Chemical Engineering Journal 251 (2014) 146-157

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Catalyst reutilization in phenol homogeneous cupro-Fenton oxidation

N. Inchaurrondo **, E. Contreras ”, P. Haure ®

@ CrossMark

2 Dpto. de Ingenieria Quimica, Div. Catalizadores y Superficies - INTEMA - CONICET, Universidad Nacional de Mar del Plata, Mar del Plata 7600, Argentina
b Div. Catalizadores y Superficies - INTEMA - CONICET, Universidad Nacional de Mar del Plata, Mar del Plata 7600, Argentina

HIGHLIGHTS

GRAPHICAL ABSTRACT

« Phenol can be efficiently mineralized
by the homogeneous cupro-Fenton
reaction.

« A lumped kinetic model adequately
represents TOC, phenol and H,0,
profiles.

« The homogeneous catalyst is
recovered and reused in subsequent
reactions.

Phenol Cupro-Fenton

Fenton sludge recycling

Precipitation Decantation or
centrifugation

Supernatant
*Xr0c~90% ,
over five cycles
*Cu <1 mg/L

s - ~Te (by centrifugation)
min ~

ARTICLE INFO ABSTRACT

Article history:

Received 15 December 2013

Received in revised form 4 April 2014
Accepted 5 April 2014

Available online 19 April 2014

Keywords:

Phenol mineralization
Homogeneous cupro-Fenton
Sludge reutilization

The catalytic wet peroxide oxidation of phenol (1 g/L) was performed in a laboratory batch reactor using
the cupro-Fenton homogeneous reaction. At 70 °C and using 200 mg/L of Cu (II) complete phenol
removal, high TOC reduction (ca. 85%) and efficient use of hydrogen peroxide were achieved. A lumped
kinetic model that accounts for organics mineralization and peroxide consumption was developed to
predict reactants and total organic carbon profiles. After the reaction step, Cu(Il) was recovered by
precipitation with NaOH; Cu(Il) concentration in the discharged liquid was always less than the 1 mg/
L. The sludge was reused in subsequent reaction steps with minor fluctuations in the catalytic activity.
The combination of the cupro-Fenton reaction with an alkaline precipitation procedure allows lower
operational costs and helps to reduce the toxicity of the treated wastewater.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Effluents containing phenolic compounds can be effectively
treated by the Fenton process. This method consists in the reaction
of Fe(Il) species with H,0, under acidic conditions to generate
highly oxidizing hydroxyl radicals (HO") [1]. Although this process
presents several advantages over other oxidation techniques [2,3],
one major drawback is that the Fenton reaction is effective within a
narrow pH range (e.g., pH 3-4) while most wastewaters have pH
values ranging from 5 to 7 [4].
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Several researchers suggested the use of other transition metals
such as copper, ruthenium, cerium, and manganese. These metals
can also promote the generation of hydroxyl radicals from H,0,
in a wide-working pH range (pH 3-7) [5]. Mantzavinos [6] studied
oxidation of derivatives of the cinnamic acid comparing the behav-
ior of Cu(Il) and Fe(II) as catalysts for the Fenton reaction. Both cat-
ions proved to be effective in the oxidation reaction, but at higher
temperatures Cu(ll) increased its effectiveness compared to Fe(II).
Mantzavinos [7] also studied the Fenton oxidation of a synthetic
effluent containing benzoic acid derivatives with Cu(Il) and Fe(II);
Mantzavinos reported that the classical Fenton reagent (Fe(Il)/
H,0,) was less effective than Cu(Il)/H,O, system measured in
terms of mineralization at high temperatures. Nichela et al. [8]
reported that the reduction of the total organic carbon (TOC) was
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higher in Cu(Il) than in Fe(Ill)-based systems for the nitrobenzene
oxidation by hydrogen peroxide in homogeneous systems. Castro
et al. [9] demonstrated that at 30 °C, Cu(II) was active to the oxida-
tion of phenol; even at low copper concentrations (5 mg/L) and
using the stoichiometric amount of H,0, (14 mol/mol) those
authors obtained a 15% conversion of phenol in 2 h. Prasad et al.
[10] successfully used copper salts in homogeneous reaction with
H,0, and O, as oxidizing agents for the treatment of petrochemical
wastewaters. Recently, Friedrich et al. [11] studied the effect of the
addition of Cu(Il) ions to the classical Fenton reaction for the oxida-
tion of phenol. In the reaction with Fe(II)/Fe(III), the presence of ali-
phatic organic acids (mainly oxalic acid) resulted in a high final
TOC value; however, the addition of Cu(Il) increased the TOC con-
version. All these reports suggest that Cu(Il) could be a suitable
candidate to replace the Fe(Il) in the Fenton reaction.

One of the main problems concerning the use of copper as the
catalyst for the Fenton reaction is related with its well-known tox-
icity [12,13]. To overcome this problem, the oxidation treatment
should be followed by a Cu(Il) separation step, such as precipita-
tion; additionally, recycling the Cu(Il) also reduces the operation
costs. Precipitation by hydroxide formation is the most common
method for heavy metal recovery. The precipitate obtained after
the alkalinization of the reaction media is often called the Fenton
sludge. Cao et al. [14] investigated the recycling of Fenton sludge;
those authors dewatered, dried and heated the sludge at 350-
400 °C for 20-30 min and the residual solids were dissolved in sul-
furic acid to form a reusable Fe catalyst. The recovered catalyst was
highly effective for the oxidative pretreatment of a fine chemical
wastewater. Therefore, alkaline precipitation and recycling of
Cu(II) could be a viable alternative for the cupro-Fenton process.

The knowledge of the oxidation kinetics is a key feature for the
accurate design of a wastewater treatment process. Available
kinetic models for the classic Fenton process vary in complexity.
The simplest models use empirical kinetic expressions to represent
the experimental data [15-19]. Some researchers suggested simpli-
fied reaction mechanisms and proposed lumped models in which
organic compounds are grouped according to their susceptibility
to oxidation [20,21]. Finally, detailed models described in terms
of elementary reactions are also available [22-24]. For example,
Kang et al. [24] proposed a kinetic model for Fenton oxidation of
phenol and monochlorophenols that considers 28 reactions.
Although these detailed models are useful for the accurate predic-
tion of the reaction intermediates, their complexity also hampers
its application for practical purposes. Moreover, this kind of analy-
sis is more difficult in systems with copper due to the lack of kinetic
constants reported for the Fenton process with this cation.

Up to the present, only few publications deal with homoge-
neous Fenton processes with copper as catalyst, and only one
reports specifically the application of this system to the degrada-
tion of phenol [9]. For this reason, the objective of this study was
to investigate the capability of Cu(Il) as a Fenton-like catalyst for
the oxidation of phenol as a model pollutant. The effect of the cop-
per precursors, temperature, and concentrations of copper and
H,0, on the conversions of phenol, TOC, and H,0, was studied. A
kinetic model was proposed to describe the abatement of phenol,
H,0, and TOC under the different tested conditions. The reutiliza-
tion of the cupro-Fenton sludge was also studied in a cupro-Fenton
sequencing batch reactor (CF-SBR).

2. Experimental

2.1. Oxidation of phenol solutions in cupro-Fenton batch reactors

In a typical experiment, a specific amount of a copper salt was
dissolved into 170 mL of 1g/L phenol aqueous solution (p.a.,

Cicarelli, Arg.) in a 250 mL thermostated batch reactor provided
with vigorous agitation (800 rpm). When the reaction temperature
was reached, a given volume of 30 wt.% hydrogen peroxide (Cicar-
elli, Arg.) was added into the system and the reaction started. In all
cases the initial pH was between 5.0 and 6.0; this pH value was due
to the hydrolysis of Cu(Il) and the slightly acid characteristic of phe-
nol and hydrogen peroxide. At different time intervals samples
were withdrawn and promptly analyzed to determine pH, phenol,
hydrogen peroxide and total organic carbon (TOC) concentrations.
During the reaction, pH was monitored but not controlled because
its evolution was considered as an indication of the presence of
acidic intermediates [19,25]. In order to select the most appropriate
reaction conditions, experiments were performed varying the Cu(Il)
precursors, temperature, and catalyst and H,0, concentrations.

2.2. Effect of operation conditions on the cupro-Fenton oxidation of
phenol

Different copper precursors, Cu(NOs),-2.5H,0 (p.a., Riedel-de
Haén, Germany); CuCly-2H,0 (p.a., Cicarelli, Arg.) and CuSO4-5H,0
(p.a., Biopack, Arg.) were tested. In these experiments, various
amounts of cupric salts were used to obtain a total copper concen-
tration (Cuyr) of 100 mgCu/L. In all cases, T=50°C, and initial
hydrogen peroxide and phenol concentrations were 190 mM, and
10.6 mM, respectively.

The effect of the initial hydrogen peroxide on the oxidation of
phenol solutions (10.6 mM) was also studied. In these
experiments, tested values corresponding to the ratio (R) between
the initial H,O, concentration and the theoretical stoichiometric
amount of hydrogen peroxide (14 mol/mol) for the complete oxi-
dation of phenol ranged from 0.5 to 1.5. This range is usually stud-
ied by other authors [26-29]. The effect of the «catalyst
concentration (5-800 mgCu/L) on the oxidation of phenol solutions
(10.6 mM) was tested at 30, 50 and 70 °C; in these experiments R
was 1.3, and initial pH = 5.

2.3. Operation of a cupro-Fenton sequencing batch reactor (CF-SBR)

The CF-SBR had 170 mL of working volume (V) to perform the
following operations: filling with a given volume (Vs mL) of the
phenol stock solution, heating to the operation temperature (50
or 70 °C), addition of hydrogen peroxide to start the reaction step
(90 or 240 min), cooling in a water bath to room temperature
(30 min), addition of drops of NaOH (1 M) for copper precipitation
followed by a sedimentation or a centrifugation step, and extrac-
tion of a volume of the supernatant equivalent to Vs (e.g., the trea-
ted effluent). In the initial test, 0.136 g of CuSO4-5H,0 was added to
the phenol solution to obtain 200 mg/L of Cu(ll) in the reaction
solution. Once the reactor reached a desired temperature, the oxi-
dant was added. When sedimentation was used to recover the
cupro-Fenton sludge, the extracted volume (Vs) was 80 mL; when
centrifugation was used, Vs = 140 mL. Then, a volume of the phenol
stock solution equivalent to Vs was added to the remnant volume
(Vo — Vi) in the reactor that contained the precipitated Cu(Il). The
precipitated cupro-Fenton sludge was dissolved by the addition
of a few drops of concentrated sulfuric acid; then, the next opera-
tion cycle started with the addition of the hydrogen peroxide stock
solution. In all the experiments, phenol and peroxide concentra-
tions at the beginning of the reaction phase were 10.6, and
190 mM, respectively. However, due to copper losses during the
recycling of the cupro-Fenton sludge, the total copper concentra-
tion (Cuy) decreased as a function of the operation cycle. Moreover,
because part of the TOC at the end of the reaction time was also
precipitated during the addition of NaOH, the initial TOC of each
reaction phase was a mixture comprised by the added phenol
and the remnant TOC corresponding to the previous cycle.
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2.4. Analytical methods

pH was determined using a Black Stone pH controller.

Phenol concentrations were measured using the 4-amino
antipyrine method [30]; calibration curves were performed period-
ically using phenol as the reference compound. The 4-aminoanti-
pyrine method determines phenol, ortho- and meta-substituted
phenols. Phenolic compounds with a substituent in the para posi-
tion may not quantitatively produce color with 4-aminoantipyrine.
However, para substituents of phenol such as carboxyl, halogen,
methoxyl, or sulfonic acid groups can produce color with 4-amino-
antipyrine under proper conditions [30]. Solutions of 500 mg/L of
p-benzoquinone, hydroquinone and catechol were analyzed by
the 4-aminoantipyrine method. Only catechol can be considered
as a possible interference in the phenol determination; however,
the absorbance corresponding to catechol was 0.16 times the value
corresponding to phenol at the same molar concentration.

Hydrogen peroxide concentration was measured by a iodomet-
ric titration method [30]. Total organic carbon (TOC) was deter-
mined in a TOC analyzer (Shimadzu, model TOC-VCPN). Total
copper concentration (Cuy) was measured using a commercial kit
(CuVer 2™, Hach). Reported values are the average of at least
two measurements, and error bars represent the standard
deviation.

2.5. Estimation of the model coefficients and dynamic simulations

Calculation of coefficients of the mathematical model proposed
in this work and the dynamic simulations were performed using
the software package Gepasi 3 [31]. The LSODA routine (Livermore
Solver of Ordinary Differential Equations) was selected to solve the
system of differential equations of the model developed in the
present work. The Multistart Optimization algorithm (with Leven-
berg-Marquardt local optimization) was selected to fit the pro-
posed model to the experimental data.

3. Results and discussion
3.1. Effect of the copper precursor

In the first set of experiments, cupric sulfate, nitrate and chlo-
ride were used as the source of Cu(Il). In all cases, results obtained
using these cupric salts were quite similar. For example, conver-
sions corresponding to TOC (Xtoc), H20, (Xw,0,), and phenol
(Xphenot) at 180 min using the three tested cupric salts were around
60%, 70%, and 100%, respectively. In all cases pH dropped from 5 to
3 within the first 15 min and then it remained almost constant. A
similar trend of pH as a function of time was obtained for all the
assays performed in this work (Supplementary data, Figs. SD1
and SD2).

Pignatello et al. [32] reported that the presence of inorganic
ions could interfere in the Fenton process as follows: (i) complex-
ing Cu(I) and Cu(II) ions, which would affect the catalytic activity of
copper, (ii) precipitation, (iii) radical elimination or formation of
less active radical species, and (iv) oxidation reactions involving
inorganic radicals. However, the effect of the inorganic ions
depends on the concentration. Most authors report negative effects
considering concentrations of the inorganic ions much higher than
the ones employed in this study [33-35]. For example, the inhibi-
tion by chloride is noticeable above 0.01 mol/L [32] and the con-
centration of chloride introduced in this study by adding copper
in the form of a chloride salt is much lower (0.003 mol/L). Under
the conditions employed in the present work, no differences
between the results obtained using different cupric salts were
observed, probably due to the low concentrations. Because sulfuric

acid was used to solubilize the precipitated cupro-Fenton sludge
(see Section 2.3), in the following tests CuSO4-5H,0 was employed
as the Cu(Il) source.

3.2. Effect of the initial hydrogen peroxide concentration

One determining factor on the economy and efficiency of the
Fenton process is the H,O, consumption. Low peroxide doses
may lead to partial treatments; conversely, the excess of peroxide
has to be removed before discharging the effluent due to its toxic-
ity [36]. For this reason, the initial H,O, concentration must be
carefully selected.

Fig. 1a-c shows the effect of the initial hydrogen peroxide con-
centration, expressed as the ratio (R) between the initial H,O, con-
centration and the theoretical stoichiometric amount of peroxide
for the complete oxidation of phenol, on the conversions of TOC
(Xroc), H202 (Xi,0,), and phenol (Xppenol). As it was expected, in
all cases conversions increased with time. Although Xu,0,, Xphenol
were quite similar for all the tested R values, TOC consumption
rates and maximum TOC conversions were a function of the ratio
R. Fig. 1d shows that while Xppenor at 180 min was close to 100%,
Xroc increased with the increment of R; however, no significant
improvement of Xpoc occurred for R values higher than 1.3
(190 mmol/L). Within the tested conditions, Xy,0, was higher than
80%; in this case, a decreasing trend of Xy,o, as a function of R was
obtained (Fig. 1d). These results suggested that the rate of TOC con-
version was related with the rate of generation of hydroxyl radi-
cals, which was a function of the hydrogen peroxide
concentration [36].

3.3. Effect of temperature and copper concentration

Oxidation assays of phenol solutions (10.6 mM) by the cupro-
Fenton reaction were performed at 30, 50 and 70 °C using Cut con-
centrations between 5 and 800 mg/L, and 190 mmol/L of H,0,.
Fig. 2 shows that TOC, H,0,, and phenol conversions obtained at
50 °C increased as a function of time and the added Cuy. Similar
results were obtained at 30 and 70 °C. For example, at 30 °C the
phenol conversion after 240 min was around 90% but still incom-
plete, even at the highest catalyst concentration evaluated
(200 mg/L). The TOC conversion was quite poor, 22% and 30% for
100 and 200 mg/L, respectively (Figs. 3 and 4).

To achieve higher degrees of mineralization it was necessary to
increase the temperature (Fig. 3). At 50 °C, copper is quite active for
oxidation of phenol, even at low concentrations. The reaction with
5 mg/L of Cu(Il) presented a final phenol conversion of 85%. How-
ever, the level of mineralization achieved was low (14%) (Fig. 4).
When catalyst concentrations higher than 20 mg/L were employed,
a phenol conversion close to 100% was obtained after the first
30 min of reaction. For all temperatures, TOC conversion increased
with the catalyst load (Fig. 4). Using Cur =800 mg/L at T=50 °C it
was possible to obtain a TOC conversion of 80% in 90 min. How-
ever, using 200 mg/L at the same temperature, a double of time
(240 min) was necessary to achieve the same degree of
mineralization.

At T=50°C, when 800 mg/L of copper was employed, pH
dropped sharply to pH 3 within the first 15 min due to the forma-
tion of organic acids. Then, because an excess of hydrogen peroxide
was used, pH slowly rose due to the mineralization of those acids.
With concentrations between 70 and 200 mg/L, the pH maintained
slightly above 3, while in the 20-60 mg/L range pH stayed just
below 3. When the copper concentration was 5 mg/L, pH reached
values below 2.5. In the latter case, these low pH values indicated
a high accumulation of carboxylic acids due to the reduced level of
mineralization (Supplementary data, Fig. SD2). In summary, at
50°C when a low Cur concentration was employed, a moderate
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Fig. 1. Conversions (X) of (a) TOC, (b) H,0,, and (c) phenol as a function of time for different initial peroxide concentrations (mM): 74 (circles), 117 (triangles down), 145
(squares), 195 (triangles up), 228 (diamonds). (d) Conversions of TOC, H,0,, and phenol obtained at 180 min as a function of the ratio R. Other experimental conditions:
[Phenol]o = 10.6 mM, [Cur] = 200 mg/L, T =50 °C, pHp = 5.0. In all cases, lines indicate the proposed model (Egs. (7)-(9)) using the coefficients showed in Table 2.

phenol conversion was achieved, accompanied by a poor mineral-
ization and gradual accumulation of carboxylic acids. By increasing
the catalyst load, higher phenol conversions were achieved and the
mineralization of the contaminant is promoted. However, the final
color of the reaction solution over the whole concentration range
was brown (Table 1).

The effect of the Cur concentration on the oxidation of phenol
was also evaluated at 70 °C. When 5 mg/L of copper was tested, a
phenol conversion close to 100% was obtained in only 30 min;
however, TOC conversion was about 35%. To achieve an 80% TOC
conversion, it was necessary to increase the catalyst concentration
up to 60 mg/L. A further increment to 100 or 200 mg/L of Cu(lII),
allowed higher TOC conversion rates and final TOC values around
90%, in only 90 min for 100 mg/L and 60 min for 200 mg/L (Figs. 3
and 4). These results indicated the presence of a residual TOC of
about 10% of the initial value, which may correspond to the refrac-
tory organic acids resistant to the tested cupro-Fenton oxidation
conditions [37]. Also, the accumulation of these acids may form
complexes with Cu(Il), reducing its activity towards the oxidation
[20,38,39].

When copper concentrations between 5 and 20 mg/L were
employed at 70 °C, pH immediately decreased to 3 and then, it
remained constant during the reaction time. The evolution of pH
for higher concentrations of copper (100 and 200 mg/L) presented
an immediate decrease of pH to values about 2.5; then, a gradual
increase of pH was observed (Supplementary data, Fig. SD2). This
behavior was attributed to an initial fast formation of organic acids
followed by their mineralization. In summary, when the tempera-
ture was increased up to 70 °C in the presence of sufficient mass of
catalyst, the decomposition of H,0, into radicals was accelerated.
As a result, the mineralization degree was also enhanced and the
final pH was higher due to further mineralization of the carboxylic
acids produced during the first phase of the phenol oxidation. The
final solution was almost colorless (light amber, transparent), even
with low copper concentrations (60 mg/L).

Although in all the tested conditions the final phenol conversion
was higher than 90%, when combinations of low operation temper-
atures with low initial hydrogen peroxide or copper concentrations
were tested, the final color of the reaction mixture was dark brown.
The production of colored wastewaters difficult the implementa-
tion of the oxidation treatment; moreover, remaining color could
be a sign of the toxicity level [40]. Color generation during phenol
oxidation is a fast reaction where the phenolic solution changes
initially from colorless to brown. During the first stages of oxida-
tion, highly colored intermediate compounds such as p-benzoqui-
none (yellow) and o-benzoquinone (red) are generated [40].
Moreover, it was reported the formation of colored cation com-
plexes and phenol condensation products [41]. This effect was
more noticeable when low Cur concentrations or low temperatures
were tested (Fig. 5). However, if the oxidation conditions are ade-
quate, these colored compounds can be further oxidized to give
short chain organic acids and carbon dioxide, yielding an almost
colorless solution [40]. For this reason, with high Cur concentra-
tions, or high temperatures the measured phenol conversion was
100%. Table 1 summarized some obtained results.

3.4. Kinetic model for the cupro-Fenton oxidation of phenol

Several authors reported that the oxidation of phenol by AOPs is
characterized by an initial fast consumption of oxidants and phe-
nol, producing several intermediates, such as catechol, hydroqui-
none, p-benzoquinone, as well as various organic acids (muconic,
malic, fumaric, oxalic). In a second phase, a slow consumption rate
of oxidants and intermediates is usually observed due to the low
reactivity of some of these intermediates and the complexation
of the catalyst by organic intermediates. Numerous reaction path-
ways for the oxidation of phenol solutions by AOPs have been
reported [42-47]. Phenol oxidation can take place at para or
ortho-positions. During the first phase, the oxidation of phenol at
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the para-position generates p-benzoquinone which can be further
oxidized to give 2,5-dioxo-3-hexenedioic acid (CsH406):

CsHgO + 6H,0, — CgH406 + 7H,0 (Rl)

Alternatively, the oxidation of phenol via the ortho-position
generates muconic acid (CgHgO4):

CsHgO + 3H,0, — CgHgO4 + 3H,0 (R2)

According to Reactions (1) and (2), during the first phase of the
phenol oxidation 3-6 mol of H,0, are consumed per mol of phenol
oxidized, being the actual value a function of the reaction condi-
tions (e.g., type of oxidant, temperature, initial concentrations,
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Fig. 3. Conversions (X) of (a) TOC, (b) H,0,, and (c) phenol as a function of time
obtained at different temperatures: 30 °C (circles), 50 °C (triangles), and 70 °C
(squares). Other experimental conditions: [Phenol], = 10.6 mM, [H05]o = 190 mM,
[Cur] = 200 mgCu(II)/L, pHp =5.0. In all cases, lines indicate the proposed model
(Egs. (7)-(9)) using the coefficients showed in Table 2.

type and concentration of catalyst). However, taking into account
that muconic (CgHgO4) and 2,5-dioxo-3-hexenedioic (CgH4O0g)
acids are both Cg-compounds, TOC values remain constant during
these reactions.

In the second phase, 2,5-dioxo-3-hexenedioic (CsH40g) and
muconic (CgHgO4) acids are further oxidized to give a mixture of
organic acids, such as 4-oxo-2-butenoic, maleic, glyoxylic, and oxa-
lic, and CO,. In excess of the oxidant, 4-oxo-2-butenoic acid gives
glyoxylic, oxalic, and maleic acids. Additionally, these acids can
also be oxidized producing acetic and formic acids, and eventually
CO, [44,47]. The overall stoichiometry corresponding to the oxida-
tion of 2,5-dioxo-3-hexenedioic (CgH40g) or muconic (CgHgO4)
acids to CO, by H,0; is the following
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C¢H40¢ + 8H,0, — 6CO, + 10H,0 (R3)

CsHg04 + 11H;0, — 6CO, + 14H,0 (R4)

According to Reactions (3) and (4), during the second phase of
the phenol oxidation, 8-11 mol of H,0, are consumed per mol of
Cs-intermediate oxidized. Once again, the actual value is a function
of the reaction conditions. Because in R3 and R4 all intermediates
are oxidized to CO,, both reactions contribute to the TOC consump-
tion of the solution. Finally, the overall oxidation of phenol by H,0,
can be obtained by the combination of Reactions (1), (3), (2), and

(4)
C¢HsO + 14H,0, — 6CO, + 17H,0 (R5)

Taking into account the high complexity of the pathway of phe-
nol oxidation above mentioned, and the numerous reactions con-
cerning the several radicals (mainly hydroxide, hydroperoxide,
and superoxide radicals) that are present in Fenton and Fenton-like
systems [8], a lumped kinetics is usually enough for practical pur-
poses. The model for the oxidation of phenol by H,0O, proposed in
the present work comprises two types of organic carbon. The fast
oxidizable organic carbon (Sg) may include all carbon atoms that
constitute the fast oxidizable molecules, such as phenol, catechol,
and hydroquinone, for example.

The oxidation of this carbon fraction by H,0, produces a slow
oxidizable organic carbon (Ss); this carbon fraction may include
2,5-dioxo-3-hexenedioic, and muconic as well as other organic
acids. Then, in the presence of H,0,, S is further oxidized to CO,.
If S;, and Ss are expressed in C-mol units, then the overall stoichi-
ometry corresponding to these reactions are the following

SF + vFH202 ﬁ Ss (RG)
Ss + V5H202 E? COz (R7)

where Rf, and Rs are the rates corresponding to reactions (6) and (7),
respectively. Because these reactions are expressed in C-mol units,
the complete oxidation of Sg produces one mol of CO,. Although
the stoichiometric coefficients vr, and vs can adopt any value, the
overall oxidation of phenol by H,0, (R5) imposes the following
restriction to these coefficients

VF+ Vs = %moleoz/C—mol (1)

Due to peroxide consuming side reactions, the actual H,0, con-
sumption is higher than the stoichiometric value corresponding to
R5. In Fenton and Fenton-like systems, these side reactions are
mainly due to the presence of hydroxide radicals that catalyze
the decomposition of hydrogen peroxide producing molecular oxy-
gen. Although the catalytic decomposition of H,0, is quite complex
and involves several reaction steps [48], the overall decomposition
of H,0, can be represented as follows

H.0, ® H0 1 50, (R8)
where Rp is the decomposition rate of peroxide. At this point, it
worth to note that a similar modeling approach was used by Guo
and Al-Dahhan [21], and Zazo et al. [20]. However, in both cases
those authors assume that during the first oxidation step of phenol
(R6 in the present model) a given amount of CO, is released,
decreasing the TOC of the solution. Conversely, in reaction R6 of
the present model the overall TOC value is constant, in accordance
with the phenol oxidation pathways reported by other authors [42-
47]. Moreover, Zazo et al. [20] developed a model for the TOC evo-
lution only. Finally, other important difference between the model
proposed by Guo and Al-Dahhan [21] and the model developed in
the present work is the relation between the stoichiometric coeffi-
cients v, and vs depicted in Eq. (1).

To obtain the kinetic expressions corresponding to Rf, Rs, and Rp,
the pseudo-first-order constants corresponding to the initial
decomposition rate of TOC and H,0, were calculated from the plot
on a log-scale of TOC and H,0, concentrations as a function of time
(Supplementary data, Figs. SD3 and SD4). Obtained results demon-
strate that the initial decomposition rate of TOC and H,0, could be
approximated by a pseudo-first-order kinetic law with respect to
TOC and H,0, concentrations, respectively.

In([TOC]/[TOC]y) = —kapproct @)

ln([HZOZ}/[HZOZ]o) = _kapth (3)
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Table 1

Examples of phenol (Xphenot) and TOC (Xroc) conversions, pH, and color of the reaction mixture at 240 min obtained at different tested operating conditions. In all cases

[Phenol]p = 10.6 mM, [H0,]p = 190 mM.

T (°C) Cur (mg/L) Xphenot (%) Xroc (%) PHmin PHfinal Final color
30 20 77 15 34 34 Dark brown
30 100 90 22 3 3 Brown
30 200 95 30 3 3 Brown
50 5 85 14 2.6 2.6 Dark brown
50 20 96 30 2.7 3 Brown
50 60 100 57 2.9 3 Brown
50 100 100 62 3 3 Brown
50 200 100 83 2.6 3 Brown
50 800 96 84 24 36 Brown
70 5 100 35 2.8 2.8 Brown
70 20 100 60 2.6 2.8 Transparent dark amber
70 60 100 84 2.5 3 Almost colorless
70 100 100 91 2.5 35 Almost colorless
70 200 100 91 23 3.7 Almost colorless
0.04 Fig. 5 shows that the pseudo-first-order rate constant corre-
sponding to the H,0, decomposition (Kappp) depended on the total
Cu concentration (Cur) in the reaction mixture. However, k,,,p was
0.03 approximately constant with respect to the initial HO, concentra-
-l e o tion. These results are in accordance with those reported by other
e authors with regard to the catalytic decomposition of hydrogen
£ 0024 peroxide by ferric iron [48,49]. Thus, the following expression
g was proposed to represent the catalytic decomposition rate of
= peroxide by copper (Rp).
0.01 4
3 Rp = kp [CUT] [HzOz] (6)
v (a) According to reactions R6-R8, and taking into account the pro-
0.00 . - o s o 250 posed expressions corresponding to Ry, Rs, and Rp (Egs. (4)-(6)), the
decomposition rate of S, Ss and H,0, can be represented by the fol-
[H,0,], (mM) lowing coupled ordinary differential equations
d[St]
— = H 7
0.025 d ke[Sr][Cur][H0s] (7)
d[Ss
0020 9] — (helse] - kelssCur]H:05) ®)
"c 0.015 d[H,0,
IS % = —{VFI(F[SF] + Vsks[Ss] + kp}[CUT] [HzOz] (9)
& 0010 Because the units used to express the primary experimental
data were TOC in mgC/L, phenol, and hydrogen peroxide in mM,
0.005 - total copper (Cur) in mgCu/.L, and time. in min, Fhe developed
- i model was also expressed using these units. Thus, if S and Ss are
0.000 (b) expressed in mgC/L, TOC concentration of the solution can be
o 50 100 150 200 250 calculated as follows

[Cu,] (mg/L)

Fig. 5. Effect of (a) the initial H,0, concentration ([Cur] =200 mg/L), and (b) the
total copper concentration ([H;0;]o=190 mM) on the pseudo-first-order rate
constant (Kapp) corresponding to the consumption of TOC (triangles), and H,0,
(circles). Other experimental conditions: [Phenol]o=10.6 mM, pHo=5, and
T=50°C.

where Kapproc and Kappp are the pseudo-first-order rate constants of
the initial rate of decomposition of TOC and H,0,, respectively.
Fig. 5 shows that Kapproc was proportional to H,O, and copper con-
centrations. Based on these results, the following expressions for
the rates corresponding to reactions R6 and R7 (Rp, Rs) were
proposed:

Rr = ke[SF][Cur][H,04) 4)

Rs = ks[Ss][Cur][H;0,] (5)

[TOC] = [S¢] + [Ss] (10)
and the restriction regarding vg, and vs (Eq. (1)) expressed in these
units is

VE+ Vs = %moleoz/gC

Besides, assuming that the fast oxidizable organic carbon (Sg) is
represented mainly by phenol, the phenol concentration can be
calculated as follows
5]

72
where 72 (gC/mol) is the carbon mass in one mol of phenol.

(11)

[Ph] = (12)
3.5. Model calibration

The software GEPASI was used to fit the model developed (Egs.
(7)-(9)) to the profiles of hydrogen peroxide, TOC, and phenol
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concentrations as a function of time obtained at different Cuy (5-
800 mg/L), and initial H,0, concentrations (75-230 mM). Although
the model has five coefficients, it worth to note that considering
the restriction regarding vg, and vs, only four coefficients were fit-
ted. Fitting results are depicted in Table 2. Details concerning the
implementation of the proposed model in GEPASI, and other fitting
details can be found in the Supplementary data.

Figs. 1-4 show that the fitted model could adequately describe
TOC, hydrogen peroxide, and phenol conversions as a function of
time during the cupro-Fenton oxidation of phenol over a wide
range of experimental conditions. Table 2 shows that calculated
conversions of TOC and H,0, were close to the experimental val-
ues, with average absolute errors lower than 8%; in the case of phe-
nol conversions, average absolute errors were lower than 12.1%.

According to reaction R6, vr represents the amount H,O, con-
sumed per unit of Sy oxidized to S; for the three tested tempera-
tures the average value corresponding to v was 0.043 mol/gC.
Based on this average vr value, and taking into account the carbon
content of phenol (72 gC/mol), it was concluded that during the
first oxidation step, 3.1 mol of H,O, were consumed per mol of
phenol oxidized. This result is in accordance with reaction R1 (phe-
nol to muconic acid), in which 3 mol of H,0, are consumed per mol
of phenol oxidized, providing a strong validation of the proposed
model (Fig. 6a).

Based on the values of kr, ks, and kp obtained at different tem-
peratures (Table 1), apparent activation energies corresponding
to the reactions R6-R8 were calculated as the slopes of In(k) as a
function of 1/T. Fig. 6b shows that reactions R6, and R7 had similar
activation energies, being 25.2, and 20.9 kcal/mol, respectively.
Nichela et al. [8] reported an apparent activation energy of
27.3 kcal/mol corresponding to the initial degradation rate of the
nitrobenzene oxidation by a cupro-Fenton reaction at tempera-
tures above 35 °C. The activation energy reported by those authors
is similar to the activation energy corresponding to R6 of the pres-
ent work. Moreover, this value is close to the activation energy cor-
responding to the reaction between Cu(Il) and hydrogen peroxide
to form Cu(I) and the hydroperoxide radical [50], supporting the
hypothesis that this reaction is one of the rate limiting steps in
cupro-Fenton systems [8].

The activation energy corresponding to the decomposition of
hydrogen peroxide (R8) was 8.9 kcal/mol, being this activation
energy much lower than those corresponding to R6 and R7. The
increase of temperature favored reactions R6, and R7 with respect
to R8 (Fig. 6b), suggesting that high temperatures are advanta-
geous in the oxidation of phenol by the cupro-Fenton reaction.
Fig. 7 shows that rates of TOC conversion (Fig. 7a), and hydrogen
peroxide consumption (Fig. 7b) increased with temperature.
Besides, the consumption of hydrogen peroxide to achieve a TOC
conversion of 30% at 30 °C was more than twice the consumption
at 50 °C. However, a further increment in the operation tempera-
ture from 50 to 70 °C did not caused a noticeable decrease on the
hydrogen peroxide consumption for the same TOC conversion
(Fig. 7c). For example, the time necessary to achieve a TOC conver-
sion of 80% was 180 min at 50 °C, but only 15 min at 70 °C (Fig. 7a);

Table 2

0.20
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Fig. 6. (a) Effect of temperature on the stoichiometric coefficients vg (circles) and vs
(triangles) corresponding to the reactions R6 and R7, respectively. Dotted lines
denote the calculated vr and vs values assuming that reaction R1 represents the
oxidation of phenol to muconic acid. (b) Arrhenius plots corresponding to the
reactions R6 (circles), R7 (triangles), and R8 (squares).

in both cases, a similar hydrogen peroxide consumption was
obtained (Fig. 7b). Thus, from a practical point of view, obtained
results in the present work demonstrate that increasing the oper-
ation temperature from 50 to 70 °C allows process intensification
in terms of higher processing capacities, or the design of smaller
reactors without increasing the costs associated with the addition
of hydrogen peroxide.

3.6. Operation of a cupro-Fenton sequencing batch reactor (CFSBR)

One of the main problems associated with the use of the cupro-
Fenton reaction is the toxicity of Cu(ll). For this reason, copper
must be removed from the treated wastewater prior discharging
to a receiving body water. Moreover, in order to reduce operation
costs, it is advisable to recover the used copper in the oxidation
reaction. In this work, alkaline precipitation with NaOH was used
to precipitate and recover the Cu(ll).

Rate constants (kg ks, kp), stoichiometric coefficients (vr, vs), and average absolute error (AAE) in the percentage conversions of TOC, H,0,, and phenol predicted by the proposed

model (Egs. (7)-(9)).

T (°C) ke x 105 ks x 108 kp x 10°° Vi€ Ve AAE

Xtoc Xu,0, Xphenol
30 0.34+0.03 7.26+0.11 1.37 £0.05 0.044 £ 0.007 0.150 £ 0.003 4.4 7.8 121
50 7.92 £0.57 10.4 £0.03 1.59 £0.01 0.029 £ 0.003 0.165 £ 0.001 4.2 33 7.1
70 433 +7.88 56.6 +0.4 7.91+0.12 0.056 +£0.015 0.140 + 0.002 6.0 5.8 2.1

a 1

mM~! L mgCu~! min~%.
> L mgCu ' min~".

¢ mol gC~".
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Fig. 7. (a) TOC conversion (Xtoc), and (b) hydrogen peroxide consumption as a
function of time, and (c) hydrogen peroxide consumption as a function of the TOC
conversion obtained at different temperatures (°C): 30 (circles, continuous lines), 50
(squares, long dashed lines), 70 (triangles, short dashed lines). Experimental
conditions: [Phenol]y = 10.6 mM, [H;0,]o = 200 mM, [Cur] = 200 mg/L, pHp = 5.0. In
all cases, lines indicate the proposed model (Eqgs. (7)-(9)) using the coefficients
showed in Table 2.

3.6.1. Optimal pH for Cu(ll) precipitation

In a first set of experiments, oxidation of phenol solutions
(10.6 mM) at two temperatures was carried out using 200 mg/L
of Cu(Il), and 190 mM of H,0,. At T=50 °C, the final reaction time
was 240 min; when 70 °C was tested, the final reaction time was
90 min. In both cases, the reaction was drastically decelerated by
cooling the reactor in a water bath to room temperature. Results
demonstrate that under both tested conditions, phenol conver-
sions were almost complete. TOC conversions at 50 °C (240 min)
were close to 80%, whereas at 70 °C (90 min) conversions of about
90% were obtained. Although TOC conversions at both tempera-

tures were quite acceptable, at 50 °C (240 min) the color of the
reaction mixture was brown due to the presence of colored cation
complexes and phenol condensation products [40,41]. Conversely,
the reaction mixture obtained at 70 °C (90 min) was almost trans-
parent, in accordance with its higher mineralization degree.

In order to determine the optimal pH for copper precipitation,
both reaction mixtures (50°C, 240 min; 70°C, 90 min) were
divided in aliquots of 50 mL. Then, pH of these samples was
adjusted to a desired value using NaOH (1 M) under soft continu-
ous stirring. When the desired pH value was reached, samples
were centrifuged at 4200 rpm for 30 min to remove the precipi-
tated copper and total copper concentration in the supernatant
(Curs) was measured. The optimal precipitation pH corresponding
to the reaction mixture obtained at 50 °C (240 min) was 8; in this
case, the minimum copper concentration in the supernatant was
6.3 mg/L. With the sample obtained at 70 °C (90 min), the optimal
precipitation pH was 10 and the minimum copper concentration in
the supernatant was 0.4 mg/L. Best results were obtained when
oxidation tests were performed at 70 °C (90 min) followed by a
precipitation step at pH 10 (Supplementary data, Table SD2). These
conditions ensured Cu(Il) concentrations in the supernatant below
the limits established by EPA, and WHO [12,13].

Differences regarding the optimal precipitation pH could be due
to the presence of different oxidation intermediates at each exper-
imental condition. Besides the hydroxide complexes, as a general
rule Cu(Il) can also be complexed by a great number of organic
ligands [51], including some of the reported intermediates
obtained during the oxidation of phenol [42-47]. The formation
of these complexes altered the Cu(Il) solubility and also the opti-
mal precipitation pH. Because the distribution of these intermedi-
ates is a function of the oxidation conditions, the optimal
precipitation pH is also a function of these conditions. Moreover,
other factors also affect the precipitation of Cu(Il) by NaOH. For
example, Marani et al. [52] observed that at base/Cu(Il) molar
ratios lower than 1.5, the slow addition of NaOH to dilute CuSO,
solutions produces blue precipitate of posnjakite (CuSO4-3Cu(OH),.
-H,0) or posnjakite and brochantite (CuSO,4-3Cu(OH),) mixtures. At
higher base/Cu(Il) molar ratios and pH > 7.3, the formation of a
dark precipitate of tenorite (CuO) was observed. Jiang et al. [53]
demonstrated that in the presence of carbonates, other green/blue
solid phases, such as malachite (Cuy(OH),CO3) and azurite
(Cu3(0OH),(C03),) can also appear. CO, also exerts negative effect
on the copper removal efficiency due to the formation of the solu-
ble compound Cu(C03)%*. However, because the total carbonate
concentration is a function of the gas-liquid mass transfer coeffi-
cient, the atmospheric CO, partial pressure, and the actual pH of
the solution [54], the net effect of CO, on the solubility of Cu(lI)
is difficult to predict.

3.6.2. Effect of the employed Cu(ll) separation techniques on the
performance of the cupro-Fenton sequencing batch reactor (CFSBR)
Based on the above mentioned results (Section 3.6.1), the CFSBR
was operated at 70°C, with an initial Cu(Il) concentration of
200 mg/L, and initial H,O, concentration of 190 mmol/L. After
90 min, the reactor was cooled to room temperature; then, few
drops of NaOH (1 M) were added up to pH 10. The addition of
NaOH generated a precipitate that was further separated by decan-
tation or centrifugation. When a decantation procedure was used,
the whole reaction mixture (Vo =170 mL) was left in a decanting
ampoule for 1 h. Then, 80 mL of the supernatant (Vs) were carefully
extracted to avoid turbulences and the remnant volume (e.g.,
Vo — Vs) was recycled to the reactor. When centrifugation was
used, the reaction mixture was centrifuged at 4200 rpm for
30 min. Because a lower sludge volume was obtained using centri-
fugation in comparison with decantation, 140 mL of the superna-
tant (Vs) could be extracted and a smaller remnant volume was
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recycled to the reactor. In both cases, to dissolve the Cu(II) precip-
itate, pH of the recycled sludge was adjusted to 5 by adding a few
drops of H,SO4 (2 M). Then, a volume equivalent to Vs of a phenol
solution of appropriate concentration was added to obtain an
initial phenol concentration of 10.6 mM. Finally, a new reaction
cycle started with the addition of 3.3 mL of hydrogen peroxide
(30% wt/wt).

Five consecutive batch tests were performed using decantation
or centrifugation as the Cu(lIl) separation technique. In both cases,
phenol conversions were almost close to 100%. Fig. 9a shows that
with both separation techniques, TOC values at the end of the
reaction phase (TOC¢) were between 90 and 120 mgC/L (which rep-
resented TOC conversions of 85-90%). Moreover, a slight increase
of the hydrogen peroxide concentrations as a function of the oper-
ation cycle was observed due to lower reaction conversions
(Fig. 9b). However, it must be noted that remnant hydrogen perox-
ide concentrations were in all cases less than 8% of the initial value.
Fig. 9c shows that during the precipitation step not only the Cu(II)
was separated from the solution, but also part of the organic car-
bon; for this reason, TOC values of the supernatant (TOCs) were
lower than TOC; (Fig. 9a). When decantation was used as the sep-
aration method of the cupro-Fenton sludge, the total copper con-
centration in the supernatant (Curs) increased from 4 to 28 mg/L
as a function of the operation cycle (Fig. 9d). This effect could be
related to the higher residual H,0, concentration that generates
air bubbles in the separating ampoule leading to the deterioration
of sludge settleability [55]. In the case of centrifugation, a similar
trend was observed; however, in this case, Curs concentrations of
about one order of magnitude lower were achieved, being Curs val-
ues always lower than 1 mg/L.

It worth to mention that within the five consecutive runs, TOC
and phenol conversions were almost constant. However, Fig. 9
shows an evident deterioration of the settling characteristics of
the cupro-Fenton sludge as a function of the operation cycle. For
example, when decantation was used as the separation technique,
the ratio between the total copper concentration in the reactor
(Cur) and the total copper in the supernatant (Cuys) gradually
increased from 0.02 to 0.16 (Fig. 9a). A similar trend was obtained
with regard to the ratio between TOC values at the end of the reac-
tion phase (TOCs) and TOC in the supernatant (TOCs) using both
separation techniques (Fig. 9b). This behavior was due to the
relationship between the oxidation conditions (e.g., differences in
copper concentrations) and the distribution of the oxidation inter-
mediates, as it was commented in the previous section (Sec-
tion 3.6.1). Lower copper concentrations may lead to the
formation of a different intermediate distribution; thus, higher
amounts of Cu(Il) could be complexed by those formed ligands.
These Cu(Il) complexes determine a gradual decrease of Cur con-
centrations in the reactor due to the presence of higher Cu(Il) con-
centrations in the supernatant. As a result, the increase of the
complexed fraction of Cu(ll) may lead to a gradual decrease of
the TOC, H,0,, and phenol conversions in long-term operation of
the CFSBR. In this sense, the performance of the CFSBR could be
more stable if centrifugation instead of a decantation method is
used to recover the Cu(Il).

3.6.3. Modeling the cupro-Fenton sequencing batch reactor (CFSBR)

In order to obtain accurate predictions of the CFSBR perfor-
mance, initial concentrations of a given operation cycle must be
expressed as a function of the concentration at the end of the pre-
ceding cycle. For example, if Cury;) represents the total Cu(Il) con-
centration in the reactor at the beginning of a given cycle i, then
Curi+1y can be calculated as follows

V.
Curg1y = Curgy — V—ZCUTsm (13)

where Curs;) represents the Cu(Il) concentration in the supernatant
after the precipitation with NaOH corresponding to the cycle i, Vj is
the reactor volume, and Vs the treated supernatant volume during
each cycle. In the case of TOC, assuming that the added phenol stock
solution was devoid of the slow oxidizable compound (Ss), the
initial Ss concentration (Ssg) corresponding to the cycle (i + 1) is

|74
Ssoi+1) = Ssii) — 7355“” (14)

where Sqpi), and Ssy(;) refer to the concentrations of Sg at the end of
the reaction phase, and in the supernatant, respectively. Taking into
account that under the selected operation conditions (70 °C,
90 min) the conversion of S was complete, the initial S concentra-
tion (Spp) was a function of Vy, Vs, and the concentration of the
phenol stock solution (Sgs;)
Sro = “;—f}sm (15)
Conversely to Cur, and Ss, the initial S concentration is not
depended on the operation cycle number (i). Although V, was con-
stant (Vo=170mL), Vs depended on the separation technique.
Thus, the concentration of the phenol stock solution (Sgs) was
selected in order to obtain Sgy =766 mgC/L (10.6 mM of phenol)
for both separation methods. With regard to the hydrogen perox-
ide, due to the addition of NaOH for the alkaline precipitation of
Cu(lII), the hydrogen peroxide concentration after the separation
step was negligible. For this reason, a similar expression than Eq.
(15) can be deduced to calculate the initial H,O, concentration cor-
responding to the reaction phase; in this case, [Hy05]o = 190 mM.
Although for a given cycle, Sgrcan be calculated based on the ini-
tial conditions using the model proposed in the present work (Egs.
(7)-(9)), Egs. (13) and (14) demonstrate that initial conditions cor-
responding to Ssg(i+1), and Cur1) are a function of Sgy;) and Curs).
In order to take into account the effect of the separation technique
(decantation or centrifugation) on the performance of the CFSBR,
the ratios Curs/Cur, and TOCs/TOCs were calculated for each opera-
tion cycle (Fig. 9). Because under the tested conditions phenol is
rapidly converted to Ss, TOC values at the end of the reaction phase
(TOCy) corresponded to Sg; thus, the ratio TOCs/TOC; represented
the ratio Ss,/Sy. Fig. 9 shows that Curs/Cur, and TOCs/TOC; increased
as a function of the cycle; also, those ratios depended on the tech-
nique used to recover the cupro-Fenton sludge (decantation or
centrifugation). According to Fig. 9, both Curs/Cuy, and TOCs/TOC
ratios (&cui» €Toci) as a function of the operation cycle (i) can be esti-
mated by the following empirical equation

g=1—oeh (16)

where the values corresponding to the constants «, and g depended
on the separation techniques (decantation or centrifugation)
employed in this work. The term (1 — &c;) represents the separa-
tion efficiency of Cu(Il) by a given separation method; thus, high
values of p indicate a rapid deterioration of the settling characteris-
tics as a function of the operation cycle. Conversely, combinations of
low values of p with high « values indicate a good separation pro-
cedure. Eq. (16) was fitted to the data depicted in Fig. 9, obtaining
quite acceptable results; Table 3 shows the obtained constants (¢,
B) corresponding to both separation processes. As it was expected,

Table 3
Coefficients o, g of Eq. (15) corresponding to the separation of Cu(ll) and TOC by
decantation or centrifugation (for more details see the text).

Variable Coefficient Decantation Centrifugation
Cu(In) o 1.03 +0.01 0.99 +0.01

B (40+£4)x 1073 (23£0.8)x 107
TOC o 0.84+0.07 0.93+0.07

B 0.095 +0.028 0.079 + 0.027
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Fig. 8. Performance of the CFSBR as a function of the operation cycle. TOC (a), and hydrogen peroxide concentration (b) at the end of the reaction phase; TOC (c), and total
copper concentration (d) in the supernatant after the separation of the Fenton sludge by decantation (fine patterns, continuous lines) or centrifugation (coarse patterns,
dashed lines). Operation conditions of the CFSBR: [Phenol]o = 10.6 mM, [H,0,]o = 190 mM, [Cur] of the first operation cycle = 200 mg/L, pHp = 5.0, precipitation pH = 10. In all
cases, lines indicate the model proposed in this work (Egs. (7), (8), (9), (13), (14), and (15)) using the coefficients showed in Tables 2 and 4.
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Fig. 9. Effect of the cycle number on (a) the ratio between the total copper
concentration in the supernatant after the separation step (Curs) and the total
copper concentration in the reactor (Cur), and on b) and the ratio between TOC in
the supernatant after the separation step (TOCs) and TOC at the end of the reaction
phase (TOC), obtained using decantation (fine patterns, continuous lines) or
centrifugation (coarse patterns, dashed lines). Operation conditions of the CFSBR:
[Phenol]o = 10.6 mM, [H202]o = 190 mM, [Cur] of the first operation cycle = 200 mg/
L, pHp = 5.0, precipitation pH = 10. In all cases, lines indicate the results of Eq. (16)
using the coefficients depicted in Table 4.

obtained coefficients indicate that centrifugation rather than decan-
tation was a better method to separate Cu(ll) from the treated
solution.

To simulate the performance of the CFSBR, the reaction phase
was represented by the kinetic model for the cupro-Fenton oxida-
tion of phenol by hydrogen peroxide developed in the present
work (Egs. (7)-(9)). Then, Eq. (16) was used to represent the
separation step and the initial concentrations of Cur, and Ss corre-
sponding to the next operation cycle were calculated using Eqs.
(13) and (14), respectively. Finally, Sgy, and H,0,¢ were considered
constants, as it was previously described in the present section.

Fig. 8 shows that for both separation methods a satisfactory
accordance between the model and the experimental results was
obtained. The maximum difference between experimental and cal-
culated TOC values was 42 mgC/L (Fig. 9a), which represented 5%
of the initial TOC. Although Fig. 9b shows that the model tends
to overestimate the hydrogen peroxide consumption, the maxi-
mum difference between experimental and calculated H,0, con-
versions values was 4.3%. With regard to the effluent quality, the
model also adequately predicts TOC and Cur concentrations in
the supernatant after the separation step using both (decantation
or centrifugation) methods. However, centrifugation was the only
tested separation method that ensured a copper concentration in
the supernatant below the discharge limit established by EPA,
and WHO [12,13].

4. Conclusions

Phenol can be efficiently mineralized using the homogeneous
cupro-Fenton reaction. TOC conversions increased with elevated
temperatures and hydrogen peroxide concentrations. High tem-
peratures increased the phenol oxidation reaction rate more than
the hydrogen peroxide decomposition rate. For this reason, rising
the temperature from 30 to 70°C allows reactors with higher
processing capacities without increasing the costs associated with
the addition of higher amounts of hydrogen peroxide.
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Akinetic model based on the phenol oxidation pathway reported
by other authors was developed. The effect of peroxide scavenger
reactions was also included. The proposed model adequately repre-
sents TOC, hydrogen peroxide, and phenol conversions as a function
of time over a wide range of experimental conditions.

Finally, to overcome toxicity issues related with the discharge of
copper and with the purpose of decreasing the operation costs, the
homogeneous catalyst was recovered by alkaline precipitation
with NaOH and used in subsequent reactions with minor changes
in mineralization and reactants depletion profiles. These outcomes
were also predicted by a mathematical model that includes both
reaction and separation steps.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2014.04.019.
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