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ABSTRACT: The nitrogen-containing heterocyclic organic compound, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), was chosen to prepare a model
solution to represent nitrogen-containing industrial waste streams. A hybrid
reactor system was designed to combine electrolysis with wet oxidation in hot
compressed water using a titanium electrode. The effects of current density,
NaOH concentration, and reaction time on DBU and total organic carbon
(TOC) removal were investigated via Minitab 18 software to clarify the main
and interaction effects. Statistical analysis shows that the NaOH concentration
and current density had significant effects on DBU removal. The highest DBU
(91.2%) and TOC (45%) removal was observed at the lowest DBU
concentration (3 mM) for 90 min of reaction time. Last, the effect of
temperature on DBU and TOC removal was investigated. TOC removal was
described with the first-order reaction kinetic model. Rate constants were
determined as 0.0025, 0.041, and 0.050 min−1 at 200, 240, and 280 °C,
respectively. The activation energy was calculated as 79.86 kJ/mol.

■ INTRODUCTION

Wastewater could contain many organic compounds that
consist of heteroatoms such as nitrogen and phosphorus
produced in various industrial processes.1−3 Nitrogen-contain-
ing organic compounds could be present in pesticides,
insecticides, drugs, dyes, and pharmaceuticals.4,5 Consequently,
they could be present in many wastes such as pharmaceutical
and textile wastewaters. Additionally, they could also exist in
coke plant wastewater.6 These hazardous compounds could
enter the agricultural fields through various industrial and
pharmaceutical effluents and could cause severe damage to the
human and environmental health. Hence, before discharging
these wastewaters, the properties of wastewater (i.e., nitrogen
and organic matter content) should meet the discharging
standards.6 Otherwise, these compounds could be detected in
ground and surface waters and they cause an increase over the
algal and bacterial population in drinking water.4 Upon
decomposition of nitrogen-containing organic compounds,
they release ammonia, which is highly refractory and requires
stringent conditions to achieve total mineralization.4−8

Furthermore, mutagenic and carcinogenic compounds could
form as degradation products, and thus, long-term health
problems could result from these compounds.7,9 For instance,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is a nitrogen-
containing heterocyclic organic compound, an amidine base,
which exists as a pale yellow or colorless liquid under ambient
conditions. It is used as a dehydrohalogenation agent in the
alkylation and acylation of active methylene compounds in the

pharmaceutical, dye, and cosmetic industries.8,10 Petroleum
and chemical industries produced wastewater at high amounts,
and this wastewater contains heterocyclics (i.e., DBU) which
are nonbiodegradable and chemically stable. In the literature,
these compounds were degraded by incineration and very
dangerous byproducts such as dioxins formed. Additionally,
even at low concentrations, highly toxic nonbiodegradable
compounds were also observed as byproducts.11,12 This type of
compounds show resistance against the biological treatment so
that there has been strong research interest in alternative
methods for the treatment of nitrogen-containing wastewaters.
New greener solutions such as advanced oxidation methods or
their combinations are promising to eliminate the byproducts
of nitrogen-containing wastewaters.6,8 DBU, which is a
nitrogen-containing compound, also poses a significant threat
to the aqueous environment, as it is water-soluble and
chemically stable under ambient conditions and present in
wastewater generated from these industries.8,10 Therefore, it
was chosen as a model nitrogen-containing compound for this
study. Ochuma et al. (2007) studied DBU degradation using a
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pilot-scale photocatalytic oxidation reactor having a TiO2-
coated 15 pores-per-inch alumina reticulated foam monolith
under UV light irradiation, and 100% DBU and almost 23%
total organic carbon (TOC) removal were achieved.8 It could
be deduced that lower TOC removal could be achieved by
photocatalytic oxidation. Compared to other wastewater
treatment processes, advanced oxidation in hot compressed
water (HCW) or subcritical water is considered a green
technology. Water is called subcritical water if its temperature
varied between 100 and 300 °C and when its pressure changed
between 1 and 50 MPa, whereas water is called supercritical
water if the temperature and pressure of water exceed the
critical pressure and temperature (374 °C and 22.1 MPa,
respectively). HCW has more ion value (10−11 at 250 °C) than
water (10−14 at room temperature), and it also shows different
properties compared to ambient water. For instance, subcritical
water has a lower dynamic viscosity and a relatively low
dielectric constant than its values under normal conditions.8

Various wastewaters which contain Orange G, rhodamine B,
maxilon blue GRL, paracetamol, and so forth were treated
using HCW.13−16 For instance, Emire et al. carried out a study
on the degradation of paracetamol under subcritical conditions
in the presence of hydrogen peroxide and oxygen. The
degradation of paracetamol was achieved as 100 and 68% using
hydrogen peroxide and oxygen, respectively. Yuksel et al.
studied the degradation of Orange G by hydrothermal
electrolysis. 99% TOC removal was observed at 180−250 °C
temperature and 7 MPa pressure. Based on this study,
complete mineralization was obtained by the addition of
Na2CO3 as an electrolyte in a very short reaction time.13

Consequently, hydrothermal electrolysis is a promising and
greener solution for wastewater treatment by means of the
efficiency of TOC removal, and no nontoxic byproducts
formed during hydrothermal electrolysis of wastewaters.
Moreover, hydrothermal electrolysis does not require the
addition of an external oxidant such as air or hydrogen
peroxide, rather the required oxidant is generated by applying
current. Additionally, higher TOC removal compared to
photocatalytic oxidation could be achieved by hydrothermal
electrolysis. In addition, this method could provide complete
mineralization of nitrogen-containing wastewaters without
formation of any harmful or toxic end products. Therefore, a
hybrid hydrothermal electrolysis reactor system with a volume
of 450 mL was designed for the treatment of nitrogen-
containing resistant compounds (i.e., DBU) in wastewaters. In
this system, a titanium cylindrical electrode was used as an
anode, and a reactor wall (also made of titanium) acted as a
cathode. As only high-temperature water was used as a reaction
medium under enough pressure to maintain its liquid state, this
hybrid treatment system is environmentally friendly and
promotes a greener solution for the treatment of wastewaters
containing resistant organic compounds. To clarify the effect of
parameters, which are the NaOH concentration (0.01 and 0.05
mM), current density (0 and 0.0027 mA/cm2), and reaction
time (30, 60 and 90 min), a general full factorial design was
performed, and the results were discussed statistically.
Additionally, the effects of temperature (200, 240, and 280
°C) and the initial concentration of DBU (3, 6, and 12 mM)
on the removal of DBU and TOC in this hybrid reactor system
were investigated. A kinetic study was carried out, and the
intermediate products were identified by gas chromatography−
mass spectrometry (GC−MS) analysis.

■ MATERIAL METHODS

Chemicals. The chemicals used in the study were sodium
hydroxide (Merck, analytical grade) and DBU (Sigma-Aldrich,
≤99.0%). As an electrolyte, instead of using chlorine-
containing salts, sodium hydroxide was chosen to prevent
the reactor from corrosion.

Experimental Setup and Procedure. A special hydro-
thermal electrolysis reaction system (450 mL) made of
stainless steel was designed for the treatment of DBU-
containing model solution. In this reactor system, a specially
designed cylindrical titanium electrode (D: 12 mm, L: 94 mm)
was used as an anode. The reactor wall also made of titanium
acted as a cathode. An auxiliary view of this hybrid reactor and
titanium electrode is shown in Figure 1.

The reactor was filled with 200 mL of 6 mM DBU. This
DBU concentration was chosen based on the literature and
concentration range of DBU (0.1 and 10 mM) that may be
present in the wastewater-containing10,27,28 model solution,
and NaOH solution at a desired concentration (0.01−0.05 M)
was added. Then, in order to remove the air inside the reactor,
nitrogen gas was passed through the reactor to purge the
system. After that, it was heated up to the desired reaction
temperature (200, 240, or 280 °C) and it was continuously
stirred to obtain a homogeneous reaction solution. After the
system reached the desired reaction temperature, constant
current (1 A) was applied for hydrothermal electrolysis
experiments, whereas for hydrothermal degradation experi-
ments, no current was passed through the electrodes. Then,
the reaction was carried out for a certain reaction time (0−90
min). The experimental conditions were chosen based on the
features of the experimental setup and a previous study.13 At
the end of the reaction duration, the heater was turned off and
the reactor was cooled by cooling water with stirring until the
temperature was reduced to 40 °C to take the sample. Finally,
the product solution was collected for further analysis.
A general full factorial design was applied at 95% significance

level via Minitab 18 software to understand the effects of
NaOH concentration, current density, and reaction time on
the removal of DBU and TOC from the aqueous solution, and
the levels of factors are given in Table 1. These experiments
were carried out using 6 mM DBU solution at 240 °C and they

Figure 1. Auxiliary view of the hydrothermal electrolysis reactor: (1)
electrical heater, (2) dc power controller, (3) liquid sampling tubing,
(4) heat exchanger, (5) gas sample collector, (6) anode, (7) rotor, (8)
thermocouple, (9) pressure gauge, (10) sampling vial.
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were duplicated. Besides, the effect of initial DBU concen-
tration (3, 6, and 12 mM) on the removal of DBU was
investigated using 0.01 M NaOH concentration by applying a
current density of 0.0027 mA/cm2 at 240 °C for 30−90 min of
reaction time. Moreover, the effect of temperature (200, 240,
and 280 °C) on the DBU and TOC removal was investigated
using 6 mM DBU and 0.01 M NaOH and by passing 0.0027
mA/cm2 of the current density between electrodes for 30, 60,
and 90 min of reaction time. A reaction kinetic model and
reaction rate constants were derived for the DBU removal, and
the activation energy was calculated based on the obtained
data.
Analysis of Products. The liquid product solution was

analyzed via high-performance liquid chromatography
(HPLC) to determine DBU removal. HPLC analysis for
DBU was carried out using a Fortis UniverSil C18 column at
50 °C column temperature. In this analysis, a mobile phase
consisting of acetonitrile (A phase) and 0.1 vol % phosphoric
acid−ultra pure water solution (B phase) was used, and the
samples were analyzed by a gradient method. In this method,
at the beginning of analysis, 100% B phase was fed, and then,
between 8 and 10 min of analysis, 5% B phase was continued
to be fed. At 10.01 min, 100% B phase was started to be fed
and then 100% B phase was continued to be fed. The details of
analysis conditions and the method for DBU analysis via
HPLC are given in Table 2. The calibration curve was obtained

using DBU (≤99.0%, GC) solutions at certain concentrations
(10, 20, 50, 100, and 200 ppm) and the method development
and validation were achieved by repeating the analysis of DBU
solutions several times; the calibration curve for DBU is given
in Figure 2.
TOC in the liquid product solution was analyzed with a

Shimadzu TOC-Vcph (TNM-1/SSM-5000A). For the liquid
product identification, GC−MS (Agilent 6890 N/5973 N
Network, USA) was used.

■ RESULTS AND DISCUSSION
DBU removal (%) is calculated using eq 1 and the results of
experimental design (Minitab 18) for DBU removal are given
in Table 3.

=
−

×
C C

C
DBU removal % 100i f

i (1)

where Ci and Cf represent the initial and final concentrations of
DBU, respectively.

Table 4 presents a summary of ANOVA results for DBU
conversion values. In this table, P-values (less than α = 0.05)
for each affecting parameter are given individually to consider
the interactions between the parameters. The R2 with a value
of 76.59% indicates that the model is well fit to the observed
response.
Based on Table 4, it could be concluded that two-way and

three-way interactions of factors do not have a significant effect
on DBU removal as their P-values are higher than 0.005, so
that the interaction parameters were eliminated and the model

Table 1. Levels of Factors (NaOH Concentration, Current
Density, and Reaction Time) for the General Full Factorial
Design

factors levels of factors

NaOH concentration, M 0.01 0.05
current density, mA/cm2 0.0000000 0.0027
reaction time, min 30 60 90

Table 2. Conditions for HPLC Analysis of DBU

HPLC Agilent 1100 series

column type Fortis UniverSil C18
operating temperature 50 °C
mobile phase A: acetonitrile, B: 0.1% H3PO4

flow rate 1 mL/min
detector UV−vis (230 nm)
analysis method gradient method

time (min) B phase (%)
0 100
8 5
10 5
10.01 100
12 100

Figure 2. DBU calibration curve.

Table 3. Experimental Design and Response as Percent
Removal of DBU

exp.
no.

NaOH
concentration, M

current density,
mA/cm2

reaction
time, min

DBU
removal, %

1 0.01 0 30 82.9
2 0.05 0 30 84.6
3 0.05 0 60 87.3
4 0.05 0 90 90.3
5 0.01 0.0027 90 72.3
6 0.05 0.0027 30 94.6
7 0.01 0 90 79.1
8 0.01 0.0027 30 76.9
9 0.01 0.0027 90 84.7
10 0.05 0.0027 90 96.7
11 0.05 0 60 88.7
12 0.01 0 60 79.6
13 0.05 0.0027 60 95.5
14 0.01 0.0027 60 78.3
15 0.01 0 30 56.9
16 0.01 0.0027 30 62.7
17 0.05 0 30 83.5
18 0.05 0.0027 90 97.4
19 0.05 0.0027 60 97.1
20 0.05 0 90 88.9
21 0.05 0.0027 30 95.3
22 0.01 0 90 68.9
23 0.01 0.0027 60 78.3
24 0.01 0 60 61.2
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was modified. The reduced ANOVA table and the Pareto chart
for the main factors are given in Table 5 and Figure 3,
respectively.

The Pareto chart explains the importance of individual
effects of factors. For a 95% confidence level and 12 degrees of
freedom, the t-value is equal to 2.093. The vertical line in the
chart indicates the minimum statistically significant effect
magnitude for 95% confidence level. As F0.05,1,12 = 4.75, all the
factors with the F value higher than 4.75 are significant.
Consequently, the results imply that the reaction time do not
have a significant effect on DBU removal statistically, whereas

the NaOH concentration and current density have a significant
effect on DBU removal. The residual and main effects plots for
DBU removal are given in Figures 4 and 5, respectively.
The difference between the experimental removal values and

the predicted ones are explained with residual values, and if all
points are close to the straight line, then it could be concluded
that the data are normally distributed.17 Figure 4 shows that
the experimental points, except one point, were reasonably
aligned suggesting a normal distribution in the range of −10
and +10, and there is also an outlier. A main effect exists, while
the mean response changes across the level of a factor. The
sign of the main effect indicates the directions (positive or
negative) of the effect. It can be deduced from Figure 5 that
the effect of NaOH concentration was characterized by a
greater degree of departure from the overall mean, and thus,
the NaOH concentration had a positive effect on the removal
of DBU. Current density also had a positive effect on DBU
removal; however, its effect was lower relative to NaOH
concentration. Moreover, the effect of reaction time slightly
decreased for 90 min of reaction time.

Effect of NaOH Concentration. NaOH concentration is
the most important factor for hydrothermal electrolysis of
DBU according to ANOVA results, and hence, the
investigation of the NaOH concentration effect on DBU
removal was carried out at various concentrations (0, 0.001,
0.01, and 0.05 M) using 6 mM DBU solution on applying
0.0027 mA/cm2 of current density at 240 °C for different
reaction times (30, 60, and 90 min). Figure 6 shows the effect
of NaOH concentration on DBU removal. The highest DBU
removal (almost 97%) was observed using 0.05 M NaOH. As
the concentration of NaOH increased, the removal of DBU
also increased for all reaction durations. In the literature, it was
also found that increased NaOH concentration resulted in
higher conversion of glycerol under hydrothermal electrolysis
conditions.13 Therefore, it could be deduced that as the
electrolyte concentration increases, the ionic conductivity
increases, and thus, the removal efficiency increases.
Although DBU conversion was observed in the absence of

NaOH on applying 0.0027 mA/cm2 of current density at 240
°C, 29.6% TOC removal was achieved for 90 min of reaction
time. However, when 0.05 M NaOH was used as an
electrolyte, 29.6 and 41.0% of TOC removal were achieved
for 60 and 90 min of reaction time, respectively. In order to
achieve a higher DBU removal efficiency and TOC in a shorter
reaction time, an electrolyte should be used and HCW was not
solely adequate.

Table 4. Statistical Analysis Results for Converted DBU with 95% of Confidence Level

source degree of freedom sum of squares mean square F-value P-value

model 11 2424.99 220.45 3.57 0.019
linear 4 2344.92 586.23 9.49 0.001
NaOH concentration 1 1981.98 1981.98 32.08 0.000
current density 1 252.85 252.85 4.09 0.066
time 2 110.09 55.04 0.89 0.436
2-way interactions 5 49.46 9.89 0.16 0.973
NaOH concentration*current density 1 34.32 34.32 0.56 0.470
NaOH concentration*time 2 7.05 3.53 0.06 0.945
current density*time 2 8.09 4.05 0.07 0.937
3-way interactions 2 30.61 15.31 0.25 0.784
NaOH conc.*current density*time 2 30.61 15.31 0.25 0.784
error 12 741.33 61.78
total 23 3166.33

Table 5. Statistical Analysis Results for Converted DBU
with 95% of Confidence Level (Reduced Model)

source
degree of
freedom

sum of
squares

mean
square F-value P-value

model 4 2344.92 586.23 13.56 0.01919
linear 4 2344.92 586.23 13.56 0.00107
NaOH
conc.

1 1981.98 1981.98 45.85 0.00010

current
density

1 252.85 252.85 5.85 0.06593

time 2 110.09 55.04 1.27 0.43573
error 19 821.41 43.23 0.97255
lack-of-fit 7 80.07 11.44 0.19 0.47041
pure error 12 741.34 61.78
total 23 3166.33

Figure 3. Pareto chart for the affecting factors (NaOH concentration,
current density, and time) on DBU removal percentage.
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Effect of Current Density. During the electrolysis of water
under normal conditions (room temperature and pressure),
hydrogen and oxygen gases form by splitting of water.

However, if the electrolysis of water is carried out under
subcritical conditions, then the formation of oxygen gas could
be controlled and only hydrogen gas formation could be
achieved. The schematic illustration of electrolysis of water
under normal and subcritical conditions is given in Figure 7.18

Therefore, in hydrothermal electrolysis, there is no need for
an oxidizer or/and catalyst as water behaves as a catalyst under
subcritical conditions.19 Moreover, any organic solvent is not
required for this process, so that it is greener and environ-
mentally benign for the treatment of wastewater. During
hydrothermal electrolysis, several oxidants such as H• and OH•

form as in the subcritical reaction region, molecules of water
vapor are ionized around the anode and bombard each other,
and thus, free hydroxyl radicals, ions, and sometimes hydrogen
atoms form. Besides, water molecules are broken into
hydrogen, oxygen, and hydrogen peroxide in the liquid
reaction region.19−21 The possible reactions for the formation
of these radicals are shown in eqs 2−6. Among the formed
oxidants, OH• is the strongest one; however, the lifetime of
OH• is very short so that the secondary oxidants form by the
destruction of OH• to continue the degradation of organic
compounds.

Figure 4. Residual plots for DBU removal.

Figure 5. Main effects’ plot for DBU removal.

Figure 6. Effect of NaOH concentration on DBU removal (reaction
conditions: CDBU = 6 mM, current density = 0.0027 mA/cm2, and T =
240 °C).

Figure 7. Electrolysis under normal (a) and subcritical (b) conditions.
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+ →• •H H H2 (2)

+ →• •H OH H O2 (3)

+ →• •OH OH H O2 2 (4)

+ → +• •OH H O HO H O2 2 2 2 (5)

+ → +• •OH HO H O O2 2 2 (6)

Consequently, the current density is an important parameter
for hydrothermal electrolysis so that the effect of this
parameter was also investigated at different current densities,
which are 0 mA/cm2 (0 A), 0.0007 mA/cm2 (0.25 A) and
0.0027 mA/cm2 (1 A). The hydrothermal electrolysis of DBU
takes place using 6 mM DBU solution at 240 °C applying the
current for different reaction times (30, 60, and 90 min). The
results are given in Figure 8. Based on the results, the increased

current density promoted the DBU removal % for 30 and 60
min of reaction time. However, almost the same DBU removal
efficiency was observed at 90 min of reaction time. Whereas no
TOC removal was observed on applying 0 mA/cm2 current
density for 30 and 60 min of reaction time, 11.5 and 31.1% of
TOC removal were obtained on applying 0.0027 mA/cm2

current for 30 and 60 min of reaction time, respectively.
Besides, TOC removal % was achieved at 90 min of reaction
time as 11.1 and 31.1% on applying 0 and 0.0027 mA/cm2

current density, respectively. Hence, while approximately the
same TOC removal was observed in 30 min on applying
current, it could be obtained in 90 min in the absence of
current. Therefore, for short reaction times, TOC removal
could not be achieved without applying current. Additionally,
toxic byproducts were observed in the absence of current
density, while this hazardous byproduct could be eliminated by
applying current based on the GC−MS results of end products.
Thus, increased current density results in increased TOC
removal %. In the literature, it was found that p-nitrophenol
degradation as well as TOC removal during hydrothermal
electrolysis of glucose increased with respect to increased
current densities.22,23 Moreover, amidines such as DBU could
decompose by pyrolysis under subcritical conditions in the
absence of an oxidant; however, low TOC removal could be
achieved when no current was applied to the system (0 mA/

cm2).24 Consequently, applying current to the system greatly
contributes to DBU and TOC removal. Besides, there is no
need for an oxidant in this hybrid system, and no usage of an
oxidant is an advantage to eliminate harmful end or side
products during the wastewater treatment. Consequently, this
hybrid hydrothermal electrolysis system is an environmentally
friendly and greener solution for the treatment of organic
contaminants in wastewater.

Initial DBU Concentration Effect. The effect of the initial
concentration of DBU (3, 6, and 12 mM) on DBU and TOC
removal was investigated, and the results are shown in Figure
9.

As a result, the highest DBU (91.2%) and TOC removal
(45%) were observed at the lowest concentration of DBU for
all reaction times. A similar DBU removal efficiency was
observed for 6 and 12 mM initial DBU concentrations at 30
min of reaction time.

GC−MS Analysis. The main products of hydrothermal
electrolysis of DBU at the specified reaction temperature (240
°C), NaOH concentrations (0.1 and 0.5 M), current densities
(0 mA/cm2 and 0.0027 mA/cm2), and for 30, 60, and 90 min
of reaction time under subcritical conditions were identified by
GC−MS. The major products of hydrothermal electrolysis of
DBU under subcritical conditions were found as methylcap-
rolactam, 1-methyl-2 phenyl indole, caprolactam, 4-amino-3-
methylphenol nitrobenzene, and toluene. Among them,
nitrobenzene (2.27 min of retention time) and toluene (3.17
min of retention time) could cause significant hazards on
aquatic life on long-term exposure, and they also have serious
effects on human health.25,26 However, these compounds were
eliminated by applying current. The intermediates of hydro-
thermal electrolysis of DBU are listed in Table 6.

Figure 8. Effect of current density on DBU removal (reaction
conditions: CDBU = 6 mM, T = 240 °C, CNaOH = 0.01 M).

Figure 9. Initial DBU concentration effect on TOC removal %
(reaction conditions: CNaOH = 0.01 mM, current density = 0.0027
mA/cm2, and T = 240 °C).

Table 6. GC−MS Results for the Main Compounds of
Hydrothermal Electrolysis of DBUa

retention time, min compounds

4.04 1-methyl-2-phenylindole
15.71 caprolactam
20.62 4-amino-3-methylphenol
24.72 N-methylcaprolactam

aCurrent density: 0.0027 mA/cm2, T: 240 °C, CDBU: 6 mM, CNaOH:
0.01 M, t: 60 min.
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The major products of hydrothermal electrolysis of DBU
under subcritical conditions were found as 4-amino-3-
methylphenol, caprolactam, methylcaprolactam, and 1-meth-
yl-2 phenyl indole. Among them 4-amino-3-methylphenol and
caprolactam can cause skin or eye irritation, yet, they are
relatively less hazardous than DBU. DBU is a corrosive,
irritant, and acute toxic compound, and it could be said that
the major products of hydrothermal electrolysis of DBU are
less hazardous than those of DBU. Consequently, thanks to
hydrothermal electrolysis, highly toxic end products do not
form, and thus, hydrothermal electrolysis is a greener solution
for treatment of wastewaters containing hazardous compounds
that are resistant to degradation.
Reaction Temperature Effect. The effect of temperature

on DBU and TOC removal was also investigated, and the
results are given in Figure 10. According to the results, as the

temperature and reaction time increase, the TOC removal
percentage also increased. However, the DBU removal
percentage was almost the same for all reaction conditions at
200 °C. When 1 A current (current density = 0.027 mA/cm2)
was passed in hydrothermal electrolysis at high temperatures
(240 and 280 °C), there was a slight increase in DBU removal.
To take into account the effect of current density on DBU

and TOC removal, the experiments of the kinetic study were
performed by applying a direct current. To determine the
reaction kinetic model and rate constants, the first- and
second-order reaction kinetic models were applied by
assuming that the reaction only depended on the DBU
concentration and temperature. Among the applied kinetic
models, TOC removal % show the best fit to the first-order
reaction kinetic model. The R2 values and reaction rate
constants for the first-order model for TOC removal % are
given in Table 7 and the linearized first order kinetic data are
shown in Figure 11.
The first-order reaction rate constants were found as 0.0025,

0.0041, and 0.005 min−1 at 200, 240, and 280 °C, respectively.

As expected, as the temperature increased, the rate constants
also increased. The activation energy was determined by the
Arrhenius equation as 79.86 kJ/mol.
This study and related studies in the literature are

summarized in Table 8 and a comparison of studies is briefly
performed. Ochuma et al. studied the degradation of DBU by
photocatalytic oxidation, and the experiments were carried out
in the presence of suspended TiO2 and using TiO2-coated
monolith for comparison. Based on the results, the highest
DBU (100%) and TOC (∼23%) removal were achieved for 60
min of reaction duration using a TiO2-coated (12 wt %)
reticulated foam photocatalytic reactor.8 Al-Duri and her
colleagues studied the DBU and (dimethyl formamide) DMF
degradation by noncatalytic supercritical water oxidation
(SCWO), and hydrogen peroxide was used as an oxidant in
this study. Whereas DBU was completely degraded after 450
°C of reaction temperature, almost 90% TOC removal
(highest TOC removal) was observed after 600 °C.27 Another
study related to DBU degradation and its kinetic modeling was
carried out under supercritical conditions by Al-Duri and
Alsoqyani, and it was found that the addition of isopropyl
alcohol (IPA) to the reaction media has a positive contribution
to the yield of DBU and TOC removal, and the highest TOC
removal was obtained as ∼99% for 5 mM initial DBU
concentration at 525 °C, 10 h of reaction time, and [IPA]/
[DBU] = 1. The reaction kinetic model could be described by
the pseudo-first order kinetic model and the global power law
kinetic model.28 Based on these studies, it could be said that
the usage of IPA provides an enhancement of the efficiency of
SCWO to obtain higher TOC values at relatively lower
temperatures. To conclude, it could be said that the DBU
degradation reaction can be described by the first- or pseudo-
first-order reaction model. SCWO shows higher efficiency due
to TOC removal compared to photocatalytic oxidation;
however, SCWO requires extremely harsh reaction conditions
to achieve higher TOC removal. According to the literature,
caprolactam, 3-methyladenine, 2,6-dimethyl-4-hydroxybenzal-
dehyde, 3-methoxy-4,5,6-trimethylphenol, and 4-amino-5-
formamidomethyl-2-methylpyrimidine are the five intermedi-
ate products of photocatalytic degradation of DBU, and some
of them have hazardous effects on human and environmental
health.8 In this study, DBU degradation by hydrothermal
electrolysis was investigated, and it was found that the DBU
removal efficiency depended on the NaOH concentration and
current density based on statistical results. Hence, the increase
in the NaOH concentration and current density is directly
effective over DBU removal. For instance, 58.3% of DBU
removal was achieved at 240 °C by applying 1 A current

Figure 10. Temperature effect on TOC and DBU removal %
(reaction conditions: CDBU = 6 mM, CNaOH = 0.01 M, and current
density = 0.0027 mA/cm2).

Table 7. Calculated Values of R2 and Rate Constants for the
First-Order Reaction Model

temperature, °C R2, first order first-order kinetic rate constant, min−1

200 0.97 0.0025
240 0.98 0.0041
280 0.99 0.005

Figure 11. Linearized first-order kinetic plot.
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(current density = 0.027 mA/cm2) in the presence of 0.001 M
NaOH for 30 min of reaction time; however, 97.4% was
achieved using 0.05 M NaOH under the same reaction
conditions. The highest TOC removal (∼35%) was achieved
by applying 1 A current (current density = 0.027 mA/cm2) in
the presence of 0.01 M NaOH for 90 min of reaction time at
280 °C. It might be possible to reach higher TOC removal
efficiencies (which are similar to TOC removal efficiencies in
SCWO) for longer reaction times. The end products of this
process were analyzed via GC−MS and, based on the results,
some of them are relatively less hazardous than DBU and some
are not hazardous. Thus, it could be said that hydrothermal
electrolysis is more effective than photocatalytic oxidation for
TOC removal, and it presents moderate reaction conditions
than SCWO. Additionally, hydrothermal electrolysis can be
considered as a greener route for degradation of DBU because
of the less harmless and unhazardous end products.

■ CONCLUSIONS
DBU, a nitrogen-containing compound, was chosen as a model
solution to demonstrate the applicability of hydrothermal
electrolysis, a hybrid green technology employed for the
degradation of nitrogen-containing organic contaminants. In
this study, the NaOH concentration, current density, and
reaction temperature as effective parameters on DBU and
TOC removal were investigated. Based on Minitab results, the
NaOH concentration and current density had a significant
effect on the removal of DBU statistically. Additionally, the
initial DBU concentration effect was investigated and the
highest DBU (91.2%) and TOC (45%) removal were observed
at the lowest concentration (3 mM) for 90 min of reaction
time. Besides, a kinetic study was carried out to investigate the
effect of temperature on TOC removal and it followed the
first-order reaction kinetic model, and rate constants were
determined as 0.0025, 0.041, and 0.050 min−1 for 200, 240,
and 280 °C, respectively. Additionally, the activation energy
was calculated as 79.86 kJ/mol.
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