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« Cu?* can be as effective as Fe>* for catalyzing NBE oxidation in Fenton-like systems.

« TOC reductions were higher in the presence of Cu?"*.

« Cu®* is catalytically active in a wide range of pH values around neutrality.

« Cu?* exhibits high apparent activation energy above 35 °C.

« The highly toxic product 1,3-dinitrobenzene was not detected in Cu?*-based systems.
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Nitrobenzene (NBE) degradation in Fenton-like systems using copper(Il) as catalyst was investigated and
compared with the trends observed in iron(Ill)-based systems. UV-vis spectroscopy, HPLC and TOC mea-
surements were used to characterize the evolution of the reaction mixtures. Kinetic profiles were ana-
lyzed under a wide range of experimental conditions in order to assess the effects of the reaction
temperature, initial concentrations and working pH. For both Cu(ll)-based and Fe(lll)-based systems,
treatment times decreased with increasing oxidant and catalyst concentrations, but augmented with
increasing NBE concentration. However, significant differences were observed for Cu(Il)-based systems:
higher activation energy above room temperature, broader pH range of activity with an optimal pH of
about 6.2, absence of 1,3-dinitrobenzene among the reaction products and important reductions in the
TOC levels even in the absence of irradiation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Advanced oxidation technologies (AOTs) are based on the pro-
duction of strongly oxidizing species such as hydroxyl radicals
(HO") and have been broadly applied for the elimination of recalci-
trant pollutants during the past two decades [1-4]. Among the
AOTs, Fenton reagent combines ferrous salts (Fe(I)) with hydrogen
peroxide (H,0;), whereas Fenton-like processes involve a series of
thermal reactions catalyzed by transition metal salts (frequently
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ferric salts, hereafter represented as Fe(Ill)), that lead to H,0,
decomposition. The classical mechanism for Fenton processes
identifies the hydroxyl radical (HO") as the main reactive species
[4-6]. The set of chain reactions involved in the production and de-
cay of HO in Fenton and Fenton-like systems has been the subject
of many studies [1,5-9]. The classic Fenton reagent yields HO" rad-
icals through the following process:

Fe(Il) + H,0, — Fe(Ill) + HO" + HO~ (R1a)

It has been reported that Cu(I) in aqueous solution may behave
as a “Fenton-like” catalyst [10-12] since hydroxyl radicals can be

generated by the reaction
Cu(I) + H,0, — Cu(ll) + HO" + HO™ (R1b)

The highly reactive hydroxyl radicals generated may react with
the target substrates (S) or with the oxidant itself
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HO" + S — Products (R2)

HO" + H,0, — HO; + H,0 (R3)

Previous AOT studies [1,13-15] have confirmed that an essen-
tial design parameter is the fraction of HO" scavenged by hydrogen
peroxide. Hence, high H,0, concentrations should be avoided to
keep the contribution of reaction 3 as small as possible.

In order to complete the catalytic cycle, the oxidized forms of
the metal cations should be reduced. In the absence of other reduc-
ing species, the main pathway for Fe(Il) regeneration in nonirradi-
ated systems is the overall reaction [5,15]

Fe(Ill) + H,0, — Fe(Il) + HO; + H* (R4a)

A similar reduction mechanism has been reported for Cu(ll)
[16-19]

Cu(ll) + H,0, — Cu(l) + HO; + H* (R4b)

Given that the rate constants associated with reactions (1a) and
(1b) are much larger than those associated with reactions (4a) and
(4b) [1,4,15,18,20], the catalytic cycles are usually limited by the
reduction of the Fe(Ill) and Cu(ll), respectively.

Besides hydrogen peroxide, the hydroperoxide radical (HO)
and superoxide radical anion (O; ) are among the most important
inorganic species capable of reducing the oxidized forms of the me-
tal cations in aqueous media [1,4,9,18-20]

Fe(Ill) + HO;, — Fe(Il) + H* + 0, (R5a)
Cu(ll) + HO, — Cu(l) + H* + 0, (R5b)
Fe(lll) + 05 — Fe(ll) + O, (R6a)
Cu(ll) + 05 — Cu(l) + 0, (R6b)

Superoxide may be formed either by deprotonation of hydro-
peroxide (HO; < O; +H™) or by electron-transfer reactions be-
tween the reduced forms of the metal catalysts and dissolved
oxygen (Fe(Il) + O, — Fe(Illl) + Oy ;  Cu(l) + Oy — Cu(ll) + Oy )
[21]. Under typical conditions of Fenton-like systems, the contribu-
tion of the latter reactions is expected to be of minor importance
since Fe(Il) and Cu(l) are rapidly oxidized in the presence of rela-
tively high H,0, concentrations (Reactions 1a and 1b). For both
systems, the rate constants associated with the superoxide radical
anion are larger than those associated to the hydroperoxyl radical
[4,9,20,22].

It is important to note that, during Fenton-like treatments,
some reducing organic intermediates (HR) may also be formed
[15,23,24]

Fe(Ill) + HR — Fe(Il) + H* + R (R7a)

Cu(ll) + HR — Cu(l) + H + R (R7b)

These mechanisms have been proposed for a variety of aqueous
biochemical and chemical systems, seawater and other natural
waters. Iron and copper are abundant elements in the environment
and coexist in natural waters [21]. Both have a similar photoredox
behavior, highly dependent on environmental conditions. There-
fore Cu(Il) has been tested as an alternative to Fe(IIl) for catalyzing
Fenton-like processes [11,25-28]. Several Cu(ll)-catalyzed systems
have been a subject of research including benzene, toluene, ethyl-
benzene, and xylenes (BTEX) degradation using copper complexes
and H,0, [27], the reduction of Cu(Il) by hydrogen peroxide in nat-
ural environments [9], dye decolorization in homogeneous cop-
per(Il)/organic acid/hydrogen peroxide systems [28], the
photolysis of copper complexes in the presence of oxygen in

seawater [21], solar detoxification of metal finishing effluents
[29], photo-Fenton elimination of pesticides [12] and the use of
copper-based heterogeneous catalysts [11], among others.

In a previous paper [15] we reported the oxidation kinetics of
nitrobenzene (NBE) in Fe(Ill)-based Fenton-like systems. Nitroben-
zene (NBE) is one of the most representative nitroaromatic com-
pounds because of its extensive use, high toxicity and chemical
stability [30-33], It is used in large amounts for the industrial pro-
duction of aniline, lubricating oils, dyes, medicines, pesticides and
synthetic rubber [34]. The U.S. Environmental Protection Agency
(EPA) recommends that NBE levels in lakes and water streams
should be limited to 17 ppm to avoid potential health effects as a
result of drinking water or eating contaminated fish. In this work,
we analyze the ability of Cu(Il) for catalyzing the H,0,-mediated
oxidation of NBE over a wide range of experimental conditions.
Furthermore, the effects of operating conditions, i.e., reaction tem-
perature, initial concentrations, working pH and photostimulation,
on the main kinetic and mechanistic trends, observed in the pres-
ence of each catalyst, are comparatively analyzed.

2. Materials and methods
2.1. Materials

Nitrobenzene (99.5%, Fluka), 1,3-dinitrobenzene (99%, Merck),
2-nitrophenol (99%, Riedel de Haén), 3-nitrophenol (99%, Riedel
de Haén), 4-nitrophenol (99%, Riedel de Haén), H,0, (Perhydrol,
30% Merck), H,SO4 (98%, Merck), K;HPO4 (99%, Merck), KH,PO4
(99%, Merck), Fe(ClO4)3-H,O (chloride <0.01%, Aldrich), NaOH
(99%, Merck) and CuSO4-5H,0 (99%, Merck), H3PO4 (85%, Aldrich),
HClO4 (71%, Merck), and triethylamine (TEA, ]J.T. Baker 100%) were
used without further purification. Acetonitrile HPLC grade was
purchased from Merck. Nitrogen, oxygen and analytic air were
supplied by AGA. Deionized water (>18 MQ cm and <20 ppb of or-
ganic carbon) was obtained from a Millipore system.

2.2. Analytical techniques

Quantification of the substrate and the primary degradation
intermediates in the reaction mixtures was performed by HPLC
using a Shimadzu instrument (solvent delivery module LC-20AT,
online degasser DGU-20A5, UV-vis photodiode array detector
SPD-M20A, column oven CTO-10 A5 VP, autosampler SIL-20AAT)
equipped with an Alltech Prevail Organic Acid column (RP-C18,
150 mm long x 4.6 mm i.d.). The column temperature was main-
tained at 25 °C. The mobile phases were prepared by mixing differ-
ent proportions of ACN with an aqueous buffer at pH 3.0 (11 mM
H5PO4 and 6.4 mM triethylamine). Two mobile phases, composed
of 35/65 and 30/70 (v/v) ACN/aqueous buffer, were used. The first
mobile phase, with a shorter NBE retention time, was used to fol-
low the NBE concentration profile in kinetic studies. The second
mobile phase, which yielded longer chromatographic runs but
with higher peak resolution for 2-nitrophenol, 3-nitrophenol, 4-
nitrophenol and 1,3-dinitrobenzene, was used to analyze the prod-
uct distributions. The flow rate was 1 mL/min and the detection
wavelength was set to 265 nm.

Absorption spectra were recorded with either a Varian spectro-
photometer (Cary 3) or a Shimadzu spectrophotometer (UV-1800),
and using quartz cells of 0.2 or 1.0 cm optical path. The pH of the
solutions was monitored using a Radiometer pH-meter (model
PHM220).

The H,0, concentration was measured by an enzymatic-colori-
metric method employing a commercial kit from Wiener for cho-
lesterol quantization [35]. Aliquots of 50 pul of the reaction
mixture were added to 2 mL of reagent and left for 30 min at room
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temperature (i.e., 24 £ 3 °C); subsequently the absorption spectra
were recorded from 400 to 600 nm. The corresponding calibration
curves were constructed using commercial H,O, standards.

2.3. Experimental procedures

All experiments were conducted in a 500-mL glass reactor
(Scheme S1, Supplementary material), at controlled temperature
(Thermostat MGW Lauda £0.2 °C) and with constant stirring. Pho-
tochemical experiments were performed in the same reactor under
continuous supply of analytic air and using a medium pressure
mercury lamp (Philips 125 W HPK) installed within a Pyrex sleeve
with a cut-off wavelength of 310 nm. The emission spectrum of the
lamp was reported elsewhere [36]. The incident photon rate, mea-
sured using potassium ferrioxalate as actinometer [37] at 25 °C
was 1.39 x 108 Eins s~' L.

The pH of solutions was adjusted to a value of 3.0 for Fe(Ill)-
based systems and between 3.0 and 7.0 for Cu(ll)-based systems
using 0.1 M solutions of HCIO, or NaOH. The concentrations of
Cu(II), Fe(Ill), NBE, and H,0, varied from 0.01 to 5.1 mM, 0.014
to 1.0 mM, 0.24 to 2.4 mM, and 1.2-53 mM, respectively. The evo-
lution of the total organic carbon (TOC) was monitored using a Shi-
madzu instrument (5000A TOC analyzer, catalytic oxidation on Pt
at 680 °C). Cu(Il) and Fe(lIIl) containing solutions were brought to
pH = 8.0 and then filtered before TOC analysis. Prior to injection,
all samples were filtered through 0.45 pm nylon filters. Experi-
mental results showed good reproducibility. Runs were repeated
2 or 3 times under identical conditions. The standard relative devi-
ations obtained were, in all cases, smaller than 13.6%.

3. Results and discussion

3.1. Comparison of kinetic profiles obtained in the presence of each
catalyst

The kinetic profiles of NBE oxidation in the presence of H,0, and
catalytic amounts of either Cu(Il) or Fe(Ill) were analyzed for a wide
range of experimental conditions. In order to study the kinetics of
NBE transformation we used the absorbance profiles recorded at
265 nm (i.e., where NBE displays an absorption maximum) since
they are closely correlated with the NBE concentration profiles ob-
tained by HPLC [15]. Fig. 1 shows the kinetic profiles, expressed as
normalized values (i.e., Abs-265ynorm = AbS,es(t)/Absygs(0)), ob-
tained using both catalysts under the reaction conditions typically
used for iron-based Fenton-like systems.

The results demonstrate that, under the conditions tested, cop-
per(Il)-based systems show negligible activity. Taking into account
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Fig. 1. Kinetic profiles of NBE transformation in Fenton-like systems based on iron
or copper as catalysts: [catalyst] = 1.0 mM, [NBE]=1.2 mM, [H,0,] =50 mM and
30°C.

previous reports indicating that copper-based systems show high-
er activity at pH values above 4.5 [18,29,38,39], an additional
experiment of NBE degradation was performed using the same
conditions but setting the initial pH at a value of 5.0. As expected,
an increase in the reaction rate was observed when the copper(Il)-
catalyzed system was operated at pH 5.0. However, it is clear that
under the working conditions tested, the copper(Il)-based system
cannot be considered as an alternative to the iron(Ill)-based sys-
tem from a technical viewpoint.

Inspection of NBE degradation profiles indicates that both sys-
tems display autocatalysis since the degradation rates (associated
with the slope of the kinetic traces) increase with time up to con-
version degrees as high as 60%. In order to further clarify the auto-
catalytic nature of the studied systems, we analyzed the
instantaneous NBE degradation rates (estimated as AAbs/At for
each time interval) for two additional experiments, which are rep-
resentative of the kinetic profiles obtained in the presence of each
catalyst (Fig. S1, Supplementary material). Although autocatalysis
is usually less evident in the presence of copper than in the pres-
ence of iron, in both systems, the plots of the reaction rates against
time yielded profiles that are typical of autocatalytic processes
[40]. This behavior has been attributed to the accumulation of or-
ganic reducing intermediates, formed as the reaction proceeds,
that participate in reactions such as (R7a) and (R7b) [15,23,41,42].

For both systems, a final phase is observed where the spectral
changes are much less evident. HPLC measurements showed that
this phase is reached for NBE conversion degrees higher than
90%. Noteworthy, the residual absorbance values during the final
phase are much higher for the iron-catalyzed system than for the
copper-catalyzed system. This suggests a higher degree of mineral-
ization in the copper-based system and will be discussed below
(Section 3.5).

It is well known that, for iron(IIl)-based Fenton-like treatments,
the degradation efficiency may be strongly dependent on the oper-
ating conditions [15]. Since the aim of this work was to analyze the
potential application of Cu(Il)-based systems, we performed a de-
tailed characterization of Cu(ll)-based systems using reaction con-
ditions that allow achieving reasonable timescales for NBE
treatment. The strategies used to accelerate NBE treatment in the
presence of copper(Il) include the use of higher oxidant and cata-
lyst concentrations, the use of pH values above 4.5, the increase
of the working temperature and the photostimulation of the pro-
cess. The trends obtained in copper(ll)-based systems are com-
pared from a technological viewpoint with those typically found
in iron(Ill)-based systems.

3.2. Effect of temperature on the kinetics of NBE degradation

In order to analyze the effect of working temperature on NBE
degradation efficiency in copper(ll)-catalyzed systems, a set of
experiments was conducted using 50 mM of H,0,, 1.2 mM of
NBE, 5 mM of Cu(Il), and pH 5.0. Fig. 2 shows the normalized ki-
netic profiles obtained at different temperatures and the corre-
sponding Arrhenius plot.

As expected, a temperature increase decreases the treatment
time (Fig. 2a). The Arrhenius plots for the initial rates of NBE trans-
formation reveal that the apparent activation energy (AE) changes
at around 35 °C (Fig. 2b). This behavior suggests a complex reaction
mechanism that involves several stages whose relative contribu-
tions depend on the temperature range analyzed. Below 35 °C, an
apparent activation energy of about 12.6 (+0.5) kcal/mol is ob-
tained from the slope, whereas above 35 °C the calculated value
is 27.3 (£0.8) kcal/mol. This latter value is rather close to the acti-
vation energy reported by Millero et al. for reaction 4b (i.e.,
29.9 kcal/mol) [18] and supports the hypothesis that (R4b) is one
of the rate limiting steps for copper(Il)-catalyzed systems.
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Fig. 2. (a) Profiles of NBE degradation at different temperatures. [Cu(II)] = 5.0 mM,
[H20>] = 50 mM, [NBE] = 1.2 mM, and pH = 5.0. (b) Arrhenius plot for the initial NBE
degradation rates and estimations of the apparent activation energies.

At this point it is important to recall that we have previously re-
ported a value of 7.5 (20.4) kcal/mol for the experimental activa-
tion energy of NBE degradation above 25°C in Fe(lll)-based
Fenton-like systems [15]. The much higher apparent activation en-
ergy in the presence of Cu(Il) indicates that an increase in the oper-
ation temperature above 35°C would have a much higher
efficiency enhancement in copper(ll)-based systems than in iro-
n(Ill)-based systems. This has important consequences from a
practical viewpoint and will be considered in Section 3.6.

3.3. Effect of the initial concentrations on the kinetic profiles of NBE
degradation

The effects of the initial concentrations on NBE decay were eval-
uated at about room temperatures. In order to achieve timescales
of comparable order Cu(ll)-based systems were tested at pH 5.0
and 30 °C, whereas Fe(Ill)-based systems were studied at pH 3.0
and 20 °C. Despite the significant differences in the reaction condi-
tions and in the NBE treatment times, the general trends observed
for the Cu(ll)-catalyzed systems (Fig. 3a—-c) were similar to those
obtained for the Fe(Ill)-catalyzed systems (Fig. 3d and f).

Given the complexity of the profiles observed and in order to
quantitatively compare the kinetic trends between both systems,
we used an empirical equation [24] capable of describing the decay
profiles with inverted S-shape usually found in Fenton-like systems.
The solid curves drawn along with the kinetic profiles (Figs. 1-6)
were obtained by fitting the experimental data to Eq. (8).

jo(l-axt—d)

1+ (t/b) ®

Table 1
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Effect of initial concentrations on NBE half-life. Cu-catalyzed systems were tested at
pH 5.0 and t=30°C; whereas Fe-catalyzed systems were tested at pH 3.0 and

t=20°C.

Variable  [Cu(I)]/(M)  [H,0,]/(M)  [NBE]/(M) t% (min) &

[Cu(1n)] 5x1073 0.052 122x107° 154 035
1x1073 0.052 122 %1073 270

[NBE] 5x1073 0.052 244 x 1073 457 -1.57
5x103 0.052 1.22x1073 154

[H,0,] 5x1073 0.052 122x107° 154 1.39
5x10°3 0.010 122 %1073 1525
[Fe(IID]/(M)  [H20.]/(M)  [NBE]/(M) t* (min) 3

[Fe(ID] 4.1 x107* 775x1073  122x1073 49 0.60
7.6 x 107> 775x1073  122x103 134

[NBE] 3.0x107% 775x1073  122x103 17 -2.16
3.0x10% 775x103 244x103 76

[H20,] 15 x 107 124 x102 243x10% 39 0.43
15 x 107 124 x10> 243 x10* 106

In this equation, the parameters a, b, c and d can be used to rep-
resent the main features of the kinetic profiles: the average initial
decay rate, the apparent half-life, the average slope during the fast
phase and the final residual value, respectively. Table S1 in the
Supplementary material lists the values of the parameters that de-
scribe the kinetic profiles shown in Fig. 3.

Since the concentration profiles do not follow a simple kinetic
behavior, we used NBE half-life (t"%) in order to roughly character-
ize the overall treatment rates by a single parameter. Table 1
shows the values of t* obtained in the presence of each catalyst
using different initial concentrations. With the purpose of semi-
quantitatively evaluating the effects of the initial concentrations
on the overall treatment rates, Table 1 also lists the sensibility fac-
tors (&), which were calculated as:

ln<t}/2/t;/2)
In(cz/c1)

¢= 9)
where t%1 / t;; represents the ratio of NBE half-lives and c,/c; is the ra-
tio of the initial concentration that was changed between two runs.
Hence, the values listed in the last column of Table 1 illustrate the
variation of the process timescale between two kinetic runs per-
formed keeping all but one of the concentrations constant and
roughly account for the effect of varying the initial concentration
of a particular component of the reaction mixture on the overall
treatment rate.

The values presented in Table 1 quantify the trends observed in
Fig. 3. Independently of the catalyst considered, the increase in cat-
alyst or H,O, concentrations leads to a decrease in the half-lives,
whereas a higher substrate concentration leads to an increase in
the treatment time. However, there are important differences in
the sensibility of each system because the effects of catalyst and
substrate concentration are more pronounced for Fe(Ill)-based sys-
tems than for Cu(Il)-based systems, whereas the relative effect of
oxidant concentration is more pronounced for Cu(ll)-based sys-
tems than for Fe(Ill)-based systems. It is important to note that, gi-
ven the toxicity of Cu(ll), the relatively low sensibility of
copper(Il)-catalyzed systems to a decrease in Cu(Il) concentration
has important consequences for potential applications.

3.4. HPLC analysis of reaction intermediates

A detailed study of the distribution of primary NBE transforma-
tion products in the presence of iron salts for both Fenton and
Fenton-like systems was recently reported [43]. Among the pri-
mary reaction products, 4-nitrophenol (4NP), 3-nitrophenol
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Fig. 3. Effects of varying initial concentrations on the kinetic profiles. Cu(ll)-catalyzed systems were tested at pH 5.0 and t = 30 °C; whereas Fe(Ill)-catalyzed systems were
tested at pH 3.0 and t =20 °C. (a) [NBE] = 1,2 mM and [H,0,] = 50 mM; (b) [Cu(II)] =5 mM and [H,0,] = 50 mM; (c) [Cu(Il)] =5 mM and [NBE] = 1.2 mM; (d) [NBE] = 1,2 mM
and [H,0,] = 7.8 mM; (e) [Fe(Ill)] = 0.3 mM and [H,0,] = 7.8 mM; (f) [Fe(IlI)] = 0.15 mM and [NBE] = 0.24 mM.

(3NP), 2-nitrophenol (2NP), 1,3-dinitrobenzene (DNB) and also
trace amounts of phenol, were detected. It was found that the rel-
ative yields were significantly dependent on Fe*?, Fe*?, H,0, and
0, concentrations [43]. Given that DNB is about 30-50 times
more toxic than NBE, the mechanism and the conditions that fa-
vor the formation of DNB were further studied [44]. In the present
work, HPLC analyses were performed in order to compare the
product distributions obtained for Cu(Il) and Fe(Ill)-catalyzed sys-
tems. Table 2 lists the relative yields of the three nitrophenol iso-
mers (#V) as well as the maximum (peak) DNB concentration
obtained during NBE degradation runs performed under different
working conditions.

The experiments shown in Table 2 are grouped in three subsets:
entries 1-3 compare the product distribution obtained in the pres-
ence of each catalyst at 30 °C using identical initial concentrations
and also evaluate the effect of a pH change for the copper(Il)-cata-

lyzed system; entries 4-7 assess the effect of dissolved oxygen on
product distribution under conditions that allow obtaining compa-
rable timescales for both catalysts at about room temperature; and
entries 8-11 evaluate the effect of irradiation on both systems
operated at 60 °C using identical initial concentrations.

The results show that DNB is formed in iron(Ill)-catalyzed sys-
tems for all the conditions tested. In line with previously reported
results [44], the production of DNB increases with NBE degradation
rate and with iron(IIl) concentration, but decreases in the presence
of dissolved oxygen. In contrast to what is observed for Fe(lll)-
based Fenton-like systems, in the presence of Cu(Il) no detectable
amounts of 1,3-DNB were produced under the entire experimental
range tested. Given the relatively high toxicity of 1,3-DNB, these
results are of major relevance from an environmental viewpoint.

Inspection of the values listed in Table 2 shows that relative
nitrophenol yields are in general less sensitive to the reaction con-
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[Cu(I)]=0.01 mM and t=60°C. (b) Normalized overall NBE degradation rate
against initial pH (r"BE values were estimated as 1/t*%).

ditions for copper(ll)-catalyzed systems than for iron(Ill)-catalyzed
systems. It is usually accepted that the formation of nitrophenols
as primary products of NBE transformation occurs through a diffu-
sion-controlled [45] addition of hydroxyl radicals to the aromatic
NBE ring resulting in the formation of nitrohydroxycyclohexadie-
nyl radicals (NHCHD") [43,46,47]. This type of radical can undergo
different reactions such as dimerization, disproportionation, oxy-
gen addition to give the corresponding peroxy-radical or can par-
ticipate in electron-transfer reactions with transition metals
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Cu(Il)-based systems under different reaction conditions. (a) [H,0;] =52 mM,
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depending on the substituents in the aromatic ring and on the
medium nature [23]. Hence, the analysis of the relative nitrophenol
yields allows comparing the relative contribution of several paral-
lel decay pathways of NHCHD: [43].

For copper-based systems, a pH change from 3.0 to 5.0 or the
absence of dissolved oxygen shows negligible effects on product
distribution. Moreover, the yields of copper-based systems oper-
ated under irradiation show relatively small differences in compar-

Table 2
Relative nitrophenol yields® and peak® DNB concentrations observed by HPLC analysis“9, for NBE treatment under different reaction conditions.
Entry pH Temp (°C) [Cu(Il)] (mM) [Fe(1II)] (mM) [H203] (mM) [NBE] (mM) hv 0, t*\ge (min) e 15p n5\p [DNB]p (UM)
1 30 30 - 1.00 50 1.22 - + 10 026 028 047 196
2 3.0 30 1.00 - 50 1.22 - + 870 026 022 053 nd
3 50 30 1.00 - 50 1.22 - + 247 027 024 049 nd
4 30 21 - 0.31 2.7 0.75 - + 47 0.51 026 0.23 19.4
5 30 21 - 0.31 2.7 0.75 - - 63 063 0.08 029 264
6 50 35 5.1 - 53 0.75 - + 110 042 026 032 nd
7 50 35 5.1 - 53 1.22 - - 129 043 026 031 n.d.
8 3.1 60 - 0.013 10 1.22 - + 18 0.31 026 044 289
9 31 60 - 0.013 10 1.22 + + 14 036 0.17 047 46.7
10 6.2 60 0.01 - 10 1.22 - + 95 034 028 039 nd
11 62 60 0.01 - 10 1.22 + + 37 045 031 025 nd.

b Relative nitrophenol yields were calculated as n¥xp = [NNP]p/Z,[nNP]p, where [nNP]p are the peak concentrations of the nitrophenol isomers observed during the analyzed
kinetic run. For all the experiments performed, the three nitrophenols peaked at the same time and for NBE conversion degrees of about 50%, whereas DNB concentration

peaked at conversion degrees above 85%.
¢ Relative error in concentration measurements: 14%.
4 Under the conditions tested, no significant amounts of phenol were detected.
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Fig. 6. Normalized profiles, of NBE (red circles) and TOC (blue squares), obtained at
60 °C under continuous irradiation (4> 310 nm), in Fenton-like systems. (a) Fe(IIl)
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pH=3.0. (b) Cu(ll) as photocatalyst: [H,0,]=10.4mM, [NBE]=1.22mM,
[Cu(I)] =0.01 mM and pH =6.2.

ison with the corresponding dark process. On the contrary, in
Fe(Ill)-based treatments, the relative yield of 3-nitrophenol de-
creases noticeably in the absence of dissolved oxygen. The rather
low yield of 3-nitrophenol observed for Fe(Ill)-catalyzed systems
in the absence of dissolved oxygen has been attributed to the con-
tribution of crossed disproportionation reactions where meta-
NHCHDr radicals act as oxidizers with respect to para-NHCHD" or
ortho-NHCHDr radicals, thus yielding 4-nitrophenol or 2-nitrophe-
nol and nitrobenzene [43,46]. In this context, the negligible differ-
ences in product distributions observed for Cu(ll)-catalyzed
systems, operated either in the presence or in the absence of dis-
solved oxygen, suggest that the contribution of second order radi-
cal-radical reactions is of minor importance even under oxygen-
free atmosphere.

3.5. Mineralization degree and spectral behavior

In order to compare the mineralization efficiency of Cu(Il) or
Fe(Ill)-based Fenton-like treatments in the absence of irradiation,
total organic carbon measurements were performed for the exper-
iments presented in Fig. 1 (i.e. 30 °C, pH 3.0 and identical initial
concentrations). Once the final phase was reached, a TOC reduction
of 24.4% was observed for the Fe(Ill)-catalyzed system. This is in
line with previous reports showing that, in the absence of irradia-
tion, TOC levels are only reduced by less than 25% and then remain
practically constant [48-50]. On the other hand, the Cu(Il)-cata-
lyzed system achieved a much higher mineralization degree since
a TOC reduction of 57.1% was recorded. A similar trend was re-

ported for Cu(Il)-catalyzed systems operated at 35 °C and pH 5.0,
where TOC reductions of about 60% were observed [51].

The differences in the mineralization degrees can be explained
by taking into account the properties of the complexes that each
catalyst may form with some reaction intermediates. It is well
known that, in Fenton and Fenton-like processes, carboxylic acids
of low molecular weight may be formed by ring opening reactions
during the degradation of aromatic compounds. In particular, oxa-
late forms very stable ferric complexes [52,53] that substantially
hinder total mineralization in nonirradiated systems. Fe(Ill) in
aqueous solution tends to form octahedral complexes and in
excess of oxalate (a bidentate ligand), it generates the species
[Fe(C,04)3]%~, in which the six positions of the coordination sphere
of the metal are occupied. The symmetry of the complex and the
high affinity of Fe(IIl) by this ligand [54] result in the sequestration
of the metal cation, making it inaccessible to H,O, and hence
blocking the reduction of Fe(Ill) to Fe(Il). Conversely, due to its
electron configuration, hexacoordinated Cu(ll) tends to form
severely distorted octahedral complexes with four short bonds
located in one plane and two weakly bonded ligands located on
the fifth and sixth positions [54,55]. These weakly bonded ligands
might be more easily exchanged with H,0, and the overall process
would not be blocked.

The analysis of UV-vis absorption spectra obtained for the NBE
degradation experiments performed in the presence of either Cu(II)
or Fe(IIT) shows similar spectral evolutions during the initial degra-
dation stages for both systems (Fig. S2, Supplementary material).
However, the residual absorbance values at wavelengths above
280 nm during the final phase are much higher for the iron-cata-
lyzed system than for the copper-catalyzed system. This result
may be related to the differences in the complexation properties
of each catalyst and also to the low mineralization degrees ob-
served for the iron-based system. Therefore, the much higher
residual absorbance values above 280 nm at the end of treatment
in Fe(Ill)-based systems may be explained by taking into account
the formation of Fe(Ill)-carboxylate complexes that typically exhi-
bit ligand to metal charge-transfer absorption bands with high
absorption coefficients up to 450 or 500 nm [56-58]. On the other
hand, Cu(Il)-carboxylate complexes exhibit lower absorption coef-
ficients [59,60] and their formation would be less favored due to
the higher degrees of mineralization achieved.

3.6. Potential application of copper-catalyzed systems

Given the relatively high toxicity of copper, it is clear that Fen-
ton-like systems based on Cu(ll) as catalyst should either use
rather low copper concentrations or supported forms of the cata-
lyst (i.e., heterogeneous copper-based Fenton-like systems). Taking
into account the results presented in previous sections (i.e., the in-
crease of catalytic activity at pH values above 4.5, the important ef-
fect of the working temperature and the relatively small influence
of catalyst concentration), a new set of NBE degradation experi-
ments, designed to test the potential application of copper ions
in homogeneous phase was performed. Catalyst concentrations
ranging from 1.0 to 0.01 mM, reaction temperatures between 45
and 60 °C and pH values from 3.0 to 7.0 were analyzed. Control
experiments conducted in the absence of catalyst showed negligi-
ble changes in the shape of the solution spectra indicating that
thermal activation of H,O, may be neglected for the investigated
timescales. In order to avoid evaporation losses and other compli-
cations in our experimental setup, 60 °C was chosen as the upper
temperature limit. In addition, since the limits established by
CAA, EPA and WHO for copper concentration in drinking water
are between 1.0 and 2.0 mg/L [61-64], Cu(II) concentrations below
0.63 mg/L (i.e., 0.01 mM) were not tested.
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3.6.1. Operation at near neutral pH values

Several researchers have already reported that there is a relatively
narrow pH range (i.e., roughly 2.5-4.0) for iron(Ill)-based Fenton-like
processes, the optimum working pH being about 2.8 [1,4,65]. At pH
values lower than 2, reaction 4a slows down [7,66]; whereas for pH
values above 4, Fe(Ill) precipitates as ferric hydroxides [7,66] and
the process becomes less effective. On the contrary, it has been re-
ported that copper-catalyzed systems can effectively activate H,O,
above pH 4.5 and even in alkaline conditions [18,29,38,39].

In order to assess the optimum pH for NBE degradation using
Cu(Il) as catalyst, we performed a set of experiments with initial
pH values ranging from 3.0 to 7.0, but using constant concentra-
tions of NBE, H,0, and Cu(Il). Within the experimental domain
analyzed, solutions showed no turbidity or evidence of precipitate
formation, thus indicating that Cu(Il) remained in solution. Fig. 4a
shows the concentration profiles obtained using different initial pH
values, whereas Fig. 4b plots the effect of the initial pH on the over-
all NBE degradation rate (rNBE).

In contrast to Fe(Ill), Cu(ll) is catalytically active in a wider
range of initial pH values. Moreover, the highest activity is evi-
denced at near neutral pH values (around 6.2). Noteworthy,
although the results shown in Fig. 4 were obtained using a working
temperature of 60 °C, a similar trend was previously reported for
NBE degradation in Cu(Il)-based systems operated at much lower
temperature (i.e., 20 °C) [51].

A possible explanation of the effect of the solution pH on the
catalytic activity in Cu(ll)-based systems may be given by consid-
ering the pKa value of the acid-base equilibrium HO;/05
(i.e., 4.85 [4]), the differences in the rate constant values associated
with reactions 5b and 6b, and the speciation of copper(Il)
[9,18]. Hence, as the pH increases from 4 to 6, the fraction of O3
substantially increases and Cu(Il) reduction becomes faster since
kreb > krsp, Whereas beyond pH 7 the fraction of soluble Cu(Il)
significantly decreases and turns negligible at pH > 8 [67].

The capability of working at near neutral pH values is a rather
important result concerning technical applications of copper(II)-
based systems, since many industrial effluents exhibit pH values
near neutrality and homogenous Fenton-like treatments based on
iron(Ill) as catalyst would require a previous acidification stage
and subsequent re-neutralization, thus increasing the associated
operating costs.

The wide pH range of catalytic activity exhibited by Cu(II) may
result advantageous for effluents with relatively high organic con-
tents, since the pH may vary along the treatment due to the forma-
tion of reaction intermediates. Interestingly, this is the case for the
studied system since, for experiments initiated with the optimal
value, pH typically decreased towards values below 4 along NBE
treatment (Table S2, Supplementary material). To test whether this
pH evolution negatively affected the efficiency of the process, we
performed an additional experiment under identical initial condi-
tions but in the presence of a buffer. The kinetic profiles (Fig. S3,
Supplementary material) show that the pH decrease recorded for
the non-buffered system does not appreciably affect the overall
treatment time. This is an important result regarding technical
applications since no pH control would be required to sustain the
catalytic activity of Cu(Il) throughout NBE treatment.

3.6.2. Working temperature and catalyst concentration

With the aim of assessing working conditions that allow rea-
sonable NBE treatment times using low catalyst concentrations,
the effects of catalyst and oxidant concentrations were analyzed
at 45 and 60 °C (Fig. S4, Supplementary material). As expected,
treatment times decreased with increasing working temperature,
catalyst concentration and oxidant concentration. It is worth men-
tioning that, in line with the results obtained below 40 °C (Sec-

tion 3.3), the treatment times showed low sensibility to a
decrease in the catalyst concentration.

The analysis of the entire set of results obtained in the present
work suggests that, within the experimental domain analyzed, the
best operative conditions for practical applications of copper-based
systems should involve the use of high reaction temperatures, near
neutral initial pH values and low catalyst concentrations. In order
to confirm this hypothesis, we compared the kinetic profiles ob-
tained at pH 5.0 and 45 °C in the presence of rather high concentra-
tions of both Cu(Il) and H,0, with those obtained at pH 6.2 and
60 °C in the presence of much lower catalyst and oxidant concen-
trations (Fig. 5).

Although the 60 °C experiment was performed using substantially
lower concentrations of catalyst and oxidant than those used in the
45 °C experiment (i.e., 5.2 times less oxidant and 100 times less cata-
lyst), similar timescales were required to reach absorbance decreases
of 90%. Moreover, the mineralization degree was around 70% for the
low concentration-high temperature experiment, whereas TOC
reduction was only 60% for the high concentration-low temperature
experiment. In other words, a moderate increase in the operation
temperature (only 15 °C) allowed obtaining higher mineralization
efficiencies even though the catalyst concentration was reduced by
two orders of magnitude and the operative costs associated with
the oxidant employed were reduced by 80%.

3.7. Photo-enhanced Fenton-like systems

It is well known that the efficiency of iron(Ill)-based Fenton-like
systems can be substantially enhanced in the presence of UV or
visible irradiation [14,48,49]. The enhancement is because the
strong ferric complexes formed with the degradation intermedi-
ates are photochemically active with high absorption coefficients
and high quantum yields of Fe(II) production [1,49,68,69]. In addi-
tion, depending on the irradiation wavelength, photochemical pro-
cesses such as H,0, photolysis and substrate photolysis may also
play some role in photo-enhanced systems.

In order to make a fair comparison between the efficiencies of
both catalysts in photo-Fenton systems, NBE degradation experi-
ments were carried out at 60 °C using identical concentrations of
NBE and H,0,, very similar catalyst concentrations and initial pH
around the optimal values for each catalyst. The mole ratio H,0,/
NBE used in these experiments was lower than 10, although the
theoretical mole ratio H,O,/NBE required to completely mineralize
NBE, in the absence of other oxidants, is 15. For economical rea-
sons, some Fenton systems have been operated with substoichio-
metric amounts of H,O0, and under continuous air supply in
order to partially replace H,0, by O, [1,70]. In addition, substrate
degradation in the absence of oxygen supply is somewhat slower
than that observed under continuous supply of O, [65,70-75]. Dis-
solved oxygen is consumed in several oxidative reaction steps that
are triggered either by the attack of HO" to the target substrate and
its intermediate degradation products [4,43,44,71,76] or by organic
radicals generated by photoredox steps such as photoinduced li-
gand-to-metal electron-transfer reactions [21]. Therefore, our irra-
diation experiments were conducted under continuous air supply.
It should be pointed out that control experiments, carried out in
the dark at 60 °C and using the same reagent concentrations but
in the absence of catalyst, showed small evaporation losses due
to the continuous air supply, the total loss of NBE being less than
9.6% after 2 h.

The comparison of the kinetic profiles (Fig. 6) shows that very
similar timescales are required to achieve a reduction of 90% of
the initial absorbance. However, substantial differences in the min-
eralization degrees are observed since, for NBE conversion degrees
close to 100%, TOC reduction in the presence of Fe(lIll) is only 40%,
whereas TOC reduction in the presence of Cu(Il) is about 80%.
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It is worth mentioning that rather small residual absorbance
values (less than 0.2) were obtained in both systems. For Fe(IIl)-
catalyzed systems, this is in contrast to what is seen in Figs. 1
and 3. The differences in spectral behavior observed for Fe(IIl)-
based systems may be explained by taking into account the photol-
ysis of Fe(Ill)-carboxylate complexes. Additionally, given the rather
low catalyst concentrations used in the photochemical experi-
ments performed at 60 °C, Fe(lll)-carboxylate species, if formed,
would have a very small contribution to the total absorbance.

A final comment regarding DNB formation should be added. The
amount of 1,3-dinitrobenzene formed in iron(Ill)-catalyzed sys-
tems was higher under irradiation than in the dark (entries 8 and
9, Table 2). This may be of major concern from an environmental
perspective. Nevertheless, no DNB was detected in copper(Il)-cata-
lyzed systems either in the presence or in the absence of irradia-
tion. Hence, the Cu(ll)-catalyzed systems seem more attractive
when production of less toxic organic intermediates is desired.

4. Conclusions

Nitrobenzene can be completely oxidized in Fenton-like systems
based on the use of Cu(Il) or Fe(Ill) as catalysts. In order to obtain
comparable transformation rates at temperatures below 30 °C, more
severe conditions are required in the presence of Cu(Il) than in the
presence of Fe(Ill). However, Cu(Il) is catalytically active in a wide
range of pH values around neutrality and above 35 °C it exhibits a
rather high apparent activation energy. For both catalysts, a higher
substrate concentration leads to an increase in the treatment time,
whereas increasing oxidant or catalyst concentrations leads to higher
overall reaction rates. While the effects of catalyst and substrate con-
centrations are more pronounced for Fe(Ill)-based systems, the effect
of oxidant concentration is more evident for Cu(ll)-based systems.

The aforementioned differences bring about important conse-
quences for potential applications, since Cu(ll)-based Fenton-like
systems are expected to show high degradation efficiencies when
operated at near neutral pH, moderate reaction temperatures and
low catalyst concentrations.

The reductions of total organic carbon content were higher in
Cu(Il)-based systems than in Fe(Ill)-based systems. This behavior
may be explained by considering differences in the properties of
the complexes that each catalyst may form with intermediate deg-
radation products. In addition, 1,3-dinitrobenzene was not de-
tected in copper(ll)-catalyzed systems. Therefore, Cu(Il) seems
more attractive for achieving high TOC reductions and low produc-
tion of toxic organic intermediates during the oxidative transfor-
mation of nitroaromatic compounds.

The kinetic and mechanistic differences observed between
Fe(Ill)-based and Cu(ll)-based Fenton-like systems suggest that
the use of Cu(Il) may result advantageous for certain specific appli-
cations, especially taking into account that 60 °C is a temperature
easily achievable in industrial processes. In addition, circumvent-
ing pH adjustments as well as avoiding the use of irradiation
undoubtedly simplify reactor designs and also decrease both
implementation and operating costs. Finally, the results reported
here leave the door open for further investigations concerning
the use of Cu(ll) as a versatile catalyst in both Fenton-like and
photo-Fenton systems operated at low concentrations, neutral pH
and moderate temperatures.
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