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ABSTRACT: The oxidative degradation of 2-methyl-4-chlorophe-
noxyacetic acid (MCPA), 4-(4-chloro-2-methylphenoxy)butanoic
acid (MCPB), 4-chlorophenoxyacetic acid (4-CPA) and 2,4-
dichlorophenoxyacetic acid (2,4 D) by ZrO2-acetylacetonate hybrid
catalyst (HSGZ) without light irradiation was assessed. The thermal
stability of the catalyst was investigated by thermogravimetry,
differential thermal analysis, and Fourier transform infrared
spectroscopy. For each herbicide, a virtually complete removal in
about 3 days without light irradiation at room temperature was
achieved. The removal kinetics of the herbicides has been
satisfactorily characterized by a double-stage physico-mathematical model, in the hypothesis that a first-order adsorption on
HSGZ surface is followed by the herbicide degradation, catalytically driven by HSGZ surface groups. The long-term use of the
HSGZ catalyst was assessed by repeated-batch tests. The specific cost for unit-volume removal of herbicide was evaluated by a
detailed cost analysis showing that it is comparable with those pertaining to alternative methods.
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1. INTRODUCTION

Chlorinated phenoxyalkanoic acid herbicides are largely
distributed in the environment because of their widespread
use for weed control in agricultural crops. Because of their
chemical stability, resistance to biodegradation, and sufficient
water solubility, these compounds can either reach the
groundwaters or be washed away to the surface water bodies.
They are considered to be harmful to human health because

of the potential mutagenicity and toxicity, and are listed by the
U.S. Environmental Protection Agency (EPA) as priority
pollutants.1 For this reason, the risk of environmental pollution
of soil and waters must be considered and the development of
new remediation technologies appears to be of primary
importance.
Many research efforts have been devoted to developing

methods for the elimination of such recalcitrant pollutants from
soils and waters by means of biological and chemical-physical
methods.
Biodegradation has received the greatest attention because is

efficient and relatively cheap; however, it is susceptible to toxic
compounds that inactivate the waste degrading microorgan-
isms. Among many processes proposed,2−6 sorption and
degradation are the two most important for the herbicide

remediation. In several instances, a clear connection has been
observed between them.
For example, in the biological remediation of soils, it is

commonly accepted that sorbed herbicides are less accessible to
soil microorganisms, and consequently sorption limits the
herbicide degradation.7−9 The opposite situation occurs when
an inorganic catalyst promotes the degradation mechanism. In
this case, herbicide sorption is required for the degradation to
be carried out.
To produce an effective removal of herbicides, adsorbents

have to satisfy different conditions:

(i) to selectively adsorb herbicides, limiting the occupation
of adsorption sites with other compounds contained in
the wastewaters;

(ii) to have a high sorption capacity for the herbicides;
(iii) to be easily regenerated by cheap and simple procedures;

this means that the interaction with the adsorbent has to
be weak enough to be reversible;
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(iv) in alternative or in addition to condition iii, adsorption
should be accompanied by chemical transformation of
herbicides in simpler products, having much lower
toxicity, and lower interactions with the sorbent materials
to enable its easier regeneration.

Among the technologies that involve the use of inorganic
catalysts, advanced oxidation processes (AOPs) have been
widely used for the wastewaters treatment over the last few
decades.10 In particular, the combined use of oxidants (e.g.,
ozone, H2O2, UV radiation) and photocatalysts (e.g., TiO2 and
V2O5) have received the most attention. TiO2 is the dominant
system in the environmental applications as it is efficient to
decompose pollutants under irradiation by ultraviolet light
(band gap around 3.2 eV). But its low quantum efficiency, due
to inefficient capture of sunlight that contains prevalently
visible and near-infrared radiation, represents a strong
limitation to applications. To overcome this drawback, different
approaches have been explored that aim to reduce the optical
band gap between conduction band (CB) and valence band
(VB) of the semiconducting oxide, such as doping with
transition metal ions,11,12 dyes, noble metals particles, and
narrow band gap semiconductors,13 or by surface modification
with charge-transfer complexes.14

ZrO2, another semiconducting oxide, has found only few
applications in photocatalysis because of its larger band gap
(about 5.0 eV), an energy corresponding to a negligible fraction
of the sunlight, even if, recently, Ce-ZrO2 heterostructures have
showed photosensitivity to visible light as consequence of the
formation of intraband gap between the CB and the VB of the
oxide because of Ce 4f empty states.15

Recently, we have synthesized hybrid and biohybrid gel-
derived ZrO2-based materials that have shown very high
remediation activity toward organic pollutants from aqueous
solution, such as phenanthrene (PHE)16 and the herbicide 4-
chloro-2-methylphenoxyacetic acid.17,18 In particular, we have
demonstrated that this ZrO2-acetylacetonate hybrid material
(HSGZ) exhibits its intrinsic catalytic activity toward the
oxidative degradation of PHE acting as radicals initiator without
any light irradiation at 30 °C. Free radicals were formed by an
intramolecular acac-to-metal electron transfer mechanism
giving on the solid surface the equilibrium between Zr(IV)-
acac and Zr(III)-acac• complexes, from which in the presence
of molecular O2 reactive oxygen species are produced.16

Therefore, this material allows extending the frontiers of
ZrO2 application to pollutants degradation as its functionality
does not require any activation procedure neither thermal nor
light.
In this paper, the HSGZ catalytic activity toward the

oxidative degradation of four different phenoxy herbicides
have been explored with special reference to evaluation of their
degradation kinetics. Moreover, a systematic characterization of
the HSGZ is reported aimed to study the thermal stability of
the Zr-acac complexes that represents the structural feature
responsible of the catalytic activity. Finally, in view of the real
application of this material, a cost analysis for a batch reactor is
also reported.
The herbicides investigated, classified as potential ground-

water contaminants by U.S. EPA, are 4-chloro-2-methylphe-
noxyacetic acid (MCPA), 4-chlorophenoxyacetic acid (4-CPA),
and 2,4-dichlorophenoxyacetic acid (2,4-D) belonging to the
phenoxyacetic group, and 4-(4-chloro-2-methylphenoxy) buta-
noic acid (MCPB), a phenoxybutyric herbicide.

2. MATERIALS AND METHODS
2.1. Materials. 4-Chloro-2-methylphenoxyacetic acid (MCPA), 4-

chlorophenoxyacetic acid (4-CPA), 2,4-dichlorophenoxyacetic acid
(2,4 D), and 4-(4-chloro-2-methylphenoxy)butanoic acid (MCPB)
were purchased from Sigma-Aldrich Chemical Co. (Poole, Dorset,
UK; 99.0% purity). The structural formula of each herbicide is
reported in Figure S1 of Supporting Information. All solvents were of
HPLC grade (Carlo Erba, Milan, Italy) and were used without further
purification. Zirconium(IV) propoxide (70 wt % in 1-propanol),
acetylaceton (>99%), and 1-propanol (>99.80%) were provided by
Sigma-Aldrich.

2.2. Sol−Gel Synthesis. The HSGZ matrix was prepared
according to the procedure reported elsewhere.18 A solution
containing 10 mL of zirconium(IV) propoxide (70 wt % in 1-
propanol) (22.6 mmol), 1.5 mL of acetylacetone (99+%) (14.6
mmol), and 3.0 mL of 1-propanol (99.80+%) (39.9 mmol) was
prepared and stirred at room temperature for a few minutes. A second
solution containing 3.0 mL of distilled water (166 mmol) and 5.5 mL
of 1-propanol (73.2 mmol) was added to the first one. The solution
obtained was vigorously stirred until the gelation that occurred in
about 20 min at room temperature. A homogeneous slightly yellow
colored gel was obtained. The gel was left at room temperature for 2
days and then dried at 30 °C, giving a porous amorphous xerogel
(HSGZ). Powders of granulometric distribution ranging from 63 to 90
μm were selected to perform the kinetic tests.

2.3. Thermal and Structural Characterization. To study the
reactions occurring during xerogels heating, we carried out
thermogravimetric (TG) and differential thermal (DTA) analyses,
using a TA Instruments SDT Q 600. The TG and DTA tests were
performed keeping 20−25 mg of xerogel under nitrogen atmosphere,
varying the temperature from 20 to 1000 °C. A heating rate of 10 °C
min−1 was adopted.

The amorphous nature of the dried gels as well as the nature of the
crystallizing phases were ascertained by X-ray diffraction with a Philips
X’PERT−PRO diffractometer by using monochromatized CuKα
radiation (40 mA, 40 kV) with a step width of 0.013° 2θ.

The structure of the HSGZ matrix, as well as its structural evolution
during the heating, was studied by Fourier transform infrared (FTIR)
spectroscopy.

FTIR spectra of dried and heat-treated gel samples were carried out
at room temperature by a Nicolet system, Nexus model, equipped with
a DTGS KBr (deuterated triglycine sulfate with potassium bromide
windows) detector. The absorption spectra were recorded in the
4000−400 cm−1 range with a spectral resolution of 2 cm−1 on samples
diluted in KBr. The spectrum of each sample represents an average of
64 scans, which were corrected for the spectrum of the blank KBr.

Moreover, FTIR spectrum of HSGZ after repeated batch tests in the
presence of 0.2 mmol L−1 of MCPB solution was recorded at room
temperature.

2.4. Analytical Determination of MCPA, 4-CPA, 2,4-D and
MCPB. All the herbicides were analyzed with an Agilent 1200 Series
HPLC apparatus (Wilmington U.S.), equipped with a DAD and a
ChemStation Agilent Software. A Macharey-Nagel Nucleosil 100−5
C18 column (stainless steel 250 × 4 mm) was utilized.

As regards MCPA, the mobile phase composed of a binary system
of 50:50 acetonitrile: phosphate buffer (0.1%, pH 2.5) was pumped at
1 mL min−1 flow in isocratic mode. The detector was set at 225 nm.
MCPB was analyzed using the same conditions, except of the eluent
system that consisted of a binary system of 60:40 acetonitrile:
phosphate buffer (0.1%, pH 2.5).

For 2,4-D and 4-CPA, the mobile phase composed of a binary
system of 40:60 acetonitrile: phosphate buffer (0.1%, pH 2.5) was
pumped at 1 mL min−1 flow in isocratic mode. The detector was set at
283 nm. For all herbicides chosen the injection volume was 20 μ L.

The quantitative determination was performed using a calibration
curve for each herbicide investigated. The following concentration
ranges were adopted: 0.0002−0.9 mmol L−1, 0.0001−0.2 mmol L−1,
0.0002−2.7 mmol L−1, and 0.0002−2.0 mmol L−1, for MCPA, MCPB,
4-CPA and 2,4-D, respectively.
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2.5. Removal Tests of MCPA, 4-CPA, 2,4-D, and MCPB by
HSGZ Matrix. A stock solution of each herbicide was prepared by
dissolving in 500 mL of Milli-Q ultrapure water the following
amounts: 100 mg of MCPA (final concentration 0.9 mmol L−1); 22
mg of MCPB (final concentration 0.2 mmol L−1); 250 mg of 4-CPA
(final concentration 2.7 mmol L−1) and 250 mg of 2,4-D (final
concentration 2.0 mmol L−1). The solutions obtained were
subsequently kept refrigerated.
All the experiments were carried out in batch conditions in the dark,

in a thermostatic rotary shaker at 30 °C. Blanks of each herbicide in
aqueous solution were analyzed in order to check the pesticide stability
and the possible sorption to vials. After incubation, the samples were
centrifuged at 7000 rpm for 20 min and the supernatants were
analyzed as above-reported.
Kinetic experiments were performed incubating 1 mg of HSGZ

matrix with 1 mL of each herbicide (solid/liquid ratio R = 1.0) at 0.2
mmol L−1 concentration for different incubation times (0.25, 0.5, 1.0,
2.0, 3.0, 4.0, 5.0, 6.0, 16, 24, 72 h) at 30 °C.
In order to clarify the effect of the herbicide concentration, we

carried out kinetic tests, as above-reported, adopting for each herbicide
concentration values close to solubility limits. The experiments were
conducted at R = 1.0 using solutions at 0.9, 0.2, 2.7, and 2.0 mmol L−1

of MCPA, MCPB, 4-CPA, and 2,4-D, respectively, at 30 °C.
With the purpose to investigate the effect of HSGZ matrix amount,

kinetic tests of MCPA removal were performed at 0.2 mmol L−1

concentration and at R = 1.0, 2.0 (obtained by adding 4 mg of matrix
in 2.0 mL of final volume), and 5.0 (obtained by adding 10 mg of
matrix in 2.0 mL of final volume).
Finally, the long-term applicability of the MCPB-removal system

was verified by carrying out repeated batch tests. After each batch test,
the liquid phase was removed and replaced by an equal volume of
MCPB solution at the initial concentration of 0.2 mmol L−1. To
investigate the stability of the catalyst, we recorded FTIR spectrum of
HSGZ before and after repeated batch tests at room temperature.
2.6. Kinetic Models. The removal kinetics of the four herbicides

on the HSGZ were elaborated considering three different kinetic
models: a pseudo-first-order,19 a pseudo-second-order,19 and a
physico-mathematical.18 The kinetic model to be used for the
experimental data modeling was selected on the basis of the highest
correlation coefficient r2 as described in more detail in the paragraph
S1 and Table S1 (Supporting Information).
2.7. Analysis of the Data. All the experiments were carried out in

triplicate and the relative standard deviation was lower than 4%.

3. RESULTS AND DISCUSSION

3.1. Thermal and Structural Characterization of HSGZ
Xerogel. TG/DTA curves of HSGZ xerogel having a
granulometric distribution ranging from 63 to 90 μm, recorded
in nitrogen at 10 °C min−1, are reported in Figure 1 together
with the corresponding room temperature FTIR spectra.
With respect to the TG/DTA curves of lyophilized HSGZ

xerogel18 these curves display a few differences: the overall
weight loss that appears slightly higher (35 wt %); on the TG
curve only three distinct inflection points are observed in the
range 25−400 °C (∼58 °C, ∼201 °C, and ∼332 °C)
corresponding to three DTA endothermic peaks, the former
two being overlapped; two unresolved DTA exothermic peaks
at about 455 and 515 °C occur in the temperature range in
which the crystallization of zirconia takes place and in the
corresponding TG curve an additional inflection point is seen
(∼519 °C) even if it related to a very small weight loss, less
than 2 wt %. On the contrary, any detectable difference is seen
by comparing the FTIR spectra of lyophilized18 and dried
HSGZ xerogels (Figure 1) except for the splitting (Δ) between
the asymmetric (νasyCO) and symmetric (νsymCO) stretching
of CO bonds of the carboxylate groups, that results slightly
higher Δ = 140 cm−1. Nevertheless, this Δ value lies in the 50−

150 cm−1 range attesting the existence of a bidentate
interaction between the acac and Zr4+ in the Zr-acac
complexes.20

To identify the nature of each DTA peak, different heat-
treated samples were prepared, by heating at 10 °C min−1 up to
the required temperature and then quenching. Hereafter the
samples will be noted as the acronym HSGZ followed by the
heat-treatment temperature, i.e., HSGZ-250, HSGZ-400,
HSGZ-480.
The DTA curve of HSGZ-250 (see Figure 1) still exhibits a

residual and low intensity endothermic peak at low temperature
(∼80 °C), which is related to the loss of water adsorbed during
the cooling at room temperature because of the porous nature
of HSGZ, whereas the DTA endopeak at about 330 °C as well
as the two DTA exopeaks remain unchanged. Also the
corresponding FTIR spectrum (see Figure 1) remains almost
unchanged except for the Δ value that becomes lower (Δ = 120
cm−1) even if it is still in the 50−150 cm−1 range indicating the
presence of Zr-acac complexes. Therefore, by heating up to 250
°C the evaporation of water and alcohol physically trapped in
the gels as well as the pyrolysis of organics originated during
the gelation and during the heating take place, but acac ligands
are still retained. The FTIR spectrum of HSGZ-400 (see Figure
1) does not exhibit the characteristic absorption bands related
to νasyCO and νsymCO. It shows two main absorption bands at
about 1500 cm−1 (νC−C) and 1440 cm

−1 (δCH2), that are related

Figure 1. On the left: TG/DTA curves, recorded in nitrogen at 10 °C/
min, of HSGZ as dried (HSGZ-dried) and heated up to 250 (HSGZ-
250), 400 (HSGZ-400), and 480 °C (HSGZ-480). On the right the
corresponding room-temperature FTIR spectra.
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to residual organics, allowing to state the lack of Zr-acac
complexes at this stage, and consequently, to assign the DTA
endopeak at about 330 °C, seen in the DTA curves of HSGZ
and HSGZ-250, to the loss of the acac ligands. The high
temperature of this peak indicates that acac ligands are strongly
bonded to the solid matrix giving a highly stable hybrid
material.
To identify the nature of two DTA exopeaks seen in the

DTA curve of HSGZ-400 (see Figure 1), HSGZ-400 was used
to prepare two samples by heating at 10 °C/min up to 480 °C
(just up the maximum of the first DTA exopeak, HSGZ-400/
480) and 550 °C (after the end of the second DTA exopeak,
HSGZ-400/550) and then quenched. The corresponding XRD
profiles are shown in Figure 2 where the pattern of HSGZ-400

is also reported. The latter XRD pattern shows that HSGZ
keeps its amorphous nature up to 400 °C. The formation of
ZrO2 nanocrystals of the tetragonal polymorph,T-ZrO2,
(JCPDS card 50−1089) starts to occur at the first DTA
exopeak. The distinction between tetragonal and cubic phase is
not an easy task on account of the overlapping reflections;
nevertheless, we are confident of the above-reported assign-
ment given the lack of (040) reflection at 2θ = 73.98°
characteristic of the cubic polymorphous and the presence of
the peak at 2θ = 74.58° detectable for the tetragonal
polymorph.21

The shape and the position of DTA crystallization peak differ
from the ones previously reported for a zirconia gel-derived
material prepared using a different Zr/acetylacetone molar
ratio21 so confirming that, when the crystallization starts from
an amorphous sol−gel matrix, both the temperature and the
rate of crystallization are strongly influenced by solution
chemistry. On the other hand, differences were also found with
respect to the lyophilized HSGZ xerogel20 indicating that the
surface specific area of the sample also influences the
crystallization. It should be underlined that what said refers
to nonisothermal crystallization, that is occurring during a DTA
run at 10 °C min−1.
Comparing the XRD profiles of HSGZ-400/480 and HGSZ-

400/550 no differences are seen, in both samples only T-ZrO2

nanocrystals are formed (see Figure 2). On the contrary, the
shape of the amorphous halo changes in the 20−30° 2θ range,
exhibiting a great increase for the HSGZ-400/550 in the
corresponding of the highest monocline peak. This result with
TG/DTA curves of HSGZ-480 (see Figure 1) showing a single
DTA exopeak and a corresponding inflection point (∼519 °C)
on TG curve allow to relate this thermal effect mainly to a
modification of the HSGZ amorphous matrix that is partially
overlapped to T-ZrO2 crystallization.
During the nonisothermal devitrification, the growth of a

crystalline phase, different from the thermodynamically stable
one, has been often observed; namely, it can be said that during
a DTA run, the phase that grows faster will be obtained,
regardless of the thermodynamic stability and chemical
composition.22 The initial formation of the metastable
tetragonal phase occurring from the nonisothermal crystal-
lization of zirconia dried gel can be explained on the basis of its
structural similarity with the sol−gel matrix.21 Its formation is
driven and controlled by kinetic aspects. When the
crystallization starts from a preheated sample, such as HSGZ-
400, the transformation involves mainly the residual amorphous
phase and the thermodynamic aspects begin to prevail,
facilitating the transformation toward the stable monoclinic
phase.

3.2. Modeling of Removal Kinetics. The kinetics of
removal of the four herbicides in the presence of HSGZ is
shown in Figure 3. For the sake of comparison, the initial
concentration (C0) of all the four herbicides has been set at 0.2
mmol L−1, and the solid/liquid ratio (R) is 1.0.

The experimental data demonstrate that an almost complete
removal of the herbicides can be achieved in about 3 days. As
the concentration−time profiles could not be satisfactorily
described by a pseudo-first-order kinetic model19 or a pseudo-
second-order kinetic model,19 (both models showed a low
correlation coefficient r2), an alternative physico-mathematical
model, previously developed for MCPA removal18 was used to
elaborate the data. Briefly, the model is based on the hypothesis
that reversible, first-order adsorption on HSGZ surface is the
first stage of the herbicide removal as usually occurs in
heterogeneous catalysis. The subsequent reaction of herbicides,

Figure 2. XRD patterns: dried gel heated up to 400 °C and then
quenched (HSGZ-400); this sample heated up to 480 °C (HSGZ-
400/480) and up to 550 °C (HSGZ-400/550).

Figure 3. Kinetics of herbicide removal at 30 °C, in the presence of
HSGZ matrix. Herbicides: MCPA (□), MCPB (■), 4-CPA (●), 2,4-D
(○).C0 = 0.2 mmol L−1, R = 1. The interpolation curves have been
obtained using mathematical model 2. The estimated parameters are
reported in the box.
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catalytically driven by HSGZ surface groups, yields degradation
products, according to the scheme

→
−

X YooC C P
k

k k
sol ads

1

1 2

(1)

where Cads is the concentration of adsorbed herbicide, P
indicates the degradation products, k1 and k−1 are the direct and
inverse first-order kinetic constants of the herbicide sorption,
and k2 is the first-order kinetic constants of the herbicide
degradation.
The mass balances applied to the chemical species involved

in model 1 yield concentration−time profiles describing the
herbicide removal by double-exponential curves18

= +λ λ− −C t Ae Be( ) t t
sol

1 2 (2)

where Csol is the herbicide concentration in the liquid phase
(mmol L−1), and t the time (h).
Mathematical model 2, previously tested only for MCPA

removal, could satisfactorily be used to interpolate the
experimental data. The interpolating curves are dashed in
Figure 3, together with the estimated values of the model
parameters.
In order to elaborate the experimental data, model 2 was

used to evaluate the initial slope of the concentration profiles,
i.e., the initial removal rate of herbicide (also reported in Figure
3)

λ λ= = − −
=

sl
C t

t
A B

d ( )
d t

o
sol

0
1 2

(3)

We also observed that when the hypothesis λ1 ≫ λ2 can be
made (as for the curves in Figure 3), the first exponential term
in expression 2 decays much faster than the second exponential
term. Consequently, the final part of each concentration
profiles in Figure 3 can be described by the second exponential
term. Physically, the decay of the first exponential term
corresponds to the achievement of a pseudostationary
condition in the first stage of mechanism 1, i.e., the sorption
on HSGZ. Once this condition is achieved, further changes in
the concentration profiles of herbicides are much slower, as
they reflect the kinetics of herbicide degradation (second stage
in mechanism 1), that is described by the second exponential
term in the expression 2. Therefore, when λ1 ≫ λ2, it is possible
to assume the parameter λ2 to coincide with the first-order
kinetic constant of the herbicide degradation (k2). On the other
hand, the pre-exponential term B can be seen as a measurement
of the herbicide amount that remains in liquid phase once the
pseudostationary condition is reached.
Under the experimental conditions adopted to obtain the

curves in Figure 3, the initial removal rate of 4-CPA (also
reported in Figure 3) was significantly faster as compared to
those observed when testing the other herbicides. This was
because of the higher sorption rate, as the degradation rate for
4-CPA was not faster than those pertaining to other herbicides.
The values of B were close to zero when using MCPB and 4-

CPA, indicating that most of herbicide was removed before the
pseudostationary condition was reached. In the tests with 2,4-D
and with MCPA, higher values of B were obtained. This
indicates that the HSGZ was not able to fully adsorb the
herbicide, and the total solute removal was obtained slowly, as
the progressive degradation of the adsorbed herbicide shifted
the sorption equilibrium. However, the fastest degradation rate
was observed in the presence of MCPA.

To clarify the effect of the herbicide concentration, we
carried out removal tests adopting for each herbicide C0 values
close to solubility limits, as shown in Figure 4.

When working at higher herbicide concentrations, higher
values of B were obtained for all the herbicides tested, due to
the reduction of herbicide fraction removed during the initial
sorption. In particular, when using MCPA and 2,4-D, about
50% of herbicide was still in solution once the pseudostationary
condition was achieved. In all cases, the rate of degradation was
slower as the initial C0 concentration increased.
The effect of the HSGZ concentration (R) is shown in

Figure 5, with reference to the MCPA degradation.
The experimental data demonstrate that, as R increases, the

initial rate of the MCPA removal is faster. Increasing the
concentration of catalyst (R), a lower amount of residual
herbicide still dissolved in solution is found once the
pseudostationary condition is achieved, as shown by the
decrease of the parameter B.
Similar trends were observed when changing the catalyst

concentration in the presence of other herbicides. The results
obtained with 2,4-D and 4-CPA are summarized in Table 1.
Again, increases in the zirconia concentration (R) produced

higher values of the initial rate of the MCPA removal, as well as
lower values of the parameter B.
When adopting MCPA concentration not above 0.2 mmol

L−1, a complete herbicide removal was obtained in a treatment
time of 24−72 h. On the basis of these results, it can be
observed that the kinetics of herbicide removal by sorption/
degradation mechanism using HSGZ is comparable to that
obtained by photodegradation,23−25 and in any case they were
much faster in comparison to ones achieved by bioaugmenta-
tion.26,27

In the last few decades advanced oxidation processes (AOPs)
have been widely used for organic pollutants degradation.
Particularly, AOPs combining oxidants (e.g., ozone and H2O2),
UV radiation and catalysts (e.g., TiO2 and V2O5) have received
most of the attention.28 For example, Gurol and Vatistas29

Figure 4. Kinetics of herbicide removal at 30 °C, in the presence of
HSGZ matrix. Herbicides: MCPA (□), MCPB (■), 4-CPA (●), 2,4-D
(○). Values of C0 (mmol L−1) adopted for each herbicide: 0.9
(MCPA), 0.2 (MCPB), 2.7 (4-CPA), 2.0 (2,4-D). R = 1. The
interpolation curves have been obtained using mathematical model 2.
The estimated parameters are reported in the box.
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treated a mixture of phenol, p-cresol, 2,3-xylenol, and catechol
with ozone, UV light, and a combination of them (photolytic
ozonation). They observed that more than 95% of the total
organic carbon was removed in the combined treatment (ozone
and UV light). Li et al.,30 demonstrated that phenol was rapidly
oxidized by a Ti/SnO2−Sb anode, and its concentration
drastically decreased (total removal) after electrolysis carried
out for 5 h. Ugurlu and Karaoglu31 showed that more than 90%
phenol was degraded within 24h by using UV/H2O2/TiO2/
Sepiolite. Other authors32 demonstrated the 4-CPA degrada-
tion by advanced electrochemical oxidation processes such as
electro-Fenton and photoelectron-Fenton with UV-light, using
an undivided cell containing a Pt anode. In these conditions,
the main oxidant was hydroxyl radical produced from Fenton’s
reaction between Fe2+ added to the medium and H2O2

electrogenerated from an O2-diffusion cathode. Solutions of
4-CPA at <400 ppm concentration were completely mineral-
ized at low current by photoelectron-Fenton, whereas electro-
Fenton caused approximately 80% of mineralization.
3.3. Long-Term Application of HSGZ Matrix. To

evaluate the suitability of the HSGZ matrix for commercial
application, we tested the long-term performance of the catalyst
by carrying out repeated batch cycles of MCPB removal. Each

batch sorption cycle was carried out for 1 h at 30 °C and R =
10, restoring the initial concentration of MCPB (0.2 mmol L−1)
after each test. In Figure 6, no significant change is seen in the
FTIR spectrum of HSGZ after 6 batches indicating the stability
of the catalyst. Moreover only a moderate decrease of the
fractional MCPB removal from the first test (85%) to the
second (80%) is revealed by the data in the inset. Nevertheless,
the removal efficiency remains virtually constant in the
following 5 tests. On the basis of these results, it can be
envisaged that a long-term use of the HSGZ matrix is possible.

3.4. COST ANALYSIS

A cost analysis was carried out for the removal of MCPA by
HSGZ in a batch reactor (see the Supporting Information for
details). A volume of 1 × 105 L/day of the herbicide solution at
the initial concentration C0= 10−3 g L−1 was assumed as basis
for the estimated costs. The plant specifications are reported in
Table 2a. The target of the process was to obtain a 95%
reduction of the herbicide concentration (i.e., to obtain a final
herbicide concentration Cfin= 5 × 10−2 g L−1).
To carry out the analysis, the capital investments, the direct

annual costs and the indirect annual costs were assessed. The
complete procedure is detailed in the Supporting Information.

Figure 5. Kinetics of MCPA removal at 30 °C, in the presence of HSGZ matrix. C0 = 0.2 mmol L−1. Values of R: 1.0 (□), 2.0 (◊), 5.0 (○). The
interpolation curves have been obtained using mathematical model 2. The estimated parameters are reported in the box.

Table 1. Values of Parameters of the Physico-Mathematical Model Obtained from the Removal Test of 2,4-Da and 4-CPAa at
30 °C, in the Presence of HSGZ Matrix

2,4-D 4-CPA

R = 1.0 R = 2.0 R = 5.0 R = 1.0 R = 2.0 R = 5.0

A 94.6 109 116 99.9 114 117
λ1 (h

−1) 0.250 0.271 0.282 0.821 0.625 0.640
B 5.40 3.65 2.98 0.110 0.082 0.071
λ2 (h

−1) 6.76 × 10−3 2.48 × 10−3 1.05 × 10−3 1.80 × 10−2 1.11 × 10−2 7.84 × 10−3

sl0 (h
−1) −23.7 −98.0 −201 −81.9 −340 −844

aC0 = 0.2 mmol L−1.
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The operating costs of a plant for MCPA removal by HSGZ are
reported in Table 2b. The results show that total annual costs
are dominated by the direct annual costs, that are mainly made
of the cost of the HSGZ preparation, with a significant
contribution of the labor and electricity costs.
The specific cost for unit volume of herbicide solution ($4.17

m−3) is comparable with the value estimated for the TiO2-based
catalytic photooxidation.33 Nevertheless, this cost can be
significantly reduced (at least 1 order of magnitude) and
made economically competitive with the current treatment
methods, for different reasons:

• The formulation of the HSGZ, as well as the operating
conditions, can be further on optimized to improve the
herbicide-removal kinetics and the lifetime of the
material.

• As the spent HSGZ partially keeps its catalytic activity
after the operating cycle, its long-term storage is likely to
lead to the complete degradation of the residual
herbicide in the internal pores. In this case, no disposal
of the material is required and the disposal costs are close
to zero.

In addition, it should be taken into account that the
experimental conditions adopted in this work, and consequen-
tially the conditions considered for the cost analysis, refer to
relatively high values of herbicide concentration. If the
treatment is to be carried out for the purification of drinkable
water, the amounts of herbicide to remove will be much lower,
and will require lower amounts of HSGZ material. This will
significantly affect the total annual costs, as the latter have been
shown to be mainly made of the cost of HSGZ, though
perspectives for a process improvement and the eventual
reduction of the costs can be envisaged.

4. CONCLUSION
The oxidative degradation of different chlorinated phenox-
yalkanoic acid herbicides, MCPA, 2,4-D, 4-CPA, and MCPB by
ZrO2-acetylacetonate hybrid catalyst (HSGZ) without light
irradiation was assessed with special reference to evaluation of
their degradation kinetics. A virtually complete removal in
about 3 days at room temperature was achieved for the four
herbicides. This result is comparable to those usually obtained
by photo-oxidation.24,31 The cost for unit volume of herbicide
solution was comparable with the value estimated for the
photo-oxidation treatments, as well.
The systematic characterization of HSGZ investigated by

thermogravimetry, differential thermal analysis, and Fourier
transform infrared spectroscopy indicated that it is a highly
stable hybrid material. Finally, a long-term application of the
HSGZ catalyst tested by repeated-batch tests was achieved.
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