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The successful removal of 4,6-dinitro-o-cresol (DNOC) is reported using nano-magnetite (Fe304) as the
iron source and cathodic Fenton generation of hydrogen peroxide. Operating conditions were optimized
by varying the electrolyte concentration, electric current, and O, flow. The effects of different DNOC ini-
tial concentrations, pH values and nano-magnetite quantities on the degradation rate of DNOC were also
examined. The results showed that a lower DNOC initial concentration and a lower pH led to faster degra-
dation of DNOC. It was also observed that the amount of nano-magnetite affected the degradation rate

ﬁi{gi’;ﬁ;netite at lower pH while having no influence at neutral pH. Both homogeneous and heterogeneous reactions in
DNOC the system were investigated. The homogeneous reaction dominated at a lower pH; direct electrolysis

appears to take place at neutral pH; and a contribution from a heterogeneous reaction was not obvious
under the experimental conditions studied. A model was developed to describe the degradation mech-
anism at low pH conditions, and the model matched experimental data very well. The combination of
nano-magnetite and cathodic Fenton provides a fast way to degrade organic contaminants with readily
available materials. Furthermore, magnetite is more stable, reusable and easy to separate compared to

Cathodic Fenton degradation
Kinetic model

ferrous salt and other iron rich minerals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Fenton reaction has been widely used in the success-
ful remediation of environmental pollutants, especially pesticides
[1-4]. Fenton treatment uses a metal catalyst to generate hydroxyl
radicals from hydrogen peroxide, and various methods have been
used to deliver the catalyst into the reaction system. Anodic Fen-
ton treatment (AFT) was developed to provide a constant delivery
of ferrous ion from a sacrificial iron electrode by electrolysis while
simultaneously pumping hydrogen peroxide into the system [5,6].
Cathodic Fenton, which generates hydrogen peroxide on a cathode
in an electrolytic cell as shown below,

02+2H++26_—> H,0, (1)

was developed to eliminate the need for the direct input of hydro-
gen peroxide [7-12]. The characteristics and main applications of
electro-Fenton have been previously reported by Brillas et al. [13].
Most of the cathodic Fenton processes have been performed in
a combined cell where the anode and cathode are placed in an
undivided container [7,9-12]. Compared to a split cell, the pH in
a combined cell remains constant, and the need for a membrane
or bridge is eliminated; therefore, low cell voltage is needed for
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electrolysis [13]. Furthermore, in the combined cell, oxygen pro-
duced at the anode can also help with the generation of hydrogen
peroxide on the cathode [8].

Recently, iron oxide minerals, especially magnetite, have been
used toreplace iron salts in Fenton or Fenton-like reactions [14-17].
Magnetite (Fe!l-Fe! mixed oxide) was successfully used as an iron
source in heterogeneous Fenton reactions, because Fell plays an
important role in the initiation of the Fenton reaction accord-
ing to the classical Haber-Weiss mechanism [16]. Magnetite was
shown to catalyze the oxidative degradation of target compounds
effectively, and it exhibited good structural stability and excel-
lent reusability [17,18]. When magnetite is used as an iron source,
both heterogeneous Fenton and homogeneous Fenton reactions
may occur. Some chemical conditions such as acidic pH and/or
use of a chelating agent can improve the leaching of iron from
the solid surface, thus propagating the homogeneous reaction with
the dissolved iron and thereby contributing to improvement in the
oxidation efficiency [17].

Previous work has reported the decomposition of aniline by
combining magnetite (5wm powder) and the cathodic Fenton
process [19] achieving 60% removal of pollutant after 5h of min-
eralization. To achieve a faster decomposition rate of pollutant,
nanoparticles of magnetite can provide a large exposed surface
area in the reaction medium and thus improve the favorability
of both heterogeneous and homogeneous reactions. Indeed, this
large reactive surface may expedite both the surface interactions
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and the dissolution of iron, making nano-magnetite an attractive
alternative to micrometer-size magnetite.

In the present study we explored the feasibility of combining
nano-magnetite and cathodically produced hydrogen peroxide in
the degradation of 4,6-dinitro-o-cresol (DNOC), a pesticide pre-
viously widely used. DNOC was banned by the US-EPA due to
its long term health effects on humans [20] but is still found in
large amounts in the environment due to its slow degradation rate
[21,22]. The destruction of DNOC was previously reported using the
cathodic Fenton method and ferric salt as an iron source [23].

It is important to understand the reaction mechanisms for
a combined Fenton system of nano-magnetite and cathodically
generated H,0- in order to optimize the degradation of target com-
pounds. Possible reactions include: ahomogeneous Fenton reaction
in the solution, a heterogeneous Fenton reaction occurring on the
active sites of the magnetite surface, and direct electrolysis. The
objectives of this work were to: (i) optimize the operating con-
ditions of cathodic Fenton treatment with nano-magnetite; (ii)
investigate the possible degradation reactions occurring in the cell
under different conditions; and (iii) develop a kinetic model for
cathodic Fenton treatment of DNOC using nano-magnetite.

2. Experimental
2.1. Chemicals

Sodium sulfate, sodium acetate, ferric sulfate 7-hydrate,
acetic acid, hydroxylamine hydrochloride, 1,10-phenanthroline,
methanol (HPLC grade), water (HPLC grade) and acetronitrile
(HPLC grade) were purchased from Fisher Scientific (Fair Lawn,
NY). Ferrous sulfate 7-hydrate and hydrogen peroxide (30%) were
purchased from Mallinckrodt (Paris, KY). Iron standard solution
(10mg/L) was purchased from HACH (Loveland, CO). DNOC was
purchased from Chem Service (West Chester, PA). DI water was
obtained from an MP-1 Mega-Pure™ system (Corning, NY) with
electric resistance greater than 18.1 M2/cm. All commercial chem-
icals were used directly without further purification/treatment.

2.2. Solid characterization

The nano-magnetite sample was purchased from Nanostruc-
tured & Amorphous Materials Inc. (Houston, TX). In order to identify
the crystal structure of the mineral, a sample of solid was analyzed
by X-ray powder diffraction (XRD). The XRD data were collected
with a D8 Bruker diffractometer, equipped with a monochroma-
tor and a position-sensitive detector. The X-ray source was a Co
anode (A=0.17902 nm). The diffractogram was recorded in the
3-64° 26 range, with a 0.0359° step size, and a collecting time
of 3s per point. Scanning Electron Microscopy (SEM) displayed
the morphology of the iron oxide. The SEM images were collected
with a HITACHI FEG 54800 apparatus, and the SEM microscope was
generally operated with a beam current of 3 pA and an accelerat-
ing voltage of 20kV (analyzed microvolume of ~6 pm?3). The solid
powder was glued on an adhesive surface and metalized with a
thin layer of gold. Transmission Electron Microscopy (TEM) anal-
ysis provides information regarding morphology (the size, shape
and arrangement of the particles) and structural and compositional
data (on areas a few nanometers in diameter). TEM observations
were carried out with a Philips CM20 TEM (200 kV) coupled with
an EDAX energy dispersive X-ray spectrometer. The solid powder
was re-suspended in 2 mL ethanol under ultrasonication, and a
drop of suspension was evaporated on a carbon-coated copper grid
which was placed on filter paper. A spot size of about 70 nm and
a counting time of 40 s were used to record the EDX spectra. EDX
calibration standards were run to obtain quantitative analyses of

major and trace elements with a detection limit of approximately
100 ppm.

The specific surface area of the iron oxide was determined by
multipoint N,-BET analysis using a Coulter (SA 3100) surface area
analyzer. Potentiometric titrations of the oxide were conducted in
a thermostated double walled pyrex cell at 293 Kin 0.001, 0.01 and
0.1 M Nacl solutions. The N, gas was constantly passed through
the suspensions to bubble out the CO,. The pH value of the sus-
pension was adjusted with titrant solutions (HCl or NaOH). The
blank titrations were also performed with similar solutions in the
absence of the solid. In addition, the electrophoretic mobility of
the particles was measured with a Malvern Zetasizer (NanoZS) as
a function of pH in 10 mM NaCl solution and the zeta potential was
calculated from the electrophoretic mobility. The iso-electric point
(7.8) of iron oxides are in agreement with the point of zero charge
(PZC) determined by potentiometric titration (7.6) and close to the
values reported in the literature [17,18].

2.3. Adsorption of DNOC to nano-magnetite

In order to determine time to adsorption equilibrium, 1g of
nano-magnetite was stirred with 200 mL of 11.4 g/mL DNOC solu-
tion for 3 h. Based on the results, degradation experiments were
performed with DNOC solutions that had been stirred with nano-
magnetite for 3 h. For the sorption isotherm test, 15 mL solutions
with a range of DNOC concentrations were shaken with 0.12¢g
nano-magnetite in a 50 mL tube for 3 h. The solutions were then
centrifuged and decanted. The DNOC concentrations in the super-
natants were measured by HPLC.

2.4. Degradation of DNOC

Fenton experiments were carried out in a 400 mL undivided
cylindrical cell containing a graphite cathode and anode. The
graphite electrode is stable and exhibits a high overpotential for H;
evolution and low activity for H0, decomposition [13]. Typically,
200 mL of 11.4 pg/mL DNOC solution with 1 g nano-magnetite was
added to the cell,and Na,SO4 was added into the solution as an elec-
trolyte. After optimization, 0.08 M Na,SO4, 0.025A of current and
40 mL/min of O, flow were used to degrade the target compound.
Analiquot of 1.0 mL solution was taken out at specific time intervals
and 0.1 mL methanol was added to quench the hydroxyl radical. The
sample was then centrifuged for 10 min and the supernatant was
analyzed by HPLC. Each experiment was repeated twice.

H,SO4 was used to adjust the initial pH in solution. The pH
was measured using an Accumet Basic AB15 pH meter (Fisher Sci-
entific). When simulating the H,0, generated on the cathode at
neutral pH, 5.8 mM H,0, solution was pumped into the system at
a constant delivery rate of 0.5 mL/min.

2.5. Measurement of DNOC concentration

The concentration of DNOC was measured by an Agilent 1100
HPLC with a DAD detector (Agilent Technologies, Inc., Santa Clara,
CA). The mobile phase was composed of 80% methanol and 20%
water (pH was adjusted to 3 by phosphoric acid). A C-18 5um
250 mm x 4.6 mm (i.d.) Restek reverse phase column was used.
Flow rate, injection volume and column temperature were set to
1.0mL/min, 20 pL and 25 °C, respectively. The UV wavelength for
the DAD was set at 269 nm. Calibration of the instrument was per-
formed using a series of DNOC solutions, and the calibration curve
indicated that peak area in HPLC was directly proportional to the
concentration of DNOC. Therefore the data of relative peak areas
were used to represent DNOC concentrations in this study.
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2.6. Measurement of H,0O, and iron concentration in solution

The concentration of H,O, generated on the cathode was mea-
sured by the iodide method [24] and analyzed by a Lambda 35
UV/VIS spectrometer (PerkinElmer Instruments, Waltham, MA) at
352 nm. Ferrous and total iron concentration in solution were mea-
sured by 1,10-phenanthroline according to the Standard Method
for the Examination of Water and Wastewater [25] and analyzed
by a UV/VIS spectrometer at 510 nm.

2.7. Experimental data analysis

The model fitting and statistical analyses were performed using
Sigmaplot 9.01 (Systat Software Inc., Richmond, CA).

3. Results and discussion

3.1. Nano-magnetite characterization

The XRD diffractogram of the solid powder is shown in Fig. S-
1A. Five observed diffraction peaks at 260=21.2°, 35°, 41.2°, 50.4°
and 62.8° can be assigned to Fe304 magnetite [26]. The d-space
values of these main peaks are 2.53, 2.96, 2.09, 4.85 and 1.71A,
which may correspond to the more intense lines 311, 220, 400,
111 and 422, respectively, of magnetite. Bragg peaks of the smaller
particles exhibit peak broadening as expected for nanoparticles
[26]. Magnetite (Fe304) is usually represented by the formula
(Fe3* )et[Fe3*Fe2* |octO4 [17,26]. Magnetite (Fe304) has an inverse
spinel structure in which cations occupy tetrahedral and octahedral
sites in the face-centered cubic close-packed oxygen lattice.

The typical SEM image shows that the nano-magnetite par-
ticles are quasi-spherical and highly aggregated (Fig. S-1B). The
average size of the particles is ~30 nm. The specific surface area
(SSA) experimental value of magnetite determined by the BET
method was found to be 48 +2 m?2/g. The radius of the spheri-
cal particles (the density of magnetite, p=5.15 x 10® g/m3) can be
related to the surface area as A=6/(,od)=48 m2/g. Thus, the calcu-
lated average diameter of a supposed spherical particle is ~25 nm,
which is consistent with the average size estimated by the SEM
observations.

The XRD diffractogram recorded at the end of the oxidation
reaction was found to be similar to that recorded before the reac-
tion, indicating the structural stability of nano-magnetite during
the cathodic Fenton treatment (data not shown).

TEM images of the nano-magnetite sample revealed the agglom-
eration of small spherical particles of magnetite of ~30nm
(Fig. S-1C). Electron diffraction patterns provided by TEM can also
be used to characterize the crystal structure of particles. Transmis-
sion Electron Microscopy (TEM) combined with energy-dispersive
X-ray spectrometry (EDXS) yields an elemental analysis of sample.
Elemental ratios can be calculated by EDXS and compared with
known mineralogical composition. EDX microanalyses of sample
before and after oxidation reaction showed the characteristic Fe/O
ratio of magnetite (Fe30y4).

3.2. DNOC sorption test

The sorption of DNOC on nano-magnetite at pH 2.8 is shown
in Fig. S-2. The results indicate that ~20% of DNOC was adsorbed
to nano-magnetite after 3 h and that the sorption reached equilib-
rium after 2 h. Before measuring the cathodic Fenton degradation
of DNOC in the current work, nano-magnetite was stirred with
the DNOC solution for 3 h to ensure that the sorption had reached
equilibrium, at which point the sorption isotherm was measured
(Fig. S-3). The sorbed amount at pH 2.8, determined at 22 mg/mL
DNOC, is equivalent to 7.6 pmol/g or 0.16 pmol/m?, too low compa-

rable to the density of reactive sites on iron oxides (2.31 sites/nm?
or 3.8 wmol/m?2) to saturate them [26].

In the lower concentration range, DNOC showed similar sorp-
tion affinity for both pH values 2.8 and 5.9 (Fig. S-3). In previous
work, the adsorption envelope of ionizable compounds such as
DNOC on iron oxides has typically shown maximum adsorption
at a pH near the pK, [27]. Since DNOC is a weak acid (pK; =4.4)
[28], maximum sorption can be obtained in the pH range of 4.4-7.6
(pzc value of magnetite), where the DNOC is negatively charged
and iron oxide particles are positively charged. In the current work
the charge repulsion was expected at lower (<4.4) or higher (>7.6)
pH values where the sorbate and sorbent were both positively or
negatively charged. At the high concentration range of sorbate, the
adsorption at acidic pH is, however, slightly higher than at pH 5.9
(Fig. S-3). This discrepancy is probably due to non-specific interac-
tions such as hydrophobic and/or Vander Waals forces, which may
occur for the sorption of hydrophobic compounds onto iron oxides
at a high sorbate loading [29].

3.3. Optimization of experimental conditions

A 0.08 M concentration of Na,SO,4 proved to be the most effi-
cient for producing H,O, when compared with 0.04 M and 0.16 M
(Table S-1). Electric current was supplied and set at 0.025A by
a BK Precision DC power supply 1610. Higher current required
greater voltage and caused other side reactions, resulting in slower
degradation of the target compound. An O, flow at 40 mL/min was
determined most efficient to generate H,0, and a higher flow rate
did not improve the reaction.

3.4. Degradation of DNOC

Degradation of DNOC was performed with different initial
concentrations, and the results are shown in original and loga-
rithmic format in Fig. S-4. The degradation rate was first order
and decreased with increasing initial concentration. The process
may involve competition between the byproducts and DNOC for
the hydroxyl radical which has been reported previously by others
[10,11]. Although there may be small byproducts of DNOC degra-
dation, the detection of them is not possible by HPLC or mass
spectrometry due to their instability and ionic form [28,30]. There-
fore, the degradation pathway and byproducts of DNOC were not
studied in this current work.

In a heterogeneous system the decrease of the first-order degra-
dation rate constant with an increase in the initial concentration of
the pollutant may reflect a competition between the pollutant and
oxidant toward the magnetite surface. The increased amount of
pollutant may occupy a greater number of iron active sites which
become unavailable for H,0, and result in a lower HO- genera-
tion rate. More pollutant sorbs on the magnetite surface and less
H, 0, interacts with the iron surface and thus less hydroxyl radical
is formed at the surface [18]. The Langmuir-Hinshelwood model
postulates that the rate of reaction of two species adsorbed on the
surface is the rate-limiting step [18]:

1 1 1
= — .[DNOC]; + —, 2
kapp  Kint [ h kineKs 2)

where kapp is the initial pseudo-first-order rate constant (min~1),
kint is the intrinsic reaction rate constant (mgL~! min~'), and K; is
the adsorption constant of DNOC on the magnetite surface (Lmg=1).

To test the validity of this model for DNOC degradation in this
system, the pseudo-first-order rate constant was determined at
different initial DNOC concentrations and its reciprocal (1/kapp)
was plotted against the initial concentration of DNOC. The calcu-
lated values of ki, and Ks are 0.43mgL~' min~! and 0.73Lmg!,
respectively, and as shown in Fig. S-5 the linear correlation (R?)
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Fig.1. DNOC degradation at differentinitial pH values (initial [DNOC]=11.4 p.g/mL).

between 1/kapp and [DNOC]; is 0.95. The low value of R? does not
allow a prediction of the probability for a heterogeneous reaction
in this system.

The degradation of DNOC at different pHs and nano-magnetite
quantities was investigated in order to determine the contribution
of homogeneous and heterogeneous Fenton reactions and other
possible reactions under different conditions. The hydrogen per-
oxide and total iron ion concentrations during the reaction were
measured, and control tests were performed by adding the same
amount of iron or hydrogen peroxide as measured during the reac-
tion of cathodic Fenton with nano-magnetite. A chelating agent was
also used at neutral pH conditions to determine the contribution
of homogeneous versus heterogeneous Fenton and other possible
surface reactions.

The results of DNOC degradation at three different pH values
(2.8,3.4and 5.9) show that lower pH expedited the reaction (Fig. 1).
The faster degradation of DNOC at lower pH may be caused by
a higher concentration of iron released into the solution and/or
by more hydrogen peroxide generated on the cathode. To explore
the dissolution of iron ion from nano-magnetite particles, ferrous
ion and total iron were measured during the cathodic Fenton reac-
tion (Fig. 2). Although Fe3* can be reduced to FeZ* on the graphite
cathode according to a previous study [13], the ratio of Fe3*:FeZ*
increased with reaction time, suggesting that the oxidation of Fe2*
by H,0, generated on the cathode was the major reaction during
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Fig. 3. Degradation of DNOC with 4.14 pg/mL Fe?* and 1.76 pg/mL Fe3* at pH 2.8.
The initial concentration of DNOC and the current are 11.4 pg/mL and 0.025A,
respectively. No magnetite was added.

the Fenton reaction. The concentration of ferrous ion was highest
at lowest pH (2.8), causing the fastest degradation of DNOC. At pH
5.9, iron concentration was below the detection limit; however, the
concentration of DNOC decreased to about half of its initial con-
centration, suggesting that degradation of DNOC at neutral pH was
not caused by the homogeneous Fenton reaction in the solution.
While the degradation of DNOC at neutral pH can be caused by a
heterogeneous reaction on the nano-magnetite surface, it has also
been reported that pesticides can be degraded by direct electrolysis
during electro-Fenton treatment [31]. Therefore, direct electrolysis
of DNOC was also investigated as a degradation path for DNOC at
neutral pH.

To determine whether the homogeneous Fenton reaction was
the only reaction under acidic conditions, the same amount of Fe2*
and Fe3* salts as measured in 1 g magnetite dissolved at pH 2.8 (as
shown in Fig. 2A) was used as a Fenton control test and the results
are shown in Fig. 3. The degradation rate of DNOC in the control
test was found to be very close to that in the degradation with
magnetite at pH 2.8 (Fig. 1). This result implies that dissolved iron
ion was mainly responsible for the Fenton degradation of DNOC,
and that homogeneous Fenton degradation is the primary reaction
occurring in the solution under acidic conditions.

This tentative conclusion for the reaction under acidic condi-
tions can also be tested by running a control test for the generation
of H,0, at the cathode. The concentration of H,0O, was measured
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Fig. 2. Ferrous and total iron ion concentration during cathodic Fenton degradation of DNOC at different pHs (A=2.8, B=3.4). No iron ion was detected in solution at pH 5.9

(initial [DNOC]=11.4 pg/mL).
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Fig. 4. Concentration of H,0, generated at the cathode at two different pH values.

at two different pH conditions (2.8 and 5.9) and is shown in Fig. 4.
The generation rate of H,0, was higher at lower pH, and in both
cases, the concentration of H,O; increased linearly in the first few
minutes and tended to reach a plateau after 60 min. As reported
by others, the accumulated H,0, can be destroyed on the anode in
an undivided cell, leading to a quasi-steady state value after a few
hours of electrolysis [13].

In order to simulate the generation rate of H,O, concentration
over time, the assumption was made that H, O, is generated linearly
(Fig. 4), and this amount of H,0, was pumped into the system for
the control experiments. The degradation results from these con-
trol experiments are compared with those from experiments with
H,0, generated at the cathode in Fig. 5. The degradation rate of
DNOC with pumped in H,0, was found to be very close to that
with cathodic Fenton at pH 2.8 (Fig. 5A). This result implies that
at acidic pH (2.8), the homogeneous Fenton reaction occurring in
the solution is the only degradation process. At pH 5.9 the degra-
dation rate of DNOC with pumped in H,0, was found to be much
lower than that with cathodic Fenton (Fig. 5B), indicating another
major source of degradation, most probably the direct destruction
of DNOC by electrolysis on the electrode.

Thus, the homogeneous Fenton reaction and direct electroly-
sis were determined to be the major processes at acidic and near
neutral pH, respectively. However, the contribution of heteroge-
neous Fenton reaction was still not clear. To determine whether a
heterogeneous Fenton reaction contributed to the degradation of
DNOG, a series of cathodic Fenton treatments of DNOC with differ-
ent amounts of nano-magnetite were performed at two different
pH conditions (Fig. 6). The degradation rate of DNOC decreased with
a decreasing amount of nano-magnetite at pH 2.8, indicating that
the amount of nano-magnetite affects the dissolution of iron in the
solution, which would be expected if a homogeneous reaction is
primarily responsible for the degradation of DNOC at pH 2.8. There
are two reasons that would suggest that the heterogeneous Fen-
ton reaction is insignificant under acidic conditions. First, the rate
of the heterogeneous reaction is directly correlated to the surface
area, as well as the amount of the nano-magnetite, but a signifi-
cant change in the amount of nano-magnetite (from 1g to 0.05g)
resulted in almost no change in the degradation rate (Fig. 6B). Sec-
ond, the degradation rate with 1g of nano-magnetite is very close
to that with 4.14 pg/mL Fe?* and 1.76 pg/mL Fe3* at pH 2.8 (Fig. 3),
implying that the homogeneous Fenton reaction, rather than the
heterogeneous Fenton reaction, is the major reaction at pH 2.8. It
was also observed that when there was no H,0, (no O, flow) or
when there was no nano-magnetite present in solution (Fig. 6A),
the degradation rate did not go to zero. This is most probably due
to direct electrolysis of DNOC due to the lack of competition from
the Fenton reaction.

At near neutral pH (5.9), the degradation of DNOC was the same
for reactions with different amounts of nano-magnetite, with or
without H,0; (O, flow) (Fig. 6B). This is strong evidence that the
heterogeneous reaction was not occurring in the current system.
The variation of nano-magnetite amount affects the amount of
exposed surface area or reactive sites per unit volume and should
change the degradation rate of DNOC if the heterogeneous reaction
occurs. It can be concluded that at the neutral pH (5.9), direct elec-
trolysis of DNOC on the electrode is the main identified reaction for
degradation of DNOC. In addition, the degradation rate of DNOC at
pH 5.9 increased with higher electric current (Fig. S-6). This further
confirmed that direct electrolysis was the main reaction at neutral
pH. However, a fourfold increase in current produces only a slight
increase in the degradation rate, suggesting a decreased current
efficiency which can be attributed to a more active competition
of the oxidation of H,O, on the anode at a high current intensity.
The potential for heterogeneous reactions in this system should
be further investigated in future work with more highly adsorbing
chemical probes and with nano-magnetite with varying particle
sizes and surface areas.

Chelating agents have been reported to facilitate the dissolution
of iron at near neutral pH, thus affecting the Fenton process [17].
They were used in this study to further confirm the possible reac-
tions in this Fenton system. Two different chelating agents (EDTA
and oxalate) were applied to the system at pH 5.9 and both were
found to decrease the degradation of DNOC (Fig. S-7). Generally,
chelating agents help to dissolve ferrous ion in the solution (this
can happen at both pH values) thus propagating the homogeneous
reaction and contributing to the improvement of the total oxida-
tion rate. The negative effect observed may be caused by one of
two effects: (i) these ligand compounds act as HO: scavengers by
competing actively with DNOC for the reaction with the hydroxyl
radical or (ii) they compete with DNOC for direct electrolysis.

In the first case, the reaction rate of EDTA with the hydroxyl rad-
ical is 4.0 x 108 Lmol~!s~1 at pH=4.0 and 2.0 x 10° Lmol~! s~ at
pH=9.0, while the reaction rate of the oxalate with the hydroxyl
radical is 1.4 x 106 Lmol~!s~1. Therefore, EDTA and oxalate can
easily be oxidized by hydroxyl radicals and act as *OH scavengers in
the Fenton reaction at neutral pH [17,32,33]. On the other hand, the
electrolysis of ligands such as EDTA or oxalate has been observed in
many remediation studies and therefore competition with DNOC
for electrolysis is highly likely [34,35]. These results are not con-
sistent with previous work where EDTA and oxalate dissolved
magnetite at neutral pH and increased the overall Fenton oxida-
tion rate [17]. This positive effect on oxidation appears to be offset
by the competition effects discussed above.

3.5. Model development for DNOC degradation

The degradation of DNOC at neutral pH can be described as
a zero order reaction (Fig. 7 R2=0.9931) and it only varies with
the electric current (Fig. S-6). The zero order degradation rate con-
stant at 0.025 A current is measured as 9.90 x 1072 wg mL~! min~1.
However, the reaction at acidic pH (2.8) seems to fit a first order
mechanism, but not very well at the beginning of reaction. To bet-
ter describe the kinetics of DNOC degradation, especially in the
first few minutes of the reaction, a new fitting model for pH 2.8
was developed, based on a homogeneous reaction in solution. The
reduction of Fe3* to FeZ* on the cathode is not a major reaction
as discussed in Section 3.4. Therefore, we assume that Fe?* is only
consumed by the Fenton reaction to generate *OH and that the total
iron concentration in solution is kept constant. The instantaneous
concentration of Fe?* will be:

[Fe**] = m — [*OH], (3)

where m (ngmL-1) is the initial concentration of Fe2*.
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Because most of the reaction occurred during the first 30 min,
we assumed H, 0, to be generated linearly over time, and the con-
centration of H,0, in solution can be described as:

[H202] = vot, (4)

where vp (wg mL~1 min—1) is the generation rate and t (min) is the
reaction time. Because of the complicated reactions in the reac-
tion system, the H,O, generation rate (vg) can be modeled as
the cathodic generation rate of H,O, by O, less the rate of H,0,
destruction on the anode. Although hydroxyl radical is constantly
consumed in the reaction, it is very reactive and the rate constant
for the hydroxyl radical reaction is much greater than the Fenton
reaction. Thus, the Fenton reaction is the controlling step and the
instantaneous concentration of hydroxyl radical is proportional to
its generation rate [6]:
d[*OH]
dt ) ’
where A (min) is the average life of the hydroxyl radical, and the
generation rate of the hydroxyl radical is

(d[‘OH]
dt
where k; is a second-order reaction rate constant (g~! mLmin—1)

for the generation of hydroxyl radical from Fenton reaction.
Substituting Eqs. (3)-(5) into Eq. (6), we get:

(5)

[*OH] = A (

) = ky[Fe?* |[H,05], (6)

[*OH] = kqvoAt(m — [*OH]). (7)
Rearrangement of Eq. (7) leads to:

. _ kivgAmt

[*OH] = 1+ kivght” (8)
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The degradation of DNOC will be:

_ d[DNOC]
dr

[DNOC] _ [DNOC],

= k[*OH][DNOC] = kk; kvomtl TRiUohE — atbt

)

9)

where k is the pseudo second-order reaction rate constant
(ng~! mLmin~1) for this reaction and a = 1/(kkyAvom), b=1/(km)
(min).

Integration of Eq. (9) leads to:

[DNOC], _  a ( a ) t
In 5oy, = bz M\avee) T v (10)
Eq. (9) has the same format as the modified Fenton model [36]:
dD] _ 2 (D] _ [D]
- = kk1)ma)v0t1 TR rormy —a+ T (11)

where a = 1/(kkiArtewv3) and b = Kpy_ges: 1/ (kkq Arawuy).

The model fitting results are shown in Fig. 7 and are found to
match the experimental data very well for pH 2.8 (R%=0.9893).
The good fit of the model indicates that the mechanism proposed
is a reasonable description of degradation in solution at pH 2.8.
In this current experiment condition (pH=2.8, initial concentra-
tion of Fe2* m=4.14 pgmL~1, [DNOC]y =11.4 pg mL~1), the pseudo
second-order reaction rate constant for DNOC degradation k is mea-
sured as 1.79 x 10~2 pg~! mLmin~!. The observed rate of DNOC
degradation appears to be related to DNOC concentration and reac-
tion time and can be expressed as:

d[DNOC] [DNOC] ‘ (12)
dt T 13.16+13.47t
Since there were other reactions contributing to the degradation of

DNOC at neutral pH, this model does not apply to the neutral pH
condition.

4. Conclusions

In conclusion, DNOC was successfully removed using nano-
magnetite as the iron source and cathodic Fenton generation of
hydrogen peroxide. At a near neutral pH (5.9), the degradation of
DNOC is mainly due to direct electrolysis of the target compound
on the electrode, and a heterogeneous reaction on the surface of
the nano-magnetite is not obvious and does not contribute to the
degradation of the target compound. The reaction at acidic pH (2.8)
was mainly a homogeneous Fenton reaction in solution due to iron
leaching from the oxide surface. Thus, nano-magnetite provides a
steady iron source for the Fenton reaction. Under our experimental
conditions, the use of chelating agents had no significant effect on
DNOC degradation.

The degradation mechanism was described by a new model
which was found to match the experimental data very well.
Combined with nano-magnetite, cathodic Fenton was shown to
effectively degrade the target compound under acidic pH condi-
tions. However, this system degrades only halfthe target compound
in 1h at near neutral pH, primarily due to the dominance of direct
electrolysis under this condition. To completely degrade the target
compound, either an acidic condition or enough time is required
to accomplish the task. The process for pesticide remediation that
combines stable and reusable nano-magnetite with cathodically
generated H, 0, can successfully simplify waste treatment, increase
the efficiency and reduce treatment costs compared to less stable
minerals. The large surface area of nano-magnetite enhances disso-
lution of iron at lower pH and thus the rate of degradation. Future
work will explore the use of different kinds of nano-magnetite with
different surface properties for a fast and efficient heterogeneous
reaction at near neutral pH. The degradation of ionizable com-

pounds with a strong adsorption affinity toward nano-magnetite
will also be investigated. These approaches are environmentally
sustainable and efficient.
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