762 J. Chem. Eng. Dat@007,52, 762—765

Absorption of NO in Aqueous Solution of Co(ll)-en: Determination of the
Equilibrium Constant
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In a wet scrubbing process, the addition of ethylenediamine cobalt(ll) (Co(ll)-en) to enhance the solubility of NO
in aqueous solution may provide a good environmental control technology (coordination catalysis reactions
absorption) for removal of NO, after the use of a,SCavenging process, that requires little capital when combined
with a highly developed industrial wet desulfurization processes. Under anoxic conditions according to amount
of time-dependent absorbed NO under different NO partial pressure, the mole ratio of reacted NO and Co(ll)-en
in the coordination reactionNO + [Co(en)]2" < [Co(en}(NO),]?" was determined to be 1:1, thatris= 1.

From this, the formula of the formed nitrosyl metal complex is derived to be [Cg¢@)]>". For the development

of this scrubbing technological process, knowledge of thermodynamic equilibrium data of the reaction NO
[Co(en)]?" < [Co(enk(NO)]?" over a range of temperatures is of prime importance. In the temperature range
from (30 to 90)°C, the equilibrium constant has been determined, and the experimental data fit the following
equation well: Kp = (3.3153+ 0.1160)x 104 exp(4428.5+ 96.2T)/bar * where the reaction enthalpy AH°

= —(36.8214 0.800) kdmol~2.

Introduction reduced nitrogen species such agONN,, and sulfate while
the metal chelate is regenerated. Fe(Il)EDTA, for example, has
been used for this purpose. Some other metal complexes can
also coordinate NO and be regenerated by other methods.
Available data concerning equilibrium constants for the
formation of Fe and other metal nitrosyl complexes are listed
in the literature2-14 A big drawback of the process using
Fe(ll) as an absorbent is that it is very easily oxidized in aqueous
solutions, hence the whole solution will lose the ability of
coordinate NO. More reducing agent must be added to reduce
Fe(lll) back to Fe(ll).
[Co(en)]?" solutions could potentially rapidly absorb NO and

Itis generally accepted that nitric oxides, in addition to sulfur
dioxide, are the main cause of environmental pollution such as
acid rain, acid smog, and a reduction in the ozone layer.
Therefore, many limitations are placed on emissions from talil
gases of power plants. For example, the Chinese emission
standard of air pollutants from thermal power plants (B13223-
2003) regulates that from January 1, 2005, the maximum content
of nitric oxides in flue gases from large-scale power stations
using coal is (1100 to 1500) mm3.! Europe also has new
regulationd concerning gaseous wastes, with combustion gases
needing to be treated before being ejected into the atmosphere -, * - ; -
In order to fulfill the requirements of these limitations, there O simultaneously from gas, forming two separate nitrosyl metal

are not onlv many imorovements to the combustion rc)Cessescomplexes, which subsequently react with each other, leading
y many imp . P to the regeneration of the [Co(e/)" solution. This is a
that have been implemented (so-called primary measures) but

also manv new processes developed for the removal of nitric coordination catalysis reaction. Such a process could result in
oxides th);t is d(ra)noxin rocesseg to get below the regulated’: high removal efficiency of NO for a very long tinié.The
concer;tration in the ?aﬁ gas Tk,le dgenitrification mgthod [Co(en)]** works as an intermediate to enhance the solubility
developed in this study is of this kind. of NO and Q in the aqueous solution by forming nitrosyl

o ] ) . . complexes achieving oxidation of NO by @rough the reaction
A good denitrification process is selective catalytic reduction 5o 4+ O, + 20H — NO, + NOs~ + H,0. The low

(SCR). It can catalytically reduce NGo Np and HO by concentration and long time of activity of the solution in this
reacting it with NH. The reaction takes place at a temperature ,5cass require little running capital. This process could
of (350 to 400)°C. This process has a leading position on the 5ccompany the current existing wet scrubbing process using
current denoxing market. Its only drawback is its relatively high 5 mmonia for S@removal to gain additional cleaning of the

capital cost. tail gas. Weisweiler et al. have investigated such a system, NO
Many alternatives to the SCR process that are based on wetreacting with Co(ll)-Trien and Co(ll)-Tetre¥§.Not much kinetic
scrubbing have been studied in Japan and Germany. Flue gagind thermodynamic data are available in the literature in relation

contains several hundred ppm of N&hd up to several thousand o this process, although several cobalt chelates have been tested
ppm of SQ. Most of the NQ is in the form of relatively insol- as additives at the bench scale.

uble NO. Several simultaneous denitrification and desulfuriza-  The reaction between NO and [Co(gR] is likely to be
tion processes are proposed by adding metal chelate complexes

to solutions to bind NO-forming nitrosyl metal complexes. These 2+ 2+

. . nNO + [Co(en = [Co(en)(NO 1
complexes can in turn react with absorbed,S® produce [Co(en] [Co(enk(NO)J] (1)
* Corresponding author. E-mail: Wdxiao@ecust.edu.cn. Phorgé 21 wheren in the reaction is unknown. For the development of
64253173. the complete denoxing technical process, consisting of the
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absorption and subsequent regeneration of the solution, detaile
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knowledge about the thermodynamic data of the above reaction
iS necessary.

Theory

Nitric oxide is nonreactive in water (in the absence of
oxygen), and the solubility of NO in water is 0.00517 g/100 g
at 30 °C and 0.00316 g/100 g at 50C. The solubility
decreases with an increase in temperature; the solubility of NO
in aqueous solution was found to be independent of pH over
the range (pH 2 to 13} The derivation of equilibrium constant
functions for reaction 1 is given as followWs.

The thermodynamic equilibrium constant is defined by the
following equation:

K(T) = I1g" )

For the reaction of NO with [Co(eg]f", K(T) can be rewritten
as:

B [Co(en)(NO),]** V{CO(en)s(NO)n]zr

K(T)
[NOJ"[Co(en)*" ¥Ro" Vicoemga+

®3)

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

2l
r _——
v=g=1 (4)
Application of Henry’s law, i.e.
Pno = HpdNO] (5)

whereH is the Henry coefficient, angho is the partial pressure
of NO, leads to

[NO]" = pyo/ Hpcn (6)
and by substituting eq 6 into eq 3, the equation for the
equilibrium constant has the following form:

K = [Co(en}(NO)J*" _

n
Pno

n
pc

[Co(en))**

[Co(en}(NO),J*"

o ()
NO

{[Co(en}ly"" — [Co(en)(NO),*'}

pc
where [Co(eng?*o is the initial concentration of [Co(es]}",
[Co?"(enk(NO),] is the concentration of the NO adduct obtained
by graphically integrating the outlet NO in the tail gas, and

[Co(en}]?" is the current concentration of [Co(glf) in the
solution. Thus, eq 8 can be derived:

[Coenily”” .~ Hy
[Co(eny(NO)I™" — pyo'K(T)

(8)

This expression contains the Henry coefficigd) for NO in

aqueous media. Values quoted in the literature for the temper-
ature dependence of the Henry coefficient vary considerably.
For practical purposes, the Henry coefficient may be eliminated
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Figure 1. Experimental setup for the determination of the equilibrium
constant.

by the introduction of theKp, which is based on measured
variables, i.e.

_K(T)_[Co(en}(NO),J*"
- Hpcn - pNon[CO(e”);]ZJr -
[Co(en)(NO),]**
Puo {[Co(en)]*", — [Co(eny(NO),]*"}

Given severaK values instead oK(T) for different temper-
atures, a regression can be performed to obtdp/ R relation-

ship and to determine if the data are in accord with the Van't
Hoff equation. The experiments are performed at seveyal p

to calculaten according to eq 8 anH, according to eq 9, and
also at several temperatures to evaluate the enthalpy of the
reaction.

Kp

9)

Experimental Section

Materials. The CoC}-6H,O used was produced by the
Longhua factory, Guangdong Province, China, with a mass
fraction of more 99 %. The anhydrous ethylenediamine (purity
of beyond 99%), produced by the Shanghai Lingfeng Co. Ltd.,
was of analysis quality. The water used to prepare solutions
was distilled. NO used is produced by the Shanghai Standard
Gas Co. Ltd.

Procedure.The investigations were carried out in a closed
laboratory-scale bubble. A diagram of the experimental setup
is given in Figure 1. The bubble column is operated continuously
with respect to the gas phase and batchwise for the liquid phase.
The 250 mL solution of CoGi6H,0 is first poured into a bottle
and is degassed by evacuating the air over the solution with
simultaneous sonification using an ultrasonic cleaner (Shanghai,
China) for about 20 min until no bubbles are released from the
liquid. The solution is then poured into the column while
maintaining the solution closed to air. After the degassing, 5
mL of ethylenediamine is injected into the solution to obtain
get the desired Co(ll)-en concentration in the solution. A known
mixture of NO and N is then bubbled continuously through
the Co(ll)-en solution until equilibrium is reached. The time
needed is different in each temperature studied. When the NO
partial pressure at the entrance of the bubble column is equal
to the NO partial pressure at the exit of the bubble column,
equilibrium is reached. The inlet NO concentrations vary
between (300 and 800) ppm. The gas flow rate of the
experiments is around 700 nthin~?, and absorption occurs at
atmosphere pressure. The temperature at which the reaction took
place is adjusted by means of a thermostated water bath. For
all experiments, 0.0025 mmin~! aqueous Co(ll)-en is used.
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Table 1. CalculatedK, Values Determined Using Equation 14

temperaturéC Kp/bar?
20 1205.7
25 936
40 459
' 50 297
80 93

[Co™ (en), ],
[Co™ (en); (NO), ]

Hoff plot well. This indicates that the reaction enthalpy is
independent of temperature over the temperature range studied.
The van't Hoff equation is

dlnK 0

I;Ddsgrse ( 9T P)p = i_l_-ll_g (11)
T S > = oot SN SO I O 60degree | |

O Sdagreo and integration of this equation gives

0%, 7,|2 7AI4 ?.IB 7.Ia é 8.2 INnK. =— AH +C (12)
18, * RT
Figure 2. Log—log plot of [Co(en]¢*"/[Co(eny(NO)J2 — 1 vs 1Pyo From the regression of the data shown in Figure 3:

at (40, 60, and 80)C. In K, = 4428.5T — 8.0118 (13)

10000 T T T ! ! ! !

1000

Kp
bar™l

100

+  Experiment data

From this expression, the following equilibrium expression, as
a function of temperature,

K, = (3.31534 0.1160)x 10 exp(4428.5+ 96.2/‘I’)/ba(r114)

is obtained. From eqs 12 and 14, the reaction enthalpy is equal
to

AH® = —(36.821+ 0.800) kdmol * (15)

The values ofK, values at different temperatures, calculated
from eq 14, are given in Table 1.

The temperature dependence of the equilibrium constant can
provide data for a kinetic investigation of the scrubbing
denitrification process. Our former investigattémdicated that

0 i i i ; _Regression a very high nitric oxide removal efficiency could be achieved
27 28 29 3 3.1 32 33 34 35 by the Co(ll)-en complex solution in the presence of oxygen.
103,(;__': Combining the mechanism of the absorption of oxygen by

Figure 3. Experimental values foK, at different temperature and the
regression through all points.

Co(ll)-en complex, the denitrification kinetics maybe systemi-
cally investigated, and data could be provided for industrial
scale-up. Sulfur dioxide could be largely absorbed by the
complex solution because of the solutions high pH. Little sulfur

Analysis.The NO partial pressure at the outlet of the bubble Will be absorbed, and the sulfite produced will lead to
column is measured continuously by means of a gas analyzercomplicated reactions in the solution.

(Testo 335, made in Germany). The inlet concentration was

measured via a bypass arrangement. The registered time profilecOnCIUSIon

of the outlet partial pressure is integrated and the amount of

absorbed NO determined.

Results and Discussions

The equilibrium constants of the reaction between NO and
Co(ll)-en in the temperature range of (30 to 9Q), an Co(ll)-
en concentration of 0.0025 mhIt, and an NO inlet concentra-
tion range of (300 to 800) ppm have been determined. The

The present study is based on 26 experiments that were€Xperiments were carried out in a closed laboratory-operated

carried out over the temperature range of (30 to 9D) The
reciprocal of NO partial pressure versus [Cogkfij/[Co(en)-
(NO),)?" — 1 (log—log plot) for temperatures of (40, 60, and
80) °C is shown in Figure 2. The slope of the lines of best fit
are 1.09+ 0.1080 (40°C), 1.06+ 0.0846(60°C), and 1.10+
0.1208(80°C), respectively, indicating that the valuermfs 1
in Cd'(enk(NO),, i.e., the reaction should be
NO + [Co(en)]* " < [Co(en)(NO)]** (10)
The value ofK; is calculated for every experimental point
according to eq 9. A plot oK, versus the reciprocal of is

bubble column, in batch with respect to the liquid phase and

continuously with respect to the gas phase. The equilibrium

constant was determined using the uptake of NO. The results
of this study will be valuable input for subsequent experimental

and modeling studies to determine the kinetic constants of the
relevant reactions in the deNOXx process at various process
conditions and an optimum deNOx absorber design.
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given in Figure 3. Figure 3 depicts the experimental data, in Glossary

the form of a van’'t Hoff plot. All experimental data fit the van't

[] aqueous phase concentration, rhoft
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AH° reaction enthalpy, kiol!

Vi symbol representing stoichiometric factor
a activity, dimensionless

Hpc Henry’'s coefficient, bamol~1-L

K equilibrium constant, tmol~1

Ko modified equilibrium constant, bak

P partial pressure, bar

T temperature, K

en ethylenediamine

pr rational activity coefficient, dimensionless
n stoichiometric factor, dimensionless
Indices

i ith component

0 initial value (of the concentration)
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