which influences the
echnology’s cost [2]. The high overall operating expenses have
rompted a search for alternative methods for controlling NOx

missions.
It has been suggested that a wet scrubbing combined SO2/NOx

emoval system was one of the best technologies [3]. A wet scrub-
ing system has an advantage of removing NOx and SO2 from the

ue gases simultaneously [4–6]. The wet FGD (Flue Gas Desulfur-

zation) system has experienced high SO2 removal efficiencies, but
t is not for NOx because water insoluble NO is 90–95% of the NOx

resent in typical flue gas streams. Additives have to be added to
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he scrubbing system either to convert relatively insoluble NO to
oluble NO2 that can then be removed by alkaline absorbents or to
ind and activate NO. Many treatments have been reported [7–18]
ut have not yet been commercialized.

Long [19–25] has proposed a novel technique for the simulta-
eous elimination of NO and SO2 from the flue gases by adding
oluble cobalt(II) salt into the aqueous ammonia solution. The hex-
mminecobalt(II) ion produced by NH3 coordinating with Co2+ can
ot only bind NO but also activate the oxygen molecule. Therefore,
O can be absorbed and oxidized sequentially in the hexam-
inecobalt(II) ammonia solution. NO is converted into nitrate and

itrite. The existing wet ammonia desulfurization process can be
etrofitted for combined removal of SO2 and NO from the flue gases
y such technique.

The equilibrium constant for the coordination between NO and
o(NH3)6

2+ is vital for the development of this technological pro-
ess. In this paper, the thermodynamics of the coordination of
olecular NO to Co(NH3)6

2+ in an aqueous solution is discussed
n the temperature range of 30.0–80.0 ◦C for the integrity of such a
seful process.
. Theoretical

It is well known that aqueous Co(NH3)6
2+ solution absorbs

O but the determination of n in the reaction between NO and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:longdragon@ecust.edu.cn
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Nomenclature

a activity
C concentration in aqueous phase (mol l−1)
HPC Henry’s coefficient (bar mol−1 l)
�H◦ reaction enthalpy (kJ mol−1)
K equilibrium constant (l1.5 mol−1.5)
Kp modified equilibrium constant (bar−1.5)
n stoichiometric factor
p partial pressure (bar)
R gas constant, 8.314 kJ (kmol)−1 K−1

�S◦ reaction entropy (J K−1 mol−1)
T absolute temperature (K)
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Greek symbol
�r rational activity coefficient

o(NH3)6
2+ (Eq. (1)) has not been reported in literature.

NO + [Co(NH3)6]2+ ↔ [Co(NH3)6−n(NO)n]2+ + nNH3 (1)

The thermodynamic equilibrium constant is defined as the fol-
owing equation:

(T) = ˘avi
i (2)

The expression of the equilibrium constant for Eq. (1) can be
ritten as

′(T) =
C[Co(NH3)6−n(NO)n]2+ Cn

NH3

Cn
NOCCo(NH3)6

2+

��

[Co(NH3)6−n(NO)n]2+ (��
NH3

)
n

(��
NO)

n
�Co(NH3)6

2+
(3)

Because NH3 in the solution is sufficient, its concentration can
e regarded as invariable when the pH of the solution is maintained
onstant. So CNH3 in Eq. (3) can be seen as a constant and combined
ith K(T).

Eq. (3) can be rewritten as

′(T) =
C[Co(NH3)6−n(NO)n]2+

Cn
NOCCo(NH3)6

2+

��

[Co(NH3)6−n(NO)n]2+

(��
NO)n�Co(NH3)6

2+ (4)

For diluted ideal solutions, the rational activity coefficient can
e neglected, i.e.

r
i = ai

ci
= 1 (5)

Considering Henry’s law, i.e.

NO = HPCCNO (6)

The equation for the equilibrium constant has the following
orm:

(T) =
C[Co(NH3)6−n(NO)n]2+

(pn
NO/Hn

PCCCo(NH3)6
2+ )

=
C[Co(NH3)6−n(NO)n]2+

pn /Hn (C 2+ − C 2+ )
(7)
NO PC [Co(NH3)6 ]0 [Co(NH3)6−n(NO)]

here C[Co(NH3)6
2+]0

is the initial molar concentration of

o(NH3)6
2+, C[Co(NH3)6−n(NO)n]2+ is the equilibrium molar con-

entration of the NO adduct obtained by graphically integrating

g
m
v
7
r
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he outlet NO in the tail gas. pNO is the partial pressure of NO in the
as, and HPC is the Henry’s constant of NO in water.

The Henry’s constant of NO varies considerably with tem-
erature. For practical purposes it may be eliminated by the

ntroduction of the Kp, which is only based on measured variables,
.e.

p = K(T)
Hn

PC
=

C[Co(NH3)6−n(NO)n]2+

pn
NOCCo(NH3)6

2+

=
C[Co(NH3)6−n(NO)n]2+

pn
NO[C[Co(NH3)6

2+]0
− C[Co(NH3)6−n(NO)n]2+ ]

(8)

The equilibrium constant Kp can be calculated from Eq. (8) if

[Co(NH3)6−n(NO)n]2+ , C[Co(NH3)6
2+]0

and pNO are obtained.

Eq. (8) can be rewritten as

C[Co(NH3)6
2+]0

C[Co(NH3)6−n(NO)n]2+
− 1 = 1

pn
NOKp

(9)

According to Eq. (9), the value of n can be determined from the
elation between 1/pNO and C[Co(NH3)6

2+]0
/C[Co(NH3)6−n(NO)n]2+ − 1.

. Experimental

.1. Reagents and preparation

(NH4)2SO4 (>99%) was obtained from Lingfeng; CoSO4·7H2O
>99.5%) and ammonia solution (25%) from SCRC; NO (5000 ppm in
2) and N2 (>99.99%) from Shanghai Standard Gas Co. Ltd. Deion-

zed water was applied to prepare the solutions.
Firstly, predetermined amounts of (NH4)2SO4 was dissolved into

50 ml deionized water. Secondly, measured amounts of cobalt sul-
ate and ammonia were added into the ammonium sulfate solution.
o(NH3)6

2+ cation was formed after cobalt sulfate was dissolved
nto the aqueous solution. Lastly, the solution was diluted with
eionized water to the total volume of 250 ml and degassed by
vacuating the air over the solution with simultaneous sonification
sing an ultrasonic cleaner for about 20 min. A pH value of 9.14 was
etected with a pH-electrode. For all experiments, 0.013 mol l−1

o(NH3)6
2+ aqueous ammonia solutions were used.

.2. Experimental set-up

Batch experiments were performed in a closed laboratory-scale
ubble column of 500 ml to investigate the complexing reaction
etween NO and hexamminecobalt(II). A schematic diagram of the
xperiment set-up is shown in Fig. 1. The operation was performed
ontinuously with respect to the gas phase and batchwise to the
iquid phase.

.3. Equilibrium measurements

Equilibrium constants were determined from 30 to 80 ◦C at
tmospheric pressure. The temperature was regulated to within
0.2 ◦C with the use of a jacket through which water from a ther-
ostatic bath was circulated. A Co(NH3)6

2+ solution of 250 ml
as introduced to the column. A mixture of NO and N2 with NO

oncentration ranged from 200 to 800 ppm was bubbled continu-
usly through the solution and the NO concentration in the outlet

as was measured continuously using a gas analyzer (Testo 335,
ade in Germany) while the inlet concentration was measured

ia a bypass arrangement beforehand. The gas flow rate was about
00 ml min−1. NO absorption was carried out until equilibrium was
eached, i.e. until the NO concentration in the outlet gas became
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Fig. 3. Van’t Hoff plot of equilibrium constants for Eq. (1).

Table 1
Thermodynamic data for reversible NO coordination to cobalt complexes

Temperature (◦C) Kp (bar−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1)

4
6
8

f

l

h
s
o
s
w

l

e

ig. 1. Schematic diagram of experimental apparatus. 1: NO gas cylinder, 2: N2 gas
ylinder, 3 and 4: mass flow meter, 5: gas mixer, 6: bubble column, 7: water bath, 8:
ltrasonic cleaner, 9: pump, 10: pH meter, 11 and 12: triple valve, 13: cooling device,
4: NO analyzer, and 15: computer.

qual to that in the inlet gas. Solubility of NO in water is very
ow, at about 1.25 × 10−3 mol l−1 atm−1 at 50 ◦C. The amount of NO
issolved in the water can be ignored. Therefore, the amount of
O absorbed was determined by graphical integration of the NO
oncentration in the outlet gas.

. Results and discussions

A series of experiments have been made to detect the
ffect of pNO on C[Co(NH3)6−n(NO)n]2+ at the temperature of

0.0–80.0 ◦C under atmospheric pressure. A log–log plot
f (C[Co(NH3)6

2+]0
/C[Co(NH3)6−n(NO)n]2+ − 1) vs. 1/pNO from the

xperiments is shown in Fig. 2. The slope of the lines are
.01 ± 0.0376 (40.0 ◦C), 1.08 ± 0.0716 (50.0 ◦C), 0.99 ± 0.0466
60.0 ◦C), 1.10 ± 0.0343 (70.0 ◦C) and 0.99 ± 0.0491 (80.0 ◦C),
espectively, indicating that the value of n in the reaction shown in
q. (1) is confirmed to be 1, i.e. the reaction should be:

O + [Co(NH3)6]2+ ↔ [Co(NH3)5(NO)] + NH3

It is well known that the change in the Gibbs free energy for a
eaction is expressed as

G◦ = −RT ln Kp (10)
Moreover, using the relationship, �G◦ = �H◦ − T�S◦, ln Kp can
e expressed in Eq. (11). Thus, if the equilibrium constants for
he reaction at different temperatures are known, the standard
nthalpic and entropic changes for adsorption can also be estimated

Fig. 2. Log–log plot of C[Co(NH3)6
2+]0

/C[Co(NH3)6−n(NO)n]2+ − 1 vs. 1/pNO.
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0.0 51.57
−44.559 −109.500.0 18.46

0.0 7.423

rom the slope and intercept of a linear plot of ln Kp vs. 1/T.

n Kp = �S◦

R
− �H◦

RT
(11)

In terms of Eq. (8), the equilibrium constants Kp for such reaction
ave been calculated from the experimental results. Fig. 3 repre-
ents the Van’t Hoff plot of these equilibrium constants. The slope
f this plot is −�H◦/R and the intercept is �S◦/R. From the regres-
ion of data shown in Fig. 3, the values of Kp obtained in the present
ork are well correlated by the following equation:

n Kp = 5359.25
T

− 13.171 (12)

So the expression of Kp, as a function of temperature can be
xpressed as

p = (1.9051 ± 0.1240) × 10−6 exp
(

5359.25 ± 280.1
T

)
(bar−1)

(13)

Enthalpy and entropy for reaction (1) are �H◦ =
(44.559 ± 2.329) kJ mol−1 and �S◦ = −(109.50 ± 7.126) J K−1 mol−1,

espectively.
A negative value of �H◦ indicates that the reaction is exother-

ic in nature and a negative value of �G◦ shows the spontaneous
ccurrence of the reaction. The binding of gases with metal com-
lexes is characterized by a small negative change in enthalpy and
relatively large change in entropy to compensate for the enthalpy
hange. This occurs because a gas loses its translational and rota-
ional degree of freedom by coordination. The stability of such
eversible complexes is examined by comparing their �H◦ values.
he thermodynamic data listed in Table 1 demonstrate that the
quilibrium constants decrease with temperature. A high temper-
ture is unfavorable for this complexing reaction.
. Conclusion

The chemical equilibrium between NO and Co(NH3)6
2+ has been

tudied. The following specific conclusions can be drawn from the
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xperimental results.

1) The equation of the chemical reaction between NO and
Co(NH3)6

2+ is confirmed as follows:

NO + [Co(NH3)6]2+ ↔ [Co(NH3)5(NO)]2+ + NH3

2) The equilibrium constants for the complexing reaction between
NO and Co(NH3)6

2+ are determined in the temperature range
of 30.0–80.0 ◦C. All experimental data fit the following equation
well:

Kp = (1.9051 ± 0.124) × 10−6 exp
(

5359.25 ± 280.13
T

)
(bar−1)

Temperature is disadvantageous to the complexing reaction
between NO and Co(NH3)6

2+.
3) Thermodynamic parameters such as �G◦, �H◦ and �S◦ for such

reaction have also been obtained from the Van’t Hoff plot. A
negative value of �H◦ indicates that the reaction is exothermic
in nature and negative values of �G◦ show the spontaneous
occurrence of the reaction. Negative �S◦ shows the decreased
randomness of the coordination reaction system.

cknowledgement

The present work is supported by the Ministry of Science and
echnology of China (No. 2006AA05Z307).

eferences

[1] F. Nakahjima, I. Hamada, The state-of-the-art technology of NOx control, Catal.
Today 29 (1996) 109.

[2] H.M. Heck, R.J. Farrauto, Catalytic Air Pollution Control: Commercial Technol-
ogy, Van Nostrand Reinhold, New York, 1995.

[3] J. Makansi, Will combined SO2/NOx processes find a niche in the market, Power
134 (1990) 26.

[4] C.L. Yang, H. Shaw, Aqueous absorption of nitric oxide induced by sodium chlo-

rite oxidation in the presence of sulfur dioxide, Environ. Prog. 17 (1998) 80.

[5] T.W. Chien, H. Chu, H.T. Hsueh, Kinetic study on absorption of SO2 and NOx with
acidic NaClO2 solutions using the spraying column, J. Environ. Eng. 129 (2003)
967.

[6] M. Sakai, C. Su, E. Sasaoka, Simultaneous removal of SOx and NOx using slaked
lime at low temperature, Ind. Eng. Chem. Res. 41 (2002) 5029.

[

Materials 162 (2009) 99–102

[7] H. Chu, T.W. Chien, S.Y. Li, Simultaneous absorption of SO2 and NO from flue
gas with KMnO4/NaOH solutions, Sci. Total Environ. 275 (2001) 127.

[8] H. Chu, T.W. Chien, B.W. Twu, The absorption kinetics of NO in NaClO2/NaOH
solutions, J. Hazard. Mater. B 84 (2001) 241.

[9] E.B. Myers, T.J. Overcamp, Hydrogen peroxide scrubber for the control of nitro-
gen oxides, Environ. Eng. Sci. 19 (2002) 321.

10] P. Van der Maas, T. Van de Sandt, B. Klapwijk, P. Lens, Biological reduction
of nitric oxide in aqueous Fe(II)EDTA solutions, Biotechnol. Prog. 19 (2003)
1323.

11] P. Van der Maas, S. Peng, B. Klapwijk, P. Lens, Enzymatic versus nonenzymatic
conversions during the reduction EDTA-chelated Fe(III) in BioDeNOx reactors,
Environ. Sci. Technol. 39 (2005) 2616.

12] E.K. Pham, S.G. Chang, Removal of NO from flue gases by absorption to an iron(II)
thiochelate complex and subsequent reduction to ammonia, Nature 369 (1994)
139.

13] Y. Shi, D. Littlejohn, S.G. Chang, Integrated tests for removal of nitric oxide with
iron thiochelate in wet flue gas desulfurization system, Environ. Sci. Technol.
30 (1996) 3371.

14] S.G. Chang, D.K. Liu, Removal of nitrogen and sulphur oxides from waste gas
using a phosphorus/alkali emulsion, Nature 343 (1990) 151.

15] W. Li, C.Z. Wu, S.H. Zhang, K. Shao, Y. Shi, Evaluation of microbial reduction
of Fe(III)EDTA in a chemical absorption-biological reduction integrated NOx
removal system, Environ. Sci. Technol. 41 (2007) 639.

16] D.S. Jin, B.R. Deshwal, Y.S. Park, H.K. Lee, Simultaneous removal of SO2 and NO
by wet scrubbing using aqueous chlorine dioxide solution, J. Hazard. Mater. B
135 (2006) 412.

17] L. Wang, W.R. Zhao, Z.B. Wu, Simultaneous absorption of NO and SO2
by Fe(II)EDTA combined with Na2SO3 solution, Chem. Eng. J. 132 (2007)
227.

18] X.H. Xu, S.G. Chang, Removing nitric oxide from flue gas using iron(II) cit-
rate chelate absorption with microbial regeneration, Chemosphere 67 (2007)
1628.

19] X.L. Long, Simultaneous removal of sulfur dioxide and nitric oxide, Ph.D. dis-
sertation, East China University of Science and Technology, Shanghai, PR China,
2001.

20] X.L. Long, W.D. Xiao, W.K. Yuan, Removal of nitric oxide and sulphur diox-
ide from flue gas using a hexamminecobalt(II)/iodide solution, IE&C 43 (2004)
4048.

21] X.L. Long, Z.L. Xin, H.X. Wang, W.D. Xiao, W.K. Yuan, Simultaneous removal
of no and SO2 with hexamminecobalt (II) solution coupled with the hex-
amminecobalt (II) regeneration catalyzed by activated carbon, Appl. Catal. B:
Environ. 54 (2004) 25.

22] X.L. Long, W.D. Xiao, W.K. Yuan, Simultaneous absorption of NO and SO2 into
hexamminecobalt(II)/iodide solution, Chemosphere 59 (2005) 811.

23] X.L. Long, W.D. Xiao, W.K. Yuan, Kinetics of gas–liquid reaction between NO and
Co(NH3)6

2+, J. Hazard. Mater. B 123 (2005) 210.
24] X.L. Long, W.K. Yuan, Removal of nitric oxide from gas streams with aqueous
hexamminecobalt ammonia solutions, in: O.E. Bronna (Ed.), New Develop-
ments in Hazardous Materials Research, Nova Science Publishers, New York,
2006, pp. 31–91.

25] X.L. Long, W.D. Xiao, W.K. Yuan, A technique for the simultaneous removal of
nitric oxide and sulfur dioxide from flue gases, Chinese Patent ZL 01105004.7
(2003).


	Experimental determination of equilibrium constant for the complexing reaction of nitric oxide with hexamminecobalt(II) in aqueous solution
	Introduction
	Theoretical
	Experimental
	Reagents and preparation
	Experimental set-up
	Equilibrium measurements

	Results and discussions
	Conclusion
	Acknowledgement
	References


