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ABSTRACT

Modified boron- doped diamond (BDD) electrodes from copper (Cu) electroless process were
produced and characterised aiming their application at nitrate electrochemical removal. Cu
deposits on BDD surface may promote its conductivity and selectivity increase mainly for nitrate
ions reduction using the flow electrochemical reactor. Cu/BDD composites were obtained with
optimised parameters to produce high- quality electrodes in suitable doping level associated with
Cu particle deposits. BDD films were grown on titanium (Ti) substrates from hot filament chemical
vapour deposition reactor. Higher deposit density as well as better Cu particles uniformity was
observed for the highest doped BDD electrodes. Considering the nitrate reduction, four cathode
and four anode electrodes with 2.5 x 2.5 cm’ were necessary for each electrolysis. The
experiments were carried out by varying current density, reactor flow rate, and supporting
electrolyte. The process effectiveness was analysed as a function of BDD/Ti and/or Cu/BDD/Ti
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electrodes as cathode where the results were monitored by lon Chromatography. This analyses
showed the highest electrolysis efficiency for 300 L h™ flow rates, when BDD/Ti electrodes were
used both as an anode and as cathode simultaneously. These results were corroborated by X-ray
photoelectron spectroscopy (XPS) measurements for electrode surfaces before and after the
electrolysis. This behaviour may be associated with the lower impurity adsorption on the film
surface due to the turbulent regime used in the flow reactor. On the other hand, when Cu/BDD/Ti
was used as a cathode, the best efficiency was obtained for the flow rate of 50 L h™, which may be
associated to the low hydrogen adsorption on the electrode surface due to the Cu presence.

Keywords: Electroless; copper; nitrate; reduction; reactor.

1. INTRODUCTION

Drinking water quality in the world has been
directly affected by anthropogenic factors [1]. In
addition to the problem of the availability of
potable water availability, there is a pollution
issue by wastewater discarded from households,
commercial establishments, and industry through
sanitary sewers. It is possible to observe the
impacts generated by the contamination of water
resources throughout society as well as public
health [2], affecting mainly the places where
water does not receive any treatment. Among the
materials found as contaminants of the
groundwater source, nitrate ion can cause a
significant environmental problem. It is generated
due to the use of fertiliser products containing
large concentrations of nitrogen compounds in
addition to inorganic and animal manure, in
plantations, soil cultivation, sewage deposited in
septic systems, and atmospheric deposition [3].
A recent concern is the increase of nitrate ion
levels in drinking water. Particularly, in healthy
water in rural areas, the main source of this
nitrate is caused by leaching out of cultivated
land to rivers and water streams, which can
contaminate large areas [4]. The consumption of
high concentrations of nitrate ion through water
supply is associated with two adverse health
effects: the induction to methemoglobinemia [5]
and the potential formation of carcinogenic
nitrosamines and nitrosamides [6]. Diseases
related to the lack of water treatment are a
reality, thus, to solve these problems, many
papers have been developed to improve the
quality of water in lakes, rivers, aquifers, and
management as discussed in an analysis
between the Brazilian circumstance and the
world water development [7].

There are different studies that attempted to
remove nitrate from water, which used different
techniques such as biological treatment [8],
ion exchange [9], reverse osmosis [10],
heterogeneous catalysis [11], and

electrochemistry [12-15]. Among them,
electrochemical technology has been shown to
be an excellent nitrate removal technique
because it has advantages such as relatively low
cost, safe technique, small areas for plant
implantation, and environmentally correct
procedure due to the use of electron exchange in
the electrochemical reduction/oxidation
processes. It is important to point out that this
technique is strongly influenced by the type of
electrode, type of catalyst, pH, and hydrogen
flow rate [4]. Concerning the electrochemically-
induced nitrate reduction, the cathode material is
determinant in this technology efficiency and
many metals have already been studied as
cathodes like Cu, Fe, Al, Ni, Zn, Ag, Au, Pt and
Pd [16-20]. Among them, Cu and Fe have
demonstrated to be the very promising material
due to their high efficiency and low cost.

In addition, boron- doped diamond (BDD) has
been extensively used as electrode material due
to its peculiar properties including wide potential
window, which allows it to work in cathodic and
anodic region extremes, corrosion resistance,
high electrical and thermal conductivity, low
background current, and high chemical inertia
[21], particularly with high efficiency for nitrate
removal [22-25]. Recently, Rajic et al. [4] has
discussed the complex process concern to the
electro-reduction of nitrate at the cathode which
starts with nitrate ion absorption. Similarly,
Kalaruban et al. [9] have shown the possible
reactions at the cathode and at the anode where
the oxygen evolution is the main anodic reaction.
By using an undivided electrolytic cell, Govindan
et al. [26] have studied the mechanism for nitrate
removal where nitrite and ammonia are the main
products formed during the electrochemical
process. They explained the understanding of
this mechanism associated with the formation of
ammonia from nitrate and nitrite at the cathode
and subsequent re-oxidation of ammonia to
nitrogen on the catalytic anode surfaces. Their
results followed the same trend as discussed by
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Perez et al. [21] who used BDD electrodes in the
absence of chloride ions.

Also, in previous paper, the reactions occurred
anodically on BDD electrode enhancing ‘OH
production [27]. Following this reaction, it is
supposed that at the beginning of electrolysis the
formation of low NH,” may be due to the high
guantity of hydroxyl radicals generated on BDD
anode, which facilitates the direct ammonia
oxidation to nitrogen gas. This assumption is
consistent with that reported by Ghazouani et al.
[28]. According to them, the hydroxyl radicals are
rapidly produced on BDD anode and reach a
maximum after 30 min, then, decreases up to the
end of electrolysis.

Taking into account the above discussions as
well as previous optimised study in the
production and characterisation of Cu/BDD/Ti
electrodes at different experimental parameters
[29], this manuscript shows the application of
these electrodes for nitrate removal using the
flow electrochemical reactor. From these
previous results concerning the Cu deposits on
BDD surface, the present study choses the best
Cu/BDDI/Ti electrode taking into account the
electroless parameter variations for two different
BDD doping levels, at three pH solutions, and at
three deposition times. Thus, the paper discuss
about the nitrate electrochemical reduction
improvement using two sets of BDD/Ti as anode
and BDD/Ti or Cu/BDD/Ti electrodes as the
cathode in the electrochemical flow reactor, at
different current densities, flow rates, and
different supporting electrolytes. For nitrate
reduction, the main nitrogen species that could
be formed are NO, and NH," ions, according to
the following equations [30]:

NO3 (soy <> NO3' (ags) (1)
NO3- (ads) +2e + Hzo —> N02> (sol) + 20H (2)
NO, (so)y <> NO3 (ags) (3
NO; (ags) + 3€” + 2H,0 — %2 N, () + 40H™ (4)
NO; (aus) + 6€ + 6H,0 — NH," + 80H  (5)
In general, the lon Chromatography (IC)
technique is a versatile analytical method for
simultaneously measuring inorganic anions (NO3
and NO,) and cations (NH,") for controlling the
rate and formation of these ions in the

electrolysis processes. IC is a subdivision of
High- Performance Liquid Chromatography

(HPLC) that includes all rapid liquid
chromatography separations of ions in columns
coupled online with detection and quantification
in a flow-through detector [31]. Its main
advantage over the conventional colourimetric,
electrometric, or titrimetric methods is that it
provides a single instrumental technique that
may be wused for their rapid, sequential
measurement, not to mention, the elimination of
hazardous reagent use [32]. Therefore, these
ions were monitored by the ion chromatography
technique.

2. EXPERIMENTAL

2.1 Cu/BDD/Ti
Characterisation

Production and

Firstly, as already described in a previous paper
[29], to optimise the parameters for Cu/BDD/Ti
production from the electroless process, BDD
films were grown on Ti substrates with a
geometric area of 1.0 x 1.0 cm? and thickness of
0.5 mm by hot filament chemical vapour
deposition (HFCVD) technique. To minimise the
film/substrate stress and to increase its
nucleation rate, BDD coatings were deposited on
Ti after pre-treatment in air abrasion with glass
beads. They were prepared from methane-
hydrogen gas mixture with a pressure of 40 Torr
and temperature around 650°C for 24 h. Boron
source was obtained by an additional hydrogen
line passing through a bubbler containing B,O3
dissolved in methanol with a controlled B/C ratio
that permitted to produce films with different
doping levels (5000 and 15000 ppm B/C). To
estimate the B acceptor density of BDD sample,
Mott-Schottky plots (MSP) curves were taken in
0.5 mol L™ H,S0O, for the frequency of 10 kHz,
peak to peak potential perturbation of 10 mV,
and potential range from 0 to 1.0 V X
AgQ/AgCI/KCl(sat). Prior to the Cu electroless
deposition, the sensitisation on the BDD was
achieved using a solution of 40 mL L™ HCI
containing 0.04 mol L™" SnCl, for 5 min and the
activation was made using a solution containing
7x10 mol L™* PdCl, with 2.5 mL L™ HCI for 5
min. Ultrasonic vibration was used for both steps.
The electroless Cu deposition was carried out at
different times (30, 60, 180 and 2400 s) at room
temperature. The bath composition was 0.1 mol
L™ CusO, + 0.2 mol L KNaC,H,06 + 17.5 mL L’
' HCHoO. pH levels were adjusted to 8, 10 and 12
by the addition of NaOH. Fourier transform
infrared (FTIR) spectrometer with attenuated
total reflectance (ATR) Model Spectrum 100 from
Parkin Elmer equipment was used to monitor the
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anchor points associated with the functional
groups on BDD surfaces promoted by the pre-
treatments. The Cu modified diamond film
morphologies were verified from the scanning
electron microscopy (SEM) images using a Jeol
JSM-5310 microscope and the X-ray Diffraction
(XRD) patterns using a PAN analytical model
X'Pert Powder diffractometer with the CuKa (A =
1.54 A), set at 45 kV and 25 mA, running in the
w/26 scanning mode with w = 1° and 26 from 10
t0100°. These morphological and structural
characterisations were already described in
details in previous paper [29].

Therefore, after the parameter optimisations in
this Cu electroless process to produce
Cu/BDDITi electrodes, BDD/Ti films were grown
on Ti with geometric area of 2.5 x 2.5 cm® and
thickness of 1.5 mm following the same
experimental procedures, but only in the highest
doping level of 15000 ppm B/C. For these
samples, the Cu electroless parameters were
optimised in a solution pH = 12 and deposition
time of 30 s. The best electrode performance
was also confirmed by linear sweep voltammetry
(LSV) measurements for nitrate reduction using 1
mmol L™ Britton-Robinson (BR) buffer (pH=3) +
0,01 mol L KNO; at a sweeping rate of 50
mVs™ for /CuBDD/Ti electrodes at deposition
times of 30,60, and 180 s. LSV and MSP
experiments were done using a conventional
electrochemical cell and a
Potentiostat/Galvanostat 302 Autolab/Metrohn

equipment with Pt as a counter and
AQ/AQCI/KCly as  reference  electrodes,
respectively.

2.2 Nitrate Reduction Using the

Electroctrochemical Flow Reactor

Taking into account the electrochemical nitrate
reduction the electrolysis was performed using a

cC A
flow L |]
out
o s
cathode anode
[IJ <“— flow
l in
spacer

m) | O A

adapted and assembled electrochemical flow
reactor from a previous paper according to Fig.1
[33]. This reactor comprises two parallel
polypropylene plates fitted with four electrodes
as anodes (total geometric area 16.6 cm?) and
four electrodes as cathodes (total geometric area
16.6 cm?®). The reactor was connected to a
recirculation system (capacity 2.0 L) through
which electrolyte could be supplied at flow rates
from 50 L h™ (laminar flow; Re 300) to 300 L h™
(turbulent flow; Re 1900). The experiments were
carried out using four BDD/Ti electrodes as
anode and four BDD/Ti or Cu/BDD/Ti as a
cathode using 800 mL of nitrate solution and
electrolysis time for 5 h. Aliquots were taken at
times: 0, 15, 30, 45, 60, 75, 90, 105, 120, 150,
180, 210, 240, 270 e 300 min. They were
analysed using an lon Chromatography 850
Profissional Metrhom system with an anions
column Metrosep A supp 5 and eluent of 0,003
mol L™ Na,CO; + 0.001 mol L™* NaHCO;. For all
experiments, the distance between the anodes
and cathodes was kept constant at 1.5 cm.

Firstly, the electrolysis was carried out in neutral
solution 0.1 mol L™* de K,SO, + 100 ppm de
KNO; using BDD/Ti electrodes as cathodes and
anodes at two current densities of 20 and 200
mA cm? for three different flow rates of 50, 100,
and 300 L h™. Secondly, from the best current
density value, the electrolysis was performed
using Cu/BDD/Ti as cathodes and BDD/Ti as
anodes for two different flow rates of 50 and 300
L h™. Following the latest configuration of the
electrodes, the influence of supporting electrolyte
for nitrate removal was also studied. For
comparison, the electrolysis was performed
using a second solution of 0.1 mol L* phosphate
buffer solution (pH=7) + 100 ppm KNO; and a
third solution of 0.1 mol L™ carbonate buffer
solution (pH=10) + 100 ppm KNOs;. After each

C
o) B

©©
@®

O

Fig. 1. Schematic view of the electrochemical flow reactor. A, B, and C represent the external,
spacer, and internal parts, respectively.
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electrolysis process, the electrodes were rinsed
with isopropyl alcohol in an ultrasound bath.
Finally, to evaluate the chemical adsorption on
the electrode surfaces after the electrolysis
process, the electrode chemical compositions
were analysed from X-ray photoelectron
spectroscopy (XPS) measurements using a
Kratos Axis Ultra XPS system with X-ray Al-Ka
(A =1486.5 eV).

3. RESULTS AND DISCUSSION

3.1 Characterisation of BDD/Ti and

Cu/BDD/Ti Electrodes

The results of the morphological and structural
characterisations of the electrodes used in this
paper, through scanning electron microscopy
(SEM), Raman spectroscopy, X-ray spectra, and
Fourier Transformed Infrared spectroscopy
(FTIR) analyses have previously been presented
[29]. BDD fiims completely closed and
homogeneous were observed covering the entire
substrate considering their roughness
morphology. The films did not present cracks or

delaminations even after electrolysis experiments.

Raman spectra showed high- quality BDD films
for both doping levels confirmed by the diamond
peak presence in the region of 1332 cm™. The
physical meaning of an MSP is the effect of
potential E on the thickness of the space-charge
layer in the semiconductor. The MSP was used
to obtain the boron content on BDD films
obtained with different doping levels. Fig 2
depicts this graph for the heavily BDD sample

3.30

(15000 ppm B/C), with a classical Mott-Schottky
behaviour and weak frequency dependence,
where the slope of the curve allows determining
its acceptor density. The evaluated acceptor
density value was 2.42 x 10** B.cm™®, indicating a
heavy doped film with an excellent conductivity
and very suitable for electrochemical applications
confirming its profile presented in Raman
analyses. Concerning the Cu electroless process,
the deposits presented small grain morphology
distributed all over the diamond crystal faces for
both electrodes depending on the electrode
boron level, solution pH, and deposition time. Cu
metallic crystallographic form was obtained for all
depositions. The deposit amounts increased as
the pH solution as well as the deposition time
increased. SEM images showed a high density of
Cu patrticles for the highest doped BDD electrode.
Therefore, from the optimised electroless
parameters, the study chose the Cu/BDD/Ti
electrodes obtained with pH =12, with the highest
doping level, evaluated from Mott-Schottky Plot
(MSP), as described above.

The modified Cu/BDD/Ti electrodes at different
deposition times were used to evaluate their
performance to the nitrate reduction. These
analyses were carried out with the purpose of
choosing which deposition time presented the
greatest performance with respect to the activity
and selectivity in the nitrate eletroreduction.
These results were important because the best
response obtained in these measurements
was used as a definining parameter in the
electroless deposition time applied to the

3.25 L] -
3.20
3.15 |

3.10

Csc(uF/lem’ x 10™)

3.05 -

3.00

2.95 L L L

-0.1 0.0 0.1

0.2 0.3 0.4 0.5

Potencial /V x Ag/AgCI/KCI (s

Fig. 2. MSP curve for the heavily BDD/Ti sample.
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larger electrodes, which were used in the
electrochemical flow reactor. Fig. 3 presents
linear sweep voltammograms of these electrodes
in the presence of nitrate ion as a function of Cu
deposition time. For comparison the curve D is
related to the Cu/BDD/Ti - 30 s only on BR buffer
solution (blank). It was possible to observe that
Cu deposited on diamond surface catalyses the
electroreduction of nitrate for all electrodes.
Nitrate electroreduction is a very complex
process. Several products depend on the
experimental conditions such as pH and applied
potential. In this work, the cathodic peak is
observed around -0.6 V x Ag/AgCI/KClsa for the
three electrodes studied, suggesting that nitrate
to nitrite reduction is taking place at this potential.

As can be observed in Fig. 3(C), despite the high
density of Cu particles deposited on the BDD
surface with deposition time of 180s (C) [29], it
did not increase the catalytic activity for nitrate
reduction, since the voltammogram of the nitrate
showed a lower cathodic current when compared
to those of Cu/BDD/Ti obtained at deposition
times of the 30 (A) and 60s (B). A more
significant difference was observed in the
voltammogram of the Cu/BDD/Ti electrode of 30s
of deposition time (A), which showed a peak
around -0.6 V x Ag/AgCI/KCl s related to nitrate
to nitrite reduction followed by a shoulder around
-1.1 V x Ag/AQCI/KClsyy relative to the nitrate
reduction to ammonia. In addition, a slight
increase in cathodic current was observed,
showing that the reduction of nitrate was better
catalysed in the presence of smaller Cu particle

amounts. Therefore, Cu/BDD/Ti-30s electrode
presented the best activity and selectivity for both
nitrite and ammonia ions in nitrate reduction
while Cu/BDD/Ti electrodes obtained at 60 and
180 s deposition times presented activity and
selectivity only for nitrite ion. However, it is
important to note that the Cu/BDD/Ti-60s showed
the largest peak definition related to nitrate to
nitrite reduction. Thus, the deposition time of 30 s
was chosen for Cu electroless process on larger
BDD electrode (2.5 x 2.5 sz) for using in nitrate
removal in the electrochemical flow reactor.

3.2 Electrolysis of Nitrate lons

The study for nitrate removal was performed in a
systematic way considering different
experimental parameters on the electrochemical
flow reactor. Firstly, some criteria were
established to impose a range for these
parameter variations. Concerning the supporting
electrolyte, the neutral medium of K,SO, was
chosen due to its same cation of the reagent
KNO; decreasing in this way the amount of ions
and, consequently, decreasing the probability of
peak overlaps for ion chromatography analyses.
The study chose two values of current density 20
and 200 mAcm? The minimum current value
was explained by the mass transfer model used
to estimate the minimum necessary current to
degrade nitrate to obtain nitrite and ammonium
as final products [14,15]. Besides, other studies
have already discussed the nitrate degradation
efficiency in this current range [14, 15, 34]. On
the other hand, the second current value was

0.00 -

-0.05 |-

®)

-0.10 |

Current / mA

-0.15 |-

-0.20 |
(A)
(&)

-0.25

—— Cu/BDD/Ti_30s
—— Cu/BDD/Ti_60s

Cu/BDD/Ti_180s
—— BR Buffer (blank)

-1.6 -1.4 -1.2

-1.0

-0.8 -0.6 -0.4 -0.2

Potential / V x Ag/AgCI/KCI(sa‘_)

Fig. 3. LSV response of Cu/BDD/Ti electrodes with deposition times of 30, 60 and 180 s for 107
mol L™ BR buffer solutions (pH=3) and nitrate reduction in a solution of 10 mol L™ KNO;
+10° mol L™ BR buffer solution (pH=3). Scan rate: 50 mV st
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chosen due to studies that have reported good
degradation results with higher current values
[35,36], and also attributed to the interest in
investigating the behaviour of degradation that
uses, comparatively, a current ten times greater.
Thus, two values of current density, different in
one order of magnitude, were defined to
investigate a possible proportionality relationship
between the current density and the percentage
of degraded nitrate.

3.2.1 Influence of flow rate and current
density

For this purpose, the reactor set up was kept
using BDD/Ti electrodes for anodes and for
cathodes three flow rates of 50, 100, and 300 L
h™ were studied in the two current densities of 20
and 200 mA cm™. For the experiments using 20
mA cm? the electrolysis results are presented in
Fig. 4(a) where all flow rates showed the
degradation of part of the pollutant, implying a
sharp decrease in the nitrate concentration at the
beginning of the experiments, even though this
decay rate did not show continuity after the first
hour of degradation. For the nitrate reduction,
firstly the adsorption of the nitrate should occur
on the electrode surface. In aqueous media, the
following main reactions (6), (7), (8), (9), may
take place at the active sites of the cathode
electrode:

NO3’ (so)y <> NO3' (ags) (6)
H20405 <> OH ags + H'ags (7)
H' s + € > Hags (8)
2Hags < H21 9)

1.00 -

0.96 -

0.92 -

0.88 -

[NO,JINO,],

0.84 -

0.80 -

1 1 1 1 1

L L
0 50 100 150 200 250 300

Time (min)

Indeed, on the cathode surface, there is a
competition between the nitrate, and the
hydrogen reduction. Thus, it is believed that the
degradation rate was reduced after the first hour
due to the physical adsorption of the hydrogen
on the electrode surface, decreasing the
interaction between the electrode and the
pollutant over time not to mention the possible
adsorption of intermediate compounds generated
during the degradation. As explained in the
experimental part, aliquots were taken during the
electrolysis process and the results were
analysed by ion chromatography. The obtained
values were normalised in all the presented
results. The electrolysis of the Pollutant at the
fluxes of 50 (A) and 100 L h™ (B) was very
similar, with nitrate removal of 6 and 7%,
respectively. On the other hand, in the flow rate
of 300 L h™ (C) the degradation was greater,
reducing 13% of the pollutant. As the nitrate
reduction values were very close to flow rates of
50 and 100 L h™, it is possible to speculate that
the small variation in flow rate was not sufficient
to change the laminar flow regime established in
the smaller flow rates. In contrast to this result,
the significant nitrate removal increase in the flow
rate of 300 L h™ was attributed to the lower
adsorption of hydrogen particles and/or
intermediate products on the electrode surfaces
provided by its turbulent fluid flow regime.
Considering the nitrate removal experiments for
200 mAcm, similar results were observed for
the flows of 50 (A) and 100 L h™ (B) of 11 and
12%, respectively. Following the same
degradation behaviour performed at 20 mA cm?,
the best response occurred at the highest flow
rate, 300 L h™ (C), reducing 15% of the pollutant,
as shown in Fig. 4 (b).

0.92

0.88 -

INO, JNO, ],

0.84 -

0.80

0 50 100 150 200 250 300
Time (min)

Fig. 4. Nitrate removal as a function of the electrolysis time for the three flow rates of (A) 50,
(B) 100, and (C) 300 L h™. (a) 20 mAcm’®; (b) 200 mAcm 2.
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To justify the inference of the physical adsorption
of intermediate products on the electrode
surfaces, the films were analysed by XPS before
and after the degradations proving the adsorption
of elements on the film surface, especially after a
low flux electrolysis. Fig. 5 presents a general
evaluation of the chemical composition of all
elements on the BDD film surface from the XPS
Survey spectra before and after the nitrate ion
electrolysis process. The spectrum showed the
presence of two main peaks related to C 1s
(284.5 eV) and O 1s (529.2 eV) for the BDD film
before nitrate ion electrolysis. As can be seen in
Fig. 5, the presence of different chemical
elements such as N 1s (398.6 eV), K 2p (292.8)
and S 2p (164,3 eV) was observed after the
nitrate ion electrolysis as possible contaminant
elements on the BDD surface. Besides, the C 1s
decreased associated with the O 1s peak
increase, for both flow rates. These results
confirm that there was adsorption of
intermediates on the surface of the electrode
during the process of nitrate ion reduction.
Detailed information on the atomic
concentrations of C 1s, O 1s, N 1s, K 2p and S
2p were calculated from the Survey spectra
using Kratos Vision software. These results are
presented in Table 1.

According to the results of Table 1, there is a
higher contaminant percentage when the
electrolysis was performed in a 50 L h™ flow rate
compared to that performed with a flow rate of
300 L h™. Another significant difference is
associated with the C/O ratio on the diamond
surface before and after the nitrate ion reduction.
There was a larger decrease in this ratio when
the electrolysis was performed using a 50 L h™.
This behaviour may be related to a possible
inhibition of active sites of the BDD electrode, as
a consequence, there was a small decrease in
the efficiency of the reduction of the nitrate ion
using flow rate of 50 L h™%. It is believed that the
turbulent regime, established in the higher flows,
acts by removing the adsorbed patrticles in the
electrode due to the great agitation generated in
the displacement of the fluid by the non-linear
flow rate of its particles, providing a larger
contact surface between the electrode and the
nitrate ion. Otherwise, the laminar regime,
established in the smallest flow, presents the
least agitation in the layers of the fluid during its
movement, allowing particles such as hydrogen
and/or intermediate products generated during
the degradation to remain adsorbed on the
electrode.

Intensity / a.u

—— Clear
— flow50
— flow300
T T T T T T T T T T T T
-200 0 200 400 600 800 1000 1200

Binding energy /eV

Fig. 5. XPS Survey spectra before and after the nitrate ion electrolysis process.

Table 1. Mass concentration percentage of C 1s, O 1s, N 1s, K 2p, and S 2p obtained from XPS

spectra
Peak Before electrolysis After electrolysis (flow 300) After electrolysis (flow 50)
% mass conc. % mass conc. % mass conc.
Cls 85.13 23.92 12.07
O1ls 14.87 45.05 51.94
N1ls - 1.11 -
K2p - 22.66 26.78
S2p - 7.19 9.09
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These results are coherence when compared to
those of degradations carried out with the current
density of 20 mA cm™, confirming the tendency
of the sharp drop of the pollutant concentration in
the electrolysis beginning, although this
behaviour does not continue throughout the
process. Thus, a trend was observed in the flow
rate study with the use of unmodified electrodes:
the higher the flow rate the better the efficiency
of nitrate removal. Moreover, since a great
similarity was observed considering degradation
results carried out inflows of 50 and 100 L h™,
the study using 100 L h™ was neglected in next
steps based on the assumption that the small
flow variation between them was not sufficient to
change satisfactorily the degradation behaviour.

Concerning the flow rate of 300 L h™, the rates of
nitrate concentration decay are considerably
different between the two applied -current
densities, although the final result, in degrading
terms, is similar. Nonetheless, a significant drop
in nitrate concentration is observed for the three
initial times of collection, when the 200 mA cm™
current density is used. However, this effect is
greatly reduced for the lower current density. For
the total degradation time, the effect of a current
density ten times higher is not significant. By
comparing the curves (C) on Fig 4 (a) and (b) the
nitrate removals were 13 and 15% for current
densities of 20 and 200 mA cm?, respectively.
Although the nitrate removal was greater in the
current density of 200 mA cm?, no proportionality
relation was observed in comparison to that of 20
mA cm™. Therefore, the choice of 200 mA cm?is
inappropriate for this study, because there is no
linear relationship between the applied current
density and the percentage of degraded nitrate
[13]. The small increase observed in the
degradation rate after a significant increase in
energy expenditure may be related to the
evolution reaction of hydrogen, which competes
with the degradation of nitrate consuming part of
the energy supplied to the electrolysis, resulting
in a degradation rate of the pollutant lower than
that expected [12,13,34,37]. These data are in
agreement with other papers where the linear
relationship between energy consumption and

percentage of degraded nitrate was not observed
[13,34]. In addition, these studies also confirmed
that the current density of 20 mA cm™ is the best
choice.

Also, the specific energy consumption was
performed to show that the higher current density
is not appropriated according to equation 10:

CE = (E.1.t)/1000 (10)

where:

E is the potential measured during the electolysis
(V);

| is the applied current;

tis the electrolysis time (h).

Thus, the energy consumption may be evaluated
from:

CEs = CE/Am (11)
where Am is the difference between the initial
and final nitrate mass during the electrolysis.

These results are presented in Table 2 for the
two current densities studied.

Although the values of nitrate degraded mass are
similar, the energy used in the electrolysis is
totally different. In comparison, the specific
energy consumption of the degradation
performed using the higher current is more than
twenty times greater than that of the lower
current. Therefore, there is a strong dependence
relation between energy consumption and
current density, even if this association is not
linear [38]. Taking into account that all
parameters such as media resistivity, supporting
electrolyte, electrodes, and flow rate were the
same in the degradations, it is believed that
energy excess was used in the parallel reactions
of hydrogen evolution during electrolysis. In order
to continue the degradations, the current density
of 20 mA cm™ was chosen, since it showed a
more suitable relation between the consumed
energy and the amount of degraded pollutant.

Table 2. Relationship between the energy consumption of nitrate degradation at two current
densities: 20 and 200 mA cm™

Current density Removal nitrate mass (g) Potential CE CEs

(mA cm?) E(V) (kwh) (kwWh g™
20 1,515x107 5,65 7,063x10° 0,466
200 1,692x10° 14,52 1,836x10" 10,85
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3.2.2 Influence of Cu/BDD/Ti cathode

After the preceding optimisation parameters, the
next step of this work was to apply the modified
diamond films through the Cu electroless
process as the cathode in the electrolysis
process for nitrate removal. According to Lacasa
et al. [14], the deposition of a thin layer of copper
particles has a catalytic effect on the nitrate
degradation, reducing the physical adsorption of
hydrogen on the cathodic electrode surface,
favouring the pollutant adsorption. To maintain a
comparative parameter, the influence of the
modified electrodes was studied for flow rates of
50 and 300 L h™ and the current density of 20
mA cm? The comparison between the
electrolysis using BDD/Ti and Cu/BDD/Ti
cathodes are shown in Fig. 6 (a) and (b) for flow
rates of 300 and 50 L h™, respectively.

The degradation carried out with the modified
Cu/BDD/Ti cathode (B) shows a slight
improvement in the final value of the degradation
in relation to that obtained with the BDD/Ti
cathode (A). Nevertheless, the performance of
the electrodes was similar during the electrolysis.
This behaviour can be attributed to the turbulent
regime, which, like copper, inhibits the physical
adsorption of hydrogen and/or intermediate
products on the electrode surface. Nonetheless,
taking into account the previous results where
only BDD cathodes were used, the influence of
flow rate variation was more significant in the
electrolysis results than that for using Cu/BDD/Ti
modified cathode. Similar experiments were
performed for the lowest flow rate, which
presented a notable behaviour (Fig. 6 (b)). The
laminar regime, established in the 50 L h™ flow
rate, generated the lowest possible stirring during

[NO,JINO,],

0.76 1 1 1 1 1 1 1
[ 50 100 150 200 250 300

Time / min

the liquid flow, allowing greater physical
adsorption of the substances on the electrode.
Thus, in this regime, where the fluid mechanic
favoured the greater adsorption of particles in the
films, the copper effect as catalytic metal became
more expressive. While BDD/Ti (A) cathode
showed a marked drop in pollutant concentration
only on the end of the first hour, results using the
modified Cu/DDB/Ti (B) electrode showed a
more continuous decay rate throughout the
process, proving the higher nitrate reduction in
the lower flow. In this type of fluid flow, regime
copper is responsible for the lower adsorption of
hydrogen in the electrodes, confirming the
catalytic activity of the metal in the nitrate
degradation [14,34].

3.2.3 Influence of supporting electrolyte

The electrolysis parameter investigations showed
up to now the necessity of a systematic study
related to this complex process of nitrate
removal. Thus, the final parameter studied is
related to the supporting electrolyte influence in a
solution of phosphate buffer and in carbonate
buffer solutions, remembering that up to this
stage the medium used as supporting electrolyte
was composed of K,SO, 0.1 mol L and 100
ppm of KNOj;. Thus, to avoid conductivity
discrepancies between these nitrate diluents, the
ionic concentration of two media was maintained
at 0.1 mol L. Also, the initial pH = 7 of
phosphate buffer solution was the same to that of
sulfate medium, while for carbonate buffer
solution the pH = 10. The current densit%/
was kept at 20 mA cm™ for a flow rate of 50 L h™.

The electrolysis results are depicted in
Fig. 7. The first medium studied was
sulfate  (A). Comparatively, this medium
1.00 |
0.96 +
§0.92»
‘(\?‘ 0.88
- 0.84
0.80 +
076 L ‘ ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300
Time / min

Fig. 6. Nitrate removal as a function of the electrolysis time using two different cathodes of (A)
BDD/Ti and (B) Cu/BDD/Ti. () 300 Lh™"; (b) 50 L h™.
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Fig. 7. Nitrate removal for different supporting electrolytes at 20 mA cm?and50L h* using
Cu/BDD/Ti as cathode. (A) potassium sulfate; (B) carbonate buffer solution; (C) Phosphate
buffer solution.

Table 3. Relationship among the energy consumption of nitrate degradation in three support
electrolyte of sulfate, carbonate buffer, and phosphate buffer

Supporting electrolyte  Removal nitrate Potential CE (kwh) CEs
mass (g) E(V) (kwh g™
Sulfate 1.514x107 5.43 6.787x10° 0.448
Carbonate 1.493x107 5.97 7.462x107° 0.499
Phosphate 2.185x10° 8.66 10.83x107° 0.495
showed the greatest drop in the pollutant The use of carbonate buffer solution resulted in

concentration in the first 50 min of electrolysis. In
this range, the carbonate buffer (B) showed the
lowest drop while the phosphate buffer solution
(C) had an intermediate behaviour. On the other
hand, analysing the final degradation, the
phosphate buffer solution had the best result,
followed by the sulfate solution while the
carbonate buffer was the supporting electrolyte
with the lowest degradation, very close to that for
sulfate electrolyte.

Regarding energy spending, there was a small
increase in consumption when the carbonate
buffer solution was used in relation to that of
sulfate. The latter demonstrated the best
relationship between degraded mass and energy
consumption. The sulphate solution further
degraded comparatively the largest amount of
nitrate mass and was able to maintain the
specific energy consumption in the level
comparable to that for other supporting
electrolytes, according to Table 3.

an increase in energy consumption relative to
that of sulfate resulting in its lowest nitrate
reduction in terms of degraded mass. Also, the
phosphate buffer solution demonstrated an
energy spending comparable to that of carbonate
buffer solution. Nonetheless, this was the
supporting electrolyte that presented the greatest
nitrate degradation.

4. CONCLUSION

In  summary, some parameters of the
electrochemical flow reactor were optimised in
the study of nitrate electrolysis using BDD/Ti
and/or Cu/BDD/Ti as the cathode material. A
small increase in electrolysis efficiency was
obtained for BDD/Ti in the highest flow rate of
300 L h™ due to its lowest adsorption of
impurities on the electrode surface, attributed to
the turbulent reactor regime. On the other hand,
using Cu/BDD/Ti electrodes in the cathodic
region, better results were observed in the lowest
flow rate studied, which may be associated to its

165



Couto et al.; IMSRR, 1(4): 155-168, 2018; Article no.JMSRR.43664

lowest hydrogen and/or intermediate products
adsorption process in the electrode promoted by
Cu. The current density of 20 mA cm™ was most
appropriate because no linearity relationship was
observed between the increase in applied current
density and the percentage of degraded nitrate.
Among the evaluated media, the phosphate
buffer degraded more pollutants with proportional
lower energy expenditure.
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