
FULL PAPER

Electro-oxidation of 2-chlorophenol with BDD electrodes
in a continuous flow electrochemical reactor

E. Peralta-Reyes1,2 & R. Natividad2
& M. Castellanos1 & J. Mentado-Morales1 & M. E. Cordero3

& D. Amado-Piña2 &

A. Regalado-Méndez1,2

Received: 31 October 2019 /Accepted: 15 January 2020 /Published online: 5 February 2020
# Akadémiai Kiadó 2020

Abstract
Synthetic solutions of 2-chlorophenol (2-CP, 1 mM) were treated in an undivided continuous flow electrochemical reactor
equipped with boron-doped diamond (BDD) electrodes. The process was conducted at different current densities (j = 0.10,
0.125, and 0.14 A cm−2), initial pH (4.0, 7.3, and 9.0), and volumetric flow rate (Q = 0.5, 1.0, and 1.5 L min−1). The results of
this study showed that the best operational conditions were: j = 0.14 A cm−2, pH = 7.3, and y Q = 1 L min−1. Under these
operational conditions the degradation and mineralization of 2-CP were, 100% and 96%, respectively, after 6 h of electrolysis
time. The by-products were identified by UHPLC. Also, it was found that the electrochemical degradation of 2-chlorophenol
follows a pseudo-first order kinetics. Furthermore, these results demonstrate that the electrolysis process employed in this work
allows high percentages (96%) of mineralization of 2-CP, a relative low treatment cost ($ 3 MXN/ 2.5 L of synthetic solution),
and that the process is applicable to remediate wastewater.
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Introduction

2-chlorophenol (2-CP) is one of the 65 compounds listed by
EPA as high-priority air and water pollutant [18] because of its
toxicity [12]. In the last years, chlorophenols have been
employed in many industries (dyes, cosmetic, and drugs).
Therefore, 2-CP removal from industrial effluents has become
of paramount importance. Because the degradation of this
compound is rather difficult by natural means, it tends to per-
sist in the environment, so it is currently a public health topic

[4]. For this reason, it is necessary to be efficiently eliminated
from wastewater resources. For this purpose, there are pro-
cesses that can be either physical or chemical. The latter have
been proven to offer high water remediation efficiency [16].
Advanced Oxidation Processes (AOPs) fall into this category
and they emerge as an alternative to eliminate organic pollut-
ants such as 2-CP. There is, in this context, the electrochemical
process, that offers the advantage of producing the hydroxyl
radical (●OH) in greener form, which is a non-selective oxi-
dant [25] with high degradation capability of organic (toxic
and persistent) and inorganic pollutants [21]. Moreover, the
hydroxyl radical can be generated at the anode surface by the
electrochemical reaction given by Eq. (1) [17, 23] or by direct
oxidation of hydroxyl ion (OH−) according to Eq. (2).
Equation (1) might take place at a pH around 9.0 [13] and
reaction (2) is expected to proceed at an pH ≥10 [34],

H2O→•OH þ Hþ þ e− ð1Þ

OH−→•OH þ e− ð2Þ

Some studies of anodic degradation of 2-CP have been
performed employing different electrodes like porous carbon
felt [29], Ti coated with SnO2 (Ti/SnO2) [30], Ti coated with
PbO2 (Ti/PbO2) [30], Pt/Ti [35], platinum (Pt) [14], carbon
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black diamond composite with 20% carbon black (20CBD)
[1, 2], carbon fibers [36], activated carbon composite (ACC)
[1], carbon nanotubes/Agarose/Indium oxide (CNTs/AG/
ITO) [22], and boron-doped diamond (BDD) [35]. In this
context, the BDD anode has emerged as a promising electrode
for organic pollutants removal from wastewater [25]. This can
be ascribed to the high amount of hydroxyl radicals produced
and physisorbed onto its surface due to the O2 overvoltage
inherent to BDD electrode [10]. These adsorbed radicals are
responsible for the oxidation of organic compounds [7]. This
leads to a rapid and efficient destruction of organic pollutants.
The high oxidation efficiency of organic pollutants by BDD
(●OH) anode has been demonstrated in many studies [2, 24,
28]. In electrochemical flow reactors, BDD anode has been
reported to work in combination with different cathode mate-
rials (such as stainless steel (AISI 304) [31], platinum coated
with titanium (Pt/Ti) [24], stainless steel [26], cupper (Cu)
[35] and stainless steel or platinized plates [10]), such arrange-
ments have led to achieve high organic compounds removal
values, close to 100%. Electrochemical flow reactors can also
be used in other water treatment processes such as electro-
Fenton (EF), photoelectron-Fenton (FEP) and solar
photoeleectro-Femton (SPEF). These technologias employing
a BDD electrodes as anode and gas diffusion electrode as
cathode (GDE) [10].

In this work, the electrochemical oxidation of 2-CP
was carried out in an electrochemical flow reactor
equipped with BDD electrodes (both electrodes, cathode
an anode). Also, the effect of current density, initial pH,
and volumetric flow rate on electrochemical oxidation and
mineralization of 2-CP were studied. Additionally, the
byproducts were determined by UPHLC when the electro-
chemical flow reactor was operated at the best conditions.
The kinetic order was also determined. Moreover, the cost
of the electrochemical oxidation of 2-CP per unit of re-
moved TOC was computed as a function of energy con-
sumption and electrolysis time.

Materials and methods

Reagents

All the following reagents were supplied by Sigma
Aldrich: 2-CP 99% purity, Na2SO4 99% purity, sulfuric
acid (H2SO4) 95–98% purity, and sodium hydroxide
(NaOH) 97% purity. The initial concentration of 2-CP
in the synthetic solutions was 1 mM (72 mg/L of TOC)
and the concentration of electrolyte support (Na2SO4)
was 0.1 M. All solutions were prepared with distillated
water. To adjust the pH of the synthetic solutions,
0.1 M NaOH and 0.1 M H2SO4 aqueous solutions were
prepared.

Equipment

Energy was supplied by a Gwinstek GW GPR-351OHD sin-
gle output DC power supply. The total organic carbon (TOC)
in samples was measured by a Shimadzu TOC analyzer. The
identification of by-products and remaining products from
electrochemical oxidation of 2-CP was performed by a
Thermo Scientific Vanquish liquids chromatograph. The solu-
tion pH was monitored with a Hanna HI2210 potentiometer.

The electrochemical flow reactor was described in detail in
[9]. In this work the distance between electrodes was 1.1 cm.
The anode and cathode were of BDDmaterial with a thickness
of 5 μm supported on Niobium (Nb), which was supplied by
Metakem™ company. Major details of the electrochemical
flow reactor are given in Table 1.

The electrochemical flow reactor (FM01-LC) without divi-
sion is shown in Fig. 1. The synthetic solution with electrolyte
was placed in a polycarbonate reservoir with a total volume of
3 L. An MFG pump, model 2-MD-HC, of 300 rpm, was
coupled to the reservoir lower part and used to supply the 2-
CP synthetic solution. The volumetric flow rate was measured
with a 4TSL01 rotameter from King Instruments Company.
The flow lines were set-up with 1.27 cm inner diameter pipe;
the pipeline and accessories were of polyvinyl acrylate.

Methodology for the electrolysis process
and chemical analysis

The electrochemical oxidation of 2-CP was carried out in
an electrochemical flow reactor (FM01-LC) coupled with
BDD electrodes (both cathode and anode) at different op-
eration conditions. Current density, volumetric flow rate
and initial pH of synthetic solution were varied. The min-
eralization of 2-CP was followed by TOC analysis. For
this purpose, many samples at different times were taken.
It is worth noticing that all experiments were performed
by triplicate; therefore, in the results only the average
values are presented.

The percentage of mineralization efficiency (% MCE) was
computed from the TOC data by using Eq. (3) [15, 33],

Table 1 Dimensions of BDD electrodes and reaction conditions

Electrode length 20 cm

Electrode height 1.6 cm

Thickness between electrodes 1.1 cm

Electrode area 32 cm2

Volumetric flow rate 0.5 a 1.5 L min−1

Volume of electrolyte 2.5 L

Temperature 25 °C
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MCE %ð Þ ¼ nFVsΔ TOCð ÞExp
4:32� 107mIt

ð3Þ

where F is the Faraday constant (96,487 C mol−1), Vs is the
solution volume (L), Δ(TOC)Exp is the decline of experimen-
tal TOC value during electrolysis (mg L−1), 4.32
×107 mg s mol−1 h−1 is a conversion factor, m is the number
of carbon atoms, I is the applied current (A), n is the number of
electrons, and t is the electrolysis time (h).

The number of electrons consumed per each organic mol-
ecule (2-CP) was taken as 26 considering its total mineraliza-
tion towards CO2 and inorganic ions,

C6H5OCl þ 11H2O→6CO2 þ Cl− þ 27Hþ þ 26e− ð4Þ

Specific energy consumption per mass unit of TOC (theo-
retical EC/TOC) was estimated by using Eq. (5) (according to
[8]),

EC
kWh

g TOC

� �
¼ ECellIt

VsΔ TOCð ÞExp
ð5Þ

where Ecell is the mean cell voltage (V), Vs is the synthetic
solution volume (L), Δ(TOC)Exp is the decline of experimen-
tal TOC value during the electrolysis (mg L−1), I is the applied
current (A), and t is the electrolysis time (h).

Chemical analysis

The identification of by-products and remaining products
from the electrochemical oxidation of 2-CP, was conducted
by UHPLC, comparing their retention time with the ones from
standard compounds according to the methodology proposed
in [3]. An ultra-high-performance liquid chromatograph
(UHPLC, Thermo Scientific Vanquish model) with a diode
array detector was employed. Also, for the analysis of aromat-
ic compounds, a mobile phase constituted by a mixture of
water:methanol (V:V) 80:20 and 213 μl of solution 5 mM of
H2SO4, was used. The data analysis was carried out in the
Chromeleon 7.2 software package.

Results and discussion

Effect of current density on 2-CP mineralization

Figure 2(a) shows the effect of applied current density on
normalized TOC. It can be seen that the initial TOC removal
rate, given by the slope at time zero, does not depend on
applied current density. This can be ascribed to a starting-up
period of the oxidation process where this might be limited by
●OH radical production at the electrodes surface. After this
initial period (30 min), a direct correlation between applied

Fig. 1 Experimental set-up,
without enter
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current density and TOC removal rate is actually observed.
Thus, at j = 0.14 A cm−2, the TOC was practically removed
(96%) in 6 h while after the same treatment time only 86 and
84% of mineralization was achieved by applying a j = 0.11
and 0.125 A cm−2, respectively. This behavior can be ascribed
to hydroxyl radical (●OH) production being lower when ap-
plying lower current densities, i.e. j = 0.11 and 0.125 A cm−2.
Hence, as expected, the hydroxyl radical (●OH) production
increases when applied current density increases [6].
Therefore, as j = 0.14 A cm−2 leads to achieve the maximum
mineralization percentage (96%), the effect of pH and volu-
metric flow rate on the standardized mineralization was stud-
ied at such operating condition. Despite the results shown in
Fig. 2(a), it can be seen in Fig. 2(b), that the MCE% decreases
when the current density applied increases. Actually, the best
MCE% was achieved at a j = 0.11 A cm−2. The percentages
values of MCE at 2 h and 6 h are 8.14% and 7.2%, respec-
tively. This behavior is due to by-products formation (such as
short chain carboxylic acids), which are rather difficult to be
degraded even in the presence of hydroxyl radicals (●OH).
Additionally, the low values of MCE% are associated to an
increase in the nontoxic reactions, such as oxidation of BDD
(●OH) to O2 [8, 20], the dimerization of ●OH given by reac-
tion (6) [19] and their reaction with H2O2 to form other less
oxidant species such as the hydroperoxyl group (HO•

2 by re-
action (7).

2•OH→H2O2 ð6Þ

H2O2þ•OH→HO•
2 þ H2O ð7Þ

Figure 2(c) shows a profile of energy consumption (EC/
TOC) as function of treatment time. In this Figure we can see
that EC increases when current density increases (j). Also, the
EC/TOC increases slowly when reaction time increases. The
final values achieved were 2.9, 3.68, and 3.78 kWh (g TOC)−1

for j of 0.11, 0.125, and 0.14 A cm−2, respectively. From these
results, it can be concluded that a current density of 0.11 A
cm−2 favors the MCE and decreases the overall energy con-
sumption of the electrochemical process, but mineralization is
lees.

Effect of pH

In this section, the effect of pH on the mineralization of 2-CP
was investigated when the volumetric flow rate was 1 L min−1

and j = 0.14 A·cm−2 at different pH0. Figure 3(a) shows that
after 6 h of electrolysis time a 96%, 93.5%, and 93.8% of
mineralization extent is achieved for pH0 of 7.3, 4, and 9,
respectively. From these results, it can be concluded that the
effect of pH0 on the 2-CP mineralization extent is negligible.
Hence, it is not necessary to modify the pH of the synthetic
solution of 2-CP and this is in agreement with previous reports
[28].

In Fig. 3(b), it can be seen that the MCE% reaches the final
values of 6, 6.45, and 6 for a pH0 of 4, 7.3, and 9, respectively.
This is because at pH0 of 7.3 there is a greater production of
●OH than with pH0 of 4 and 9. Therefore, the MCE% and the
process efficiency increase when there is a large ●OH
production.

It can be seen in Fig. 3(c), that EC reaches the final values
of 5.37, 3.78, and 5.35 kWh (g TOC)−1, for a pH0 of 4, 7.3,

Fig. 2 Effect of current density on
(a) TOC removal, (b)
mineralization current efficiency
and (c) energy consumption per
unit of TOC mass vs. electrolysis
time, pH0 = 7.3, Q = 1 L min−1,
[2-CP] = 1 mM, and 25 °C
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and 9, respectively. Where, the minimum energy consumption
was achieved at pH0 of 7.3. Based on these results, the effect
of volumetric flow rate on mineralization of 2-CP was studied
when the electrochemical flow reactor was operated at pH0 of
7.3 and j of 0.14 A cm−2.

Effect of volumetric flow rate (Q)

Figure 4(a) shows the normalized TOC profiles at different
volumetric flow rates at an electrolysis time of 6 h. The results

show that the percentages of mineralization of 2-CP achieve
the values of 90%, 96%, and 87% for a Q of 0.5, 1.0, and
1.5 L min−1, respectively. Hence, the maximum percentage of
2-CP mineralization was 96%, which was achieved at
1.0 L min−1. Meanwhile, the minimum percentage of 2-CP
mineralization was 87%, which was achieved at Q =
1.5 L min−1. This can be explained in terms of contact time
and turbulence, both affected by the volumetric flow rate. The
●OH radicals are produced onto the electrode surface where
they oxidize the organic compounds. This oxidation is more

Fig. 4 Effect of volumetric flow
rate (a) TOC removal, (b)
mineralization current efficiency
and (c) energy consumption per
unit TOC mass vs. electrolysis
time, j = 0.14 A cm−2, pH0 = 7.3,
[2-CP] = 1 mM, and 25 °C

Fig. 3 Effect of pH on (a) TOC
removal, (b) mineralization
current efficiency and (c) energy
consumption per unit TOC mass
vs. electrolysis time, j = 0.14 A
cm−2, Q = 1 L min−1, [2-CP] =
1 mM, and 25 °C
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likely to occur given the proper contact time and turbulence
that promote the organic molecules reaching the electrode
surface to be oxidized by those physisorbed radicals. When
Q increases the turbulence increases and this favors the radi-
cals desorption which is rather undesirable [24] since these
radicals may extinct before encountering an organic molecule
to oxidize. At this point is worth keeping onmind that the half-
life time of the ●OH, 10−10 s [5], is rather short. In addition,
when the electrochemical reactor operates at Q = 0.5 L min−1,
the 2-CP in the synthetic solution is less likely to encounter the
produced ●OH. Furthermore, it can be said that the best volu-
metric flow rate is Q = 1.0 L min−1 because the maximum
percentage of mineralization of 2-CP was achieved at this
volumetric flow rate. Hence, at this particular volumetric flow
rate, the pollutant has enough time to react with the ●OH
formed according to Eq. (1). This result was confirmed in a
hydrodynamic study of the used electrochemical flow rate,
which was reported in a previous work of our research group
[32]. In such study, it was found that the best Q was
1.0 L min−1, which was achieved at an axial dispersion coef-
ficient of 0.0005 m2 s−1 or with a Peclet number value of 40.

Figure 4(b) shows theMCE% for all tested volumetric flow
rates. It is worth pointing out that the error on determining
these values was lower than 1%. It is observed that the highest
percentage of MCE (6.2%) was achieved at volumetric flow
rates of 1 L min−1 and 1.5 L min−1. Meanwhile, a lower value
of MCE (5.8%) was achieved at a volumetric flow rate of
0.5 L min−1. Given the error, however, this difference is not
considered significant.

In order to establish the process controlling mecha-
nism, i.e. mass transfer or current controlled, a compari-
son was conducted between the relative magnitude of lim-
iting current density (jlim), as calculated in Eq. (8) and
applied current density (japp). If jlim < japp, the electro-
chemical mineralization process is controlled by mass
transfer (specifically by diffusion); the contrary, the elec-
trochemical mineralization process is current controlled in
agreement with [11].

jlim ¼ nFkmC0 ð8Þ

where n is the number of electrons, F is the Faraday con-
stant, km is the mean mass transfer coefficient, C0 is the 2-CP
initial concentration. The mean transfer coefficient can be cal-
culated from Eq. (9), where A is the geometric area of the
electrode and Vs is the total volume of treated synthetic solu-
tion in batch mode.

TOCt

TOC0
¼ exp −

A
Vs

kmt
� �

ð9Þ

As it can be seen in Table 2, for every Q, jlim<jApp, this
indicates that the electrochemical mineralization was con-
trolled by mass transfer.

Figure 4(c) depicts the energy consumption, and it can be
observed that this achieved a value of 3.78 kWh (g TOC)−1 at
a volumetric flow rate of 1 L min−1. Meanwhile, the energy
consumption value was 4.10 kWh (g TOC)−1 at volumetric
flow rates of 0.5 L min−1 and 1.5 L min−1. From these results,
it can be concluded that the volumetric flow rate of 1 L min−1

is the best volumetric flow rate because the maximum miner-
alization of 2-CP and minimum energy consumption were
achieved at this volumetric flow rate. Finally, based on all
previous results, it can be said that the best operational condi-
tions to perform the electrochemical oxidation of 2-CP were j
of 0.14 A cm−2, pH of 7.3, and Q of 1 L min−1.

By-products distribution

In order to establish the by-products and intermediate com-
pounds of the electrochemical oxidation of 2-CP, the analysis
of samples was performed by liquid chromatography. This
was carried out at the best operating conditions found in this
investigation. All by-products were identified unequivocally
by comparing their retention time with the ones from standard
compounds by liquid chromatography. Figure 5 shows the
evolution of all compounds in the electrochemical oxidation
of 2-CP with respect to time.

Figure 5 is the evidence that the first step on the oxidation
2-CP is the hydroxylation by ●OH that leads to the formation
of aromatic by-products such as benzoquinone (BH), 4-
chlorocatechol (4-CC), catechol (C) and hydroquinone
(HQ). Concomitantly, although at a lower rate, Cl is removed
from the 2-CP molecule and this produces phenol (Ph). All
this can be observed in Fig. 5(a). Also, it can be seen that all
compounds were destroyed by ●OH except the 4-CC, which
remained, although in a very low amount (1.9 mg L−1), after
the electrochemical treatment. Moreover, in Fig. 5(b), it can be
seen that the formation of other by-products such as organic
acids, are also formed during electrolysis of 2-CP. These or-
ganic acids are acetic, formic, fumaric, maleic, malonic,
oxalic, and succinic. Furthermore, it can be concluded that
the acids oxalic, maleic, formic, fumaric, and acetic, along
with the 4-CC, are the compounds to be blamed for the
remained 4% TOC. Among all, oxalic acid is the one with
the highest concentration (2.5 mg L−1). It is well known that
oxalic acid oxidation requires a high ●OH concentration

Table 2 Values of km, jlim at different volumetric flow rate for a jApp of
0.14 A cm−2

Q (L min−1) km (10−5 m s−1) jlim (A cm−2)

0.5 8.67 0.0217

1.0 11.27 0.0282

1.5 7.67 0.0192
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The aforementioned results suggest that 2-CP oxidation
under the studied reaction conditions here, follows a reaction
pathway rather similar to that previously proposed for 4-CP
oxidation with BDD electrodes also [28]. In such a scheme,Cl
atom removal might produce phenol as the first step. From

Fig. 5a, it can be inferred though, that phenol is readily hy-
droxylated since it is barely detected during the whole treat-
ment. Phenol hydroxylation leads to hydroquinone which is
dehydrogenated to produce benzoquinone [3]. Subsequently
the ●OH attacks the benzoquinone ring to produce carboxylic

Fig. 5 (a) Aromatic by-products
and; (b) Organic acid by-products

J Flow Chem (2020) 10:437–447 443



acids such as fumaric, maleic, and malonic, finally the oxida-
tion of malonic acid yields to CO2 and H2O. Also, it is plau-
sible that the hydroxyl radical (●OH) attacks the benzene ring
and before Cl atom is removed, 4-chlorocatechol is formed.
This is converted to catechol and its oxidation produces oxalic
acid and subsequently produces formic acid so finally yields
to CO2 and H2O. It is worth noticing that this reaction scheme
is different to the pathway proposed by [1] who performed the
degradation of 2-CP by using electrodes of black diamond
carbon and activated carbon. The difference between the two
pathways might be ascribed to the anodes having different
degree of reactivity towards the electrochemical degradation
[20].

For the sake of reference, Table 3 summarizes the main
results regarding 2-CP electrochemical oxidation found in lit-
erature. It can be seen that in this study the percentage of
mineralization was higher (96%) than in other works previ-
ously reported (e.g. 83.6% in [35]). Also, the degradation of 2-
CP was 100%. Moreover, this study is the only one that re-
ports the EC and %MCE with values of 3.78 kWh (g TOC)−1

and 6.2%, respectively. Furthermore, it can be seen that the
degree of degradation depends on electrode type such as is
reported in [35]. This author used two electrodes type, in the
first one (Pt/Ti) and obtained TOC removal of 56.8% and in
the second one (BDD) got a TOC removal of 83.6%. Based in
the results obtained in [35] and in this study, it is worth men-
tioned that the use of BDD electrodes is a suitable alternative
for the treatment of wastewater containing phenolic com-
pounds (e.g. 2-CP).

Kinetic model

The concentration decay of 2-CP was followed by UHPLC
analysis. Figure 6 shows that the concentration decay of 2-
CP was given by ●OH production on the BDD electrodes.
Also, this figure shows that BDD electrodes are able to
remove 2-CP from the wastewater in a period of 4 h. An
apparent first-order kinetic order and a rate constant k =
1.19178 h−1 were found by fitting the above concentration
decay, with a high correlation coefficient (r2 = 0.981).
Another way to compare the experimental values and those
predicted by the model is through the reduced root-mean-
square (RMS) given by Eq. (10). Small values of RMS lead

to high agreement between the experimental values and
those predicted by the model [19],

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N
∑
N

i¼1

Cexp;i−Cpred;i
� �2

C2
exp;i

vuut ð10Þ

Where Cexp,i and Cpred,i are 2-CP experimental concentra-
tions and predicted by model respectively, and N is the num-
ber of data.

In this case the RMS was 0.0257, which indicates that the
experimental values are in high concordance with the predict-
ed data. Meanwhile, there is plotted in Fig. 7, the comparison
between the experimental data versus data obtained with the
pseudo-first kinetic order model, with a high correlation be-
tween both of them. This behavior suggests that large amounts
of ●OH are produced by BDD electrodes and react very fast
with all by-products of the degradation of 2-CP to yield CO2

[27].

Associated cost

In this section the cost of electrolysis process was estimated at
the best operating conditions of the electrochemical oxidation
of 2-CP. The power is computed by the Eq. (11). Meanwhile,
the energy is calculated by using Eq. (12). Also, the associated
cost of the electrochemical oxidation of 2-CP is given by Eq.
(13).

P ¼ IECell

1000
ð11Þ

E ¼ P t ð12Þ

Costo ¼ E*kWh ð13Þ

The electricity cost for industrial use in Mexico is $4.04
MXP/kWh when supplied by Comisión Federal de
Electricidad (CFE, a Mexican company). Based on the re-
ferred cost, the associated cost of the electrochemical oxida-
tion of 2-CP was of $0.06 USD/L ($1.2 MXP/L, based on
$1USD/$20 MXP) of synthetic solution of 2-CP.

Table 3 Electrochemical oxidation of 2-CP at different operating conditions

Reaction conditions %TOC %Removal %MCE EC kWh (g TOC)−1 Reference

i = 200 mA, [2-CP]0 = 10 mM, Q = 4 mL min−1, Pt/Ti, DDB 56.8 93.6 – – [35]
t = 3 h, V = 30 mL, pH = 7, support electrolyte KNO3 0.1 M 83.6 94.8 – –

i = 200 mA, [2-CP]0 = 5 × 10−3 M, Q = 2 mL min−1, carbon fibre, t = 5 h,
V = 25 mL support electrolyte KNO3 0.1 M

– 98 – – [36]

j = 0.14 A cm−2, [2-CP]0 = 1 mM, Q = 1 L min−1, DDB, t = 6 h, V = 2.5 L,
pH = 7.3, support electrolyte Na2SO4 0.1 M

96 100 6.2 3.78 This work
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Conclusions

The complete electrochemical oxidation of 2-CP was success-
fully carried out in a continuous flow electrochemical reactor
equipped with BDD electrodes. The degradation and mineral-
ization percentages at the best operating conditions (j = 0.14 A
cm−2, pH of 7.3, and Q = 1 L min−1) were 100% and 96%,
respectively, at an electrolysis time of 6 h. The pH of the
solution did not have an important effect on percentage of

mineralization of 2-CP, so pH adjustment is unnecessary to
eliminate the assessed phenolic compound in the synthetic
solution through the methodology employed in the present
investigation. By UHPLC analysis, under the best operating
conditions of electrolysis reaction, 2-CP oxidation by-
products were established. Degradation of 2-CP follows a
pseudo-first-order kinetics, and the model has a high correla-
tion with the experimental data (kinetic constant of
1.19178 h−1 with r2 of 0.981). The results of this study support

Fig. 7 Parity plot of 2-CP degra-
dation model

Fig. 6 Pseudo-first order kinetic
model at the best operating
conditions

J Flow Chem (2020) 10:437–447 445



the use of a continuous flow electrochemical reactor equipped
with BDD electrodes to remove persistent organic compounds
in wastewater treatment (e.g. the 2-CP) because the electroly-
sis process applied is cheaper ($ 0.06 USD/L) than conven-
tional process. Furthermore, the use of BDD electrodes allows
the use of relatively low current densities (0.14 A cm−2) and
energy consumption (3.78 kWh (g TOC)−1. This offers the
advantage of using sustainable power energies like solar cells
with batteries as energy storage.
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