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Simultaneous Removal of NO,and SO,: A Promising
Ag(ll)/Ag(l) Based Mediated Electrochemical
Oxidation System

The present study is a first attempt towards utilizing a Ag(II)/Ag(I) based mediated
electrochemical oxidation (MEO) system for the simultaneous clean-up of NOyx and
SO, gases in simulated flue gas-air mixtures on a laboratory-scale scrubber column
integrated with an electrochemical reactor, and to rationalize the efficient applica-
tion of the MEO process for flue gas abatement and pollution control. Experiments
were carried out with individual gas components followed with the mixture, and the
effect of input NO and input SO, concentrations was examined on the NOy and SO,
removal efficiencies at 20°C. Complete oxidation of NO to NO, with 100% NO removal
efficiency and 80% NOyremoval efficiency was achieved along with 100% SO, removal
efficiency, highlighting the potentially far greater efficiency of the Ag(II)/Ag(I) based
MEO system in functionality and selectivity. Significant research work in this direc-
tion can be anticipated in the near future.

Keywords: Ag(ll) redox mediator; Industrial flue gas; Mediated electrochemical oxidation process;
Removal efficiency; Simultaneous NO, and SO, removals

Received: March 13, 2008; revised: April 1, 2008; accepted: April 3, 2008
DOI: 10.1002/clen.200800068

1 Introduction

The combustion of fossil fuels in power plants, incinerators, and
boilers results in the emission of nitrogen oxides (NOy) consisting of
nitric oxide and nitrogen dioxide, as well as SO,. They are both nox-
ious and directly responsible for large contributions to the forma-
tion of acid rain and resultant air acidification, photochemical
smog and general atmospheric visibility degradation. While SO, is
removed very effectively by wet flue gas desulfurization (WFGD) [1],
NO is insoluble in water, and thus, its removal is difficult, necessi-
tating special methods, e.g., selective non-catalytic reduction
(SNCR), selective catalytic reduction (SCR), scrubbing, etc., to be
developed for its recovery [2]. Among these technologies, scrubbing
methods are the most competitive economically and have the
advantage of simultaneously controlling other acidic gases and par-
ticulates [3].

It is well known that NO, can be effectively absorbed into some
aqueous solutions, but that NO is not absorbed [4]. In general, in the
wet chemical scrubbing methods for NO removal, NO is aerially oxi-
dized to NO,, which can easily react with water forming NO; that
can be efficiently removed in downstream wet scrubbers. Since the
major component of flue gas emitted NOyx is NO (more than 90%), its
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oxidation to NO, is a crucial step for an effective chemical scrubbing
system. Thus, the slow oxidation rate of NO by air has been
improved by injecting a strong oxidizing agent, e.g., chlorine diox-
ide [5], ozone [6], or chlorine [7] into the flue gas or by adding an oxi-
dizing agent, e,g., hydrogen peroxide [8], sodium chlorite [9, 10],
potassium permanganate [11], or sodium hypochlorite [12] into the
scrubbing solution, leading to the availability of several two-stage
wet scrubbing processes for the removal of NOy, as reviewed by Joshi
et al. [13]. In recent years, studies have been conducted in some sys-
tems with metal chelates [14] for the scrubbing of NO, gases. It
should be noted that the presence of ozone oxidizes NO not only to
NO, but also to higher order nitrogen oxides, i.e., NO;, N,O4, N,Os,
etc., which form NO; with water much more easily for ultimate
removal. However, the general problem encountered in the wet
scrubbing systems utilizing various chemicals is that they are con-
sumed by the stiochiometric amount of gases treated for removal,
necessitating usage of large amounts of expensive chemicals, which
also further adds to the environmental pollution issues involved.
The above problems can be circumvented by using electrochemi-
cal methods [15, 16], since a clean reagent, i.e., the electron, is used
in the redox processes. The electrochemical methods are more
attractive because they are relatively simple, energy efficient, and
their regulation and automation are easy to achieve. This technol-
ogy uses the absorption of the pollutant species from the gas phase
into a liquid electrolyte where the electrochemical oxidation or
reduction takes place either directly at the electrode of an electro-
chemical cell or indirectly via a redox mediator. Although some
work on direct reduction of NO,[17] and oxidation of SO, [18] relat-
ing to flue gas has been carried out, the indirect mediated electro-
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chemical oxidation (MEO) process has been found to be more suit-
able for NOy and SO, removal from flue gases [19-23|. In this proc-
ess, a metal ion of high oxidation capacity, e.g., Ag* (E° = 1.98 V
(NHE)), Co* (E°=1.82V (NHE)), Ce*" (E° = 1.62 V (NHE)), Mn*' (E°=1.51 V
(NHE)), etc., is utilized as a mediator to oxidize the organic pollu-
tants or waste gases, and the oxidized form of the mediator is elec-
trogenerated in a divided/undivided cell in a closed cycle. The
Ce(IV)/Ce(IIl) redox couple has been used in the current authors'
research group for the oxidation of organic compounds [24-29]
because of its excellent selectivity, and this redox system has also
been used in the treatment of waste biological materials [30], as well
as in processes for the removal of NOyand SO, from waste gases [19—
21, 23]. Aurousseau et al. [21] studied a wet scrubbing process for
SO, removal relevant to industrial waste gases using electrogener-
ated Ce(IV) in sulfuric acid. Hoffmann et al. [23] used electrogener-
ated Ce(IV) in an acidic medium for simultaneous removal of NOyx
and SO, from a mixture with a total removal of SO, and almost 45%
removal efficiency of NOy gases. In a study relating to NO and NO,
off-gases emanating from the cathode compartment of an electro-
chemical cell due to nitric acid reduction, Bringman et al. [22] used
electrogenerated Co(IlI) and Mn(Ill) in a sulfuric acid medium for
NO, to HNO; conversion with conversion efficiencies of 36 and 97%,
respectively, at 20°C.

Hence, Ce, Mn and Co have been used as mediators for NO, and
SO, removal, but no reference is cited on the use of Ag(Il), despite
the fact that it is more oxidizing than Co(IlI), Ce(IV), or Mn(Il) in
acidic media, and it has been proven to be highly efficient for
organic destruction [31-37]. This study presents the first report on
some preliminary work performed on the simultaneous removal of
NOyx and SO, related to an industrial flue gas mixture using the
Ag(IT)/Ag(I) based MEO redox system. The present studies show that
the silver system works with 100% removal efficiency reached in a
short time of ca. 60 s not only for SO, but also for NO gas, and effi-
ciently sustains a consistent performance over the 120 min dura-
tion studied.

2 Experimental

2.1 Materials

Silver(I) nitrate (99.8%) from Junsei Chemical Co. Ltd., Japan, nitric
acid (60%) from Sam Chun Chemicals, Korea, and sulfuric acid (95%)
from DC Chemicals Co Ltd, Korea were used as received. Mesh-type
Pt and Ti electrodes were purchased from Wesco, Korea. Nafion®
324 membrane was purchased from Dupont, USA. All the solutions
were made using water purified by reverse osmosis (Human Power
III plus, Korea). NO (concentration 99.5%) and SO, (concentration
9980 umol/mol) gas cylinders were obtained from Inter Gas, Korea.

2.2 Apparatus and Process

A schematic diagram of the setup used for the gas removal experi-
ments is shown in Fig. 1. There were three main components: an
electrochemical cell reactor, scrubber-I, and scrubber-II. The Ag(II)
redox mediator required for the mediated electrochemical oxida-
tion of the gases was generated in the electrochemical cell, and the
oxidation of the gases by Ag(Il) occurred in scrubber-I. The electro-
chemical cell was integrated with scrubber I, so that electrochemi-
cal generation of Ag(Il) ions and the scrubbing of NOy and SO, could
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Figure 1. Schematic diagram for continuous removal of NO, and SO,
from NO,-SO.-Air mixtures by Ag(ll)/Ag(l) based mediated electrochemi-
cal oxidation process.

be carried out simultaneously in a continuous mode. The second
stage scrubber-II was used for absorption of NO, emitted from Scrub-
ber-1. All the processes were conducted at room temperature and
atmospheric pressure conditions.

The electrochemical cell was a plate-and-frame type narrow gap
divided flow cell configuration. Mesh type Pt/Ti and Ti of geometri-
cal area of 140 cm?, separated by a Nafion 324 membrane, were used
as anode and cathode, respectively. A 1000 mL solution of 0.1 M
Ag(I) in 6 M nitric acid and an equivalent volume of 2.5 M sulfuric
acid, taken in separate anolyte and catholyte glass reservoirs, were
continuously circulated through the anode and cathode compart-
ments of the electrochemical cell at a constant flow rate. The elec-
trolysis for generation of Ag(Il) redox mediators was conducted gal-
vanostatically by applying a constant current of 10 A by a locally
made constant current source from Korea Switching Instruments.

The NOy and SO, removal system was composed of NO, SO,and an
air supply, scrubbing liquid tank, the scrubbers-I and II, data log-
ging and gas analysis systems. Simulated flue gas-air mixtures of dif-
ferent composition, obtained by controlled mixing of air, NO and
SO, using mass flow controllers (MFC), were introduced at the bot-
tom of the scrubber-I at a constant gas flow rate. Simultaneously,
the scrubbing solution (6 M HNO; with Ag(II)) was introduced in a
counter-current flow pattern at a constant liquid flow rate. The out-
let gas concentrations of NO, NO, and SO, were measured continu-
ously with respect to time during the reaction. The outlet scrubbing
solution containing the reduced form of'silver, i.e., Ag(I), was passed
through the electrochemical cell for Ag(Il) generation, and was fur-
ther re-circulated.

The outlet gas from scrubber-I was fed into scrubber-II for NO,
removal by continuous washings with 3 M HNO;. The details on the
scrubber-I and scrubber-ll and the experimental conditions are
given in Tab. 1. The gas compositions were measured by a gas ana-
lyzer instrument (NOyTeledyne Model N0.9110, NO &SO,-Fuji ZSU).
The gas removal efficiencies were calculated from the inlet and out-
let concentration of NO, NO, and SO,.
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Table 1. Experimental conditions for NO, and SO, scrubbing systems.

Clean 2008, 36 (5—6), 476481

System No.  Electrochemical Cell System Gas Scrubbing System
1 Anode: Pt/Ti Scrubber-I: Glass column-ID =5 cm, H =120 cm, Glass Raschig rings-di-
ameter =1cm
2 Cathode: Ti Gas flow rate: 10 L/min
3 Anolyte: 0.1 M AgNO; in 6 M HNO; Liquid flow rate: 2 L/min
4 Catholyte: 2.5 M H,SO4 Scrubbing liquid: Ag(II) redox mediator containing 6 M HNO;
5 Diaphragm: Nafion 324 membrane Scrubber-II: PVC column-ID = 5cm, H =200 cm, PTFE Raschig rings-
diameter =2 cm
6 Current density: 7 AJdm? Gas flow rate: 10 L/min
7 Anolyte and catholyte flow rate: 2 L/min Liquid flow rate: 4 L/min
8 Temperature: 20°C Scrubbing liquid: 3M HNO;
9 Anolyte and catholyte volume: 1 L -
10 Electrode areas: 10 cm x 14 cm -

3 Results and Discussion

Gas removal experiments were initially conducted for individual
gases NOyx or SO, from their respective simulated gas-air mixture.
Subsequently, the simultaneous removal of NO, and SO, from the
NO-SO,-air mixture was carried out under similar experimental con-
ditions.

3.1 Removal of NO and NO,

NO-air mixtures with initial NO feed concentrations in the range
100 to 400 ppm were studied. It should be mentioned that the ini-
tial gas analysis always showed additional NO, of ca. 10 to 15% of
the initial NO concentration, possibly due to air oxidation of NO.

Figure 2 shows the NO concentration profile and its removal effi-
ciency with respect to time measured at the outlet of scrubber-I. It is
interesting to note that except for the highest 400 ppm concentra-
tion, the NO concentration was reduced to almost zero, irrespective
of the initial feed concentration range from 300 to 100 ppm, with
the removal efficiency reaching 100% in a short span of 60 to 80 s.
Thereafter, it was sustained for the extended 120 min time period
studied.

NOy gases are well known to establish several complex equilibria
in the presence of air [22, 38|, see reactions (1 -3):

2NO + 0, € 2NO,
2NO, € N,0,
N,0, + H,0 — HNO; + HNO,

In the scrubber-I section, Ag(II) may oxidize NO and NO, to HNO;
similar to the mechanism proposed for Co(IlI) and Mn(Ill) [22], see
reactions (4) and (5) as follows:

2NO + 5Ag(Il) + 3H,0 —
HNO; + NO, + 5Ag(I) + 5H" (oxidation) (4)
(5)

Ag(II) is also capably of oxidizing HNO, similar to Ce(IV) [38] with
the overall oxidation represented as reaction (6):

NO, + Ag(Il) + H,O — HNO; + Ag(I) + H* (oxidation)

HNO, + 2Ag(Il) + H,0 € HNO; + 2 Ag(I) + 2H" (oxidation) (6)
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Figure 2. NO concentration at scrubber-| outlet and its removal efficiency
as a function of time for various NO feed concentrations (indicated in the
figure) treated with electrochemically regenerated Ag(ll) in 6 M HNO;
(gas velocity = 0.13 m/s, liquid velocity = 0.025 m/s, Ag(l) concentration in
the cell = 0.1 M, 20°C).

The absorption of NO, in scrubber-I may occur as given by reac-
tion (7):

H,0, HNO;
NO, (gas)

NO, issolveq) (@bsorption) (7)

It should be noted that the scrubber-I outlet gas always contained
NO, gas signifying that all of the NO, molecules produced from NO
were not absorbed in scrubber-], and the removal efficiency of NOyx
calculated with respect to the initial total concentration of NO and
NO, was ca. 80% for all initial NO feed concentrations studied.

The subsequent washing of the scrubber-I outlet residual gas with
3 M HNO;in scrubber-II efficiently cleaned the NO, content resulting

in 92% NOx removal efficiency.

3.2 Removal of SO,

The removal of SO, from the simulated SO,-air mixture by a wet
scrubbing method in scrubber-I using the Ag(Il) redox mediator in 6

www.clean-journal.com



Clean 2008, 36 (5—6), 476 - 481

450
—{3300ppm
g 350 ——200ppm
dt, 300 C —O—100ppm
(7]
G 250
c
2
E 200 /
@ 150
3]
[=
8 100
50 g':ph
ity
0 ""'.AA'&A.A, )
0 10 20 30 40 50 60

Time, sec

Figure 3. SO, concentration at scrubber-I outlet and its removal efficiency
as a function of time for various SO, feed concentrations (indicated in the
figure) treated with electrochemically regenerated Ag(ll) in 6 M HNO;
(gas velocity = 0.13 m/s, liquid velocity = 0.025 m/s, Ag(l) concentration in
the cell = 0.1 M, 20°C).

M HNO;s; acid is demonstarted in Fig. 3 for different SO, feed concen-
trations. It can be clearly seen that the SO, concentration in the out-
let gas stream fell sharply, and within 40 s the entire amount of SO,
was removed completely.

The direct oxidation of SO, by transition metals, and oxidation of
SO, by the oxygen contained in air catalyzed by transition metals
have been studied by several authors, and depending on sulfuric
acid concentration, the formation of sulfate and dithionate ions
have been proposed as reaction products [21]. Similar reactions for
SO, oxidation in the present case of the Ag(Il)/Ag(I) redox system
forming highly water-soluble forms may be expected, see reactions
(8-10):

SO, + 2Ag* + 2H,0 —> SO}~ + 2Ag’ + 4H" (8)

ZSOZ + 2Ag2+ + 2H20 —> Szosi + 2Ag+ +4H"* (9)
Ag (1) 2- +

280, + 0, + 2H,0 W 2504 +4H (10)

A comparison of Fig. 2 for the NO system and Fig. 3 for the SO, sys-
tem clearly illustrates that although the Ag(Il) redox mediator effec-
tively removed SO, and NO with 100% efficiency, the SO, gas was
removed more quickly and easily compared to the NO.

3.3 Simultaneous Removal of NO,and SO,

In a set of experiments, simultaneous removal of NOy and SO, from
simulated flue gas containing a 400 ppm NO/400 ppm SO; air mix-
ture was studied. The NO, and SO, concentration profiles measured
at the outlets of both scrubber-I and scrubber-II over time are pre-
sented in Fig. 4. The Ag(Il) in scrubber-I removed both NO and SO,
quite effectively, approaching 100% cleaning efficiency, as was the
case for individual gases. At the same time an 80% NOy removal effi-
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Figure 4. NO, NO. and SO, concentrations at scrubber-I outlet during
their simultaneous removal from a 400 ppm NO-400 ppm SO,-Air mixture
treated with electrochemically regenerated Ag(ll) in 6 M HNO; (gas veloc-
ity = 0.13 m/s, liquid velocity = 0.025 m/s, Ag(l) concentration = 0.1 M in
6 M HNOj3, 20°C). NO, concentration at scrubber-II outlet treated with 3 M
HNO;is also included (gas velocity = 0.13 m/s, liquid velocity = 0.05 m/s,
20°C).

ciency was observed. At the end of scrubber-II, the measurement of
the NO, concentration showed a 92% NO, removal efficiency.

The superior performance of the Ag(II)/Ag(I) based MEO process in
the NO,/SO, removal with 100, 80 and 100% removal efficiencies for
NO, NO,, and SO,, respectively, can be realized from a simple com-
parison with other systems studied earlier for simultaneous NOy
and SO, removal [23, 39]. The Ce(IV)/Ce(Ill) based MEO system was
studied by Hoffmann et al. [23], and Jin et al. [39] involved the use of
ClO, for chemical oxidation. Both Ce(IV)/Ce(Ill) and ClO, showed
100% SO, removal, as observed with the Ag(Il) ions in the present
work. However, their performance towards NO and NO, removal
was poorer. The Ce(IV)/Ce(Ill) showed only 20 and 45% removal
yields for NO and NOj, respectively, whereas 66 to 72% NOy removal
efficiency was found with the ClO, system. The high removal effi-
ciency by Ag(Il)/Ag(I) system for NO and NO, (100 and 80%) can be
attributed to its higher oxidizing capability as a result of its more
favorable redox potential, i.e., E°= 1.98 V (NHE), compared to 1.62 V
for the Ce(IV)/Ce(IlI) system and 0.95 V and 1.27 V for ClO, in the gas
and solution phases, respectively [39].

3.4 Effect of Input Concentrations of NO and SO,on
Simultaneous Removal of NO, and SO,

The effect of input NO and SO, concentrations on the simultaneous
removal of SO, and NOx was investigated by feeding different gas-air
mixtures containing equal concentrations of NO and SO,into scrub-
ber-I. The gas removal efficiencies calculated from the Scrubber-I
outlet gas analyses are displayed in Fig. 5 for NO, SO, and NO,. It was
found that the NO or SO, removal efficiency remained almost con-
stant at ca. 100% when the input gas-air mixture containing equal
NO and SO, concentrations was increased from 100 to 400 ppm. Sim-
ilarly, the input NO and SO, concentrations did not affect the NO,
removal efficiency, which was found to be ca. 80%.
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Figure 5. Effect of input NO and SO, concentrations in the feed mixture
on NO, NOy and SO, removal treated with electrochemically regenerated
Ag(ll) in 6 M HNO; in scrubber-I. Feed mixture contained equal concen-
trations of NO and SO, (gas velocity = 0.13 m/s, liquid velocity = 0.025 m/
s, Ag(l) concentration in the cell = 0.1M, 20°C).

4 Conclusions

An Ag(II)/Ag(I) based MEO process proved quite promising for the
simultaneous removal of NO, NOy, and SO, from simulated flue gas
mixtures containing NO and SO, over a wide concentration range of
100 to 400 ppm. It exhibited almost 100% efficiency towards NO
and SO, removal, and 80% towards NO, removal. Input NO and SO,
concentrations had a negligible effect on the removal efficiency of
the three components. The removal efficiencies by electrogenerated
Ag(II), especially towards NO and NO, gases, were much larger com-
pared to the Ce(IV) based MEO system and ClO, based chemical sys-
tem, studied previously for the simultaneous removal of NOy and
SO, thereby confirming the higher oxidation potentialities of the
Ag(IT)/Ag(I) based MEO system. With the additionally integrated se-
cond-stage scrubber-II, 92% NOy removal was achieved, thereby sig-
nifying a new sustainable flue gas removal process with almost zero
emission of waste gases for industrial application. The effect of vari-
ous experimental parameters, e.g., gas flow rate, liquid flow rate,
scrubber dimensions, packing material, etc., on the NOy and SO,
removal efficiencies and the removal rate by the Ag(I)/Ag(I) system
are under investigation, and the results will be communicated sepa-
rately.
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