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Abstract: Landfill leachates are a mixture of high concentration organic and inorganic contaminants
and need to be appropriately treated due to their toxicity and severe adverse effects on the envi-
ronment. Here, we studied the treatment of landfill leachate through a heterogeneous Fenton-like
oxidation process using a zirconia supported copper catalyst (Cu/ZrO2). Reaction conditions such as
pH, amount of catalyst, oxidant dose, temperature, and reaction time were investigated and their
effects on pollutant abatement discussed. AOS (average oxidation state) and COS (carbon oxidation
state) parameters were used for the evaluation of the degree of oxidation of the process, obtaining
some insight into the formation of oxidized intermediates (partial oxidation) and the total oxidation
(mineralization) of the leachate during the reaction. A two-step oxidation process enhanced the
overall performance of the reaction with an abatement of organic compounds of 92% confirming
the promising activity of a copper-based catalyst for the treatment of liquid waste. Higher catalytic
activity was achieved when the following reaction conditions were applied: 70 ◦C, pH 5, 200 mg/L of
catalyst, 30 mL/L of H2O2 dose, and 150 min. In addition, durability of the catalyst under optimized
reaction conditions was verified by repeated reaction cycles.

Keywords: landfill; wastewater; AOP; catalytic treatment; Fenton-like; oxidation

1. Introduction

Landfill is the most widely adopted method for the disposal of solid wastes [1]. Over
time, the solids in the landfills undergo physicochemical and biological processes and,
when rainwater runs through these sites, landfill leachate, a heavily polluted wastew-
ater is produced [2,3]. Leachate has become a serious environmental concern because
it contaminates both soil and groundwater [4]. The concentration and composition of
this liquid waste typically depend on the site and the age of the landfill [5]. Leachate
can be classified into three types, based on chemical oxygen demand (COD) values:
young (COD > 10,000 mg/L), intermediate (COD in the range 4000–10,000 mg/L), and old
(COD < 4000 mg/L) [3,6]. Conventional biological treatment processes can be applied only
for young leachate [7], while, usually, they are unable to treat intermediate and old leachate
due to the heavy organic loading and the presence of very stable and high molecular weight
organics [8]. Therefore, treatment of leachate requires intensive physical and chemical
processes to comply with the stringent environmental regulations [3,9].

Advanced oxidation processes (AOPs) are among the most effective methods applied
for the treatment of leachate [2,10–13]. These processes typically rely on the generation of
highly reactive hydroxyl radicals (OH), which in turn attack the organics, resulting in being
extremely effective for their abatement [14]. There are various types of AOPs that can be
successfully applied for the liquid waste treatment, such as Fenton, Fenton-like, ozonation,
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as well as electrochemical and photochemical technologies [15–23]; however, their effec-
tiveness depends upon their ability to generate oxidizing species. The conventional Fenton
process is the most widely used AOP because of its simplicity and economic feasibility, but
there are several drawbacks associated with this process. For instance, it is ineffective when
it is required to decompose complex organics; furthermore, high activity of the process
is only achievable when strict acidic conditions are applied [24]. Moreover, it generates
large volumes of residual sludge which need to be disposed of, creating an additional
environmental and economic concern [25,26]. Similarly, other AOPs employing physical
fields are neither economically feasible due to high energy input nor have the potential to
be scaled up on industrial levels [27]. The heterogeneous Fenton method (Fenton-like) is
a promising technology for the treatment of organics in wastewater because it produces
less solid sludge and the catalyst can be recycled with these features making this process
feasible in terms of scalability and economics [27].

However, there is a growing need for the development of new catalysts with extended
recyclability, improved activity, and selectivity which can ultimately be employed in Fenton-
like treatment. The organic abatement efficiency of a Fenton-like process can substantially
be enhanced by replacing Fe with other transition metals as a catalytic source [28–33]. One
good replacement is copper impregnated over appropriate supports. There are several
advantages of employing copper such as high catalytic activity, non-toxicity, abundant avail-
ability, and lower price compared with other reactive transition metals [28,34]. Moreover,
copper can also be employed in an integrated process, i.e., the photo-Fenton process [34].
Furthermore, the mechanism of •OH generation from Cu+ and Cu2+ Equations (1) and (2)
is like the conventional Fenton process [28,35]:

Cu2+ + H2O2 → Cu+ + HO2·+ OH− (1)

Cu+ + H2O2 → Cu2+ + HO·+ HO− (2)

Additionally, unlike iron, copper does not form stable complexes with intermediate
products and consequently it is possible to boost the complete mineralization of the pollu-
tants into water and CO2 [36,37]. The pH is a key reaction parameter and working in almost
neutral conditions allows greater sustainability of the process. Recently, different AOPs,
persulfate oxidation [38], homogeneous Fenton [39], and electrocatalytic oxidation [40],
have been used for the degradation of landfill leachate resulting effectively in the removal
of organics, but only under strongly acidic conditions (pH < 3) and consequently with
various drawbacks for industrial application. To overcome this issue, in the present study, a
copper-based heterogeneous Fenton catalyst was investigated due to its ability in affording
high catalytic activities, particularly near-neutral pH conditions [36,41]. It is worth men-
tioning that although supports do not directly participate in catalytic activity, the selection
of the appropriate materials not only enhances the activity but also increases the stability
of the catalyst, preventing leaching of the active phase that causes a reduction in catalytic
performance [42]. Therefore, appropriate supports are desirable which offer strong bonding
with the active phase, inhibit the loss of the metal, and prevent the transformation of a
heterogeneous reaction into a homogeneous one [28]. Recently, various supports have
been investigated to enhance the stability and activity of copper-based catalysts such as
alumina [43], calcium phosphate [44], zeolites [45], activated carbon [46], birnessite [11],
montmorillonite [47], mesoporous SBA-15 [48], graphene [49], perlite [50], etc.

In this study, we employed copper supported over zirconia as a heterogeneous catalyst
for the treatment of landfill leachate because it showed promising catalytic results in Fenton-
like oxidation while working with model aqueous solutions of ibuprofen [41,51]. The
activity of a catalyst is investigated in terms of total dissolved organic carbon (TDOC) and
chemical oxygen demand (COD) because these parameters are widely studied by industry
and academia [52]. TDOC results indicate the amount of organics in the raw leachate
that is mineralized during the treatment, while COD gives important information about
the degradation of the compounds into more oxidized molecules. Moreover, the COD–
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TOC relationship, before and after treatment, provides some insight into the formation of
organic intermediates during the oxidation reaction. The efficacy of chemical oxidation
of the Fenton-like process and the state of oxidation can be interpreted by means of a
combination of TOC, COD, and their relationship. When organics are treated by the Fenton
reaction, partial or ultimate degradation can be achieved. In partial degradation, parent
compounds are degraded into more oxidized intermediates with the improvement of
biodegradability and the reduction of toxicity. When ultimate degradation occurs, organics
are completely oxidized into carbon dioxide, water, and other inorganics. The various
degradation stages are followed using COD (degree of oxidation), while TOC provides an
insight regarding the total mineralization. If mineralization is achieved during the Fenton
reaction, the TOC decreases but if only partial oxidation occurs it remains constant with
a decrease of the COD [52]. In addition, AOS (average oxidation state) and COS (carbon
oxidation state) parameters have been evaluated for a better understanding of the degree
of oxidation of a process [53–55].

AOS gives an insight into the variation of the composition of organic matter in the
sample, indeed it increases during the process as more oxidized intermediates are being
formed in the reaction. COS, instead, gives information about the degree of oxidation
of organic matter: low COS values indicate the presence of rather the reduced organic
compounds, while higher values are related to strong mineralization and the generation of
highly oxidized intermediates. Summarizing, AOS is associated with partial oxidation and
formation of oxidized intermediates, while COS is related to total oxidation (mineralization)
of the leachate.

To optimize the efficacy of the Fenton-like process, several operating parameters such
as pH, amount of catalyst, oxidant dose, temperature, and reaction time were studied
and their corresponding effects on pollutant abatement are discussed. Moreover, the
catalytic activity was also investigated after subsequent/multiple recycles of the catalyst.
Furthermore, a two-step oxidation process was also carried out to enhance the overall
process efficiency so that the finally treated leachate is conveniently integrated with the
existing biological treatment facilities. The aim of the present study was the optimization
of process parameters on a laboratory scale to obtain conditions of maximum activity
coupled with milder reaction conditions. This study applied a simple but efficient catalyst
to effectively remove refractory organics from landfill leachate. Our results demonstrate
enhanced mineralization with Cu/Zr catalyst providing an efficient strategy that can
enhance the removal efficiency of refractory organics in practical application. The good
activity and stability of the Cu/ZrO2 confirms its high attractiveness for the treatment of
liquid waste, suggesting that this process can also be evaluated for the treatment of other
heavily polluted wastewater streams.

2. Results and Discussion

All the analytical and catalytic tests were carried out after the removal of the suspended
solids from landfill leachate by centrifugation. Suspended solids were removed to focus
on dissolved organics that represent the more recalcitrant compounds in landfill leachate.
Moreover, suspended solids could interfere with the catalyst, masking its efficiency by
blocking its active sites. The characteristics of leachate selected to test oxidative Fenton-like
process are presented in Table 1.

Raw landfill leachate can be classified as intermediate-age leachate with 8700 mg/Lof COD
and a pH of 8.5. The pH of young leachate is less than 6.5 while it progressively increases
with the aging of the leachate [9]. The concentration of heavy metal ions is quite low, which
is in agreement with landfill leachate in the intermediate phase; indeed, increasing the pH
reduces the solubility of many metal ions.

Copper was homogeneously dispersed over the surface of zirconia (monoclinic and
tetragonal). The surface area of the material was 55 m2/g. Characterization of the redox
properties of the catalyst indicated high reducibility of the materials at low temperature
(three reduction peaks at 110, 140, and 190 ◦C) and the presence of different types of Cu-
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phase over zirconia, indicating highly dispersed copper oxide and CuO interacting with the
support. The high activity of ZrCu was correlated to its reduction properties. Indeed, the
high reducibility at low temperature was correlated to an enhanced ibuprofen degradation
under mild conditions. [41].

Table 1. Characteristics of landfill leachate.

Parameters Value

pH 8.5
Chlorine 80 mg/L

Hardness (CaCO3) 360 mg/L
COD 8700 mg/L
TOC 970 mg/L
AOX 13 mg/L

Total Nitrogen (TN) 1.94 g/L
Color Dark brown

Al 5 mg/L
Ca 38.2 mg/L
Cr 0.7 mg/L
Fe 2.7 mg/L
Mn 0.1 mg/L
Mg 55.8 mg/L
Ni 0.4 mg/L
Zn 0.3 mg/L

The heterogeneous Fenton process was investigated on CuZr catalyst by performing
reactions at 70 ◦C for 150 min. The catalytic activity was followed by TDOC abatement. It
is of fundamental importance to evaluate the adsorption capacity of the material because
the aim of the process is the degradation of the organics in landfill leachate and not only
their removal by mere adsorption; moreover, the adsorption of organics over the surface
could deactivate the catalyst, by poisoning it or by blocking its active sites. Preliminary
blank tests were carried out. Landfill leachate mineralization was negligible (7% of TDOC
abatement) over CuZr catalyst in the absence of H2O2 at 70 ◦C and therefore it is possible to
exclude any important adsorption phenomena of the organics over the catalyst surface and
any oxidation activity of the catalyst under these reaction conditions. A similar outcome
was found with the use of H2O2 in the absence of catalyst at 70 ◦C, with negligible values
of mineralization (10% of TDOC abatement).

2.1. Effect of Reaction Variables

Optimization of reaction variables is extremely important to improve the process effi-
ciency, increase the mineralization, and decrease the formation of intermediate compounds,
thus controlling the economics of the process. Temperature is of fundamental importance
for the economics of the reaction, indeed a good compromise between low temperature and
high activity is required for the sustainability of the process. Another critical parameter is
the pH because it governs the activity and depends upon the catalyst and the pollutants.
The optimum value is a circumneutral pH. The catalyst and oxidant doses should be the
minimum amount required to sustain high activity to make the process economically feasi-
ble. In this study we analyzed in detail all these variables and their corresponding effects
on pollutant abatement, TDOC, COD, and degree of mineralization/partial oxidation.

The pH of the aqueous medium is the most critical parameter which governs the
efficacy of the Fenton-like process. An optimum pH is always required which facilitates
the catalyst to generate maximum •OH radicals from the oxidant. Therefore, it is essential
to experimentally determine the optimum pH for the enhanced performance of the catalyst.
To illustrate the activity of the catalyst at different pH values, TDOC and COD results
are presented in Figure 1A. When leachate is processed at pH 3, after 150 min, the TDOC
removal is only around 25%. This indicates that the employed pH is too acidic for the
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catalyst to produce the maximum amount of •OH from the oxidant. Instead of forming
beneficial oxidizing species, the oxidant may have formed oxonium ions and, consequently,
a lower organic mitigation was afforded [5]. When the heterogeneous Fenton reactions
were carried out at pH 8, the TDOC removal was markedly decreased to 17% and this is
because H2O2 decomposes into water and oxygen at higher pH [56,57] and consequently, a
lower mineralization activity of the organics in the leachate is obtained.
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Figure 1. (A) Effect of pH on TDOC and COD removal efficiencies; (B) TDOC and COD removal
efficiencies from pH 3 to 8 (reaction condition: 70 ◦C, 200 mg/L of catalyst, H2O2 30 mL/L and
reaction time 150 min).

When landfill leachate is treated at pH 5 the highest TDOC reduction was achieved
(66%) in the first 30 min. Choina et al. [58] suggests that the maximum activity of a catalyst
in Fenton-like oxidation is achieved when the process is carried out at pH values close to
its point of zero charge (PZC). The experimentally determined PZC of CuO is 6 (Guedes
et al. 2009) and that of ZrO2 is 5.5 (Zeng et al. 2008); the PZC of CuZr should therefore be
in the range 5–6 and this would explain the higher activity obtained at pH 5.

The evaluation of TDOC removal efficiency of the organics, after 150 min of reaction,
over a wider range of pH revealed a volcano-plot tendency, while COD abatement showed
a slight decrease for pHs higher than 6 (Figure 1B) suggesting that mineralization is strictly
dependent while partial oxidation (COD) is less affected by pH. The best abatement was
obtained at pH 5, while moving towards greater acidity or basicity, a progressive decrease
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in catalytic activity was observed. While TDOC showed higher removal at pH 5, COD
abatement was almost independent of the pH, achieving around 65% of abatement for all
pH conditions, after 30 min of reaction.

This phenomenon suggests that complete oxidation of organics occurs at pH 5 while
at pH 3 and 8 both partial and complete oxidations take place at the same time. Indeed,
after 150 min of reaction at pH 5, the COD abatement was around 70% with 65% of TDOC
removal, with a COD/TOC ratio (ratio between the percentage abatement of COD and
TOC) near to 1 indicating that strong mineralization occurred. Consequently, pH 5 is the
best condition to mineralize the organics in leachate, while lower or higher pH mainly
induces degradation with the formation of more oxidized intermediates. However, in all
the conditions a better biodegradability of the landfill leachate could be obtained by the
Fenton-like process over CuZr. The carbon oxidation state (COS) (Figure 2A) calculated by
means of Equation (10) increases from −9.5 for raw leachate to 0 after Fenton oxidation at
pH 3 and 5 and to −1.5 for reaction at pH 8, indicating strong oxidation of organic matter
for all pH conditions, although oxidation is more pronounced at pH 3 and 5.
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Figure 2. AOS and COS values calculate by Equations (9) and (10). (A) effect of pH; (B) effect of
reaction temperature; (C) effect of catalyst dose; (D) effect of catalyst recycle.

The average oxidation state (AOS), calculated by means of Equation (9) at the begin-
ning of the reaction was −9.5. After reaction at pH 3 and 8, increases to −1.4 and −2.6,
respectively confirmed the degradation into more oxidized intermediates, while at pH 5 the
value was −7.5. A high increase of COS and a low value of AOS, indicates that the sample
undergoes strong oxidation, but with low formation of oxidized intermediates during the
reactions, suggesting that the complete oxidation of the organics into CO2 (mineralization)
is prevalent.
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A sufficient amount of thermal energy is required to cross the energy barrier for the
transformation of pollutants into the desired products, i.e., H2O and CO2 [59]. An increase
in the reaction temperature significantly enhanced the leachate abatement in terms of
TDOC (Figure 3). At 60 ◦C only 27% of the TDOC removal efficiency was observed, clearly
suggesting that the employed temperature was not sufficient to enable the reactants to cross
the activation energy barrier and thus the TDOC abatement was modest [59]. When the
reaction temperature was increased from 60 to 70 ◦C, the catalytic activity was boosted with
a 65% reduction of TDOC after 30 min of reaction, while a further increase in temperature
from 70 to 80 ◦C did not enhance the process efficacy [60–62].

Figure 3. Effect of reaction temperature on TDOC and COD removal efficiencies (reaction condition:
pH 5, 200 mg/L of catalyst, H2O2 30 mL/L and reaction time 150 min).

Higher temperatures yield higher rates of •OH radical generation but the rate of
wasteful utilization of these radicals (side reactions) also increases which negatively affects
the productivity of the process [63]. The COD abatements at 70 and 80 ◦C, after 30 min,
were 65 and 71% respectively and there was only a slight increase in COD with extended
reaction times. On the contrary, at 60 ◦C there was no observable COD abatement until
60 min suggesting that the temperature significantly affects the reaction rate and at low
temperature, a longer induction time is needed to start the reaction. COS values (Figure 2B)
indicate that, for all the investigated temperatures, significant oxidation of organics was
obtained; COS increases from −9.5 to 0 at 60 and 70 ◦C and +0.5 at 80 ◦C. The analysis
of AOS indicates that at 60 ◦C the formation of highly oxidized intermediates is more
pronounced (higher value of AOS, −1.6), while at 70 ◦C the mineralization prevails (lower
AOS, −7.5). At 80 ◦C an intermediate value of AOS was found (−4.7) indicating a balance
between partial and total oxidation.

An optimized catalyst dose not only maximize the treatment efficiency but is also
critically important to control the economics of the Fenton-like process [64]. The effect
of variable catalyst doses on TDOC removal efficiencies evidenced that 200 mg/L is the
optimum concentration (Figure 4).

These results suggest that neither a lower nor a higher catalyst dose favors the Fenton-
like oxidation process for the organic mineralization [7]. A too small catalyst amount does
not possess a sufficiently high number of active sites to generate enough •OH radicals
from the oxidant and thus cannot yield reasonable treatment efficacy. On the other hand, a
catalyst concentration higher than the optimal may cause a scavenging effect, i.e., the free
hydroxyl radicals are consumed by the catalyst itself and thus causing a decrease in the
organic abatement [5,65–67]. COD abatements after 150 min were almost independent of
the amount of the catalyst used for the reaction. When 100 mg/L of catalyst was used, the
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reduction of COD started with a long delay compared to the other concentrations, indeed,
50% of COD abatement was reached only after 90 min of reaction, while with 200 and
300 mg/L such removals were already observed after 30 min. However, after 90 min the
removal effect was similar for all the catalyst doses used, suggesting that the amount of
catalyst has a key role on the reaction rate but not on the overall activity. The comparison
between AOS and COS (Figure 2C) indicates that for 200 mg/L of catalyst a maximum
degree of mineralization is obtained (AOS −7.5), while for 100 and 300 mg/L a certain
degree of partial oxidation occurs (AOS −3.3 and −2.7, respectively).

Figure 4. Effect of catalyst dose on TDOC and COD removal efficiencies (reaction condition: 70 ◦C,
pH 5, H2O2 30 mL/L and reaction time 150 min).

The oxidant dose must be carefully optimized because, on the one hand, if the amount
is too low, the reaction cannot proceed, on the other hand, if the quantity is too high, the
process costs increase without any benefit of the treatment [66,68].

The effect of oxidant dose on the process efficiency in terms of TDOC abatement is
depicted in Figure 5. When the heterogeneous Fenton process was carried out using the
optimal dose of oxidant, i.e., 30 mL/L, the TDOC removal efficiency was 65% in the first
30 min and additional reaction times did not significantly increase the process efficiency.
However, when the oxidant doses were increased to 40 and 50 mL/L, the observed TDOC
abatements remained almost the same. These results suggest that the excess amounts of
H2O2 scavenged part of the extra generated •OH radicals and, consequently, no additional
organic abatement could be achieved [69,70]. Due to the interference of hydrogen peroxide
on the COD test, COD analysis for a high H2O2 dose was not performed.

Each reaction variable has an important effect on the catalytic activity of Cu/ZrO2
catalyst. The evaluation of the optimal reaction conditions considers not only the TDOC
and COD abatement but also the degree of mineralization/partial oxidation. A strong
mineralization of organic compounds occurs at pH 5, while lower or higher pH values
induce a greater formation of oxidized intermediates. A temperature of 70 ◦C is the best
compromise between high mineralization and energy saving, indeed, for a lower temper-
ature very low TDOC abatement was achieved (around 27%) with important formation
of oxidized intermediates, while a higher temperature did not remarkably improve the
activity in terms of TDOC and COD abatement and did not significantly affect the degree
of mineralization/partial oxidation. When using 200 mg/L of catalyst, a maximum degree
of mineralization was obtained while, for larger or smaller amounts, partial oxidation and
formation of oxidized intermediates prevailed, a condition that is to be avoided. TDOC
abatement was not significantly affected by oxidant dose and for this reason the lowest
amount was chosen as the optimal reaction condition. Summarizing Cu/ZrO2 exhibits
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higher activity when the following reaction conditions are applied: 70 ◦C, pH 5, 200 mg/L
of catalyst, and 30 mL/L of H2O2.

Figure 5. Dependence of process efficiency on oxidant dose (reaction condition: 70 ◦C, pH 5, catalyst
dose 200 mg/L and reaction time 150 min).

A comparison with very recent literature results is quite difficult due to the different
reaction conditions used and to the variability in landfill leachate characteristics such as the
organic loading and the kind of compounds. If we compare the TOC and COD abatement
for different Fenton processes, Cu/ZrO2 catalyst proves to be a promising material, as
shown in Table 2, with a TOC abatement of 65% and a COD removal of 70%, when the
reaction is carried out at pH 5.

Table 2. Comparison with literature results.

Method pH TOC Abatement (%) COD Abatement (%) Ref

electro–Fenton 3 / 67 [71]
photo-Fenton 3 69 / [72]
photo-Fenton 3 / 61 [73]

photo-electro Fenton 3 / 97 [74]
magnetic Fenton / 75 / [75]

homogeneous Fenton 3 74 98 [76]
homogeneous Fenton 2 / 87 [77]
homogeneous Fenton 3 / 61 [78]
heterogeneous Fenton 3 68 85 [79]
heterogeneous Fenton 5 65 70 This work
heterogeneous Fenton 3 56 / [80]
heterogeneous Fenton 3 / 75 [81]

Heterogeneous [79–81], homogeneous [76–78] electro [71] or photo-Fenton [72–74]
processes can be achieved, at pH 3, a TOC abatement in the range 56–75% and a COD
removal of 61–98%. pH is a critical parameter, and it is important to assess Fenton’s
suitability for recalcitrant contaminants at circumneutral pH. Our catalyst shows TOC and
COD abatements similar or slightly lower than other Fenton catalytic processes, but at near
neutral pH, which is a significant improvement and a step forward in the development of
this technology and in its application.
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2.2. Two-Step Fenton-like Oxidation

Landfill leachate is a heavily polluted liquid waste, and it is possible that a single step
treatment is not suitable to be integrated with the existing wastewater treatment facilities. A
two-step oxidation is also necessary to monitor the extent of catalytic abatement of organics,
i.e., whether the catalyst is able to further abate the organics or the maximum threshold of
Fenton-like activity has been reached in the first step and the catalyst is unable to further
degrade the secondary and tertiary organic metabolites. This is also very important because
it gives an insight regarding the potentiality of the catalyst to completely mineralize all sort
of organics in the Fenton-like process. Therefore, to increase the overall removal efficiency
and enhance the mineralization/biodegradability of the liquid waste, a second oxidation
step was also performed with standard operating conditions (Figure 6).
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When a two-step Fenton-like process was carried out, 92% of the TDOC was removed
from the leachate. The result clearly suggests that the developed catalyst has the potential to
reach nearly complete abatement of the organics through a series of simultaneous oxidation
reactions depending upon the initial organic loading coming in the wastewater stream.
Moreover, the leftover organics are likely to be small molecular weight carboxylic acids
which can easily be treated through biological processes. Therefore, a two-step oxidation
treatment is highly feasible in enhancing the biodegradability of the effluent followed by
integration with a sewage treatment plant.

The promising activity of CuZr on landfill leachate degradation could be associated
with its high reduction capacity at low temperature. As shown in previous studies [41,51],
diverse CuO species are homogeneously dispersed over zirconia; these high reducible
species can abate organics in landfill leachate through a radical mechanism which is often
proposed in the literature for similar catalytic systems [82,83]. As copper shifts between the
oxidized state (Cu2+) and the reduced form Cu(0), the hydroxyl and perhydroxyl radicals
can easily be produced through a Fenton-like redox process. The radical species are then
responsible for the oxidation of organics in the leachate, according to the following radical
mechanism reactions (S is the support and R is the organic compound):

S−Cu2+ + 2H2O2 → S−Cu0 + 2H+ + 2HOO• (3)

S−Cu0 + 2H2O2 → S−Cu2+ + 2OH− + 2HO• (4)
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R + HOO• → R•+ H2O2 (5)

R + HO• → R•+ H2O (6)

2.3. Catalytic Activity after Recycling

The recyclable nature of the catalyst in the Fenton-like process is considered as a
valuable aspect for achieving the goal of environmental and economic sustainability [5].
To investigate the reusability of the catalyst, the recovered material was used without any
pre-treatment, for subsequent reaction of oxidation of fresh leachate samples, keeping
the rest of the process conditions the same. The effect of catalyst recycling on process
effectiveness is outlined in Figure 7.

Figure 7. Effect of catalyst recycle on TDOC and COD abatements (reaction condition: 70 ◦C, pH 5,
catalyst dose 200 mg/L, H2O2 dose 30 mL/L and reaction time 150 min).

The freshly employed catalyst afforded 65% of TDOC abatement in the first 30 min
and later the process efficacy reached a plateau. In the 2nd and 3rd applications, the
TDOC abatements slightly decreased to around 58% within 30 min., outlining no significant
variation in the process efficiency. However, in the 4th cycle, the TDOC removal in the first
30 min markedly dropped to 33% and it gradually but moderately increased to 43% at the
end of the Fenton reaction. This slight decline in the catalytic activity may be likely due to
two phenomena [56,57]: on one side the leaching of copper from the catalyst surface (ca. 8%
in every cycle), on the other the deposition of the organics over the surface which may have
blocked the active sites. Overall, the catalyst experienced minimum copper loss, lower than
10% corresponding to 0.8 mg/L which is well below the guidelines of the Environmental
Protection Agency (EPA) on the maximum limits of metals allowed to be released in treated
water [84,85].

When fresh catalyst was employed in the heterogeneous Fenton process, the COD
removal in 30 min was 65% and there was no significant fluctuation in the COD abatement
until the end of the oxidation reaction. The second and third cycles of the catalyst yielded,
respectively, 75% and 83% of COD abatement. A comparison of TOC and COD results
suggests that in the second and third cycles the catalyst achieved a slightly lower degree of
mineralization (ca. 58%) but was still able to induce a partial oxidation of organics in the
landfill leachate, lowering the toxicity and increasing the biodegradability. In the fourth
cycle the COD was negligible at 30 min, increased to 36% at 60 min and finally, at the end
of the oxidation reaction, it reached 82%. These results indicate that the catalyst was still
active, but it required a longer induction time to start the reaction. Summarizing, after
4 cycles the performance was definitely stable, indeed, TDOC decreased slightly from 65
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to 58% at the second and third cycles and 43% at the fourth cycle, but COD abatement
increased from 70 to 83%, indicating a strong ability of the material to maintain its activity
for several cycles.

COS values (≥0 for all the cycles) indicate that the high oxidation degree of the landfill
leachate over CuZr is maintained over several cycles, while a progressive increase of AOS
suggests a modification on the ratios between total and partial oxidation of parent molecules
(Figure 2D). After recycling, the catalyst activity is lower in terms of mineralization but
is improved in terms of partial oxidation, indicating that CuZr is still active and is a very
promising catalyst for Fenton-like oxidation of landfill leachate. These results indicate
detoxification of the liquid waste after Fenton treatment, suggesting that the process
can completely mineralize a part of the organic compounds and partially degrade other
pollutants into less toxic molecules

3. Materials and Methods
3.1. Materials

Landfill leachate samples were collected from a landfill site located in Friuli Venezia
Giulia, Italy. Samples were collected in polyethylene bottles, preserved at 4 ◦C and character-
ized by means of the Standard Methods for the Examination of Water and Wastewater [86].
Copper doped catalyst (5 wt%) was prepared by incipient wetness impregnation of ZrO2
(MEL Chemicals) with an aqueous solution of copper (II) nitrate hemi pentahydrate (Sigma
Aldrich). Briefly, for the preparation of copper-based catalyst (5 wt% Cu/ZrO2), 0.385 g
of Cu(NO3)2·2.5H2O was dissolved in water (1.2 mL) and the solution was poured over
2 g of the support to reach the required amount of metal loading. After impregnation the
material was dried overnight at 100 ◦C and calcined for 3 h at 500 ◦C (Scheme 1).
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3.2. Catalytic Activity Measurements

The suspended solids from landfill leachate were removed by centrifugation at
5000 rpm for an hour using an Eppendorf Centrifuge 5804 R, followed by filtration through
a 0.45 µm membrane filter. The pH of the leachate samples was adjusted by the addition of
H2SO4 (Sigma Aldrich). The leachate samples (100 mL) loaded with 200 mg/L of CuZr
catalyst were heated at 70 ◦C under reflux and continuous stirring conditions (500 rpm),
using a STEM Omni multistage reaction station (Electrothermal). Finally, 30 mL/L of
H2O2 (3% w/w in H2O) was added into the reaction system and the Fenton-like oxidation
reaction was carried out for 150 min and the samples were collected after every 30 min of
time interval to observe the periodic catalytic activity. Further, the oxidation process was
optimized by evaluating the effects of catalyst dose (100, 200, and 300 mg/L), hydrogen
peroxide (30, 40, and 50 mL/L), temperature (60, 70, and 80 ◦C), and pH (3, 5, and 8); the
parameter range was selected in accordance with the results achieved in our previous study
on ibuprofen abatement [41,51].

The catalyst was recovered and reused without any modification in subsequent reac-
tions over new landfill leachate to investigate its stability. A two-step Fenton process was
also performed by employing fresh catalyst in each oxidation step. The treated samples
were centrifuged at 5000 rpm using an Eppendorf Centrifuge 5804 R for 10 min and the
supernatant solutions were collected in vials for TDOC analysis.
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Total dissolved organic carbon (TDOC) was used instead of Total organic carbon (TOC),
because the suspended organic matter in the leachate may have affected the oxidation
process. These disturbances mainly arose due to the deposition of suspended particles over
the catalyst surface, hindering its activity as well as causing miscalculation of the oxidant
dose needed to degrade pollutants from the leachate. Keeping in view these processing
constraints and the need to precisely monitor the activity of the catalyst with varying
parameters, TDOC was chosen as a standard process parameter. The TDOC removal
efficiencies were determined using Equation (7):

DOC removal efficiency (%) =
TDOCi − TDOCf

TDOCi
× 100 (7)

The chemical oxygen demand (COD) was used to monitor the degradation of organic
molecules. The COD removal efficiencies were calculated using Equation (8):

COD removal efficiency (%) =
CODi −CODf

CODi
× 100 (8)

COD and TDOC are expressed in mg O2/L and mg C/L, respectively.
All the experiments were conducted in triplicate to verify the reproducibility of our

activity measurements and the errors resulted were within 3% for TDOC and 10% for
COD measurements.

To evaluate the degradation/mineralization degree of our treatment, AOS and COS
were calculated using Equations (9) and (10) [54].

AOS = 4− 1.5
COD

TDOC
(9)

COS = 4− 1.5
COD

TDOC0
(10)

TOC and COD are the values at the sampling time, while TDOC0 is the value at the at
the beginning of the experiment.

The concentration of heavy metals in landfill leachate was determined with the US
EPA 3051 method using Inductivity Coupled Plasma–Atomic Emission Spectroscopy (ICP–
AES vista pro.) First, a calibration curve was obtained using an ICP 23-element standard
solution which was prepared in 5% HNO3. Yttrium (Y) was used as an internal standard.
The method detection limit (MDL) was calculated as 3 s/m (s = standard deviation of
10 replicate blanks and m = slope of the calibration curve for each element).

4. Conclusions

This study investigated the activity of copper-supported zirconia catalyst for the treat-
ment of landfill leachate in a Fenton-like reaction. In addition to the investigation of process
variables, the evaluation of the degradation/mineralization degree of our treatment was
performed by means of AOS (average oxidation state) and COS (carbon oxidation state)
parameters. These indicators are extremely important in the monitoring of the degree of
oxidation and, for each investigated variable, the ratios between total and partial oxidation
of parent molecules were obtained. Specifically, a high increase of COS and lower value
of AOS suggests the prevalence of complete oxidation of the organics into CO2 (mineral-
ization), indicating a strong oxidation with low formation of oxidized intermediates. An
optimized catalyst should maximize the treatment efficiency controlling the economics of
the Fenton-like process. For these reasons, the investigation of the effect of several reaction
variables on TDOC removal efficiencies evidenced that optimal conditions were achieved
at 70 ◦C, pH 5 with 200 mg/L of catalyst, and 30 mL/L of H2O2.

CuZr is a very promising heterogeneous Fenton catalyst and can reduce 65% of the
TDOC from a heavily polluted landfill leachate in a single step oxidation. A two-step
Fenton process additionally reduced the organic loadings to 92%, thus making the final
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effluent more suitable for treatment through a sewage wastewater treatment plant. When
optimal process conditions were applied, the complete oxidation of the organics into CO2
(mineralization) prevailed on the partial oxidation into intermediates compounds. The
good stability of CuZr catalyst under reaction conditions, as proved by recycling tests,
confirmed the high attractiveness of copper systems supported on zirconia for the treatment
of liquid waste. The findings of this study indicate that this process can also be evaluated
for the treatment of other heavily polluted wastewater streams.
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