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Abstract

The electrochemical reduction of nitrates in the weakly alkaline electrolyte, simulating spent solution after regeneration of a strongly
basic anion exchanger was studied. Copper was used as the cathode material. The influence of the electrolyser construction, cathode
form and process parameters on the current efficiency of the nitrate reduction was followed. Four types of cell construction were used:
a plate-electrode cell, a cell with a fluidised bed of inert particles in the inter-electrode space, a packed bed cathode cell and a vertically
moving particle bed cell. The highest current efficiency with respect to the nitrate reduction was observed for the vertically moving particle
bed reactor. On the other hand, unexpectedly high efficiency was also observed for the simple plate-electrode cell, the disadvantage being
very low current density (below 40 AT?) resulting in suitable behaviour. From the point of view of cell efficiency coupled with simplicity
of construction and operation, the optimal cell seems to be the cell with the fluidised bed of inert particles in the inter-electrode space.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction nitrate released from the ion-exchanger contaminates the
regenerating solution, and thus, returns into the environ-
Cathodic nitrate reduction is an interesting problem both ment. Therefore, a means of removal nitrate in a closed
from a theoretical and an applied research point of view. This cycle stream is being investigated [7].
is mainly because the reaction mechanism of this process is Beside other methods (e.g. application of micro-organisms
not well understood so far and because nitrate is a serioug6,8] and heterogeneous catalysis [6,9]), frequent reference
environmental pollutant. The main source of nitrate in water is made in the literature to selective electrochemical reduc-
is the excessive application of agricultural fertilisers. This tion as a method for the reduction of nitrates to nitrogen
caused the penetration of large quantities of nitrate into un- and ammonia [4,10,11]. In contrast to alternative methods,
derground and surface water [1-3]. The high concentration this is a relatively simple technology consisting of a mini-
of nitrates in water has a detrimental effect on the environ- mum number of steps. Moreover, it is suitable for treating
ment and also constitutes a problem in water for industrial the spent regeneration solutions from the ion-exchange
use. columns. This is because electrochemical treatment does
Besides the treatment of drinking and industrial water, the not substantially influence the quality of the regeneration
necessity of dealing with large amounts of alkaline waste solution, which would hinder its reuse in a closed circle.
water with a high nitrate content from the nuclear industry ~ The following reactions may be considered to proceed on
has initiated renewed intensive interest in this problem on the cathode during electrolysis [12]:

the part of ele_ctroc_he_mical engineersin the last decade [4’5]'N03* 4+ HyO+ 26 = NO,~ + 20H" )
Nowadays in drinking water treatment ion exchange rep-

resents the most widespread method for the removal of NOs~ 4 3H,0 + 56~ = 1N, 4+ 60H~ (2)
nitrates [6]. To regenerate saturated ion-exchangers a high
excess of regeneration agent (commonly NacCl) has to beNO3™ + 6H O+ 8¢ = NH3 + 90H™ 3)
used. C_onsequentl_y, the salinity of Wf_:lstewater or_iginating NO,™ + 2H,O + 36 = Ny + 40H" )
from this process increases substantially. In addition, the

NO2~ + 5H,0 + 66~ = NH3 + 70H" (5)
* Corresponding author.
E-mail address: bouzekk@vscht.cz (K. Bouzek). NO,™ + 4H,0 + 4 = NH,OH + 50H™ (6)

1385-8947/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S1385-8947(01)00158-9



100

Nomenclature

a  specific surface (mt)

d diameter (m)

D diffusion coefficient (Ms™1)

h thickness of the packed bed electrode (m)

jb  average current density for the 3D electrode in
flow-by arrangement (A m?)

j¢  total current density for the 3D electrode in flow-
through arrangement (An%)

k mass-transfer coefficient (m?¥)

L length (height) of the electrode (m)

Re Reynolds numbeRe = dev /v’

St Schmidt numbef&c = v'/D

Sh  Sherwood numbesh = kde/ D

v superficial fluid velocity (m3?t)

jp  mass-transfer factor Eq. (13)

Greek letters

e porosity

v/ kinematic viscosity (ris~1)

T time (s)

Subscripts

e equivalent value

p particle

0 bulk value

Only typical overall reactions providing stable products are

given here. The spectrum of possible intermediate steps is
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In the present study, copper was used as the cathode material
since it has been identified as having high electrocatalytic
activity for nitrate reduction in strongly alkaline media [5]
as well as in hydrogen carbonate solutions [14,15].
Originally, the electrochemical reduction of nitrates was
studied mainly in acidic solutions [16—19]. These studies
focus mainly on the reaction mechanism. Voltammetry is
the main technique applied. At present research in this field
focuses on alkaline solutions. The reason is the large quan-
tities of strongly alkaline wastewater from the nuclear in-
dustry to be treated. One part of the papers published on
the problem of electrochemical nitrate reduction is devoted
to the voltammetric study of the reaction mechanism using
different cathode materials [10,13,15,20,21]. Other studies
deal with nitrate reduction electrolysis [4,5,14,22,23] with
respect to products, current efficiency, etc. In most cases,
cells equipped with plate-electrodes were used [5,14,22,23].
Some of the authors have applied packed bed cathodes to
reduce nitrate [4]. This was mainly because a low nitrate
outlet concentration has to be obtained. Up to now, how-
ever, no study dealing with the influence of the cell, and
particularly the cathode construction, on process efficiency
has been made. The aim of this work is to fill this gap.
Concentrated NaHC£X»solution was used as an electrolyte
in this study. It is because HGO ions are more suit-
able for drinking water treatment when compared to Cl
or SQy2~ [24]. Four electrochemical cells were compared:
plate-electrodes, cell with fluidised bed of inert particles in
the inter-electrode space, packed bed cathode and vertically
moving particle bed (VMPB) [25].

2. Evaluation of the mass-transfer coefficients

much broader. However, this exceeds the scope of this study.

Hydrogen evolution (Eq. (7)) is the main parasitic cathodic
reaction.

2H,0 + 26~ = Hy + 20H™ (7)
Oxygen evolution is the main anodic reaction (Eqg. (8)).
40H" = 02 + 2H0 + 4e~ (8)
The desired cathodic process is the reduction of nitrate to

nitrogen according to Eq. (2). According to the literature
data [13], however, nitrate reduction mainly follows Eq. (3)

and the process requires eight electrons. This is in agreement

with our previous [14] and our present results. The overall
process of nitrate reduction in an electrochemical cell may
then be described by Eq. (9).

NaNO; + 2H,0 = NH3 + 20, + NaOH 9)

During electrolysis the electrolyte gradually becomes alka-
line Eqg. (9). Hence, NaHC®present in the solution (for
the composition of the solution see below) is converted to
carbonate. Adding this process to Eqg. (9), the overall cell
reaction, Eqg. (10), is obtained:

NaNOs;+NaHCOs+H20 = NH3 + 20, + NaxCOs  (10)

Since we are dealing with highly diluted solutions,
mass-transfer to the cathode surface is expected to play an
important role in the behaviour of the respective cell type.
Therefore, the mass-transfer coefficients have to be evalu-
ated in order to discuss the results obtained experimentally.

The mass-transfer coefficierk value for the elec-
trolyte laminar flow in the empty channel between the
plate-electrodes can be evaluated by Eq. (11) proposed by
RousSar et al. [26].

de 1/3
Sh= 1.85<ZReSc> (11)
For the mass-transfer to the plate-electrodes immersed into
the fluidised bed of inert particles Eq. (12) was proposed

[27].
Re, —0.36
D& = U
Jj 0 28( P > (12)
1—¢
where
. k 2/3
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_ dpv (14)
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In the case of the 3D electrode, the variation of the elec-

troactive species concentration along the electrode has to be/® =
considered. In order to evaluate concentration as a function

of the position, we start with the mass balance.

dc, = —akc, dr (15)
where
dr = d—y (16)

v
By substituting @ from Eq. (15) in Eg. (16), we obtain
dey _ 3Ky,
v

17)

Cy

By integrating Eq. (17) in the range of to ¢, and ofy =0
toy, after rearrangement, we obtain

ak

cy = coexp (——y) (18)
v

The local current density can be calculated as

Jy = nFahkc, (29)

The average current density is given by integration according
to Eq. (20).

_ 1 L

- 2

Jb L./o Jydy (20)

This yields

jb= nFhy o [1 — exp(—a—kL>] (21)
v

The mass-transfer coefficiektvas calculated using the cor-
relation for 3D electrodes referred to by Storck et al. [28].

k = 1.875Re, 02°c2/3 (22)

The mass-transfer in the VMPB cathode was not studied
in detail and no regression for its evaluation is known so
far. However, since the drum rotation rate is relatively slow
(0.05Hz), at this stage this type of electrode may consid-
ered to be described with satisfactory accuracy by the equa
tions valid for the stationary 3D electrode. In the case of
the VMPB cell, the general flow direction of electrolyte is

parallel to the current lines. Radial convection of the elec-

trolyte induced by the cathode rotation is neglected. There-

fore, relationships different from Egs. (19) and (20) have to

be used to calculate the average current density at the ter
minal electrode. In this case, Eg. (18) is also used to evalu-
ate the dependence of the concentration of the electroactive
species on the position in the electrode. The local value of

the current density can now be expressed as follows.

Jy = nFakc, (23)
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Total current density may be obtained by integrating the local
current density across the electrode according to Eq. (24)

L
/ Jjydy
0

By substituting , from Eq. (23) in Eqg. (24) and consequently

c, from Eqg. (18) in Eq. (23) and simple rearrangement we
obtain an expression for the current density at the terminal
electrode for the electrolyte flow parallel to the current lines.

Jjb = nFucy [1 — exp(—a—kh)}
v

Since hydrodynamic conditions in the cathode are in this
case out of the range of validity of Eq. (22), the mass-transfer
coefficient was in this case calculated using a correlation
proposed by Colquhoun-Lee and Stepanek [29] and recom-
mended by Newman and Tiedemann [30].

(24)

(25)

0.61
k = 0.62aD (l,) /3 (26)
av

3. Experimental
3.1. Apparatus

The following types of cell were used: plate-electrodes,
plate-electrodes with fluidised bed of inert particles in the
inter-electrode space, packed bed cathode and VMPB cath-
ode cell. Schematic sketch of the individual cells construc-
tions are shown in Fig. 1A-D.

The construction of the plate-electrode cell (Fig. 1A) was
identical to those used in the previous work [14]. The only
difference was that the number of electrodes was raised to
five cathodes and six anodes.

The construction of the electrolytic cell with the flu-
idised bed of inert particles (Fig. 1B) was close to that
of plate-electrodes. The dimensions of the electrodes were
0.06 m x 0.30m. The cell was equipped with the two an-
odes and one cathode. The glass spheresl@3m in di-
ameter formed a fluidised bed. In this study, bed expansion
of 50% was used. This was because it provides the highest
mass-transfer enhancement [27].

Flow-by (current lines perpendicular to the electrolyte
flow direction) arrangement was used for the packed bed
cathode (Fig. 1C). The dimensions of the anode and
cross-section of the cathode wer@®mx 0.10 m. The bed
consisted of Cu spheresxd310-3m in diameter. The depth
of the cathode was 0.01 m. As a support for the packed bed

a PVC diaphragm was used. The hydraulic circles were not

separated and a joint electrolyte reservoir was used.

The VMPB cell used last (Fig. 1D) is described in more
detail in [25]. The cell used consisted of six cathode cham-
bers first 0.04 m and remaining 0.03m thick and 0.175m
in diameter. The rotation rate of the cathode chambers was
2.8 revolutions per minute. The main particle diameter
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Fig. 1. Schematic sketch of electrochemical cells used. (A) Plate-electrodes cell, (B) cell with fluidising bed of inert particles, (C) packéabdred cat
cell, and (D) VMPB cathode cell. 1: electrolytic cell; 2, 3: electrolyte reservoir and flow meter; 4, 5: electrolyte inlet and outlet; a—anode;de;—catho
P—inert particles.

was 2x 10~3m. Seventy percent of the cathode cham- kinematic viscosity of the 84gdmi NaHCGQ; solution

ber cross-section was filled with particles. Flow-through v = 1.193x 10-°m?s~1, nitrate ion and oxygen diffusion

(current lines parallel to the electrolyte flow) cathode con- coefficients were approximated by their values in water

struction was used in this cell. Dnoy = 1.9x1079m?s t and Do, = 2.3 x 10 9m?sL.
Copper was used as the cathode material in all the types

of cell. The electrodes were degreased and cleaned in di-3.3. Analytical methods

luted (1:1) HNQ before the start of the first electrolysis.

Between electrolysis runs the cathodes were left immersed Samples were taken at regular intervals and were analysed

in the electrolyte solution. No additional cathode treatment for NO3~, NO>~, NH3 and pH. The determination of nitrate

was provided between the individual experiments. content was based on light absorption at 210 nm [31]; nitrite
Activated Ti anodes were used during all experiments in was allowed to react with sulfanilic acid amdnaphthol in

this study. The temperature was maintained atQby a a weakly acidic solution yielding an orange-coloured azo

thermostat. dyestuff with absorption maximum at 480 nm [31]. Ammo-
All potentials in the text refer to the SCE electrode. nia was determined by the Nessler method [31].
3.2. Chemicals
4. Results

An electrolyte simulating spent solution after strongly
basic anion exchanger regeneration was used throughout The electrochemical reduction of nitrates was primarily
this study. Its composition was as follows: 84.0gdin  studied using a cell with plate-electrodes. The results for the
NaHCQ;, 0.4gdnt® NaCl, 0.4gdm? Na&SO; and different cathodic current densities are given in Fig. 2. The
1.0gdm3 NOs~ (as NaNQ). The following transport  electrical charge per volume of solution treated is used in-
parameters of the solution were used for the calculations: stead of time as thg-axis. This made it easier to compare
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Fig. 2. Electrochemical reduction of nitrates in the plate-electrodes cell.
Dependence of (A) nitrates concentration, (B) nitrites (empty symbols)
and ammonium (filled symbols), (C) cathode potential, and (D) current
yield with respect to the nitrates reduction on the electrical charge per
unit volume of the electrolyte. Cathodic current densit) (20 Am=2,

(v) 40Am=2, () 50Am2 and ) 60Am~2. Temperature 20C,
electrolyte without the addition of Cu ions.

the results obtained using different types of electrochemi-
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generation of the ion exchange columns. It was estimated
experimentally that, in order to assure a satisfactorily effi-
cient regeneration and to minimise the volume of the re-
generation solution needed, the concentration of nitrate in
the regeneration solution after electrolysis should not exceed
approximately 100-150 mg dri. Nevertheless, concentra-
tion below 50 mgdm? is preferred [24]. This result was
obtained within the electrolysis time under study only using
a current density equal or lower than 40 Afn The situa-
tion with nitrite concentration is similar and a concentration
of about one order of magnitude higher was obtained using
the current density of 60 A nf when compared to the con-
centration of about 1 mgdnf reached at 20 A?. Since
nitrite is an even more dangerous pollutant than nitrate and
its limit in drinking water is set at 0.5 mg dm [32], this is

also a very important parameter.

It is interesting to note the potential step apparent on
the chronopotentiometric curves. Although, this appears at
all the current densities studied, it is most apparent at the
lowest one. This process is connected with the mass-transfer
phenomenon at the cathode surface, as discussed below.

As reported previously for the more diluted sodium hy-
drogen carbonate solution [14], a substantial improvement
to the plate-electrode cell behaviour may be brought about
by adding the copper carbonate to the solution. Fig. 3 shows
the behaviour of this system. The most apparent difference,
when compared to electrolysis without the addition of Cu
ions to the solution, is the less cathodic and more stable po-
tential of the Cu electrode. This varies in a range-@.95
to —1.1V for the current density range studied. The con-
centration of nitrite in the solution also corresponds to this
fact. Compared with the case without an addition of Cu
ions, this is five times higher. The increase in the electrocat-
alytic activity of the cathode is demonstrated by the slightly
higher current yields obtained. More important, however, is
the lower value of the nitrate end concentration obtained.
For the electrolyte with an addition of Cu ions end con-
centration of 70 mg N@~ dm~3 and without an addition of
Cu 260 mgNQ@~ dm~23 was reached at a current density of
60 Am—2. This is in good agreement with the observations
made using cyclic voltammetry, which will be discussed
later.

Since we are dealing with a low concentration of the
electroactive species in the electrolyte, the application of
systems with enhanced mass-transfer is obvious. Therefore,
the plate-electrodes cell with a fluidised bed of inert par-

cal cells characterised by different total electrode areas andticles in the inter-electrode space was next to be studied.

electrolyte volumes. As follows from the figure, in the cur-
rent density range studied (20—60 AR) the behaviour of
the system does not vary dramatically. Two main differ-

Simple construction and maintenance, together with inten-
sive mass-transfer and mechanical abrasion of the cathode
surface are characteristic of this type of cell. Fig. 4 shows

ences are the increase in average potential and the limitingthe results obtained for the 50% fluidised bed expansion and

value of the nitrate concentration in the solution after elec-
trolysis. The concentration reached a value of 18 mg¥im
at a current density of 20 Ant and increased to a value
of 254 mg dnT? at a current density of 60 ATf. This is a
very important parameter from the point of view of the re-

various cathode current densities. The results for this type
of cell are in some respects similar to the plate-electrode
cell. The changes in the dependencies observed are,
however, more sudden, and thus, more pronounced. The
nitrate concentration is reduced to 50 mgdmwith a
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Fig. 3. Electrochemical reduction of nitrates in the plate-electrode cell. Fig. 4. Electrochemical reduction of nitrates in the cell with the flu-
Dependence of (A) nitrates concentration, (B) nitrites (empty symbols) idised bed of inert particles in the inter-electrode space. Dependence of
and ammonium (filled symbols), (C) cathode potential, and (D) current (A) nitrate concentration, (B) nitrites (empty symbols) and ammonium
yield with respect to the nitrate reduction on the electrical charge per (filled symbols), (C) cathode potential, and (D) current yield with re-
unit volume of the electrolyte. Cathodic current densif®)(20 Am2, spect to the nitrate reduction on the electrical charge per unit volume of
(v) 40Am2 and ) 60 Am~2. Temperature 28C, electrolyte with the the electrolyte. Cathodic current densit@d) 20Am=2, (v) 40Am2,
addition of CuCQ. (0) 80AM2, (©) 120Am 2 and (A) 320 Anm 2. Temperature 20C,
electrolyte without the addition of Cu ions.

current efficiency of about 45% even at a current density of ently lower when compared to the higher current loads. On
120An 2, the other hand, the trend of the concentration in the whole
The most widespread method of treating diluted solutions current density range under study still decreases with elec-
in the literature is the application of 3D electrodes. The trolysis time, indicating a further decrease in nitrate concen-
packed bed cathode in the form of a stationary layer of cop- tration to a value as close to zero as possible. Application
per spheres was applied in our case, for results see Fig. 50f the 3D cathode leads simultaneously to an increase in
The concentration of nitrate in the solution did not decrease the maximum nitrite concentration in the solution. This in-
below 80 mg dm? in the electrolysis duration range under dicates lower real current densities (at least in part of the

study. Moreover, at the lowest superficial current density cathode) when compared to the plate-electrode, as will be
used (100 A m?) the current yield of the process was appar- discussed later.
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Fig. 5. Electrochemical reduction of nitrates in the cell with packed bed Fig. 6. Electrochemical reduction of nitrates in the VMPB cathode cell.
cathode (flow-by arrangement). Dependence of (A) nitrate concentration, Dependence of (A) nitrate concentration, (B) nitrites (empty symbols)
(B) nitrites (empty symbols) and ammonium (filled symbols), and (C) and ammonium (filled symbols), and (C) current yield with respect to the
current yield with respect to the nitrate reduction on the electrical charge nitrate reduction on the electrical charge per unit volume of the electrolyte.
per unit volume of the electrolyte. Cathodic current density with respect Total current through the cell§) 5A, (v) 10A, (J) 15A, (&) 20A and

to the current collector: ) 100 A2, (v) 200 Am2, ((J) 300 Am 2 (A) 25A. Temperature 20C, electrolyte without the addition of CuGO
and €) 400 Am 2. Temperature 20C, electrolyte without the addition
of CuCGQ;.

A more sophisticated arrangement of the 3D copper cath- creased with satisfactc_wy current _efficiency_ of about 60%
ode is that of the VMPB cathode cell. The main differences below 50 mg dm?®. An important difference is the further
when compared to the packed bed cell are the application ofincrease in the maximum nltrlte. concentration in the solu-
the rotating particle cathode and flow-through arrangement tion when compared to the previous two types of cell.

of the cathode (current lines parallel to the electrolyte flow).

Cathode rotation provides more intensive electrolyte mixing,

and thus, enhances mass-transfer between the electrolyte and Discussion

the electrode surface. An additional effect observed is the

mechanical renewal of the cathode surface by the permanent The individual electrolytic cells are compared with re-
mechanical friction among the neighbouring particles. The spect to theirs calculated mass-transfer limited current den-
results obtained using this type of cell are shown in Fig. 6. sities for the nitrate reduction reaction and experimentally
As is apparent, the current efficiencies reached values muchdetermined current densities providing nitrate concentration
higher than in the previous two types of cell. Correspond- reduction below 50 mgdn¥ required for efficient ion ex-
ingly, the final concentration of nitrates in the solution de- changer regeneration in Table 1. The parameters for which
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Table 1

Comparison of the individual electrochemical cells studied

Cell type knog (Ms™) Calculated mass-transfer Experimentally determined current density
limited current density (Am?2) providing effective reductich(Am—2)

Parallel plate-electrodes 34106 42 20

Fluidised bed of inert particles 30 10°° 373 160

Flow-by packed bed cathode 8:310°° 11000 L

VMPB cathode 1.5x 10°5¢ 19060 1430

aHighest current density providing nitrate concentration reduction below 50 md deguired for sufficient ion exchanger regeneration.
b Nitrate concentration below 50 mg dfwas not reached within the experimental conditions used.
¢ Approximate value calculated using packed bed electrode correlation.

these values were obtained are discussed in more detail fohydrogen evolution—takes place. As discussed in the the-

each particular case below. oretical part of this study, hydrogen evolution inhibits the
For the plate-electrode cell the linear flow rate of the nitrate reduction on the cathode surface. This is why the ni-
electrolyte in the inter-electrode channel %10 3ms?! trite concentration in the solution reaches the limiting value.

was used. The equivalent diameter of the channel wiabx<l With increasing cell current load the limiting current density
10~2m. For these values, using Eq. (11), a mass-transfervalue is exceeded at the very start of electrolysis. This results
coefficient value okno, = 3.4x 108m s 1 was calculated. in a much lower nitrite concentration maximum at the start
Considering the concentration of nitrates at the beginning of electrolysis and in the more cathodic Cu electrode poten-
of the electrolysis (i.e. 1 gdn¥) and reduction to proceed tial. Thereupon the hydrogen evolution intensity increases
according to Eq. (3), the limiting current density for the and consequently the nitrate concentration decrease on elec-
nitrate reduction was calculated g%, = 42 Am—2. Using trical charge spent becomes slower and its limiting value
the identical procedure and considering the concentration ofincreases.

oxygen in the solution of 10 mg dm, the limiting current As discussed in a previous study [14], addition of Cu ions
density for the oxygen reduction was evaluatedjgs = to the solutions enhances the electrocatalytic activity of the
0.46 Am~2. cathode. This was also proven by the polarisation measure-

These values explain the basic features of the dependenments on the Cu rotating disk electrode (RDE) [15]. It was
cies shown in Fig. 2. Using current density of 20 Afn observed in the present work that current density on nitrate
the mass-transfer-limiting current density is reached at the reduction to nitrite increases substantially by the addition of
nitrate bulk concentration of approximately 470 mgdn Cu ions to the electrolyte, see Fig. 3. Firstly, we can clearly
This corresponds well to the linear decrease in nitrate con-observe less cathodic electrode potential in comparison to
centration in time observed for this concentration range. electrolysis without the addition of Cu ions to the electrolyte.
After concentration decreases below this level its further Corresponding to this, the nitrite reaches steady concen-
decrease is slowed down by the parasitic reaction (hydrogentration several times higher. This is in agreement with the
evolution). The dependence of the cathode potential ob- voltammetric experiments [15] where the cathodic peak cor-
served corresponds well to this fact. During the first period responding to the nitrate to nitrite reduction was enhanced
of the time the chronopotentiometric curve shows a delay in significantly by the addition of Cu ions. Since the process is
potential range around1.00V. The slow potential shift to  limited by the mass-transfer from the bulk to the electrode
the more cathodic values corresponds to the gradual changesurface, the increase in the reduction current yield cannot be
in the ratio between the extents of the two successive nitrateexplained by the renewal of the electrocatalytic activity only.
reduction steps. As shown in the previous study [15], in the Mass-transfer has to be enhanced as well. This is probably
first step nitrate is reduced to nitrite. This reaction, however, because the real cathode surface area is enlarged by the con-
requires two only electrons. From this, it follows that not tinuous Cu deposition on its surface and by the increase in
all the electrical charge can be consumed by this reductionsurface roughness. The continuous renewal of cathodic elec-
mechanism step. Exceeding charge is used to reduce nitriterocatalytic activity explains the lower nitrate concentration
to ammonium. This electrolysis period is characterised by limit at the end of electrolysis. The continuously renewed
the steep increase in the nitrite concentration of the elec- surface, however, does not influence the nitrite reduction re-
trolyte solution. As the nitrate concentration decreases, theaction.
reduction of nitrites to ammonium gradually proceeds to a By substituting superficial electrolyte velocity in the
greater extent. Corresponding to this, the cathode potentialinter-electrode space of= 3.6 x 10~2m s and fluidised
shifts to more cathodic values and the nitrite concentration bed porosity ofe = 0.6 in Egs. (12)—(14), the following
in the solution starts to decrease. Once the limiting current values of the mass-transfer coefficients were evaluated:
density value calculated for complete nitrate reduction to kno, = 3.0 x 10°°ms™! andko, = 3.4 x 10°ms?
ammonium is exceeded, there is a steep increase in potentiafor the cell with a fluidised bed of inert particles in the
to the value of—1.14V, where the parasitic reaction— inter-electrode space. The limiting cathode current densities
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for the nitrate reduction at the beginning of electrolysis second limitation of the nitrate reduction process [15]. It
(1gNO;~ dm~3) have, thus, the valuego, = 373Am 2 was observed in [15] that at current densities higher than
and jo, = 41Am~2. The linear course of the nitrate 130 Am 2 hydrogen evolution takes place at the copper
concentrations in the time of electrolysis down to the cathode surface and efficiency of the nitrate reduction
concentration of approximately 100 mgdfy shown in deteriorates.

Fig. 4, corresponds well to this important mass-transfer ~ The superficial electrolyte flow rate of2ix 107°ms™1
enhancement. It exhibits a linear shape, proving the pro- and mean copper particle diameter of 20-3m were con-
cess is dependent on a parameter different from the nitratesidered for the evaluation of the mass-transfer in the static
mass-transfer. Correspondingly, the current yield remains 3D cathode. Using Egs. (21) and (22) for the NOand
approximately constant in this region with some deviations O, mass-transfer coefficients bfo, = 8.3 x 10°ms?!

at the first experimental point caused predominantly by andko, = 9.4 x 10°>ms1, respectively were calculated.

a cathode surface conditioning. Furthermore, the valuesThe superficial limiting current densities @fo, = 11000

of the nitrite concentration in the electrolyte correspond Am—2 and jo, = 120 Am~2 for the nitrates and dissolved
to an increase in mass-transfer intensity when comparedoxygen reduction, respectively were evaluated to corre-
to the simple plate-electrode cell. Soon after electrolysis spond to these electrolysis parameters. Despite the high
starts it reaches a maximum. Contrary to the cell with- mass-transfer-limiting current density, this type of cell pro-
out a fluidised bed, the maximum is most apparent at the vided only poor current efficiency, as shown in Fig. 5. This
current density of 40 and 80 AT. This is probably be- s caused by the irregular potential and local current den-
cause, in the case of the lowest current density 20Am  sities distribution across the stationary cathode bed. From
an important part of the total electrical charge is con- this point of view three regions of the 3D cathode can be
sumed by the oxygen reduction reaction. The chronopo- distinguished. These are schematically presented in Fig. 7.
tentiometric curves show behaviour similar to the simple In region A, the local values of the current density are al-
plate-electrode cell. Only the potential steps correspond- most zero. Current flowing here is consumed mainly by the
ing to the commencement of the parasitic reaction are oxygen reduction reaction. In region B, the current den-
more pronounced in this case. This agrees with the highersity exceeds the oxygen reduction limiting current density.
mass-transfer rate, which causes more sudden electroddhe next electrode reaction to take place is the reduction
reactions changes and can be seen most clearly for theof nitrate to nitrite. In the last region C, the local current
current density of 20 Am?. Here potential remains almost  density value increases steeply above the nitrate-limiting
constant for the first 12 kC dnd, which is a range, where current density and most of the electrical charge is con-
the current density used is lower than that limited by the sumed by the hydrogen evolution, i.e. the parasitic cathodic
mass-transfer. During this period nitrite concentration in reaction. The major part of the electrical charge is typically
the solution remains approximately constant. This indicates consumed in regions B and C. Since the cell operates in
that the kinetics of the nitrate to nitrite reduction and its a flow-by arrangement, different fractions of electrolyte
subsequent reduction to ammonium has reached a steadpass through different parts of the cathode. This leads to
state value equal for both of these mechanism steps. Onceahe high nitrite concentration observed in the electrolyte
the current density limiting value has been exceeded, theand to the generally low current yield. On the other hand,
electrode potential is shifted to the more cathodic value however, current yields increase with increasing superficial
and the nitrite reduction kinetics increases. In a subse-current density. This is due to the expansion of region B
quent step, the hydrogen evolution reaction takes place,and the gradual diminution of region A of the 3D cathode
as discussed above. With enhanced current density these

processes are less apparent because the current density of

the nitrate to nitrite reduction apparent on the polarisation current feeder diaphragm
curve has been exceeded [15]. This causes the potential
to start at more cathodic values and its changes in the A B|C

course of electrolysis are less apparent. Moreover, the de-
pendence of the nitrite concentration on the charge spent
shows a distinct maximum and in these cases, the constant
plateau is absent. These results from the fact, that after -
the first portion of this intermediate product has formed,

the kinetics of its reduction prevails over its formation

because of the current density used and the correspond- %
ing cathode potential. The electrolysis shows practically _—T ‘
identical behaviour for current densitigs< 120 A2, 0.0 02 0.4 0.6 08 10

Using higher current density their behaviour deviates sig-
nificantly. This corresponds to the previously made state-
ment about the kinetics current density representing the Fig. 7. Schematic current density course across the packed bed cathode.

relative cathode depth
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with increasing current load. Another unusual feature is the incides with a delay in the increase of ammonia concentra-
lowest current efficiency observed for the lowest current tion in the initial electrolysis period.

density used. This can be explained by the thermodynami-
cally preferred cathodic reduction of the oxygen dissolved
in the electrolyte solution. Limiting current density for
this process reaches almost a half of the lowest current
density studied (100 Ar?). Moreover, at the lowest cur-
rent density potential distribution across the electrode is
quite uniform and lies in the region of the oxygen reduc-
tion reaction (differences between the regions A to C are
not important). This results in the important decrease in
efficiency of the electrolysis with respect to the O
reduction.

The VMPB reactor was operated using the superficial
electrolyte flow rate of B x 10-3ms1. In this particular
case, a uniform Cu particle size distribution was used across
the individual cathode drums. The mean particle diameter
was 2x 10-3m. Using these parameters, the mass-transfer
coefficient values okno, = 1.5 x 10°mst andko, =
1.7 x 10°ms 1 were calculated, neglecting the fact that
the solution was additionally mixed by the cathode drum
rotation. This corresponds to the cell current for the ni-
trate reduction of 267 A and for the oxygen reduction of
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