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h i g h l i g h t s

� Remediation of industrial
wastewaters by electrochemical
oxidation is performed.
� Boron doped diamond electrodes

allowed total mineralization of
tetrahydrofuran.
� Tetrahydrofuran oxidation pathway is

proposed.
� Formation of perchlorate is avoided

by operating at low current density.
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This work contributes to the development of electro-oxidation on commercial boron doped diamond
(BDD) anodes as an efficient and versatile environmental technology to deal with remediation of tetrahy-
drofuran (THF) polluted industrial wastewaters. Working with an undivided flow-by electrochemical cell,
a systematic experimental study has been carried out to analyze the influence of the following operation
variables: (i) initial THF concentrations in the range 500–1100 mg/L, (ii) supporting electrolyte, Na2SO4

and NaCl and (iii) current density in the range 300–1200 A/m2. The performance of the oxidation process
was assessed through the change in the concentration of THF, Chemical Oxygen Demand (COD), and Total
Organic Carbon (TOC) being the current density the variable that exerted the most positive kinetic influ-
ence; more precisely the reduction of COD after 60 min changed from 40% at japp = 300 A/m2 to 95.5% at
japp = 1200 A/m2, whereas the reductions of TOC were typically higher than 95% for a value of the specific
charge of Q = 10 A/h L. Besides, THF oxidation products have been analyzed, and the reactions’ pathway
are proposed. Finally, the formation of chloride by-products, such as perchlorate was assessed observing
that it was hindered at low current densities. In the view of these findings, it is concluded that THF oxi-
dation on BDD anodes should be better performed at low current densities, i.e. 300 A/m2 for the type of
wastewaters analyzed in the present work, to reach a compromise between effective degradation and the
formation of undesirable chlorinated by-products.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction turing and processing of polymers [1], as reagent for drug and
Tetrahydrofuran (THF) is used in a wide range of applications in
the chemical industry: as solvent and raw material in the manufac-
chemical synthesis [2], and so on. The synthesis of adipic acid
and the production of synthetic rubbers are examples of large scale
applications of THF. The demand of THF is growing annually and
the global market is projected to exceed 800 thousand tons by
2017 [3]. The THF properties of miscibility with water and high va-
por pressure facilitate its transference to surface waters, ground
waters and atmosphere [4]. THF presence in the environment is
associated with risks to both human and animal health. Its effects
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Fig. 1. Electrochemical set-up formed by the thermostatized feed tank (1), pump
(2), BDD electrochemical cell (3) and power supply (4).
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to the central nervous system and liver, as well as its carcinogenic-
ity have been recently assessed. The US Environmental Protection
Agency has estimated a human oral reference dose (RfD) of
0.9 mg THF/kg-day; higher exposures are likely to be associated
with adverse health risks [5]. For these reasons the presence of
THF in industrial effluents should be strictly controlled and the re-
moval of THF from wastewaters is required.

With the aim of treating wastewaters containing THF, different
processes and techniques have been evaluated. THF degradation
studies carried out using activated sludge concluded that THF
was not easily biodegradable [6]. It was also found that THF nega-
tively affected the activity of all-purpose secondary treatments,
reducing the effectiveness of the general organic material degrada-
tion [7]. Recent research in the field of biodegradation has been fo-
cused to the search of novel bacteria able to completely mineralize
THF concentrations in waters with an initial THF content of 30 mM
[8,9]. However, the reported studies showed several limitations
from a practical point of view, among them in the performed stud-
ies THF was the sole carbon and energy source [10], and it was dif-
ficult to recover the biomass from the treated waters [11].

The separation of THF–water mixtures is usually aimed at the
recovery of the solvent. Atmospheric distillation is limited by the
formation of an azeotrope at 6.5% water mass fraction [12]. Further
THF dehydration requires the use of extractive distillation [13] or
other advanced separation processes, e.g.: pervaporation [14] and
liquid–liquid extraction using ionic liquids [15]. The difficulty of
using membranes for the selective permeation of THF from aque-
ous solutions lies in the polar nature of this organic compound,
and therefore, its low affinity towards the organophilic rubbery
membranes usually employed for the removal of volatile com-
pounds from residual waters [16]. Pervaporation membranes ob-
tained from glassy polymers were characterized [17], although
the poor values of THF flux through the membrane would hinder
its practical implementation.

Chemical technologies are usually preferred by the process
industry to treat wastewaters, due to their high removal efficiency
and robustness to be adapted to changing operating conditions.
However, only a few works deal with the removal of THF in waste-
waters by means of chemical treatments. Although the chemical
oxidation of THF has been extensively studied [18–21], most of
the works were focused on obtaining the oxidation products,
namely, 2-hydroxytetrahydrofuran and c-butyrolactone (GBL).
GBL is used in a wide range of applications such as intermediate
in the synthesis of N-methylpyrrolidone, herbicides, pharmaceuti-
cals and even in the electronics field [22]. Among that group of ref-
erences, the selective anodic oxidation of THF on Pt anodes in
acidic media was reported. THF in highly loaded wastewaters
was degraded by catalytic aqueous phase reforming, with the
aim of producing hydrogen as a product of the treatment process
[23]. Mehrvar et al. [24,25] studied the kinetics of the photocata-
lytic degradation of THF in low concentrated aqueous solutions, to-
gether with the identification of the oxidation products.

Electrochemical oxidation using boron doped diamond (BDD)
electrodes can overcome the limiting oxidizing abilities of conven-
tional advanced oxidation processes [26]. The properties of BDD
promote the generation of hydroxyl radicals [27], a non-selective
and very powerful oxidant, with a high standard reduction poten-
tial (2.80 V vs. SHE). Due to the weak interaction between electro-
generated hydroxyl radicals and the BDD anode surface, the side
reaction towards oxygen evolution is slower than their reactivity
towards organic compounds [28,29]. Furthermore, BDD anodes
have a high overpotential for the oxygen evolution reaction
(1.3 V) compared with the platinum anode (0.3 V). The ability of
BDD to mineralize a wide range of recalcitrant organic compounds
and actual wastewaters were reviewed by Panizza and Cerisola
[27] and Anglada et al. [26]. Relevant to the present work the deg-
radation of carboxylic acids [30,31], landfill leachates [32,33],
industrial saline wastewaters [34,35], emerging contaminants
[36,37] and reverse osmosis concentrates [38] are highlighted.

This research investigates the effectiveness of electrooxidation
using boron-doped diamond electrodes for oxidizing and mineral-
izing THF contained in industrial wastewaters characterized by a
high load of the organic contaminant, e.g.: THF in the range 500–
1100 mg/L. The effects of current density, type of electrolyte, and
initial THF concentrations on reaction rates were studied. The iden-
tification of the intermediates was conducted and the electrochem-
ical degradation pathway was proposed. The formation of
chlorinated oxidation by-products was also assessed. In the above
view, the operating conditions for the efficient and safe electro-
chemical decomposition of THF in industrial wastewaters are
proposed.
2. Materials and methods

Process wastewaters from a rubber manufacturing company
were used in the experimental work, with the following general
characteristics: pH = 7.1, conductivity = 20 lS/cm, total dissolved
solids: 9.1 mg/L. Typically, THF concentrations in this type of
industrial waters are in the range 450–1200 mg/L. In the present
work, the initial tetrahydrofuran concentration was leveled to
500 and 1100 mg/L by adding extra THF (HPLC grade, Panreac).
The low conductivity of the wastewaters required the addition of
a supporting electrolyte. Sodium chloride (PA-ACS-ISO Panreac)
and sodium sulfate (Panreac) were tested as electrolytes in order
to compare their effect on THF mineralization. The initial NaCl con-
centration was fixed at 1 g/L to provide a conductivity of approxi-
mately 2000 lS/cm. The amount of Na2SO4 was selected in order to
reach the same initial conductivity as when using NaCl, resulting in
1.3 g/L of Na2SO4.

Electrochemical experiments were performed at laboratory
scale in a DiaCell 201 PP (Adamant Technologies, Switzerland)
system comprised of two rectangular flow channels, separated
by a bipolar electrode (Fig. 1). All anode, cathode and bipolar
electrode consist of a boron-doped diamond (BDD) coating on a
silicon plate, with circular shape. The total anodic area was
140 cm2 (70 cm2 each anode � 2 anodes) with an interelectrode
gap between anode and cathode of 1 mm. Two power supplies
were used: a Vitecom 75-HY3005D (with a maximum output of
5 A and 30 V) and a GW Instek GPR-6015D (with a maximum out-
put of 15 A and 60 V). The system was also formed by a feed ves-
sel, a recirculation pump (Iwaki Magnet MD-20R-220N) and a
cooling system. The feed temperature was maintained at 293 K.
A volume of 1 L of feed water was loaded in the jacketed feed
tank and recirculated at a flow rate of 600 L/h (300 L/h through
each cell compartment).
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Aqueous samples were withdrawn from the feed tank at differ-
ent times during the electrochemical process. The concentrations
of THF and organochlorinated compounds were analyzed using
gas chromatography with mass spectrometry detector. An Agilent
GC 6890 series equipped with a headspace autosampler and a
DB-624 column was used. The concentrations of c-butyrolactone
(GBL) and 2-hydroxytetrahydrofuran were analyzed using a gas
chromatography (GC-2010 Plus, Shimadzu) equipped with mass
spectroscopy detector, autosampler, autoinjector and column HP-
5ms. Finally, the solvent used for aqueous samples extraction prior
to gas chromatography was dichloromethane (Lichrosolv�). The
concentrations of chloride, chlorate, perchlorate and of the carbox-
ylic acids obtained as THF decomposition products were measured
using an ICS-110 (Dionex) ion chromatograph with a conductivity
detector provided with an AS9-HC column. Solutions of Na2CO3

(9 mM) in water were used as the mobile phase, based on Standard
Methods 4110 B [30]. Total Organic Carbon (TOC) was analyzed in
a TOC-VCPH Shimadzu equipped with an automatic sample injec-
tor ASI-V.

Chemical Oxygen Demand (COD) was measured following a
closed reflux colorimetric method, according to Standard
Methods 5220D [39]. Free chlorine was measured using
N,N-diethyl-p-phenylenediamine (DPD) reactive with a DR/890
colorimeter.

Different standards were purchased to identify the intermedi-
ates obtained during THF oxidation, and to prepare calibration
curves: c-butyrolactone (P99%, Sigma–Aldrich), 2-hydroxytetra-
hydrofuran (Sigma–Aldrich), succinic acid (P99%, Fluka), malonic
acid (P99%, Merck), fumaric acid (99% PS, Panreac), glacial acetic
acid (99.5%, Panreac), formic acid (98%, Panreac), oxalic acid
(COOH)2�2H2O (100%, Panreac).

3. Theory

Several mathematical models that describe the processes occur-
ring in the anodic oxidation of organic compounds by means of
boron doped diamond electrodes have been developed. Panizza
et al. [40] developed a simple mathematical model that only con-
sidered direct and/or hydroxyl radical mediated oxidation of or-
ganic contaminants. The model defines two different operating
regimes depending on the applied current density (japp) to the lim-
iting current density (jlim) for COD ratio. The latter can be calcu-
lated by means of the following expression:

jlim ¼ 4km � F � CODðtÞ ð1Þ

where jlim is the limiting current density for organics mineralization
(A/m2), F is Faraday’s constant (96,485 C/mol), km is the mass
transport coefficient (m/s), COD is the Chemical Oxygen Demand
(mol/m3) and 4 is the number of exchanged electrons.

The following operating regimes are identified in this model:

� japp < jlim, the electrolysis is under current control. In this oper-
ating regime COD decreases linearly with time, according to
Eq. (2),
CODðtÞ ¼ COD0 1� a � A � km

V
� t

� �
ð2Þ

where a ¼ japp=jlim, A (m
2
) is the anodic area and V (m

3
) is the vol-

ume treated.

� japp > jlim, the electrolysis is under mass transport control and
COD removal follows an exponential trend,

CODðtÞ ¼ COD0 � exp �A � km

V
� t

� �
ð3Þ
When there is a change in the kinetic regime during the electro-
chemical treatment, a combination of zeroth order and first order
kinetics will be observed, described by Eqs. (2) and (4),

CODðtÞ ¼ aCOD0 � exp �A � km

V
� t þ 1� a

a

� �
ð4Þ

The time at which the applied current equals the limiting cur-
rent is called critical time (tcr) that is calculated according to

tcr ¼
1� a

a
� V
A � km

ð5Þ

The previous model formed by Eqs. (2)–(5)is usually able to pre-
dict the behavior of the system as long as indirect oxidation pro-
cesses do not take place. Cañizares et al. [31] and Mascia et al.
[41] proposed models that describe the oxidation of organics not
only by means of hydroxyl radicals near the anode surface, but also
in the bulk by means of electrogenerated oxidants, i.e.: active chlo-
rine and hydrogen peroxide. Urtiaga et al. [42] went a step further
by modeling the combined oxidation on BDD anodes of organic
compounds and ammonia contained in landfill leachates by means
of both direct and chlorine mediated indirect oxidation.

The contribution of indirect oxidation processes on the overall
COD removal rate can be described by the following simplified
model,

CODðtÞ¼COD0 �exp½�ðk1Þ � t� ¼COD0 �exp � A �km

V
þk

� �
� t

� �
ð6Þ

where k is a pseudo first order kinetic constant that will depend on
the same variables as the concentration of inorganic oxidants does,
such as current density. It can be assumed that indirect oxidation
processes gain relevance only under mass transport control.

The value of the mass transfer coefficient km for the system un-
der study can be calculated using the correlation reported in a pre-
vious work [33], that applied the limiting-current technique based
in the oxidation of [Fe(CN)6]3�/[Fe(CN)6]4� redox couple using an
electrochemical cell with the same dimensions as the cell used in
the present work,

Sh ¼ 0:54Re0:385 � Sc0:20 ð7Þ

where Sh is Sherwood number (km�de�D�1), Sc is Schmidt number
(l�q�1�D�1) and Re is Reynolds number. For the circular electro-
chemical cell with variable cross section along the fluid pathway,
the minimum value of the Reynolds number is given by
Re = 2Q�q�d�1�l�1 [33].

The diffusivity of THF in water was calculated using the Wilke–
Chang correlation [43], DTHF (293 K) = 1.05 � 10�9 m2/s. Consider-
ing that all experiments were performed working with a flow rate
through the cell of Q = 300 L h�1 and constant temperature of
293 K, the resulting value of the mass transfer coefficient is
km = 2.0 � 10�5 m s�1. Therefore, working with initial COD values
of 3 and 1.5 g/L, the calculated limiting current densities are 720
and 360 A/m2 respectively.

4. Results

4.1. Influence of the electrolyte

Sodium chloride (NaCl) and sodium sulfate (Na2SO4) were
tested as electrolytes in order to compare their effect on THF min-
eralization. From the point of view of the industrial case study,
NaCl was preferred due to its easier availability at the production
site. Fig. 2 shows the evolution of COD and TOC for the electrooxi-
dation of a feed water with the following initial characteristics:
[THF]0 � 1100 mg/L; [COD]0 � 3000 mg/L; [TOC]0 � 800 mg/L, at
two values of the applied current density, 300 and 1200 A/m2.



Fig. 2. Evolution with time of normalized THF, COD and TOC using NaCl 1 g/L, japp = 300 A/m2 ( ) and japp = 1200 A/m2 ( ); and Na2SO4 1.3 g/L, japp = 300 A/m2 ( ) and
japp = 1200 A/m2 ( ). [THF]0 = 1100 mg/L, COD0 � 3000 mg/L.
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Most experiments were performed on a duplicate basis, with very
good reproducibility as it depicted in the small error bars shown in
Fig. 2. It should be noted that the limiting current density, calcu-
lated using Eq. (1) for the initial COD0 � 3000 mg/L employed in
the experiments was jlim = 720 A/m2. At low current density,
japp = 300 A/m2, COD and TOC removal rates were equivalent for
both electrolytes, and the development of COD showed a linear
trend, typical of electrochemical processes under current control.
Working above the limiting current density, japp = 1200 A/m2,
shows that also THF removal rates were equivalent for both elec-
trolytes, although removal kinetics turned faster to first order
kinetics. This fact suggests that the free chlorine derived from chlo-
ride oxidation did not contributed to the oxidation of THF and its
oxidation by-products, and that hydroxyl radicals are most likely
to be the major contributors to the mineralization of the organic
load present in the wastewaters.

Fig. 3 shows the behavior of pH as a function of the electrolyte.
pH was monitored, since its value needs to be controlled in the
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Fig. 3. Evolution of pH with time for NaCl ( ) and Na2SO4 ( ) as electrolytes.
japp = 600 A/m2 and COD0 � 3000 mg/L.
treated industrial waters [44]. When using NaCl the value of pH
initially decreased and later on recovered its initial value after
180 min of treatment, while when using Na2SO4 as electrolyte,
the pH decreased to a value of 3 and remained at acidic pH ranges.
Therefore, in terms of pH, the use of NaCl is also more favorable
than Na2SO4 because in the latter case the treated water would
need to be amended before its release. It will be seen later that
along with the electrochemical oxidation of THF, several organic
acids were produced, that is the most likely reason of pH decreas-
ing sharply as soon as the oxidation process starts and recovering
the initial value when organic acids were degraded. Considering
these experimental findings, and its easier availability, NaCl was
selected as supporting electrolyte.

4.2. Influence of the applied current density

The influence of the applied current density was studied in the
range of j values of 300, 600 and 1200 A/m2. Experimental data of
the change of THF, COD and TOC are depicted in Fig. 4. Experiments
were conducted with initial THF and COD concentrations of
1100 mg/L and 3000 mgO2/L respectively, and the calculated value
of the limiting current density, according to Eq. (1) is jlim = 720 A/m2.
It is observed that at low japp = 300 A/m2 THF oxidation initially
showed zeroth order kinetics to become later exponential, and for
high japp = 1200 A/m2, the kinetics of THF oxidation displayed an
exponential trend with time. Nevertheless, a small influence of
the applied current on the kinetics of THF oxidation was observed.
On the contrary, the effect of the applied current on COD and TOC
evolutions is notorious. The reduction of both parameters was
highly enhanced at higher applied current densities, although
important differences can be observed in the kinetic trends. In
the case of COD, at japp = 300 A/m2, a value clearly under the
limiting current density, the change is initially linear to become
exponential only after more than 60% of COD was removed.
Increasing the applied current density to 600 A/m2 made COD
elimination faster and the kinetic trend became exponential. The
increase of japp to 1200 A/m2 improved further the removal of
COD, pointing to the contribution of indirect oxidation processes



Fig. 4. Evolution of normalized THF (a), COD (b) and TOC (c) for japp = 300 A/m2 ( ), japp = 600 A/m2 ( ) and japp = 1200 A/m2 ( ). Data are presented as a function of time and
as a function of the specific charge passed, Q. [THF]0 � 1100 mg/L, [COD]0 � 3000 mg/L, 1 g/L NaCl electrolyte solution. Solid lines represent the simulated normalized COD.
THF data only available at 300 and 1200 A/m2.
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Fig. 5. Effect of current density on the instantaneous current efficiency, japp = 300 A/
m2 ( ), japp = 600 A/m2 ( ) and japp = 1200 A/m2 ( ). [COD]0 � 3000 mg/L, 1 g/L
NaCl electrolyte solution.
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with participation of hydroxyl radicals and other electrogenerated
active oxidant species.

Concerning the experimental data of TOC evolution (Fig. 4c),
working at a low applied current density of 300 A/m2 an initial pla-
teau was observed, so during a period of one hour the TOC value
remained at the initial value. As it will be seen later, THF oxidation
reactions produce compounds with an increase of the oxidation
grade (higher number of oxygen atoms) while the number of car-
bon atoms remains constant. This fact likely explains the reason
of keeping constant the initial TOC concentration. By increasing
the applied current density the plateau was shortened. On the
other hand, higher applied current densities resulted in faster
TOC removal rates.

COD and TOC values are also presented as a function of the spe-
cific electrical charge Q,

Q ¼ j � A � t=V ð8Þ

that depends on the anode area (A), the current density (j), the vol-
ume of effluent treated (V) and the treatment time (t). It is observed
that COD and TOC evolutions obtained at different current densities
are overlapped. This means that the current efficiency is similar at
any of the applied conditions. Also, the instantaneous current effi-
ciency, ICE, calculated as given by Eq. (9) is plotted in Fig. 5,

ICECOD ¼
4F � V

I
� CODt � CODtþDt½ �

Dt
ð9Þ
where I is the applied current (A), and CODt, CODDt are the concen-
tration of COD at time t and Dt, respectively At low values of the
specific charge, ICE maintains an average value of 100%, which is
the ideal situation. It can be observed that the applied charge does
not significantly influence on the instantaneous current efficiency.

Alongside with the variation of the applied current density, a
change of the cell voltage was observed. Energy consumption (W,



346 A. Urtiaga et al. / Chemical Engineering Journal 239 (2014) 341–350
kW h/m3) is directly proportional to the specific electrical charge
passed Q defined by Eq. (8) and to the cell potential (v, V), as shown
in the following equation:

W ¼ Q � m ð10Þ

For the data shown in Fig. 4, experiments performed at
japp = 300 A/m2 resulted in a cell voltage of 16.5 V, and for
japp = 1200 A/m2, the cell voltage was 28.6 V. The energy consump-
tion increased with current density, e.g.: an increase in current
density from 300 to 1200 A/m2 resulted in an increase of the spe-
cific energy consumption needed to reduce the concentration of
COD to the discharge limit (COD < 200 mg/L) from 39.3 to
105.9 kW h/kgCOD.

The use of NaCl as electrolyte may produce other inorganic and
organic species in the reactive medium due to the high electro-
chemical reactivity of chloride [45,46], so the effect of the applied
current density on the evolution of the inorganic chlorine species
Fig. 6. Evolution with time of Cl� ( ), free chlorine ( ), ClO�3 ( ) and ClO�4 ( )
working at japp 300 A/m2 (a), 600 A/m2 (b) and 1200 A/m2 (c) using 1 g/L NaCl
electrolyte and COD0 � 3000 mg/L.
was studied. Fig. 6 shows the evolution of chloride, free chlorine
(data only available at japp = 1200 A/m2), chlorate and perchlorate.
It is observed that in all cases, chloride concentration diminished
with time, while it was transformed into chlorate, a species that
conducts as an intermediate product, and finally to perchlorate.
Interestingly, Fig. 6a indicates that when a low current density
was applied (300 A/m2), chlorate was produced only after a long
period of treatment, when TOC was less than half of its initial value
[47]. At higher applied current densities, chlorate formation began
sooner as a consequence of the much faster removal of organic
compounds. This behavior can be explained considering that the
use of BDD anodes promotes the generation of hydroxyl radicals
and COD is oxidized primarily. Chlorine evolution is enhanced at
lower COD concentrations then causing the formation of chlorate.
Furthermore, due to the higher current availability, the oxidation
reaction from chlorate to perchlorate may happen. In our experi-
mental study, perchlorate formation was observed at japp = 600 A/m2

and it was particularly enhanced at japp = 1200 A/m2, while it was
not detected when working at low current density of 300 A/m2.
The delayed formation of perchlorate in presence of organic matter
and at low intensity has been reported in a previous work about
the electrooxidation of landfill leachates [45,48].

The formation of chlorate and, above all, perchlorate are not
recommended due to the fact that they confer health risks, such
as carcinogenic potential [49]. Once COD and TOC values were
low, and THF was removed, the main species present in the solu-
tion (as it will be seen later) are organic acids of short chain. There-
fore, the electrochemical treatment could be integrated with a
subsequent biological process in a way that allows economic re-
moval of the organic acids hindering the formation of chlorate
and perchlorate.
Fig. 7. Influence of COD0 working at japp/jlim = 0.8 (a) and japp/jlim = 1.8 (b).
[THF]0 = 1000 mg/L, COD0 � 3000 mg/L ( ) and [THF]0 = 550 mg/L, COD0 -
� 1500 mg/L ( ).1 g/L NaCl electrolyte solution.



Fig. 8. Evolution with time of normalized concentration of THF ( ) and COD ( ) (a);
TOC measured ( ) and TOC calculated from THF data ( ) (b). COD0 � 3000 mg/L,
japp = 300 A/m2, 1 g/L NaCl electrolyte solution.
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4.3. Influence of initial COD

Typically, the organic contaminant load of the industrial waste-
water will vary as a function of the process operating conditions. In
Fig. 9. Evolution of (a) THF and (b) intermediate compounds involved in the THF ele
solution.
order to study the influence of the initial COD concentration, water
samples were spiked with THF to provide two initial COD values:
3000 mg/L and 1500 mg/L. When dealing with COD0 = 1500 mg/L,
experiments were performed at japp 300 and 600 A/m2, while for
COD0 = 3000 mg/L japp was 600 and 1200 A/m2. COD change with
time was plotted as a function of the applied current to the limiting
current ratio (Fig. 7). At japp/jlim < 1, the trends of the normalized
COD evolution are overlapped, and the influence of the initial
COD concentration was negligible. Nevertheless, at japp/jlim = 1.8
(Fig. 7b), COD reduction was slightly faster when the initial COD
concentration was 3000 mg/L. It is important to highlight that in
the latter conditions the difference japp–jlim was about 500 A/m2,
while in the experiments performed using an initial COD concen-
tration of 1500 mg/L, the difference japp–jlim was approximately
280 A/m2. The higher excess of applied current over the limiting
one promoted the generation of higher oxidant concentration
and, consequently, it was translated in a faster removal rate due
to indirect oxidation mechanisms as given by Eq. (6) of theory
section.

4.4. Study of transformation products

With the aim of studying the oxidation pathway of THF during
the electrochemical oxidation, a detailed analysis of the intermedi-
ate compounds evolution was performed. With this purpose, soft
electro-oxidation conditions were selected. By applying a low cur-
rent density it was previously shown that the mineralization rate
was slowed down, so it was expected that the presence of interme-
diate compounds would be easier to be analyzed. A new experi-
ment using ultrapure water spiked with 1000 mg/L THF, NaCl as
electrolyte and a current density of 300 A/m2 was performed. The
reason of using ultrapure water as background solvent was to
avoid interferences due to the unknown detailed organic content
of the process water.

Fig. 8a depicts the development of the normalized COD and THF
concentration. As it is shown, THF reached less than 30 mg/L after
90 min. Nevertheless, COD values were still relatively high and it
was necessary 150 min to reach values of COD close to zero.
Fig. 8b compares the experimental values of TOC with the
ctrochemical oxidation. japp = 300 A/m2, COD0 � 3000 mg/L, 1 g/L NaCl electrolyte



Fig. 10. Proposed pathway for the electrochemical degradation of tetrahydrofuran on BDD anodes.
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theoretical TOC calculated for the analyzed THF concentration. The
large differences observed indicate that THF was not directly con-
verted into CO2; instead, smaller organic molecules were formed as
intermediates.

The main organic intermediates identified in our research dur-
ing the electrochemical oxidation of THF using BDD electrodes
were 2-hydroxy tetrahydrofuran (2-OHTHF), c-butyrolactone
(GBL), succinic acid, fumaric acid, oxalic acid, acetic acid and formic
acid. The development of these compounds is depicted in Fig. 9.
The oxidized forms of the cyclic furan, 2-OHTHF and GBL, were de-
tected in low concentrations and mainly at the initial stages of the
oxidation process. The main oxidation product was succinic acid,
that results from the opening of the cyclic GBL. Other smaller car-
boxylic acids such as acetic, oxalic and formic acids, together with
small amounts of fumaric acid were also detected. The analysis of
maleic and malic acids was included in the analytical method, but
those acids were not detected in the samples.

Previous studies on the electro-oxidation of THF on Pt anodes
[20,21] focused to the production of GBL, reported that succinic
and formic acids were also formed as by-products. Mehrvar et al.
[24] also found that during the TiO2 photocatalytic degradation
of aqueous THF the main intermediates were 2-hydroxytetrahy-
drofuran, c-butyrolactone, succinic acid and formic acid. On the
other hand, Bensalah et al. [30] studied the electrochemical oxida-
tion of succinic acid on BDD and they found that glycolic, glyoxylic,
fumaric and maleic acids were formed. Nevertheless, they pro-
posed that these acids were oxidized through a rapid and non-
selective way into oxalic and formic acids.

Identification of intermediates formed in the galvanostatic elec-
trolysis of THF allowed the definition of a simple mechanistic mod-
el for THF oxidation (Fig. 10). First, THF is oxidized to 2-hydroxy
tetrahydrofuran by adding a hydroxyl group into the cycle furan.
After that, a double link occurs between the hydroxyl group and
the carbon atom to form c-butyrolactone. The concentration of
both compounds is small, as shown in Fig. 9, because they are
formed and consumed rapidly. The next step is the opening of
the cycle, to give succinic acid. Succinic acid is the intermediate
found at highest concentrations. Succinic acid could form fumaric
acid or be degraded into short chain compounds such as oxalic,
acetic or formic acids. Fumaric acid was only found after 90 min
of electrochemical treatment after a maximum of the concentra-
tion of succinic acid, precursor of fumaric acid.
Fig. 11 plots DTOC defined as the difference between the value
of TOC experimentally measured, TOCm, and the value of TOCt cal-
culated from the concentrations of THF and the identified interme-
diate products. It is observed that regardless the strong analytical
effort, the TOC balance does not fully match. Initially, when the
THF concentration is high and the main intermediates follow the
oxidation pathway previously described, theoretical TOC (mass
balance of the quantified intermediates) equals measured TOC.
However, at intermediate times there is a maximum difference
around 170 mg/L between measured and theoretical TOC which
indicates that there are other organic intermediates compounds
that we were not able to identify by the experimental procedure
and analytical techniques used. Nevertheless, the maximum value
of DTOC is less than 23% of the initial TOC, and at the end of the
experiment the difference between measured and theoretical
TOC is less than 4% the initial value.

One possible reason for the observed DTOC could be the forma-
tion of volatile compounds [50]. The major organochloride inter-
mediates identified were 1,1-dichloroethylene, dichloromethane,
chloroform, tetrachloromethane, dichloroacetic acid, 1,2-dichloro-
ethane, trichloroethylene and 1,1,2-trichloroethane. The profile of
the intermediates generated at 300 A/m2 is shown in Fig. 12,



Fig. 12. Identified organochloride by-products formed during the electrolysis of
THF solutions (a) and total chromatographic area provided by the total of the
organochloride compounds identified (b). japp = 300 A/m2. 1 g/L NaCl electrolyte
solution.
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together with the sum of chromatographic areas. It is observed that
the global profile coincides with the shape of DTOC plot. In the case
of chloroform, the concentration has been quantified reaching a
maximum value of 3.6 mg/L, which is far less the amount required
to justify DTOC.
4.5. Kinetic analysis

From the data discussed herein, it can be inferred that the kinet-
ics of the oxidation process of THF on BDD anodes is strongly influ-
enced by the applied current density and by indirect oxidation
processes in the bulk solution. At this point, it is interesting to fit
the COD removal data to the kinetic model formed by Eqs. (2)–
Table 1
Kinetic parameters that characterize COD removal rate. Influence of japplied.

japp

(A/m2)
COD0

(mgO2/L)
jlim

(A/m2)
japp/
jlim

tcr

(min)
Observed kine
regime

300 2818 676 0.44 76 Initially zerot
order
First order aft
tcr

600 2779 667 0.88 8 Initially zerot
order
First order aft
tcr

1200 2923 706 1.67 – First order
(6). The data obtained as a function of the applied current density
and displayed in Fig. 4b were fitted.

The km value of the electrochemical cell within the fluid dy-
namic conditions used is 2.0 � 10�5 m s�1, as calculated in the sec-
tion of Theory. Taking into account the surface/volume ratio of the
electrochemical cell [42], this km value corresponds to a kinetic
constant of around 0.0168 min�1. The values of the apparent ki-
netic constant k1, obtained from data fitting, and the calculated va-
lue of k, both parameters defined in Eq. (6) are given in Table 1. For
japp = 300 A/m2, only data obtained for experimental times after
tcr = 76 min were fitted to Eq. (6). For the interval between t = 0
and tr = 76 min, data were fitted to zeroth order kinetics according
to Eq. (2). The value of the apparent kinetic constant k1,
0.017 min�1, is very close to the theoretical value derived from
km and the anode area to treated volume ratio used in the electrol-
ysis experiments. Increasing the applied current densities results
in values of the apparent kinetic constant of 0.028 min�1 (at
japp = 600 A/m2) and k1 = 0.048 min�1 (at japp = 1200 A/m2). Accord-
ing to Eq. (6) the difference is assigned to the enhanced secondary
oxidation processes in the bulk derived from the higher concentra-
tion of electrogenerated oxidants at higher current densities, as it
is characterized by increasing values of k. Fig. 4b includes the sim-
ulated results of normalized COD concentration that result from
the model and parameters given in Table 1, showing the good
fitting.

5. Conclusions

Several conclusions can be drawn from this work. Boron doped
diamond electrodes (BDD) electrodes provided the complete re-
moval of tetrahydrofuran (THF) contained in industrial wastewa-
ters, and practically the total mineralization of the organic
contaminant load, since TOC removals as high as 95% were easily
achievable. Sodium chloride, that was compared to sodium sulfate,
was selected as electrolyte due to its ready availability and its
advantages in terms of the better pH development of the treated
waters, although the kinetics of COD and TOC removal were equiv-
alent for both electrolytes. It was assessed that the removal kinet-
ics of COD and TOC were enhanced at increasing values of the
applied current density. These results, together with the hydrody-
namic analysis of the mass transport limitations of the electro-
chemical cell, revealed that the occurrence of electrogenerated
oxidants in the bulk solution was likely to contribute significantly
to the oxidation of THF and its intermediate products. Seven inter-
mediate products of THF oxidation were identified; among them
succinic acid was found at the highest concentrations. Chloride
oxidation produced free chlorine, chlorate and perchlorate,
although perchlorate formation was completely hindered at low
current densities for the times needed for complete mineralization
of the wastewater organic compounds. In the view of these results,
it is concluded that the electrochemical oxidation on BDD anodes
tic Apparent kinetic constant in
Eq. (6) k1 (min�1)

Calculated k parameter in Eq. (6)
(min�1)

h

er 0.017 –

h

er 0.028 0.011

0.048 0.031
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has great potential for the practical treatment of industrial waste-
waters containing high concentration of THF.
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