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bstract

Cyclic voltammetry, quasi-steady-state polarization curves and potentiostatic step method were applied to study the regeneration of FeIIEDTA
n the wet process of NO removal. The results showed that the FeIIIEDTA reduction was a fast reversible process with one electron transferred on Pt
lectrode surface. Standard rate constant k0 of FeIIIEDTA reduction at 298 K was found to be 0.0263 cm s−1. According to the calculated diffusion

ctivation energy of 24.93 kJ mol−1, apparent activation energy of 25.74 kJ mol−1 and the electron transfer activation energy of 16.56 kJ mol−1, the
ate-determining step for FeIIIEDTA reduction was diffusion step. Potentiostatic electrolysis tests revealed that direct electrochemical regeneration
f FeIIEDTA in the wet process of NO removal was a promising method because of its high efficiency.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The emission of nitric oxides NOx causes the problems
f acid rain and ozone destruction [1]. At present the most
idespread NOx reduction technology is the selective cat-

lytic reduction (SCR) process, in which NOx are removed
ffectively [2,3]. However, it suffers from the shortcomings
f high temperature, catalysts deactivation and operation costs
4–6]. Wet process of NOx is a promising method since it
romotes the studies on simultaneous absorption of NO and
O2. Its obstacle lies in low solubility of NO in water. Some
hemical reagents such as FeIIEDTA [7], NaClO2 [8–10],
tc. were added into this system to improve NOx absorption.
mong them wet process of NOx by means of complexes,

uch as FeIIEDTA, is a highly effective method since the
etal complex solution rapidly reacts with the absorbed NO

o form metal–nitrosyl complexes [11]. However, the formed
eIIEDTA(NO) and FeIIIEDTA lead to the invalidation of

he absorption solution. As a consequence, the regeneration

f absorption solution becomes a fundamental part of this
ethod. Various reducing agents such as polyphenolic com-

ounds [12], Na2S2O4 [13] and Na2SO3 [7] have been tested.

∗ Corresponding author. Tel.: +86 571 8795 1771; fax: +86 571 8795 1771.
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hey proved to be effective but were not to be commercialized
idely.
Electrochemical regeneration is a process which reduces

bsorption solution and converts pollutants into nontoxic com-
ounds through electrochemical oxidation or reduction without
onsumption of large amount of chemicals [14]. There had
een some efforts focused on the conversion of FeIIEDTA(NO)
ormed from FeIIEDTA and FeII(DMPS) [15], a newly synthe-
ized compound to absorb NO. In the previous researches [16],
he electrochemical oxidation process was performed after NO
roke away from complexes and interacted with water. Simi-
arly, cathodic reduction of the bound complexes had also been
tudied [17]. Further detailed investigations on the possibility of
irect electrochemical conversion of FeIIEDTA(NO) were also
arried out [18].

Nevertheless, it should be noted that less attention has
een paid to electrochemical reduction of FeIIIEDTA which
as simultaneously produced in the course of NO absorp-

ion by FeIIEDTA. Besides, the previous works paid more
ttention to elucidate the overall reactions of the complex for-
ation rather than kinetic studies despite that kinetic study
ight guide us to deeply understanding the reaction mech-
nism. In the present work, the regeneration of FeIIEDTA
y electrochemical approaches together with investigation
n kinetic parameters of FeIIIEDTA was analyzed by tech-
iques of cyclic voltammetry, quasi-state polarization curve

mailto:weirong@mail.hz.zj.cn
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Nomenclature

A electrode area (cm2)
B pre-exponential factor
C concentration (mol dm−3)
D diffusion coefficient (cm2 s−1)
DO diffusion coefficient of oxidation state (cm2 s−1)
DR diffusion coefficient of reduction state (cm2 s−1)
Ea apparent activation energy (kJ mol−1)
ED diffusion activation energy (kJ mol−1)
Ee activation energy caused by electron transfer

(kJ mol−1)
EP peak potential (V)
EP/2 half peak potential (V)
F Faraday constant (C)
i current (A)
ip peak current (A)
ipa anodic peak current (A)
ipc cathodic peak current (A)
k0 standard rate constant (cm s−1)
P air pressure (atm)
R ideal gas constant (J mol−1 K−1)
t time (s)
T absolute temperature (K)
V volume (m3)

Greek symbols
α transfer coefficient
η overpotential (V)
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Ψ function associated with reversibility

nd potentiostatic step method for the purpose of probing rate-
etermining step and further understanding the conversion of
eIIIEDTA.

. Experimental

FeIIEDTA solution (0.01 M) was prepared by adding equimo-
ar amount of FeSO4·7H2O and Na2EDTA into deionized water.
n order to avoid oxidation of ferrous ion, EDTA solution was
eaerated 30 min under a steady nitrogen flow before the fer-
ous salt was fed into the volumetric flask. 0.01 M FeIIIEDTA
olution was prepared by adding Fe2(SO4)3 into Na2EDTA in
he same manner.

FeIIEDTA(NO) was formed by bubbling 500 ppm NO into
.01 M FeIIEDTA solution. The concentration of NO was
nalyzed by Saltzman method [19] and was tested with spec-
rophotometer 722S (Lengguang Tech., China) at the wavelength
f 540 nm. The formed FeIIEDTA(NO) was also measured by
pectrophotometer 722S at the wavelength of 420 nm [20]. The
oncentrations of ferrous ion and ferrite ion were determined by

,10-phenanthroline method [21]. The concentration of NO3

−
nd NO2

− were tested by ion chromatogram (Dionex ICS-90).
Electrochemical measurements were depicted by Potentio-

tat/Galvanostat (EG & model 273A) in a three-electrode glass

r
i
a
o

Fig. 1. The sketch map of hydrogen collection apparatus.

ell. Na2SO4 (0.5 M) was added into solution as supporting
lectrolyte. The reference electrode was a saturated calomel
lectrode (SCE) with a luggin capillary probe placed near the
orking electrode surface to minimize the ohmic drop through

he cell. The working electrode with area 10.02 cm2 and the
ounter electrode were both platinum foils. All the potential
uoted in this paper were referred to the saturated calomel elec-
rode (SCE) unless special identification.

Hydrogen collection was performed by hydrogen collec-
ion method. The sketch map of hydrogen collection apparatus
as shown in Fig. 1. The cupric wire was covered with

nsulated rubber. The working electrode, with its working sur-
ace exposed to solution, was encapsulated by epoxy resin.
he hydrogen gas escaped from the Pt surface could be col-

ected in a graduate glass tube. The volume of hydrogen gas
ould be read from the difference of solution volume in glass
ube.

. Results and discussion

.1. Characteristics studies of electrode reactions

.1.1. The reversibility of FeIIIEDTA/FeIIEDTA and
etermination of electron transfer number

Cyclic voltammetry was used to test the reversibility of
eIIIEDTA/FeIIEDTA. Scan range was chosen from −0.3 to
.6 V for the clear peak appearance. Fig. 2 illustrates the cyclic
oltammograms of 0.01 M FeIIIEDTA solution at various scan
ates, in which the anodic peaks around potential 0.05 V and
athodic peaks around potential −0.06 V suggested that the pro-
ess seemed reversible on account of the symmetry between
he cathodic peaks and anodic peaks. A typical voltammet-

−1
ic curve at the scan rate of 1 mV s was exhibited in the
nserted Fig. 2A, in which |ipa|/|ipc| = 0.94. This value was
pproximately 1, demonstrating that the process was a reversible
ne.
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Fig. 2. Cyclic voltammograms of 0.01 M FeIIIEDTA with Pt electrode at various
s
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can rates: (a) 100 mV s−1, (b) 50 mV s−1, (c) 30 mV s−1, (d) 10 mV s−1, (e)
mV s−1, (f) 2 mV s−1, and (g) 1 mV s−1, CNa2SO4 = 0.5 M. (Inset (A)) Cyclic
oltammogram of 0.01 M FeIIIEDTA at scan rate 1 mV s−1, T = 298 K.

Furthermore, the transferred electron number in a reversible
lectrochemistry system could also be determined by

EP − EP/2| = 2.2RT

nF
(1)

According to Fig. 2A, EPC and EPC/2 were −0.0685 and
0.0045 V. |EPC − EPC/2| equalled 64 mV. Electron number n
as calculated as 0.91. Moreover, the n values obtained at var-

ous scan rates were also deduced and the results were listed
n Table 1. It could be seen that n values were close to 1
ven at high scan rates. This confirmed that the conversion of
eIIIEDTA/FeIIEDTA was a reversible process with monoelec-

ron transfer. The corresponding electron transfer equation could
e expressed as follows:

eIIIEDTA + e− = FeIIEDTA (2)

.1.2. Determination of standard rate constant k0

For further determination of standard rate constant k0 at
98 K, the diffusion coefficients of DO and DR were necessary.
he diffusion coefficient DO for FeIIEDTA could be calculated
y using the Randles-Sevcik equation [22]:

0.4463(nF )3/2ACD1/2
p =
(RT )1/2 v1/2 (3)

Plots of the peak currents ipa and ipc versus the scan rate
1/2 for FeIIIEDTA/FeIIEDTA at different temperatures were

able 1
he n values at various scan rates in 0.01 M FeIIEDTA

can rate (mV s−1) n

1 0.910
2 0.878
5 0.870

10 0.854
30 0.833
50 0.816
00 0.754
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ig. 3. Plots of ipa vs. v1/2 for 0.01 M FeIIEDTA and ipc vs. v1/2 for 0.01 M
eIIIEDTA, T = 298 K, CNa2SO4 = 0.5 M.

epicted in Fig. 3. According to Fig. 3 and Eq. (3), the dif-
usion coefficient DR could be obtained as 1.68 × 10−6 cm2 s−1

t 298 K. Similarly, the diffusion coefficient DO was calculated
s 2.34 × 10−6 cm2 s−1.

To determine the standard rate constant k0, Tafel polariza-
ion curve with a well-defined Tafel linear range was applied to
valuate transfer coefficient α. With the obtained cathodic Tafel
lope 0.168, α could be subsequently calculated as 0.39 from

2.303RT

(αnF )
= 0.168 (4)

Moreover, k0 could be expressed as Eq. (5) [23]:

= (DO/DR)α/2k0

((πDOnF )/RTv)1/2 (5)

hen α was in the range of 0.3 <α<0.7, Ψ was only related to
EP, which could be known from cyclic voltammogram. Thus
could be deduced at the corresponding scan rate [24]. From the

alues of DO, DR andΨ , standard rate constant k0 at 298 K could
e calculated as 0.0263 cm s−1. The value of k0 was more than
0−2 cm s−1, indicating that the reduction process of FeIIIEDTA
as a fast reversible one.

.2. Studies on rate-determining step

A complete electrochemical reaction process at least includes
he diffusion step and the electron transfer step. The diffusion
tep is a process with electroactive species transferred from
lectrolyte solution to electrode interface, while the electron
ransfer step is an electrochemical reaction process on elec-
rode surface. In Fig. 2 the cathodic peaks and anodic peaks

ose steeply and decayed slowly, indicating that the electrode
eaction was mainly controlled by diffusion step. Diffusion acti-
ation energy, apparent activation energy and activation energy
aused by electron transfer were investigated in order to confirm
he rate-determining step.
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ig. 4. Plots of ipc vs. v1/2 for 0.01 M FeIIIEDTA at various temperatures and
can rates, CNa2SO4 = 0.5 M.

.2.1. Studies on diffusion activation energy
Diffusion activation energy ED was expressed as

nDR = lnB + −ED

RT
(6)

According to Eq. (3), the scan rate dependence of cathodic
eak current ipc at various temperatures was tested and the
esults were shown in Fig. 4. Then DR changed with temper-
ture could be deduced. The relationship between ln DR and
/T was depicted in Fig. 5. Diffusion activation energy ED that
eIIIEDTA diffused to Pt electrode was 24.93 kJ mol−1 accord-

ng to the slope of Fig. 5 and Eq. (6).

.2.2. Determination of apparent activation energy
Quasi-steady-state polarization curve, a steady-state method
as used to calculate the apparent activation energy of
eIIIEDTA/FeIIEDTA conversion. It was known that the cur-
ent was related to the temperature by Eq. (7), where E was

Fig. 5. Plots of ln DR vs. 1000T−1 for 0.01 M FeIIIEDTA solution.

e
a
d

F
s

ig. 6. Quasi-steady-state polarization curves of Fe EDTA at different temper-
tures: (a) 328 K, (b) 323 K, (c) 318 K, (d) 313 K, (e) 308 K, (f) 303 K, and (g)
98 K. Scan rate = 1 mV s−1, CNa2SO4 = 0.5 M.

ctivation energy:

∂ ln i

∂T

]
η

= E

RT 2 (7)

From Eq. (7), the apparent activation energy Ea was integrated
s follows:

a = 2.303R(lg i2 − lg i1)

(1/T1) − (1/T2)
(8)

The currents of quasi-steady-state polarization curve at var-
ous temperatures were given in Fig. 6. The limit currents
ppeared approximately at −0.14 V. The relationship between
g i and 1/T was shown in Fig. 7 at the same overpotential
E = −0.14 V), in which it was found that lg i was a linear func-
ion of 1/T. From the slope of such plots the apparent activation

nergy was calculated as 25.74 kJ mol−1. The fact that ED was
lmost equal to Ea indicated that the whole reaction was mainly
ominated by diffusion step.

ig. 7. Plots of lg it=0 vs. 1000T−1 at various temperatures for 0.01 M FeIIIEDTA
olution, scan rate = 1 mV s−1.
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ig. 8. The potentiostatic step plots 0.01 M Fe EDTA solution at various tem-
eratures: (a) 298 K, (b) 303 K, (c) 308 K, (d) 313 K, (e) 318 K, (f) 323 K, and
g) 328 K, CNa2SO4 = 0.5 M.

.2.3. Determination of activation energy caused by
lectron transfer step

In avoid of the concentration polarization the transient
ethod of potentiostatic step was applied to study the activation

nergy caused by electron transfer. The limit currents appeared
t −0.14 V. So this potential was selected to perform poten-
iostatic step curves at different temperatures, as described in
ig. 8. Since concentration polarization could be ignored in a
ery short time (less than 0.1 s), the relationship between i and

1/2 was linear. As a consequence, the various it=0 values could be
educed from the intercepts of fit lines at corresponding tempera-
ures. Temperature dependence of lg it=0 was illustrated in Fig. 9.
t could be seen that the plots of lg it=0 versus 1/T was linear.
ctivation energy Ee caused by electron transfer without influ-
nce of concentration diffusion was calculated as 16.56 kJ mol−1

ccording to Eq. (7). The value of activation energy Ee was
.18 kJ mol−1 less than that of apparent activation energy. From
bove discussion we drew the conclusion again that the reduc-

ig. 9. Plots of lg it=0 vs. 1000T−1 for 0.01 M FeIIIEDTA solution at various
emperatures.
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ion of FeIIIEDTA on Pt electrode was dominated by diffusion
tep.

.3. Studies on the direct electrochemical reduction

On the premise that the productions of FeIIIEDTA and
eIIEDTA(NO) accompanied NO absorption, the practical
eduction results were examined by bubbling 500 ppm NO into
.01 M FeIIEDTA solution. Equilibrium was reached when inlet
O concentration was equal to outlet NO concentration. Cyclic
oltammetric behaviors of FeIIEDTA and FeIIEDTA(NO) solu-
ion and the electrochemical reduction products had been
nalyzed before [25]. Since high negative potential increased
he reduction rate of FeIIIEDTA, and caused some side reac-
ions, e.g. hydrogen evolution, the three typical potentials −0.3,

0.7 and −1.1 V were selected as the potentiostatic potentials
o analyze the reduction in more details. The total electron quan-
ities could be calculated by integrating potentiostatic i–t curves
t various potentials. Hydrogen evolution quantity was obtained
y hydrogen collection apparatus. Transferred electron quanti-
ies of FeIIIEDTA, FeIIEDTA(NO) and NO2

− et al. could be
alculated through measured concentration changes before and
fter reduction and electron transfer number n according to Eqs.
2), (8) and (9):

eIIEDTA(NO) + e + H+ = FeIIEDTA + N2O + H2O (8)

H+ + 2NO−
2 + 4e = N2O + H2O (9)

Fig. 10 shows potentiostatic reduction curves at −0.3, −0.7
nd −1.1 V on Pt electrode, from which reduction electron quan-
ities could be obtained. At −0.3, −0.7 and −1.1 V, 93.55,
8.87 and 17.29% of total electron quantities were transferred to
educe FeIIIEDTA, meanwhile, 1.13, 28.94 and 10.45% of total
lectron quantities were transferred to reduce FeIIEDTA(NO),

espectively. Side reactions mainly comprised hydrogen reduc-
ions and NO2

− reduction. Total electron quantities (3.72 and
4.38%) were consumed to produce hydrogen at −0.7 and
1.1 V separately, and 3.54, 5.50 and 4.36% of total electron

ig. 10. Potentiostatic reduction curves of NO-equilibrated solution in 0.01 M
eIIEDTA on Pt electrode: (a) −0.3 V, (b) −0.7 V, and (c) −1.1 V, T = 298 K,

Na2SO4 = 0.5 M.
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uantities were used to reduce NO2
− at −0.3, −0.7 and −1.1 V

s well. Some other side reactions might include oxygen reduc-
ion.

. Conclusions

The direct electrochemical reduction of FeIIIEDTA produced
n NO absorption by FeIIEDTA solution demonstrated that the
onversion of FeIIIEDTA into FeIIEDTA was a fast reversible
rocess with monoelectron transferred. Standard rate constant
0 at 298 K was 0.0263 cm s−1. Kinetic parameters of diffusion
ctivation energy 24.93 kJ mol−1, apparent activation energy
5.74 kJ mol−1 and activation energy 16.56 kJ mol−1 caused
y electron transfer process confirmed that the reduction of
eIIIEDTA was mainly controlled by diffusion process.

Direct electrochemical regeneration FeIIIEDTA was investi-
ated over a wide range of potential. It was found that electrons
ere mainly transferred to reduce FeIIIEDTA at −0.3 V. At −0.7

nd −1.1 V FeIIEDTA(NO) was found decomposed at the same
ime. Generally speaking, direct electrochemical reduction pro-
ided a promising method to regenerating FeIIEDTA in the wet
rocess of NO absorption.
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